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Simple Summary: The paper summarizes the current knowledge about the structure, species, and
content differences of B-D-glucans as a storage and functional component, especially of cereal
grains. The paper also provides comprehensive information on the biosynthesis of this plant cell
wall polysaccharide, genetic and non-genetic factors influencing the content variability and indi-
cates the possibilities of breeding modern varieties with a defined content of this metabolite. The
final part of the text is also devoted to the influence of significant technological processes applied to
cereals containing 3-D-glucans. The chapter discusses the influence of these processes on the content
and structure of the polysaccharide and the resulting changes in its physicochemical properties. Part
of the discussed issue are the possibilities of effective application of 3-D-glucans in different food
products.
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1. Basic characterization and localization of B-D-glucans in the plant

The (1,3-1,4)-pB-D-glucans (hereafter referred as 3-D-glucans) are relatively small part
components of the cell wall of vegetative tissues of cereals and grasses [1,2]. Mainly cereal
grains such as barley (Hordeum vulgare L.), oat (Avena sativa L.), and rye (Secale cereale L.)
are rich sources of 3-D-glucans, while wheat (Triticum aestivum L.), rice (Oryza sativa L.),
and maize (Zea mays L.) dispose of lower concentrations of this polysaccharide [3-5]. The
highest concentrations of 3-D-glucans are found in the outer layers of the grain [6,7].

Generally, the accumulation of 3-D-glucans is observed in the cell wall of endosperm
cells of the developing grains and in the surrounding maternal tissues, the aleuronal and
subaleuronal layer [6,8,9]. This polysaccharide has also been found in vegetative organs
of the plant, namely, in the root, coleoptile, stem, and leaf [10-12] and variability in the
content of this polysaccharide was found during plant and tissues development [12,13].
[-D-glucans are not uniformly distributed in the grain, their localization varies among
plant species and different plant tissues [9].

The -D-glucans are unsubstituted, unbranched polysaccharides composed of [3-D-
glucopyranosyl monomers polymerized by both [3-(1,3)- and (-(1,4)-linkages [14,15] and
therefore the cereal 3-D-glucans are also called as “mixed-linkage glucans - MLG”. From
a functional point of view, the most important feature of this molecule is the arrangement
of $-(1,3)- and -(1,4)-linkages along the polysaccharide chain [1,2,16]. The bonds are not
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arranged in regularly repeating sequences, but they are also not arranged randomly [16-
18]. (1,4)-B-bonds are usually more often presented in the polysaccharide than (1,3). (1,3)-
[-D-glucosyl residues always occur in linear 3-D-glucans chain as individual parts be-
tween (1,4)-p-D-oligoglucosyl units, which are mostly found in sequences of two or three
[19].

The cereal 3-D-glucan chain consists of glucopyranosyl monomers linked by a 3-(1-
4)-glycosidic bond in blocks of three or four monomers, which are called cellotriosyl and
cellotetraosyl units. These units are separated by a single 3-(1-3) bond, giving the chain a
“staircase” like structure [20,21]. Adjacent (1,3)-B-D-glucosyl residues are not present, at
least not in cereal 3-D-glucans [1]. Adjacent (1,4)-f3-D-oligoglucosyl units located between
individual (1,3)-3-D-glucosyl residues can be considered as cellodextrin units, which usu-
ally consist of two or three adjacent (1,4)-f3-D-glucosyl residues [1]. Most 3-D-glucans in
grasses have longer cellodextrin units, which consist of five to 20 adjacent (1,4)-p-D-oli-
goglucosyl units, which together make up to 10% polysaccharide chain [1]. Therefore, [3-
D-glucans in grasses can be considered as (1,3)-p-linked copolymers of cellotriosyl units,
cellotetraosyl units, and longer (1,4)-p-D-oligoglucosyl units in which the ratio of cellotri-
osyl (DP3) to cellotetraosyl (DP4) units (the ratio of (3-(1-3) to 3-(1-4) units) ranges from
1.5 to 4.5 depending on the source of 3-D-glucans [18] with an exception in sorghum en-
dosperm having the ratio 1.15: 1 [3]. In barley, the ratio is 2.2 to 2.6: 1 [1] or 1.8 -3.5:1 [22],
in wheat 3.0 to 4.5: 1, rye (1.9-3.0), and in oats 1.5 to 2.3: 1 [3,22].

The degree of polymerization (DP) of common (3-D-glucans in grasses is about 1000
or more [23]. It is a unique feature of the 3-D-glucans of each cereal and affects the solu-
bility and viscosity and thus the physicochemical properties and applications of the poly-
saccharide in solution. For example, oat [3-D-glucans with a lower molar ratio (1.5-2.3:1)
are more soluble than barley and wheat [3-D-glucans with a higher molar ratio (2.6:1 and
3.2: 1) [24]. Differences can be observed in the same genera as genotypic variability [2].
Environmental factors such as the conditions of cultivation also affect the degree of
polymerization, whereas oat varieties disposing of higher content of 3-D-glucans and cul-
tivated in drier environment showed lower degree of polymerization [25].

The 3-D-glucans found in cereals share the same molecular structure regardless of
which source they are isolated from, but certain characteristics are specific to the source
of this molecule. These characteristics are, for example, the presence and amount of long
cellulose fragments, the ratio between 3-(1-4) and 3-(1-3) linkages, molecular size, and the
ratio of cellotriosyl and cellotetraosyl units [26]. The molecular weight is approximately
31-2700 x 103 g/mol for barley, 65-3100 x 103 g/mol for oat, 21-1100 x 103 g/mol for rye,
and 43-758 x 103 g/mol for wheat [22]. For sorghum it is 36 x 103 g/mol [27]. In the case of
DP3: DP4 ratio, narrow range is for example observed in domestic cultivars of Avena sativa
L. (2.05-2.11) compared to other cultivars of the genus Avena (1.81-2.33) [28]. The relative
amount of the trisaccharide (DP3) in 3-D-glucans decreases from wheat (67-72%) to barley
(52-69%) and oats (53-61%), while the relative amount of tetrasaccharide (DP4) has the
opposite effect trend, the growth from wheat (21-24%), through barley (25-33%) and oats
(34—41%) [22]. Some structural differences between soluble and insoluble 3-D-glucans
shows the DP3:DP4 ratio being higher for insoluble than for soluble 3-D-glucans [14,20].
For example, water-soluble 3-D-glucans from barley endosperm consist of about 72% of
(1,4)-B-glucosyl residues and 28% of (1,3)-B-glucosyl residues [2]. However, comparing
the results is difficult because the concept of insoluble B-D-glucans differs from study to
study. This ratio defines in any way the "fingerprint" of the structure of cereal 3-D-glucans
[24,29].

A clear and understandable result of the structural features in (3-D-glucans from Po-
aceae is that polysaccharides have (1,3)-f3-bonds embedded at irregular intervals along the
whole (3-D-glucan chain. These bonds cause irregularly distributed molecular kinks in the
polysaccharide, which not only prevent the extensive intermolecular arrangement of
chains into well-structured microfibrils, but also lead to the formation of polysaccharides
that are able to form a gel-like matrix in cell walls and are capable of solubility in water,
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despite its relatively high molecular weight [1,16]. Barley (3-D-glucans assume an ex-
tended conformation with an axial ratio (length-width) of about 100 in aqueous media
[23]. The gel-like structure allows the polysaccharide to provide some degree of structural
support to the cell wall, but remains flexible, resilient, and porous enough to allow the
transfer of water, nutrients, and other small molecules through the wall during plant
growth and development [1].

-D-glucans containing blocks of adjacent (1,4)-3-bonds may tend to aggregate be-
tween chains (and thus lower solubility) through strong hydrogen bonds along the cellu-
lose segments. On the other hand, (1,3)--bonds divide the regularity of the (1,4)-3-bind-
ing sequence, making the polysaccharide more soluble and flexible. The random distribu-
tion of these oligosaccharides ensures that the molecular “kinks” caused by (1,3)-p-gluco-
syl bonds are also randomly arranged in the chain [2,18]. The ability of a cell to change the
ratio of B-cellotriosyl and [3-cellotetraosyl residues provides a mechanism by which the
solubility of a polysaccharide can be fine-tuned and adapted to biological requirements
[30]. On the other hand, it is stated that a helix consisting of at least three cellotriosyl res-
idues would represent a stable crystal structure in 3-D-glucan molecules; it is therefore
possible that a higher content of cellotriosyl fragments could cause some conformational
regularity in the chain of 3-D-glucans, and thus a higher degree of organization of these
polymers (i.e., low solubility) [14].

The heterogeneity of the fine structure of (3-D-glucans - the ratio of 3-(1,4) to 3-(1,3)
bonds and special distribution of bonds along the chain - obtained by chemical analysis
has important implications for the physicochemical properties such as rheological behav-
ior. The most important rheological properties of [3-D-glucans include solubility in aque-
ous solutions and the ability to form a viscous environment [31]. Thus, moderate cellotri-
osyl: cellotetraosyl ratios (e.g., 1.5 to 2.5: 1) would meet functional requirements on a wall
like a porous matrix, while much higher or lower ratios would characterize conformation-
ally more regular, less soluble (3-D-glucans, which would have an increased capacity for
aggregation with other molecules of 3-D-glucans or with cellulose and other cell wall pol-
ysaccharides, such as heteroxylans and others [2]. The solubility of 3-D-glucans, an im-
portant parameter of their functional activities, is associated also with a higher content of
OH- groups in the structure and so high affinity to water molecules and ability to dissolve
in the medium [31].

2. Content of B-D-glucans in grains of Poales

Several studies have been focused on the content of 3-D-glucans in cereals such as
barley and oat grains as a good natural source of this polysaccharide. Generally, barley
varieties contain higher amounts of (3-D-glucans compared to oat varieties, however qual-
ity and properties of both (3-D-glucans are different. However, wheat is not considered to
be a good source of 3-D-glucans because it has a much lower content, usually <1% on a
dry basis.

Barley is an important cereal grain consumed throughout the world that can be used
to develop functional food products rich in 3-D-glucans [32,33]. The content of 3-D-glu-
cans in barley is on average 3-4% to 8% [33,34], although barley cultivars with the content
2-11% are observed. The polysaccharide is mainly distributed in the grain endosperm
(75%) and aleurone layer (25%).

Current research of barley 3-D-glucans attempts to identify suitable barley genotypes
for use in a number of breeding applications such as human nutrition, livestock feed, malt-
ing, and brewing [35]. Varietal variability in the p-D-glucans content and their degradation
during germination of barley plays a significant role in their application for malting and
brewing. Residual malt p-D-glucan from incomplete degradation of endosperm cell walls
during the malting process is associated with increased worth viscosity that can slow fil-
tration and reduce brew house efficiency [36].

In addition to the genetic resource pools of cultivated barley, wild barley (Hordeum
spontaneum L.) offers considerable potential as a genetic resource for barley (3-D-glucans
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improvement. A comparative study of 3-D-glucans content between cultivated and wild
barley confirmed the higher range and variability of this parameter in wild species. The (3-
D-glucans contents of studied wild barley accessions ranged from 3.26% to 7.67% while
cultivated barley varieties ranged from 2.68% to 4.74% [35].

Another recent large-scale analysis of 117 accessions of wild barley (Hordeum vulgare
subsp. spontaneum L.) which were selected from ICARDA's gene bank to represent 21 coun-
tries scattered along the natural geographic distribution of the species were carried out by
Elouadi et al. [37]. The contents of (3-D-glucans ranged from 1.44% to 11.30% in the
Hordeum spontaneum accessions compared to 36 cultivated barley lines with contents from
1.62% to 7.81%. On the other hands a similar range (3.6-7.4%) of 3-D-glucans contents have
been already detected by Austrian researchers in 86 hull-less form of cultivated barely [38].

Generally, naked barley has higher starch and p-D-glucans levels than hulled barley.
Additionally, mutations at the Lys3 and Lys5 loci can affect beta-glucan content, as well as
other health-promoting compounds [39]. While varieties with high B-D-glucans content
are preferred in human nutrition, varieties with low concentration are preferred for malt-
ing and for broiler fattening. The reliable production of low (-D-glucans malt based on a
suitable barley genotype could replace viscosity control by changing the brewing pro-
cesses or adding exogenous enzymes. Therefore, novel barley 3-D-glucans endohydrolase
(B-glucanase) alleles with increased thermostability e.g., from Hordeum spontaneum would
be perspective to identify [36].

Oat is another major source of 3-D-glucans among cereals. The oat usually contains 3
to 5% of this viscous and soluble fiber component [40,41]. Unlike barley grain, a main part
of B-D-glucans is located in the thick cell walls in the region of the subaleural outer endo-
sperm [42]. Therefore, core fractions consisting of subaleural layers are particularly high
in this polysaccharide. The content of 3-D-glucans in oat grain ranges from 2.3% to 8.5%
[4,43] depending on the cultivar and other factors [4,44]. The content of (3-D-glucans in
diploid oat ranges from 2.85% to 6.77%, in tetraploid 3.58% to 5.12%, and in hexaploid oat
species 2.88-5.90% [45].

A significantly lower variability in f-D-glucans contents was confirmed among four
oat species A. sativa (3.60%), A. byzantina (3.40%), A. abyssinica (2.46%), and A. strigosa
(2.97%) by the recent study of VIR oat collection by Popov et al. [46)]. These results indi-
cated that the hexaploid cultivated oat species A. sativa and A. byzantina showed generally
higher content of (3-D-glucans than tetraploid and diploid wild accessions. At the same
time, Loskutov and Polonkiy [47] reported a slightly higher 3-D-glucans content in naked
forms of A. sativa compared to hulled oat varieties. Thus, it seems that compared to barley
species, the variability of 3-D-glucans content in oats is not as high and probably not suf-
ficiently mapped.

Also, the requirements for the specific beta-glucan content of oat grain are not as
clearly defined as in the case of malting barley processing or poultry fattening. A recent
study [48] even summarized that 1,3-3-D-glucan can be added to broiler feed to improve
the development and integrity of the gut and enhance the immune status of birds without
affecting their growth rate. However, barley 3-glucans do not seem to have this potential
and their negative effect on poultry performance is further being studied [49].

3. Biosynthesis of $-D-glucans in Poales

The starting point for molecular-genetic approaches to the study of cell walls of Poales
was the sequencing of the rice genome and the subsequent identification of the superfam-
ily of cellulose synthase genes (Cellullose Synthase A, CesA), while these genes are respon-
sible for the synthesis of the hexose polysaccharide framework and cellulose itself. Cellu-
lose Synthase Like genes (Csl) were gradually discovered [50]. This family is further di-
vided into eight subclasses: CslA, CslB, CsIC, CsID, CslE, CslF, CsIG, and CslH, each con-
taining multiple genes [51]. Later, the Csl superfamily was supplemented by the Csl] fam-
ily [52]. In general, CesA genes encode cellulose synthesizing enzymes and Csl genes are
responsible for the biosynthesis of hemicellulosic polysaccharides [50]. The CsIC gene
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group encodes an enzyme that controls the synthesis of the xyloglucan backbone [53],
while the CsIF and CsIH subfamily genes mediate the synthesis of 3-D-glucans in Poaceae
[54,55], with the CsIF subfamily being key [54]. The Cls] subfamily is also involved in the
biosynthesis of 3-D-glucans [1,52], but its phylogenetic significance is still unclear [56]. Not
all Csl subfamilies are represented in higher plants. The CsIB and CsIG subfamilies are only
found in dicots and gymnosperms, and CsIF and Cs/H are only found in monocots [52],
with the CsIF branch diverging from the CsID subfamily, which evolved by diversification
of CsID and CesA [57].

The biosynthesis of (3-D-glucans, a unique polysaccharide of grass cell walls, is en-
coded by three groups of Csl genes [58], namely CsIF, CsIH and CslJ [57], while research
has shown that selection pressure on Cs/F subfamily genes is related to the ratio DP3 : DP4
in the molecule of polysaccharide [59]. The involvement of the CsIH subfamily was demon-
strated by genetic transformation of Arabidopsis thaliana, in which CsIH genes from rice
were inserted and the plant produced (3-D-glucans. Similar research was also carried out
with the CsIF subfamily [60]. Likewise, research suggests that the Csl] subfamily encodes
the synthesis of (3-D-glucans in barley, and this subfamily has been observed in barley,
wheat, sorghum, and maize, but not in rice [52]. All genes from the CsIF, CslH, and CslJ
subfamilies mediate [3-D-glucan synthesis in heterologous expression systems [54,55,61],
although it is unclear whether each the gene in these groups controls the synthesis of 3-D-
glucans in vivo [30]. Phylogenetically, the CsI] and CsIH subfamilies existed before the
monocot-dicot split and are now present only in monocots [57].

In barley tissues, the Cs/F6 gene is the most transcribed in terms of (3-D-glucans con-
tent [62-64], while it fulfils the same function in wheat, oats, and rice [62,65]. Knocking out
the CsIF6 gene from its function in rice plants caused not only a significant decrease in the
content of B-D-glucans in the coleoptile, but also an increased activation of mechanisms
related to plant protection against bacterial infections [65].

The expression levels of CslF subfamily genes intensively studied in different barley
tissues and at different developmental stages of the grain showed significant differences
in expression between samples. The HvCsIF6 gene is expressed in almost all tissues and
during the entire grain development [66], but e.g. the HvCsIF3 gene is predominantly ex-
pressed in the coleoptile and root hairs [66,67], HvCsIF9 in the coleoptile, roots, and devel-
oping seed 8-10 days after pollination, or HvCslF7 in the stem and stalk. Based on these
results, it can be concluded that the expression of CsIF genes is regulated by tissue-specific
factors. The strict regulation of CsIF gene expression is particularly visible during seed de-
velopment, where at least four genes are expressed at very specific stages. These conclu-
sions suggest a multistep process of [3-D-glucan biosynthesis, with genes early in the bio-
synthetic pathway expressed first, followed by other members [66].

Most of the research on the genes coding the synthesis of $-D-glucans used barley
and rice as plant material. For oat, 5 genes from the CsIF family are available in the Gen-
Bank database: AsCsIF3, AsCsiF4, AsCsiF6, AsCslF8, and AsCsIF9, with AsCslF6, AsCsIFS,
and AsCsIF9 showing higher similarity to barley, while AsCsI/F3 and AsCslIF4 showing less
conservatism. Expression analysis of genes involved in the biosynthesis of (3-D-glucans in
grain, leaves, and panicle of oat revealed a high level of expression of several genes in
panicles, while neither AsCsIF4 nor AsCsIF9 gene was expressed in leaves. All genes of the
CsIF and CsIH subfamilies were expressed during grain development. Further results re-
vealed that all genes showed increased expression at later stages of grain development,
when (3-D-glucans are predicted to accumulate more prominently as grain storage poly-
saccharides [68]. Comparisons with published results from analysis of barley showed that
barley, in contrast to oats, shows increased expression of CsIF6 the 1st to 4th [66] or 6th day
after pollination [68] with a significant decrease on the 8th day after pollination [66], while
the expression of CsIF4 and CsIF8 remains low [67].

The allohexaploid (2 n =6 x = 42; AA,CC, and DD are subgenomes) character of oat
with a large complex genome is the cause of more complex and complicated molecular-
genetic experiments related to the biosynthesis of 3-D-glucans [7]. In the work, Coon [68]
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focused on the variability of expression of CsIF6 gene homologues in species of the genus
Avena. The genomic sequence of CslF6 was approximately 5.2 kb, and due to the large dif-
ferences between individual homologues in the intron regions, the length of the genes may
vary. The A-genome ortholog was 5,268 bp, the C-genome was 5,162 bp, and the D-genome
sequence was 5,162 bp in length. The Cs/F6 gene contained two introns, the first with a
length of 1600 bp and the second with a size of 748 bp. The CsIF6 splice site was determined
by comparison of A. sativa genomic sequences with CsIF6 coding sequences from H. vul-
gare. The coding sequences were highly conserved among the homologs for the analyzed
samples of roots, young plants, and mature embryos at the stage 1-3 days, 4-6, and 7-9 days
after pollination. CsIF6 expression was significantly lower in mature embryos than at any
other developmental stage of the embryo. An exception was the species A. strigosa, which
had intermediate expression of Csl/F6 in mature embryos [68].

Regarding the localization of (3-D-glucans synthesis, the current dogma for cell wall
polysaccharide biosynthesis is that cellulose (and callose) is synthesized at the plasma
membrane, whereas matrix phase polysaccharides are assembled in the Golgi apparatus
[8]. Novel model indicates that 3-D-glucan does not conform to this paradigm and in var-
ious Poaceae species the CslF6 specific antibody labelling is present in the endoplasmic re-
ticulum, Golgi, secretory vesicles, and the plasmatic membrane and the CsIH1 to the same
locations apart from the membrane [69]. Updated model of the (3-D-glucans synthesis
shows that CsIF6 is the major synthase and is proposed to act similarly to CesAs, synthe-
sizing glucan chains de novo (scenario 1). A less likely but possible alternative is that CsIF6
produces cello-dextrins that are joined together at the plasma membrane by yet an uniden-
tified protein via a single (3-(1,3)-glycosidic linkage, creating the (3-D-glucan chains that are
then recognized by the -D-glucan-specific antibody (scenario 2) [69].

4. Environmental factors influencing the f-D-glucans content

Differences in f-D-glucans content among species such as oats, barley, wheat, and
sorghum are influenced by genetic and environmental factors [70]. Also, a mathematical
model was developed that is able to pertinently assess the importance of several factors
such as genetics, agronomic, and environmental factors to content of f-D-glucans during
cultivation of cereals [44]. Data collected from five locations for two years (2008, 2009) an-
alyzing the content of 3-D-glucans in 11 oat genotypes identified locality, genotype, and
environmental interaction to be factors influencing the content of this polysaccharide [45].
According to some authors, the main environmental factor that predisposed the content of
[-D-glucans is water during maturation of the seed [71]. Heat stress and lack of water be-
fore harvests increases the amount of 3-D-glucans in the grain [32,72]. However, the irri-
gation during oat growth is responsible for the degradation of 3-D-glucans content in the
grain [73]. The access to water during maturation of seeds affects the content of 3-D-glu-
cans as well as the dry conditions during harvesting. 3-D-glucans was found to be affected
by a reduced availability of water [74] or positively correlated to the amount of precipita-
tion in July and August and to warmer temperatures [75].

Nitrogen fertilization has proved as a factor influencing the level of biochemical com-
pounds in the grain and leads to an increase in the content of (3-D-glucans [76]. Higher
levels of nitrogen in the soil and the use of nitrogen fertilizers greatly increase the total
content of -D-glucans in oat and barley grains [32]. On the other hand, [76,77] also confirm
the influence of environment on (3-D-glucans variability, but in their results, the effect of
genotype dominates over environmental factors. It also was confirmed by the work of
Dvoracek et al. [78] comparing 11 selected yield and nutritional parameters in 5 oat varie-
ties. The results showed the significantly highest influence of genotype on the variability
of 3-glucans (over 40%), even in comparison with all other parameters evaluated (e.g. con-
tent of crude protein, fat, TGW, yield). Furthermore, only year was significant for (3-D-
glucans variability with an effect of about 21%. On the other hand, the influence of locality
and conventional or organic farming management was negligible and not significant (Fig-
ure 1).
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Figure 1: The share of the main significant factors and interactions in the total sum of squares (%)
according to analysis of variance (ANOVA) model for selected grain parameters of five oat cultivars
grown at two localities and different growing systems (organic vs. conventional) over 3 years. Av-
enanthramide (AVN), total content of tested AVNs (L AVNs), crude protein (CP), starch (ST), fat
(FT), 8-D-glucan (8-GLU), avenin protein fraction (AVE), glutelin protein fraction (GLU), immuno-
reactive avenin peptides (G12), ash (ASH), thousand-grain weight (TGW), yield (YLD) [78].

It can be further assumed that the major influence of environmental conditions on 3-
D-glucans level will be related to the influence of the processes of synthesis transport and
deposition of 3-D-glucans during ontogenesis. Tiwari and Cummins [32] reported the
highest levels of 3-D-glucans after anthesis. During the first 15 days after flowering was
accumulated 70-90% of total content of (3-D-glucans at various nitrogen levels [13].

Comparison of the content of B-D-glucans in the panicle of hulled and naked oat
samples during plant ontogenesis also described Hozlar et al. [12]. The accumulation of
[-D-glucans in panicles during oat ontogenesis showed an increasing trend, while in all
oat varieties the content increased from 0.69% and 0.34% to 2.23% and 2.22% in both
hulled and naked oat, respectively. 3-D-Glucans content in developing barley kernel was
monitored by [79]. Authors confirmed individual time trend of 3-D-glucans accumulation
during grain maturation in tested seven barley cultivars.

It can thus be deduced that the effect of unfavorable weather conditions on the con-
tent of 3-D-glucans in grain may be variety-specific, depending on the timing of these
effects and the period of maximum accumulation of (3-D-glucans.

5. Function of B-D-glucans in the plant organism

Interest in cereal 3-D-glucans has increased after their acceptance as bioactive and
functional ingredients in a healthy diet [80,81] in humans and animals. Nevertheless, 3-
D-glucans play an important role in the structure and functionality of cereal cell walls [24].
The architectonical function in the cell wall and the storage function in the plant seeds as
a source of energy for developing sprouts has been suggested [62], also the protective role
of this cell wall polysaccharide against biotic or abiotic stresses is discussed in the litera-
ture [82].

Initially, it was thought that 3-D-glucans serve to store energy in elongated plant cells
and seeds, because content of this glucose cell wall polysaccharide is increased in young
tissues [2,16,18]. This functionality of 3-D-glucans is based on the fact, that the breakdown
of B-D-glucans into glucose is relatively simple and involves only two enzymatic steps
that allow rapid mobilization of glucose reserves compared to a longer mobilization pro-
cess of starch reserves [16]. Also, the localization of this polysaccharide nearby starchy
endosperm is an advantage for this molecule to serve as a source of energy for developing
seedlings. It has also been shown that 3-D-glucans can be metabolized as an energy source
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in vegetative tissues during periods of glucose deficiency. This seems to be confirmed by
the fact that barley sprouts, when moved from light to dark, show increased expression
of B-glucan endohydrolases and glucolases [24,83], suggesting that the plant mobilizes
glucose reserves stored in (3-D-glucans to compensate the decrease in photosynthetic ac-
tivity in the dark [84]. In this case, plant tissues, which are not traditionally associated
with photosynthetic activity, use 3-D-glucans as a storage vector for glucose other than
starch (or instead of the starch polysaccharide). An example is Brachypodium distachon,
which grains contain up to 45% of 3-D-glucans and only 6% of starch [85] compared to
cereals and most wild grasses, which have 30-70% of starch as the main storage carbohy-
drate in the grain and generally less as 6% of 3-D-glucans [86]. However, growing the
plant to produce seeds is very difficult.

The architectonical role of (3-D-glucans appears from the localization of 3-D-glucans
microfibrils in the cell wall and from the physicochemical properties of this molecule. In
type I cell walls found in dicots and some monocots, the cellulose is encased in a gel-like
layer of pectin to provide elasticity and stability to the cell wall. Type II cell walls are
found in Poales species and contain much less pectin, its function being taken over by [3-
D-glucans together with arabinoxylans [87], which are highly accumulated during cell
elongation, when they can make up to 20% of dry weight of the cell wall [88].The gel-like
structure allows the polysaccharide to provide structural support for the cell wall, but at
the same time remain flexible, elastic, and porous enough for the transport of water, nu-
trients and other small molecules across the cell wall during plant tissue development [1].
In young developing plant tissues, it is important that cell walls are porous so that water
molecules, nutrients and low molecular weight hormones can be freely transported be-
tween cells and individual tissues. In the specialized conductive tissues necessary for the
long-distance transport of water molecules and nutrients through the plant, the walls, on
the contrary, must be impermeable.

In most plant tissues, cell walls are also important for intercellular adhesion. These
different functional requirements for cell walls are maintained by the formation of rein-
forced gel-like structures consisting of cellulose microfibrils that have high tensile
strength and are embedded in a gel matrix phase that consists predominantly of non-cel-
lulosic polysaccharides [24]. This matrix provides the cell with flexibility and a certain
mechanical support for maintaining the functional properties of the cell wall.

In Gramineae, the metabolism of (3-D-glucans is responsible for plant responses to en-
vironmental signals within a moderate, physiological range [89]. For example, in the work
of Takeda et al. [63], barley variety producing standard content of 3-D-glucans (3.8%) was
characterized by better wintering compared to a mutant with knocked enzyme responsi-
ble to produce this polysaccharide. Recent studies also point to the potential of 3-D-glu-
cans to be involved in defense mechanisms in the Poaceae family against selected forms of
environmental stresses [82,90-92]. The gel-like layer of 3-D-glucans in the cell wall can act
as a defensive barrier that protects the cell from fungal invasion, but also provides a po-
tential signaling system that indicates when such an attack is taking place. As fungi attack
plant cells and release 3-glucanases to digest the protective gel layer surrounding the cell,
they slowly dissolve the protective layer of 3-D-glucans and expose the cytoplasmic mem-
brane itself. The antioxidant activity of 3-D-glucans was also described [93], whereby an-
tioxidant compounds are an accepted factor of the plant’s defense system to cope with
biotic aggressors such as fungal pathogens [94,95]. The increase or decrease in the biosyn-
thesis and associated content of 3-D-glucans is conditioned by the expression of plant
genes involved in both B-D-glucan synthesis and its degradation. After the exposure of
plants to external factors such as pests or pathogens, the 3-D-glucan metabolism as well
as the entire 3-D-glucans turnover are affected and become much more complicated. A
study in rice mutants knocking out rice genes involved in the biosynthesis of (3-D-glucans
showed a phenotype that had a spontaneous response to the lesion, presumably suggest-
ing that fibers of 3-D-glucans work as a repressor of the signaling cascade targeting pro-
grammed cell death [65]. Also, reduced deoxynivalenol toxin (DON) content in barley
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genotypes infected with Fusarium graminearum was observed in grains with higher content
of B-D-glucans [91] and in oat grains artificially infected with F. graminearum and F. cul-
morum, where grains containing higher amounts of [3-D-glucans showed lover content of
DON and pathogenic DNA [82].

The function of B-D-glucans in Poaceae as well as the evolutionary preservation of
this polysaccharide in monocotyledons are still discussed, as this phenomenon of 3-D-
glucans has not been precisely explained [1,2,16]. The conformational regularity or irreg-
ularity of B-D-glucans defines the properties and thus the physicochemical activities in
the matrix, in the cell wall. It is this conformational irregularity of 3-D-glucans that ap-
pears to be a feature limited to Poaceae polysaccharides and raises the question whether
this irregularity is a key feature that has led to widespread acceptance and preservation
of 3-D-glucans in the walls of Poaceae during evolution [57,61,64]. During the adaptation
from an aquatic to a soil environment, plants had to develop a mechanism for their cells
to withstand substantial expansion pressures, to be able to prevent the rupture of the cy-
toplasmic membrane, and at the same time contain a structure compatible with the growth
of cells and cell tissues, while the construction of the cell wall itself of photosynthetically
active embryophytes is crucial [96]. The plant cell wall is designed so that its architecture
is strong, but at the same time flexible and able to withstand pressure, tension, and various
adverse environmental conditions [97]. There is an assumption that the unique structure
of 3-D-glucans and the extensive presence of this polysaccharide in species of the genus
Poales brings enormous evolutionary and adaptive advantages to the plant [24] and is the
reason that this group of plants shows extraordinary dynamics of various pressures dur-
ing evolution [56,64] and inhabits often extreme and inhospitable habitats.

6. Molecular markers as breeding tools for 3-D-glucans manipulations

In the case of 3-D-glucans, the effectiveness of the standard breeding process is re-
lated to the identification of suitable genetic resources, knowledge of the responsible
genes, the availability of genetic markers, and a good estimate of the heritability of the
trait. Efficient phenotyping tools for screening estimation of the beta-glucan parameter in
early generations are also an advantage.

There are many studies demonstrating the moderate to high heritability of 3-D-glu-
cans found in oats and barley. The average heritability level (h2b) of B-D-glucans was
estimated to be 0.55 in individual oat plants [98]. An even higher range of (h2b = 0.75 —
0.84) in the case of p-D-glucans was found in barley [99]. Holthaus et al. [98] also men-
tioned that groat -D-glucans content in oat polygenically controlled primarily by genes
with additive effects. Genetic variation for B-glucan seemed adequate for effective selec-
tion and genotype x environment interaction was minor. Swanston [100] reported that 3-
D-glucans content is a quantitative trait with several associated QTLs; one QTL is located
on chromosome 7H and is within 5 cM of the Nud gene in the case of barley.

Using current molecular technologies, putative genes responsible for (3-D-glucans
variation in the grain are continuously studied based on the still limited information on
[-D-glucans synthesis. However, gene families involved in the synthesis of these polysac-
charides have been identified and include the Cellulose-synthase-like (Csl) genes [101],
which were described in detail in the previous chapter on 3-D-glucans biosynthesis. Mem-
bers of the CsIF and CsIH gene families and Glucan synthase-like (or Callose synthases),
are prime candidates for [3-D-glucans synthesis. Nevertheless, Csl gene families does not
completely explain the variation of 3-D-glucans content in cereal grains. There is accumu-
lating evidence that several other genes, including those that hydrolyze [3-D-glucans, con-
tribute significantly to their content in mature grains [102].

New studies of genome wide association study [GWAS] associating genetic muta-
tions with measures of B-D-glucans content in cultivated barley have become a powerful
tool in identifying candidate genes for selective breeding. Seven putative candidate genes
encoding some enzymes in glucose metabolism were found to be associated with (-D-
glucans content. One of the putative genes, HORVU6Hr1G088380, could be an important
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gene controlling barley 3-D-glucans content [103]. Marcotuli et al. [101] identified seven
genomic regions associated with 3-D-glucans in a tetraploid wheat collection, located on
chromosomes 1A, 2A (two), 2B, 5B, and 7A (two). Analysis of marker trait associations
(MTAs) in syntenic regions of several grass species revealed putative candidate genes that
might influence (-D-glucans levels in the endosperm, possibly via their participation in
carbon partitioning. Walling et al. [102] applied GWAS to the Wild Barley Diversity Col-
lection (H. spontaneum) and identified a total of 13 quantitative traits loci (QTL) spread
across the seven barley chromosomes that explained most of the variation in 3-D-glucans
content. Transcriptional dynamics of two barley genotypes differing in grain 3-D-glucans
content during grain development was investigated by authors [104]. 22 differentially ex-
pressed genes (DEGs) affecting B-D-glucans accumulation during late developmental
stages were selected. Most of these DEGs (encoding alpha-amylase inhibitor, glucan endo-
1,3-beta-glucosidase, and sugar transporter) showed different expression patterns in the
two genotypes, which might explain the genotypic difference in changes in -D-glucans
content 21-28 days post-anthesis (DPA) (Figure 2).
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Figure 2: The proposed biological process of 3-D-glucans synthesis during grain development. A.
Proposed model system of barley grain 3-D-glucans biosynthesis. The model shows some key en-
zymes and DEGs that are involved in (3-glucan biosynthesis during grain development [104].

The hexaploid structure of the oat genome further complicates the detection of (3-D-
glucans associated markers. However, Newell et al. [105] associated three DArT markers
with 3-D-glucans concentration in oats. These markers had sequence homology to rice;
one of these DArT sequences, opt.0133, was located on rice chromosome seven and was,
by our definition, adjacent to the CsIF gene family. A recent large GWAS analysis carried
out on an oat panel with 413 genotypes was evaluated for [3-D-glucans content under sub-
tropical conditions [106]. Seven quantitative trait loci (QTL) associated with -D-glucans
content were identified and located on Mrg02, Mrg06, Mrgl1, Mrgl2, Mrgl9, and Mrg?20.
The QTL located on Mrg02, Mrg06, and Mrgl1 seem to be genomic regions syntenic with
barley.

Genome editing methods for influencing -D-glucans content in barley were used by
Garcia-Gimenez et al. [67] They used CRISPR/Cas9 to generate mutations in members of
the Csl gene superfamily that encode known (HuvCslF6andHvCsIH1) and putative
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(HouCslF3 and HvCslF9) B-D-glucans synthases. Grains from CsIF6-2 (homozygous) mu-
tants almost completely lack 3-D-glucans (0.11%), whereas grains from CsIF6-2/+ (hetero-
zygous lines) have intermediate levels of p-D-glucans (1.45%) compared with the wild
type control (5.00%). Their data further indicated that only HoCs/F6 from multiple mem-
bers of the CslF/H family showed impact on the abundance of 3-D-glucans in mature
grain. Genome editing procedures in case of content decreasing of 3-D-glucans overcome
traditional breeding practices and could be a good breeding strategy for the new malting
varieties of barley.

Molecular methods in combination with effective phenotyping procedures for (3-D-
glucans content (eg. modified McCleary enzymatic determination or NIRS) are key for the
development of new varieties with defined content of the monitored polysaccharide in
the breeding process [107,108]. NIRS models developed by Paudel et al. [108] declared
high index of determination (h2 > 0.93) and low standard error of cross-validation (SECV
<0.23) for 3-D-glucans quantification in ground and whole oat groats as well. The above
findings thus hold great promise for obtaining new varieties of oats and barley with de-
clared -D-glucan content according to the requirements of processors.

7. Impact of processing technologies on B-D-glucans in cereals

The interest in possible content and structural changes of beta-glucans during tech-
nological processing is related to their confirmed positive health effect. In case of oat beta-
glucans, the scientific opinion even confirmed their effect on lowering blood cholesterol
and reducing the risk of (ischemic) heart disease in accordance with Article 14 of Regula-
tion (EC) No. 1924/2006 (EFSA Journal 2010;8(12):1885).

[-D-Glucans are an important component of dietary fiber, whose bioavailability, nu-
tritional quality, and physicochemical properties are fundamentally influenced by the re-
spective technological processing.

The addition of dietary fiber affects the technology and consequently the sensory
quality of the food. The role of fiber is to contribute to the structure, which is essential for
the physicochemical properties of fiber-enriched foods [109]. High viscosity is a hallmark
of B-D-glucans and is a function of the concentration of 3-D-glucans in solution and their
Mw [110]. In this context, there are a number of cereal processing processes that can sig-
nificantly alter the content, solubility and physic-biological properties of 3-D-glucans in
the resulting products.

7.1 Effect of the milling process and grain peeling

The milling process has a major influence on the dietary fiber content. The milling
process is influenced by different milling equipment, where targeted sieving and separa-
tion can influence the quality of the product, and fractions with high fiber, protein, or
other substances can be obtained [26]. The fiber and mineral content will increase with a
higher degree of milling. In naked barley, the 3-D-glucans content after the different pas-
sages varies between 8, 11, and 5% [111,112].

The intensity of grain peeling before milling also has a significant effect. When the
wheat grain is peeled to 3%, which represents the pericarp, fiber content of 62% was de-
termined in this fraction. With a higher degree of peeling, from 6% or more, the fiber con-
tent of the final product decreases significantly. Higher levels of peeling increase the pro-
portion of endosperm and aleurone layer in the final product. Peeling reduces the fiber
content of the bran from an initial 62% in the unpeeled grain to 45% after peeling with
12% of the outer layers [113].

Bran separation significantly increased the beta-glucan content of oats. This increase
was more than twofold compared to the whole grain content. Smaller but significant
changes were also observed in this context for the separation technique used Izydorczyk
etal. [114]. These authors also mapped the effect of different roll milling conditions during
bran separation on total b-glucan content in oat bran. The studies showed that the (3-D-
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glucans content in the bran fractions increased when the break rolls were operated under
a dull-to-dull rather than sharp-to-sharp disposition.

In cultivars with lower 3-D-glucans content and standard starch composition, most
of the 3-D-glucans are found in the subaleuronal layer and the surrounding endosperm.
But, in cultivars with high f-D-glucans content (waxy, amylose starch composition), more
than 80% were mainly in the endosperm. The central endosperm was found to contain
less B-D-glucans than the middle layers [112]. A significant effect of growing conditions,
location, and vintage on the 3-D-glucans content in barley grain was observed, however,
the distribution of this polysaccharide in the grain was not observed [111]. Specific prod-
ucts with certain characteristics such as high fiber, protein, or starch content could be ob-
tained by using the most suitable milling and separation method for a certain cereal [115].
A significant effect and positive correlation between fiber content and milling technology
and genotype have been found for Triticum spelta and common wheat [116]. Passages or
specific types of high-fiber flours can be produced by appropriate milling and separation
methods adapted to the cereal.

7.2 Effects and changes of f-D-glucans in the process of dough preparation, fermentation, and
baking

The addition of fiber-rich fractions into special high-fiber flours, or fiber preparations
must consider the workability and formation of the dough and the sensory acceptability
of the final bakery product. During the preparation of the dough and its subsequent heat
treatment (baking, frying), there are greater and more varied changes in fiber content and
quality than during the milling process. During dough preparation, the water binding
capacity is influenced by the origin and particle size of the flour, the protein content and
quality, and the type of starch. Higher fiber content results in higher water absorption,
which can cause lower gas retention, lower specific volume of the final product, and lower
crumb porosity [117-120]. The addition of barley flour or (3-D-glucans-rich fractions to
baker's strong wheat flour caused a reduction in specific bread volume [117,120].

The negative effects of the addition of dietary fiber on dough consistency can be in-
fluenced by proper dough preparation [121,122], for example by hydrating the dietary
fiber before adding it to the dough, where better water utilization by other biopolymers
is achieved, as well as by different baking methods [123]. The use of barley flour sour-
dough led to a decrease in water absorption, but the use of fermented oat bran with a high
[B-D-glucans content increased water absorption [124]. The addition of 3-D-glucans leads
to increased dough development time and reduced dough stability [117,120,124].

The maturation and fermentation of dough has a significant effect on the quantity
and quality of fiber, including beta-glucans, but not all results are completely consistent
(see below). During the long fermentation period, water is redistributed from non-starch
polysaccharides back into the gluten structure, maintaining the specific bread vol-
ume[26,121]. Dough maturing and fermentation allows for longer enzyme action and the
progression of hydrolytic processes. Fermentation at 30°C for 20 h with added lactobacilli
reduced the dietary fiber and [3-D-glucans content, but the molecular weight of this poly-
saccharide was not affected [125,126]. Heat treatment of oat bran prevented the decrease
in the content and molecular weight of 3-D-glucans during dough fermentation. Sour-
dough of oat bran led to an increase in soluble arabinoxylan content and a decrease in
dietary fiber content [127]. Andersson et al. [128], Andersson et al. [122] and Rieder et al.
[123] showed a decrease in the molecular weight of [3-D-glucans and their content in
barley and rye dough with a fermentation time of 0-60 min and in a sourdough from
barley wholemeal flour and oat bran leaven under fermentation conditions of 30 °C, 20 h.
Comino et al. [129] found that there were no significant changes in the content of arabi-
noxylans and -D-glucans, the arabinose/xylose ratio for arabinoxylans, and the cellotri-
osyl/cellotetraosyl units for 3-D-glucans during dough preparation and fermentation.
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The content of fiber components in the product after the baking process depends on
the type of preparation and leavening of the bread (leavened with yeast, air, or sour-
dough). During the baking of wholemeal yeast-raised rye bread, there were no significant
changes in the content of arabinoxylans, [3-D-glucans, and arabinogalactans, while the
content of resistant starch and cellulose increased and the content of fructans decreased.
The molecular weight of the water-soluble high-molecular-weight arabinoxylans did not
change during bread preparation but decreased with the addition of the sourdough. The
molecular weight of (3-D-glucans decreased only slightly during baking [123]. However,
Tiwari et al.[127] and Rakha et al. [128] described a rapid decrease in the content and mo-
lecular weight of high molecular weight (3-D-glucans with an increase in the content of
medium and low molecular weight (3-D-glucans because of baking time and temperature.
Comino et al. [129] described in wheat, barley, and rye endosperm only insignificant changes
during baking in the content of arabinoxylans and (3-D-glucans and at the level of their
structure, but there was a slight increase in the solubility of arabinoxylans and (3-D-glu-
cans.

7.3 Effect of extrusion

Most extrusion analyses note changes in the properties of major components and ma-
jor polymers (starches, proteins, and fiber). Extrusion causes irreversible changes in the
flour components, especially the flour polymers, i.e., starch, protein, and fiber, by break-
ing the polymer chains. The disruption of polymer chains leads to a decrease in molecular
weight, the formation of starch-lipid, protein-lipid, and protein-protein complexes, and
an increase in the solubility of fiber and starch [132]. Information on the direct assessment
of changes in the properties of 3-D-glucans after extrusion is, however, limited. In the case
of dietary fiber, of which 3-D-glucans are an important component, a number of changes
occurred during extrusion. During extrusion, thermomechanical changes, depolymeriza-
tion, changes in solubility, and transglycosidation processes have the effect of reducing
the insoluble dietary fiber and total dietary fiber content and on the other hand, increasing
the soluble dietary fiber content [129,132-135]. As a result of extrusion, a higher loss in
insoluble dietary fiber is observed compared the increase in soluble dietary fiber. This is
explained by the conversion of cellulose to lower molar mass soluble dietary fiber frac-
tions that could be further degraded into low molecular weight components and sugar
derivatives that cannot be determined as dietary fiber [133]. During extrusion, total die-
tary fiber content can be increased by the formation of resistant starch or indigestible Mail-
lard reaction products. Increasing the extruder screw speed increased the soluble dietary
fiber content. The soluble dietary fiber content of the product and the molecular weight
can be influenced by setting the temperature and the initial addition of water [132]. The
molecular weight of soluble dietary fiber plays an important role in the expansion rate
[132]. The results of the increase in water-soluble fiber components after extrusion may be
related to the increase in water-soluble 3-D-glucans and arabinoxylans found by [129,136-
138] in barley, wheat, and rye. In contrast, no changes were observed by these authors in
the ratio of basic building units.

8. The range of applications of $-D-glucans in food products

Cereal p-D-glucans, mainly found in barley and oats, possess technological ad-
vantages and multiple health benefits. However, changes in their physicochemical prop-
erties and health-promoting effects can occur during food processing and storage, repre-
senting a major disadvantage [139]. To maximize the health benefits of 3-D-glucans for a
wide range of consumers, it is essential to consider the most salient aspects of buying and
consuming food products. This includes ensuring a high textural and sensory quality of
the product [140]. To maximize the potential of cereal 3-D-glucans, it is essential to extend
their applications beyond bread and cereal beverages. Doing so will enable the full spec-
trum of benefits associated with this polysaccharide to be realized [139].
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B-D-glucans have potential applications in medicine, pharmacy, veterinary, cos-
metic, chemical industries and in food and feed production. The biological activity and
effects of 3-D-glucans depend significantly on their source, the isolation method used, and
their specific physicochemical properties, such as structure, viscosity, and molecular
weight [141]. The following technological operations in the production of food and food
supplements also have a significant influence. 3-D-Glucans are valuable functional ingre-
dients because they can influence the quality, structure, rheological properties, and stabil-
ity of various food systems (Table 1). They have various physical properties; they are ca-
pable of thickening, stabilizing, emulsifying, and gelling [81]. The addition of 3-D-glucans
to foods has been shown to improve the physical properties of food products. 3-D-glucans
affect the consistency of the product and can be used as fillers, stabilizers, thickeners, and
fat replacements in many dairy and bakery products, improving sensory quality or ex-
tending the shelf life of the product and slowing down the aging process. In terms of hu-
man nutrition, they reduce energy and increase the nutritional value of foods [142]. The
naturally occurring [3-D-glucans in cereals present an attractive opportunity for manufac-
turers to design foods with added health value and positive labelling for consumers [110].

Table 1: Examples of 3-D-glucans applications in food processing

Application Addition Source Product References

Cereal processing 2.5 and 5 % barley bread [81]

Cereal processing 0.2,0.6,1.0,and 1.4 % barley bread [19]

Cereal processing 10, 12, and 14 % soluble oat [oat bread [143]
fiber (70% B-D-glucans)

Cereal processing 2.6 and 5.6% whey bread [144]

Cereal processing 30% high-glucan barley barley pasta [145]
flour

Cereal processing 10% oat yellow alkaline [146]

noodles

Cereal processing 20 and 30% high-glucan barley couscous [147]
barley flour

Cereal processing 100% barley flour (3.4-4.4% [barley sponge cake [148]
[-D-glucans)

Cereal processing 5.2% barley biscuit bar [149]

Milk processing 0.5% barley yoghurt [150]

Milk processing 0.2-0.8% yeast yoghurt [151]

Milk beverage 3% oat chocolate-flavored |[152]

roduction milk
Cheese production  [0.7 and 1.4% oat white-brined [153]
cheese

Cheese production  [fat replacement 3.47% and  |yeast cheddar cheese  [[154]
6.84%

Cheese production  0.5% barley IDahi cheese [155]

Cheese production 5% barley Labneh [156]

Cheese production  0.2% barley mozzarella [157]

Milk processing 0.5% cereal (not (cottage cheese [158]

specified)

Due to their emulsifying and thickening properties, low molecular weight (3-D-glu-
cans [159] are commonly used successfully in liquid food matrices such as beverages,
sauces, and soups [160,161]. Low molecular weight $-D-glucans have less impact on the
product’s final viscosity [159]. The addition of cereal (3-D-glucans to chocolate-flavored
milk has been demonstrated to be successful in improving the texture, mouthfeel, and
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taste of the chocolate, as well as increasing the viscosity of the product. At a concentration
of 3%, the cereal B-D-glucans were able to enhance the overall quality of the beverage
[152]. Angelov et al. [162] found that the production of a cereal-based fermented beverage
did not result in any changes in [3-D-glucans content during fermentation and storage.
This suggests that the 3-D-glucans present in the beverage were unaffected by the fermen-
tation and storage process.

For solid food matrices, the addition of 3-D-glucans is mainly investigated for cereal-
based products. The addition of 3-D-glucans to bakery products is known to lead to an
increase in dough viscosity and crumb strength, as well as improved elasticity and color-
ation [163]. Bread with high [3-D-glucans content had higher loaf volume and lower gly-
cemic index [164]. Bread with added oat beta-glucans has a lower specific volume and
porosity, darker color, higher hardness and lower elasticity and consistency than the con-
trol white bread. However, these negative effects can be effectively counteracted by opti-
mizing the water content of the products [143]. The baking properties most affected by {3-
D-glucans were volume and color. Oat 3-D-glucans softened the crust of gluten-free bread
but had the opposite effect for wheat bread [144]. High-glucan barley flour has been used
in the production of pasta at a rate of 30% [145] and to produce couscous [147].

The fortification of yellow alkaline noodles with barley [3-D-glucans has been shown
to reduce their sensory quality [146]. However, when a new sponge cake formulation was
tested with 4,4% addition of 3-D-glucans, sponge cakes had excellent consumer accepta-
bility [148]. An even higher addition of 5.2% [3-D-glucans in a cereal bar led to an improve-
ment of taste and overall appearance ratings [149]. Additionally, barley 3-D-glucans have
been used as a fat substitute in yoghurt and have been able to improve the texture and
sensory quality with just a 0.5% addition [150].

The use of B-D-glucans in cheese production is interesting. 3-D-glucans can structure
the mixtures during the fermentation of the lactic curd, actively bind the whey, and result
in higher yields of cheese produced [165]. Cereal 3-D-glucans have the ability to replace
the texture and taste of milk fat in products but impair the sensory properties of protein-
containing products [166]. -D-glucan has been found to reduce the acidity of cheese and
increase the yield of products by preventing whey separation and contributing to texture
formation. However, grain (3-D-glucans can significantly impair the sensory properties of
cheese, be a source of flavor and change the color of the dairy product [153,167]. Due to
the water retention ability of B-D-glucans, they have a significant ability to reduce losses,
increase food product yields and reduce food process times [168].
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9. Conclusions

New knowledge about the biosynthesis and genetic composition of 3-D-glucans in
combination with new molecular techniques should lead to the development of new va-
rieties more resistant to stress conditions. Genetically defined modification of the content
of B-D-glucans in cereal grain will enable targeted recommendations of barley or oat va-
rieties suitable for individual processing categories (malt, feed, or food, cosmetic or phar-
maceutical industry). Gentle technological processing will make it possible to stabilize or
even increase the concentration of this cell wall polysaccharide in the final products with
a positive impact both on the health status of the consumer and on the structural and
sensory properties of the final product.
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