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Many biological processes, such as cell wall hydrolysis and the mobilisation of nutrient

reserves from the starchy endosperm, require stringent regulation to successfully malt

barley (Hordeum vulgare) grain in an industrial context. Much of the accumulated

knowledge defining these events has been collected from individual, unrelated

experiments, and data have often been extrapolated from Petri dish germination,

rather than malting, experiments. Here, we present comprehensive morphological,

biochemical, and transcript data from a simulated malt batch of the three elite malting

cultivars Admiral, Navigator, and Flagship, and the feed cultivar Keel. Activities of lytic

enzymes implicated in cell wall and starch depolymerisation in germinated grain have

been measured, and transcript data for published cell wall hydrolytic genes have been

provided. It was notable that Flagship and Keel exhibited generally similar patterns

of enzyme and transcript expression, but exhibited a few key differences that may

partially explain Flagship’s superior malting qualities. Admiral and Navigator also showed

matching expression patterns for these genes and enzymes, but the patterns differed

from those of Flagship and Keel, despite Admiral and Navigator having Keel as a

common ancestor. Overall (1,3;1,4)-β-glucanase activity differed between cultivars, with

lower enzyme levels and concomitantly higher amounts of (1,3;1,4)-β-glucan in the feed

variety, Keel, at the end of malting. Transcript levels of the gene encoding (1,3;1,4)-β-

glucanase isoenzyme EI were almost three times higher than those encoding isoenzyme

EII, suggesting a previously unrecognised importance for isoenzyme EI during malting.

Careful morphological examination showed that scutellum epithelial cells in mature

dry grain are elongated but expand no further as malting progresses, in contrast to

equivalent cells in other cereals, perhaps demonstrating a morphological change in this

critical organ over generations of breeding selection. Fluorescent immuno-histochemical

labelling revealed the presence of pectin in the nucellus and, for the first time, significant

amounts of callose throughout the starchy endosperm of mature grain.
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Betts et al. Barley Malting Processes

FIGURE 1 | Morphology of the grain at the beginning (0 hai) and end (114 hai) of malting. (A,C,E,G) Navigator whole grain sectioned with a razor blade. Dotted lines

show indicative positions for other sections. (B,D,F,H) Thin sections stained with toluidine blue; (A,B,E,F) longitudinal sections; (C,D,G,H) transverse sections. (B,D)

are the variety Admiral and (F,H) are Navigator. Scale bars represent 100µm. a, aleurone; se, starchy endosperm; e, embryo; p/t, pericarp and testa; cc, crushed cell

layer; sc, scutellum; sc ep, scutellar epithelium; col, coleoptile; li, leaf initial; vb, vascular bundle; colh, coleorhiza.
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FIGURE 2 | Toluidine blue stained scutellar epithelial cells in mature and germinated grain. (A,B) Admiral; (C,D) Navigator; (E,F) Keel; (A,C,E) mature grain (0 hai);

(B,D,F) 114 hai, Scale bars represent 50µm. se, starchy endosperm; cc, crushed cell layer; sc, scutellum; sc ep, scutellar epithelium.

arabinoxylan (Figure 3F). An antibody against (1,3)-β-glucan
(callose) revealed the presence of deposits of callose in the
cell wall regions of the starchy endosperm (Figure 3H). Strong
labelling of cellulose by the carbohydrate bindingmodule CBM3a
was found in the pericarp, testa, palea, lemma, scutellum, and
scutellar epithelium (Figures 3J,K).

By the end of the simulated malting process, strong labelling
of (1,3;1,4)-β-glucans by BG1 remained in the aleurone and
embryo, but labelling in the starchy endosperm had almost
completely disappeared (Figures 3B,G). By 114 hai, strong
labelling of arabinoxylans remained in the maternal tissues
and aleurone layer but no labelling was detected in the
starchy endosperm (Figure 3E). Additionally, small pockets of
arabinoxylan labelling were observed in the coleoptile and
leaf tissue associated with developing vascular bundles when
the sections were pre-incubated with α-L-arabinofuranosidase
(Figure 3E): this unmasking was required to generate the correct
epitope for the LM11 antibody, which binds arabinoxylans with
low levels of substitution (McCartney et al., 2005), and does not
indicate endogenous AXAH activity. These tissues were heavily
labelled by BG1 (Figure 3G). Only small pockets of (1,3)-β-
glucans remained in the aleurone layer at 114 hai and no labelling
was observed in the starchy endosperm (Figure 3I). Labelling of

cellulose by CBM3a remained in the pericarp, testa, palea, lemma
but not in the scutellum or scutellar epithelium (Figure 3L).

Two antibodies were used to locate pectic polysaccharides
(Verhertbruggen et al., 2009). Labelling of un-esterified
homogalacturonan by LM19 was found in a single layer in
the nucellar epithelium and in small deposits in the palea
and lemma (Figure 4A). LM20 labelled methyl-esterified
homogalacturonans in the palea and lemma in a punctate
fashion, with a small amount of labelling observed in the
pericarp (Figure 4B). No labelling was observed in the starchy
endosperm or aleurone layer by either antibody.

Starch Hydrolysis
Starch is the major carbohydrate present in mature barley grain,
contained predominantly within the endosperm. As expected, the
starch content as a proportion of flour weight remained constant
or increased throughout malting. Not only are these elite lines
selected to maximise starch levels in malt and minimise starch
malting losses, but significant amounts of grain material, such
as the rootlets and soluble sugars and proteins, were removed
before analysis causing the overall starch content, measured as
a percentage of flour weight, to remain constant or to increase
during malting. Navigator had the highest starch content at
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FIGURE 3 | Fluorescent immuno-histochemical analysis of cell wall polysaccharides in transverse sections of ungerminated (0 hai, left) and germinated (114 hai, right)

grain. (A,B,F,G) Detection of β-glucan by the antibody BG1 (green), blue shows auto-fluorescence. (C–F) Detection of arabinoxylan with the antibody LM11 (red). (E)

was pretreated with α-L-arabinofuranosidase prior to LM11 binding, turquoise shows Calcofluor counter staining, arrows indicate pockets of arabinoxylan label. (F)

shows double labelling of the embryo with both BG1 (green) and LM11 (red). (H,I) Detection of callose with the (1,3)-β-glucan antibody (red). (J–L) Cellulose is labelled

in red using CBM3a; blue shows auto-fluorescence; turquoise shows Calcofluor counter staining. (A,C–E,G) Navigator; (B,F,H,I–L) Admiral. Scale bars represent

100µm. Negative controls are shown in Figure S1. a, aleurone; col, coleoptile; c, crease; cc, crushed cell layer; e, embryo; ls, leaf sheath; p/l, palea and lemma; p/t,

pericarp and testa; se, starchy endosperm; sc ep, scutellar epithelium; sc, scutellum.
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FIGURE 4 | Fluorescent immuno-histochemical analysis of pectic cell wall

polysaccharides in transverse sections of ungerminated (0 hai) Navigator grain.

(A) Un-esterified homogalacturonan pectin labelled with LM19 (red), turquoise

shows auto-fluorescence. (B) Methyl esterified homogalacturonan pectins

labelled with LM20 (red), turquoise shows auto-fluorescence. Red arrows

indicate pockets of label. Scale bars represent 100µm. a, aleurone; ne,

nucellar epithelium; p/l, palea and lemma; p/t, pericarp and testa, se, starchy

endosperm; vb, vascular bundle.

maturity and throughout the malting process (65.4–65.2% w/w)
(Figure 5A). Initial amounts in Admiral, Flagship and Keel were
lower (59.1, 55.6, and 57.7% w/w, respectively), which increased
to 65.8, 61.5, and 61.1% of the final weight, respectively, by 114
hai (Figure 5A).

Total α-amylase activity followed similar patterns in the four
barley cultivars, starting at negligible levels during steeping,
and increasing throughout germination to peak levels at 114
hai (Figure 5B). Enzyme activity was highest in Flagship, with
approximately 30% higher α-amylase activity than other varieties
by 114 hai.

The amount of total β-amylase enzyme activity did not
increase during the simulated malting process in any of the
varieties, however free β-amylase activity increased from the end
of the second steep (18 hai; Figures 5C,D).

Total limit dextrinase (LD) activity remained steady at low
but detectable levels throughout steeping, but increased sharply
from 42 hai and peaked at 114 hai (Figure 5E). Free LD activity
followed a similar trend, contributing to approximately 50% of
the total activity by 90 hai (Figure 5F).

Cell Wall Hydrolysis
(1,3;1,4)-β-Glucan and Other Glucans
Initial (1,3;1,4)-β-glucan content ranged from 3.2% in Admiral
and Navigator to 4.0% in Keel (Figure 6A). During the simulated
malting, the levels declined from 42 hai onwards in all cultivars,
dropping to final levels of 1.3–2.7%. Correspondingly, all
cultivars exhibited very low total (1,3;1,4)-β-glucanase activity
during steeping (Figure 6B), with activity increasing from the
first 24 h of germination to reach final levels of 10 times the
initial levels by the end point (114 hai). The feed variety Keel had
both the smallest reduction in (1,3;1,4)-β-glucan content and the
lowest (1,3;1,4)-β-glucanase activity.

Transcript levels of the two (1,3;1,4)-β-endoglucanase Glb1
and Glb2 genes (isoenzymes EI and EII) remained relatively
low throughout steeping but increased quickly from 18 hai, the
onset of the germination phase (Figures 6C,D). Glb1 transcript
levels were consistently higher than Glb2 levels. Transcript levels
of both genes reached their maxima earlier in Admiral and
Navigator than in Flagship or Keel, however levels of Glb1 were
higher in Flagship and Keel by 90 hai.

Also involved in (1,3;1,4)-β-glucan hydrolysis are β-glucan
glucohydrolases and β-glucosidase. Two members of the
β-glucan glucohydrolase family, namely genes encoding
isoenzymes ExoI and ExoII (Hrmova et al., 1996; Harvey
et al., 2001), were investigated, along with a gene encoding
β-glucosidase (MLOC_37740). Both β-glucan glucohydrolase
genes were transcribed at high levels throughout the simulated
malting process (Figures 6E,F), with ExoI transcripts being
approximately 10 times higher than those for ExoII. Expression
in Keel and Flagship peaked during steeping for both genes and
were still high later in germination. In contrast, the transcript
levels in varieties Admiral and Navigator started at relatively low
levels and peaked at 42 hai (24 h into germination). Transcript
levels for β-glucosidase were highest for Keel, peaking at 66 hai,
and lowest for Flagship (Figure 6G). The increases in transcript
levels of Glb1, Glb2, and β-glucosidase coincided with the
increase in (1,3;1,4)-β-glucanase activity and the decrease in
(1,3;1,4)-β-glucan content.

After finding callose in mature grain (Figure 3H), transcript
levels of β-glucan glucohydrolase gene isoenzyme G-II were
also investigated (Xu et al., 1992). Transcript levels increased
significantly after 42 hai in all varieties (Figure 6H). However, the
feed variety Keel produced four times the level of transcript by 90
hai compared with the three malting varieties.

Arabinoxylan
Arabinoxylan content remained relatively stable throughout the
malting time-course in all cultivars (Figure 7A). Keel maintained
the highest arabinoxylan content, followed by Flagship, Admiral,
and Navigator. The arabinose to xylose ratio of 0.45–0.55 did not
vary over time (Figure 7B).

Of the endoxylanase genes examined, X-I transcript levels
were highest (Figure 7C), remaining low during steeping
but rising sharply from 42 hai. Navigator had the highest
transcript levels, double those detected in Admiral and Flagship,
while levels in Keel remained low throughout the time-
course. Transcript levels of X-II and X-III genes were low
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FIGURE 5 | The starch content and starch degrading enzyme activities in barley grain during a simulated malting process. (A) Starch content of alcohol insoluble grain

material. (B) α-amylase activity. (C) Activity of total β-amylase in the grain. (D) Activity of free β-amylase in the grain. (E) Activity of total limit dextrinase (LD) in the grain.

(F) Activity of free LD in the grain.

throughout the simulated malting process, although X-II
exhibited a peak in transcription at 42 hai in all four varieties
(Table S2).

Transcript levels of AXAH1 were relatively low during
steeping and increased during the early stages of the germination
phase (Figure 7D), with peak amounts varying by cultivar
after 66 hai. Admiral and Navigator AXAH1 transcripts
peaked earlier than, but at a level approximately half that
of, Flagship and Keel. Transcript levels of AXAH2 followed a
similar trend to AXAH1 but at much lower levels (Figure 7E).
Levels of AXAH3 and AXAH4 remained low throughout the
simulated malting (Table S2). Transcript levels of AXAH5
were lower than for AXAH2, and showed a single peak at
66 hai in Admiral and Navigator but not in Keel or Flagship
(Figure 7F).

Xyl1 transcripts remained low throughout steeping and
increased during the first 24 h of the germination phase
(Figure 7G). Transcript levels of Ara1 were relatively low,
fluctuating during the simulated malting process, peaking at 3
hai for Flagship, 16 hai for Keel and Admiral, and 42 hai for
Navigator, and generally declining toward the end of the time
course (Figure 7H).

DISCUSSION

Cell Wall Changes
The largest difference between varieties was in their levels of
grain (1,3;1,4)-β-glucan, which dropped during the simulated
malting process but much less in Keel than in the malting
varieties. High levels of residual (1,3;1,4)-β-glucan in malt can
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FIGURE 6 | (A) (1,3;1,4)-β-glucan content and (B) (1,3;1,4)-β-glucanase enzyme activity in barley grain during a simulated malting process. Gene expression levels of

(C,D) (1,3;1,4)-β-glucanase genes Glb1 and Glb2; (E,F) (1,3)-β-glucan exohydrolase ExoI and ExoII; (G) β-glucosidase; and (H) β-glucan glucohydrolase G-II. QPCR

units are normalised transcript levels (arbitrary units), error indicates standard deviation of three experiments.

lead to filtration difficulties during brewing, and haze formation
in the final product (Bamforth, 1985). The low (1,3;1,4)-β-
glucan contents of Flagship, Navigator, and particularly Admiral,
by the end of the malting time-course (Figure 6A) positively
reflect the efforts of breeding programs to reduce levels of
(1,3;1,4)-β-glucan in mature barley grain, or to maximise
levels of (1,3;1,4)-β-glucanases during malting. (1,3;1,4)-β-
Glucan in mature barley grain is located predominantly in the
cell walls of the starchy endosperm, scutellum, and embryo
(Figures 3A,F, Fincher, 1975; Bacic and Stone, 1981b). By 114
hai, these scutellum and endosperm cell walls had degraded
almost completely and contained no polysaccharides detectable
by immuno-histochemical analysis, suggesting that endosperm
cell wall modification was complete at the end of the
simulated malt.

The two (1,3;1,4)-β-endoglucanases EI and EII, encoded by
genes Glb1 and Glb2, respectively, are primarily responsible for
(1,3;1,4)-β-glucan hydrolysis in germinating grain (Slakeski and
Fincher, 1992). Substantial increases in Glb1 and Glb2 transcript
levels within the first 24 h after steeping correlated with increased
total (1,3;1,4)-β-glucanase activity and a decline in (1,3;1,4)-
β-glucan content (Figures 6A–D), as confirmed by fluorescent
immuno-histochemical microscopy (Figure 3B). Earlier and
higher levels of Glb1 transcript (Figures 6C,D) may be due to
the restriction of Glb2 transcription to the aleurone, while Glb1 is
also expressed in the scutellum (Slakeski and Fincher, 1992). The
high β-glucanase levels at 114 hai were found in Flagship and are
likely due to a combination of EI and EII enzyme activity: higher
levels of EI than Navigator and Admiral, and higher levels of EII
than Keel.While past research has indicated that EII may bemore
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FIGURE 7 | (A) Total arabinoxylan content of alcohol insoluble grain material and (B) arabinose: xylose ratio in barley grain during a simulated malting process. Gene

expression levels of (C) (1,4)-endoxylanase I; (D–F) arabinose arabinofuranosidase 1, 2, and 5; (G) xylosidase; and (H) arabinofuranosidase. QPCR units are

normalised transcript levels (arbitrary units), error indicates standard deviation of three experiments.

important for brewing due to its higher thermostability and faster
hydrolysis rate (Woodward and Fincher, 1982), the three-fold
higher transcript levels of GlbI suggest an important role for EI
in malting. Although transcript levels do not necessarily correlate
directly with enzyme activity levels, GlbI may be a profitable
target for improvement in future breeding programs.

We have also confirmed that significant, persistent callosic
deposits are present in the starchy endosperm of mature grain
(Figure 3H). Callose has previously been detected in developing

endosperm cell walls in barley, wheat, and rice (Fulcher et al.,
1977; Wood and Fulcher, 1984; Brown et al., 1996; Wilson
et al., 2006, 2012; Palmer et al., 2015), mainly associated
with plasmodesmata late in grain development (Wilson et al.,
2012), while Palmer et al. (2015) suggested that callose may
be important in the differentiation of aleurone cells into sub-
aleurone cells in wheat. It has also been suggested that the
callose present in the endosperm is due to a wound response
as the grain fills and matures, which might cause the plasma
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membrane to become detached from the cell wall with the
concomitant deposition of callose (Wilson et al., 2012). The
highly variable amounts of callose found in cereal grains may be
due to callose deposition as a result of transient moisture stress
during grain development (Fincher, 1989). The callose is likely
degraded by β-glucan glucohydrolase enzymes; transcript levels
of β-glucan glucohydrolase isoenzyme G-II increased during
germination in all cultivars, especially Keel, although other β-
glucan glucohydrolases may also play a role in germination given
the large size of the gene family (Xu et al., 1992; Li et al.,
1996). As the callose had been fully hydrolysed during malting
in these varieties (Figure 3I), it may be worth considering
callose as a potential contributor to glucose content in malt and
wort. Transcript levels of β-glucan glucohydrolases ExoI and
ExoII, which degrade oligosaccharides from hydrolysed (1,3;1,4)-
β-glucan and (1,3)-β-glucan (Hrmova et al., 2002; Fincher,
2009), were very high in all varieties throughout the malting
process (Figures 6E,F). The reason for their high transcript levels
very early in germination—before expression of most of the
endohydrolases—is unknown, and suggests a role for these exo-
acting enzymes in the later stages of grain development. It has
been suggested that the (1,3)-β-glucan endohydrolases might
provide protection to the germinated grain against pathogen
invasion, given that these enzymes can hydrolase the (1,3)-
β-glucan and (1,3;1,6)-β-glucans of fungal cell walls (Fincher,
1989).

Arabinoxylan in mature barley grain is present predominantly
in the aleurone cell walls and maternal tissues, with lower
levels in the starchy endosperm (Figures 3C,D). Small pockets
of arabinoxylan labelling were found in the embryo at 114 hai
(Figure 3E; Wilson et al., 2012), primarily located in developing
vascular tissue of the developing leaf sheath and coleoptile.
Throughout the simulated malting process, there were no
significant changes detected in arabinoxylan content or structure
either biochemically or microscopically (Figures 3E, 7A,B),
probably due to preponderance of arabinoxylans from maternal
tissues, which remain unchanged during germination. However,
changes were observed in transcript levels of genes involved
in arabinoxylan modification and hydrolysis (Figures 7C–H);
increases in transcript levels are likely due solely to changes
within the living aleurone and embryonic cells. Only AXAH2 has
previously been detected in developing coleoptiles (Laidlaw et al.,
2012), suggesting that AXAH1 and 5 may be expressed in other
tissues such as the aleurone. Given the clear presence of AXAH1,
2, and 5 transcripts and reports of AXAH activity in grain tissues
(Sungurtas et al., 2004), examination of isolated aleurone cells
may reveal information about changes in arabinoxylan content
and/or structure that cannot be detected in whole grain extracts.

Modification of arabinoxylan structure by xylanase or
xylosidase enzymes was not detected, either microscopically or
biochemically, suggesting that within the time constraints of
this experiment, these enzymes were not sufficiently active to
produce short, soluble oligosaccharides that would be removed
during preparation of alcohol insoluble residue. The temporal
and spatial details of endoxylanase synthesis and secretion are
not well-understood; it has been suggested that endoxylanase
enzymes, active or bound, are not released from the aleurone cells
until after cell death (Fincher, 1989; Slade et al., 1989; Caspers

et al., 2001; Simpson et al., 2003; Van Campenhout andVolckaert,
2005). Our observations are consistent with the late release of
active endoxylanase and xylosidase enzymes from the aleurone
into the starchy endosperm, after the 114 h of this time course.

None of the outer, maternal tissues appeared to undergo
compositional changes through the simulated malting process.
Immuno-histochemical analysis confirmed the presence of
cellulose, arabinoxylan, and (1,3;1,4)-β-glucans in these tissues
(Figure 3; MacLeod and Napier, 1959), and revealed small
amounts of mainly methyl esterified homogalacturonan
pectin, in a punctate distribution (Figure 4B), and un-
esterified homogalacturonan pectin in the nucellar epithelium
(Figure 4A). Similar observations were made in developing
wheat and rice grains (Chateigner-Boutin et al., 2014; Palmer
et al., 2015). Recently, the presence of methyl-esterified
homogalacturonan was also detected in wheat endosperm after
the enzymatic removal of (1,3;1,4)-β-glucan and arabinoxylan
(Chateigner-Boutin et al., 2014); while not detected in this work
(Figure 4), it is possible that pectin is present in the endosperm
and aleurone but masked by other cell wall components (Fincher,
1975; Bacic and Stone, 1981a; Xue et al., 2013).

Starch Hydrolysis
Enzymes involved in starch depolymerisation were detected
in abundance in the barley grain during simulated malting.
Total α-amylase activity followed similar patterns in the four
barley cultivars, starting at negligible levels during steeping,
and increasing throughout germination (Figure 5B). Enzyme
activity was approximately 30% higher in Flagship, compared
with the other varieties. At this stage, we have not undertaken
a comprehensive analysis of transcripts of starch hydrolysis
genes as the recently revised barley genome contains a much
larger number of α-amylase genes than had been previously
identified (Mascher et al., 2017). The identification of the spatial
and temporal expression patterns of specific genes involved in
the starch degradation process during germination remains an
important and complex research target.

Following grain imbibition, bound β-amylase is released by
proteolytic activity so that both active and inactive β-amylase
are present in germinating grain. Total β-amylase activity was
found to remain constant during the simulated malting process
while the amount of free β-amylase activity increased from
approximately 50–95% of the total by the end of malting
(Figures 5C,D). These findings suggest that the increase in β-
amylase activity observed after germination is solely due to
activation of β-amylase already present in the grain rather than
due to additional de novo synthesis during germination.

Like β-amylase, LD is produced during grain development and
held inactive but the gene is also transcribed during germination.
However, by the end of malting, free LD activity only represented
about half of the total LD activity in the grain (Figures 5E,F), and
previous reports suggest that approximately 70% of the enzyme
present in the grain is bound to the limit dextrinase inhibitor
throughout malting (Longstaff and Bryce, 1993; Sissons et al.,
1993; Burton et al., 1999; Ross et al., 2003). Given the importance
of amylopectin hydrolysis during germination (Naka et al., 1985),
understanding the spatial expression and interactions of limit
dextrinase and limit dextrinase inhibitor remains central to our
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ability to improve the efficiency of starch hydrolysis in malting
cultivars.

Morphology of the Aleurone and Scutellum
Scutellar cells are generally spherical , but scutellar epithelial cells
are elongated perpendicular to the crushed cell layer. These cells
are about 30–50µm in length at grain maturity (Figures 2A,C,E;
Gram, 1982), and separate to increase the surface area closest to
the endosperm by 114 hai (Figures 2B,D,F). No evidence was
found that these cells had elongated significantly by the end of
the simulated malting process (Figure 2), in contrast to previous
studies showing that scutellar epithelium cells in germinated
wheat and barley grains elongated to twice their original length
by 72 h after imbibition (Brown and Morris, 1890; MacLeod
and Palmer, 1966; Gram, 1982). Additionally a large variation
in length of the scutellar epithelial cells was observed in the
feed variety Keel at 114 hai (Figure 2F), which may be due
to the commencement of the elongation process. Whether this
difference is due to the controlled environment of the malting
process or varietal differences is unknown. It would be interesting
to examine whether the morphology of this critical secretory and
absorptive organ has changed due to selection for elite malting
qualities.

While both scutellum and aleurone cells play a secretory
role during germination, their fates as germination progresses
are quite different (Fincher, 2010). The differences in cell
wall composition in these tissues, and the way they change
during germination, may reflect their dissimilar final roles
in germination, rather than their common role at the
beginning. Arabinoxylan and (1,3;1,4)-β-glucan, the major cell
wall polysaccharides in aleurone cells, are still detected at the
end of the simulated malting, long before cell death occurs
(Figures 3B,E; Bacic and Stone, 1981a). In contrast, (1,3;1,4)-
β-glucans and cellulose of the scutellum cell walls, are almost
completely degraded by the end of malting (Figures 3B,L).
McFadden et al. (1988) showed that (1,3;1,4)-β-glucanase genes
were transcribed initially in the scutellar epithelium and that
transcription moved along the aleurone layer from the proximal
to the distal end of the grain, so (1,3;1,4)-β-glucan in the
scutellum would be hydrolysed before that in the aleurone.

CONCLUSION

We have analysed a comprehensive suite of genes and enzymes
known to be important for malting in four barley cultivars and
described some novel findings regarding the morphology and
composition of cell walls during germination. Overall, Navigator
and Admiral exhibited very similar expression patterns for
most genes and enzymes, including (1,3;1,4)-β-endoglucanases,
β-glucan glucohydrolases, endoxylanases, and AXAHs, while
Flagship and Keel also had related expression patterns. However,

Flagship differed from Keel in a few crucial genes and
enzymes, such as (1,3;1,4)-β-endoglucanase isoenzyme EI and
endoxylanase isoenzyme X-1, which may partially contribute to
its vastly superior malting qualities. These important enzymes
along with other cell wall degrading enzymes, such as (1,3)-
β-glucanases may potentially be breeding targets for improved

malting quality. Additionally, examination of the new barley
genome is revealing many new members of gene families
involved in starch hydrolysis (Mascher et al., 2017), suggesting
that the numbers of, and interactions between, the enzymes
encoded by these genes is likely to be more complicated than
previously thought. Improvements in analytical techniques will
continue to provide new information about the morphology,
composition, and function of different tissues within the grain
during malting and germination.
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