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Abstract
Background
Starch contributes to barley grain and malt quatitych in turn contributes to beer quality
and flavour; through fermentable sugar profiletgsaf fermentation and Mallard reactions.
Both amylopectin and amylose are enzymatically alégg to release maltose, maltotriose and
higher order sugars.
Scope and Approach
Amylopectin is highly branchedi{(1—6) glycoside bond branch points] with numerous
short branches while amylose is a long chainedrpefywith a few side branches. During
grain development, the final level of branchingastrolled by two enzymes namely;
isoamylase and limit dextrinase (LD). Mutationsither of these genes can also result in
changes to structure, content, and granule formatna size. During the malting free LD will
to cleave the-(1—6) bonds but during mashing processes, bound LBléase, resulting in
chains of various length available for other stategrading enzymes to hydrolyse.
Findings and conclusions

While there is a good understanding of most ofitlkdévidual aspects in amylopectin
formation, structure and degradation; the storyaiesiincomplete, as most of this
understanding has been gained from experimentsanitha limited number of barley
varieties, limitations in the technology for stuictl measurement, and since no data is

available to link structure to fermentable sugafipes.

Keywords:

barley; amylopectin; starch structure; isoamyléisaf dextrinase; malting quality; brewing
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Barley Hordeum vulgard..) like many other significant cereal crops bgsito the grass
family PoaceaeThe species believed to have originated in thiél&&rescent of the Middle
East, with archaeological evidence suggestinguvailtn dated as far back as 7000 to 6000
B.C. (Wendorf, Schild et al. 1979, Zohary and H2P00). Barley has a very wide and
diverse geographical distribution, with cultivationareas from within the Arctic Circle, to
the tropics and from sea level to the high plainthe Ganges (Kdrnicke 1985). The
estimated global production area is around 57.2aniha, yielding approximately 133
million metric ton of grain annually. This makeglea the fourth largest grain crop produced
globally.

Barley is used as a food source for animals andainupat the more significant use is in
the production for alcoholic beverages such as aeemwhiskey. Pre-history records suggest
barley was used to make a wine approximately 10y@@ds ago. Regardless of the use, the
primary purpose is to utilize starch as an eneogyce. While starch is a very simple
molecule in terms of its chemical composition, ligcgse, its structure is more complex,
being comprised of two polymers, amylose and amedtip with the latter being three times
more abundant. This review will focus on amylopedts structural development in barley

and its influence on malting and brewing.

Grain quality and end use

Barley is grown for feed, food or used in industapplications such as malting (Ullrich
2011, Gous, Gilbert et al. 2015). Complex gengtiny;siochemical properties, and their
associated interactions have resulted in contiateanpts to improve barley grain quality
(Gous, Gilbert et al. 2015). A number of these iy alaits directly determine potential end
use. Foremost of these quality traits is grain,sizth plump grain desired by both maltsters

and the animal industries alike (Fox, Panozzo.2@03, Gous, Gilbert et al. 2015). Grain
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plumpness is determined by the endosperm, whictacmnstarch, non-starch
polysaccharides, protein and lipids (Fox, Panozzd. 2003), and is very much influenced by
the genotype and growing environment (Fox, KellgleR006). As such, plumpness is often
used as a proxy for potential starch content byymesers.

Starch and protein are the most important compoesti components of the endosperm,
and are often targeted by industry as traits adrest, due to their significant contribution to
nutritional and commercial value (Fox, Panozzol.e2@03, Gous, Gilbert et al. 2015). Starch
is the most abundant component of the endospearoahd 65% (by weight); with additional
carbohydrates, such as sugars and non-starch pohgrades [{-glucan and arabinoxylans)
contributing up to approximately 80% of total drsam weight (Fox, Panozzo et al. 2003,

Gous, Gilbert et al. 2015).

Starch

Barley starch is a complex polymer comprised ofietune of amylose and amylopectin,
both of which are built from glucose molecules édkviaa-(1—4) glycosidic bonds forming
linear chains (for amylose); while some chains ha{&—6) glycosidic branches forming
amylopectin (Vilaplana and Gilbert 2010, Gous, Hagt al. 2013) (Figure 1). These
polymers exist in a ratio of approximately 25% ans@ and 75% amylopectin of total starch
in the grain (Newman and Newman 1992), but gemstitations do allow for ‘waxy’ type
varieties which contain 100% amylopectin. While wensely, high amylose barley varieties
exist with amylopectin levels of up to 40% (Swamst@llis et al. 1995, MacGregor, Bazin et
al. 2002, Morell, Kosar-Hashemi et al. 2003). Waxy high-amylose starches have
numerous applications in both industrial and fawdustries. Waxy starches are used in the
food industry as emulsifiers, thickeners and fretbzev stabilizers (Beckles and

Thitisaksakul 2014). However due to the high rdteamversion waxy-starches are also as
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livestock feed (Beckles and Thitisaksakul 2014)industrial application is as an additive in
the paper and textile manufacturing process (Bsckiel Thitisaksakul 2014). High-amylose
starches on the other hand are used as edible fibngectionary and bioplastics. It also has
health benefits due to its low digestibility, madsinh ideal as a colon drug delivery system
(Beckles and Thitisaksakul 2014).

Amylopectin is a highly branched polymer with numes short-chained branches with a
high molecular weight of 176) Da (Vilaplana and Gilbert 2010), making up approxiety
35% by weight of total grain composition. This mskenylopectin the most abundant single
component in barley, ahead of protein (approxinyal®P6 by weight) and amylose (10%

weight). Amylose is an almost linear polymer wigwflong-chain branches and a moderate

molecular weight of 15(56 Da (Vilaplana and Gilbert 2010).

a). Amylose Chain
6CH,OH

a-amylase
B-amylase
a-glucosidacse

Glucose molecule

a-{1,4) glycosidic bonds

b). Amylopectin Chain

Iso-amylase
Limit dextrinase

a-{1,4} glycosidic bonds
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Figure 1: a) Shows glucose molecules linked together wi{th—4) linkages to form
amylose which is cut by-amylase-amylase and-glucosidase to form maltose (glucose +
glucose) from the non-reducing end. b) Shows an@egtin chain made up of chains
formed bya-(1—4) linkages and branched by(1—6) linkages. These branches are cut by
debranching enzymes Isoamylase and limit dextrinasalting in more straight chains for

hydrolysis byo-amylase an@i-amylase.

Figure 2 shows the development of the amylose andogectin from initial chains
(structure level 1) to the final structure of thlesperm (structure level 6). Structure levels 3
and 4; show the lamella layers with amorphous l&vaid crystalline lamella that form the
granule. Most of the branch points are locatethéamorphous lamellae, while the outer
chains are present in the crystalline lamellae wifoem double helices (Tester, Karkalas et
al. 2004, Gous, Gilbert et al. 2015).

The branches associated within amylopectin carategorized into A, B and C chains,
depending on their lengths and relative positioak@dnura 2002) (Figure 2). A-chains are
comprised of short branches found on the outegésrof the amylopectin molecule, while B-
chains are longer with one or more branches ocagpyie inner molecule. The C-chain
consists of a reducing terminal glucose residuesgéndges as an important factor in the
production of the B-chains (Wang, Henry et al. 20&dus, Gilbert et al. 2015). Although
amylopectin’s shorter branches are confined tmglsilamella, some of the longer B-chains
are trans-lamellar and span more than one crystdbimella (Tester, Karkalas et al. 2004,
Wang, Henry et al. 2014).

Starch granules exist as either large A type gemnat smaller B type granules. A type
granule are approximately four times larger thayp, while B type granules are

approximately four times as abundant as A typewes(Figure 2 — Level 5).



129

130

131
132

133

134

135

136

137

138

139

140

141

142

143

144

Level 1 Level 2 Level 3 Level 4 Level 5 Level 6

Crystalline

—J Iy _ E
Amorphous g
Amylose a
Amylose E
Branches c
Crystalline Alternating
2 g layers of A Granules
crystalline and
amorphous
\ lamellae B Granules
A
Amylopectin ) _ _
Branches Amylopectin Double Helical Growth Rings Starch Whole Grain
Clusters Granules

Figure 2: The six levels of starch structure in cerealmgfanodified from Gilbert 2014).
Modified with A, B and C chains labelled on the dopectin polymer and the width of the

crystalline and amorphous layers in nanometers.(nm)

Starch Biosynthesis

The enzymatic stepwise process in which amyloseaamgdopectin are synthesised is
shown in Figure 3. Since this review is focusediebranching enzymes (iso-amylase and
limit dextrinase), all other starch synthesizingyenes will only be briefly discussed. Starch
is synthesised and stored in a granular form istjgla during photosynthesis; whereas for
long-term storage, starch is stored in amyloplasth as those found in the grain endosperm
(Wang, Henry et al. 2014). Starch synthase enzwimegate chains by catalysing the transfer
of glucose units from ADP-glucose to the non-redg@nds viai-(1—4) linkages (Fujita,

Yoshida et al. 2006, Wang, Henry et al. 2014).@@tatructure varies between botanical



145 organs, plant species and varieties, and envirotaheonditions, with these structural

146 differences brought about by differences in stdnidsynthesis, involving multiple enzymes
147 (Gous, Gilbert et al. 2015). These multifacetedsipthetic pathways involve ADP-glucose
148 pyrophosphorylase (AGPase), starch synthases (88)h branching enzymes (SBE), and
149 debranching enzymes (DBE), of which several isofophay distinct roles (Wang, Henry et
150 al. 2014) (Figure 3). The presence and pleiotreffiects of these enzymes and isoforms,
151 complicates starch biosynthetic pathways (Wang,rHenal. 2014). The biosynthetic

152 interactions of all starch synthesis genes in glsioultivar, under the influence of external
153 conditions, are not fully understood due to themplexity, although various relationships
154 have been proposed (Jane, Chen et al. 1999, Khardasouleh, Waters et al. 2012, Witt,

155 Doutch et al. 2012, Syahariza, Sar et al. 2013t &viid Gilbert 2014).

157 _\. . Debranching enzymes:.
¢ T e L Isoamylase
I T5% Amylopectin o= Limit Dextrinase
Sucrose /
l / ADPG '/ .
] PPase short g\l‘uc,ans %
l / ATP PPi -
/ \ )‘ Ss] SsII
G1P 4|_> GIP S’ g ADPG .T:;;-*‘
- |
ATP | ADP
|
PPi -
ADPC ADPG =
PPase 25% Amylose
Amyloplast
Cytoplasm e

159 Figure3: Starch synthesis pathway. (key genes: SS stgrtthase, BE starch branching
160 enzyme, DBE starch debranching enzyme, GBSS grdmauied starch synthase)

161
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Debranching is the last step in the synthesis ofi@pectin. A physiological relationship
between the branching and debranching enzymesdeaisdbserved in barley (Sun, Sathish et
al. 1998, Sun, Sathish et al. 1999) which has Ipeeposed to balance the structure when
forming the layers in starch granules (Wu and GilB810). In barley, the dominant DBEs
are isoamylases. These enzymes are present issakk$ of the developing caryopsis but are
most abundant in the developing endosperm (Rad®urksjuk et al. 2009). Another DBE
also present in the developing endosperm (Siss@mge et al. 1992, Sissons, Lance et al.
1992, Radchuk, Borisjuk et al. 2009) or more speslify in barley as limit dextrinase (LD).
Limit dextrinase is predominantly involved in debching amylopectin during germination

and is an important malting quality trait (discusbelow).

The enzymatic steps in the synthesis of typicathteemain fixed. However, changes to
specific enzymes in the starch synthesis pathwagh as in one or more of the starch
synthase genes, may result in a higher amylopéstiry) or amylose content. Additionally,
the growing environment can have a major influemcenzyme activity, final granule size
and starch structure. Excessively high field terapees during grain fill may reduce the size
of the large A granules and/or increasing the ratismall B granules by either reducing the
activity of the starch synthase enzymesor impaatimgtarch granule initiation as suggest

previously (MacLeod and Duffus 1988).

Starch debranching enzymes areinvolved in both synthesise and degradation

In general, starch debranching enzyme (EC 3.2.hgdnolysesi-(1—6) glycosidic
linkages during amylopectin synthesis (Myers, Miogekl. 2000, Wang, Henry et al. 2014).
As mentioned above, two genes for DBE have beartift in barley, the first being

isoamylase and the second being limit dextrinagefiert and C.A. 1991, Wang, Henry et
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al. 2014). At least three different isoforms of tb@amylase (Isa) that can debranch
amylopectin have been identified, and have beessifiad adsal, Isa2 andisa3 (Nakamura
2002). These differing isoforms have been repdidie present and active in differing barley
tissue including the pericarp, aleurone but spealify the endosperm, during grain filling
(Radchuk, Borisjuk et al. 2009). Th&alisoform is the most active in the endosperm and fo
the longest period of time during grain filling. &down regulation and absencds#1

modifies the well-ordered structure of amylope¢himkamura 2002), resulting in the

formation of a ‘sugary’ amylopectin, with lots di@t chains (Burton, Jenner et al. 2002).

The expression of a mutant afgal gene has shown to lower starch gelatinization
temperature and viscosity by producing a less altys¢ starch structure (Fujita et al. 2006).
However, in contrast ttsal, the absence ¢$a2 does not result in severely abnormal starch
morphology, despitesa2 being required together withal for activity of the Isa heteromeric
enzyme (H.S., Igbal et al. 2009, Kubo, Colleorale010). Thus, changes in Isa expression
and subsequently any variation in the regulatiothefprotein expression, will change the
physiochemical properties of starch. ConsequetitBse changes may impact on final grain

quality and end use.

The locus foilsalis on 7HS around the centromere (Burton, Jennal 002) while the
locus for the LD gene is at around 50 centiMorgalae on 7HS (Burton, Jenner et al. 2002)

(Figure 4).

Starch molecular characterisation
Size exclusion chromatography (SEC), also knowgehpermeation chromatography, is

commonly used to characterize starch polymer stractn SEC, molecules in a mobile

10
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solvent (eluent) are separated by molecular size td their hydrodynamic volum#y), or
their corresponding hydrodynamic raditg)((Cave, Seabrook et al. 2009, Gous, Gilbert et
al. 2015). For linear polymers like debranchedcstathere is a unique relationship between
R, and molecular weight, however this does not hiald for complex branched polymers

(Gous, Gilbert et al. 2015).

To determine th&, or weight-average molecular weighdg), three different types of

detectors are commonly used in SEC (Vilaplana aitlte@ 2010). The differential refractive
index (DRI), multi-angle laser light scattering (MBS), and viscometry detector, are either
used individually or in combination to provide comlpensive starch structural information

(Gous, Gilbert et al. 2015). The DRI provides theight distribution of molecules as

functions ofR,, while MALLS detector provides tHdy and the z-average sizy 7) as the

radius of gyration while the viscometry detectan\pdes the distribution of molecules (Gous,
Gilbert et al. 2015). It is however essential $tarch samples used for molecular structural
characterization be prepared without aggregatuss, [degradation or retrogradation. To
prevent these negative effects, samples are dessatvan eluent comprised of dimethyl

sulfoxide and lithium bromide (Hasjim, Lavau et2010, Vilaplana and Gilbert 2010).

To accurately determiné, from elution time, it is essential that calibrasobe
performed using narrowly-dispersed linear glucallugan or dextran standards with known
molecular weights. Although SEC is commonly usedtarch characterization it is restricted
by band broadening, shear scission, and low regafdarger molecules like that of
amylopectin (Cave, Seabrook et al. 2009). Pa@firoblem is that the appropriate
standards are not available for molecules grehger + 50 nm in size (Gous, Gilbert et al.

2015). It is also problematic that shear scisssaimniavoidable in SEC, making the data

11
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generated for large molecules only semi-quantigaf@ous, Gilbert et al. 2015). Regardless
of these limitations, qualitative and semi-quatittecomparisons of size distributions can

still be performed with SEC data. Furthermore, wtienSEC samples are analysed under the
same conditions, the effects of shear scissionavbelsimilar across all samples (Gilbert, Wu
et al. 2013, Gous, Gilbert et al. 2015), so thktinee size distributions are at least

determined.

Starch and itsrolein Malting and Brewing quality
The fermentation of sweet liquids into alcoholiwéeges such as beer has been
conducted by humans for many millennia (BamfortB®0 Thousands of years ago, we
started to understand the process of using geredrgain (malted) to enable this process.
Where today, commercial malting is an industriglgeiss carried out in nearly every country
of the world where there are breweries. Malt is\a& from the germination and then drying
of cereal grain in a process that takes betweer8tdays, depending upon the type of cereal
and malt quality required (Figure 5a). During thiscess, some internal components such as
proteins are reduced to amino acids and cell vaatiponentsf{-glucan and arabinoxylan) are
reduced to their base sugar units. More importasthrch degrading enzymes (SDE) are
released and/or synthesised. These enzymes include
i.  limit dextrinase to cui-(1—6) linkages on amylopectin or amylose,

ii. a-amylase to hydrolyse chains into smaller fragments

iii.  p-amylase cut maltose and, to a minor extent,

iv. a-glucosidase cut glucose from the non-reducing entise chain fragments

(respectively).

12



261 However, during malting the master’s objectiveoifhiaive as little starch as possible degraded
262 to minimize malting losses. The majority of stahgfurolysis occurs during the first stage of
263 brewing, called mashing where the starch has belatiigized to enable the efficient access of
264 the starch hydrolysing enzymes (Figure 5b). Theemnz breakdown of starch into simpler
265 sugars including maltose and glucose provides ampayrt of the food-energy source for

266 yeast and the fermentation process (Figure 5b).

a)- The Malting Process
Steeping Germination Kilning
water
H20 spray
barley steeped green malt
seeds barley malt
air H,0 warm air
"—-"120/0 H20 "—-"450/0 Hzo :450/0 HQO :40/0 Hzo
. enzyme
mgli!sstﬁ e induction, drying, flavor
content cell wall development
dlgeStlon www.scitechconnect.elsevier.com
b).

The Brewing Process

Malt

MILLING

WHIRLPOOLING

0
ilﬂﬂﬂllﬂﬂﬂﬂﬂ

.........................

MATURING FERMENTING ' w COOLING
| A
MGEHLORRY =
l.lli(l
" 9)
PACKAGING DISTRIBUTION
www.ibdasiapac.com.au
267
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Figure5: Flow diagrams for the (a) malting and (b) brewprgcesses. Figure 5a sourced

from www.scitechconnect.elsevier.com and Figuresbirced from www.ibdasiapac.com.au.

A number of parameters indicate malt quality inahgchot water extract (the amount of
available solubilised material); diastatic powesr{bined measure of starch degrading
enzyme activity) and fermentability of the wort {i&ct sugars utilized by yeast for
fermentation). Extract and diastase can be pratisbwenewhat from the analysis of the barley
grain (MacGregor 1996), which would suggest a piotdassociation with starch and protein
content, respectively. For the following discussiogly the above three parameters
mentioned above will be discussed as they relata todhe hydrolysis of starch and the final

profile of the important fermentable sugars.

Hot Water Extract

The hot water extract (HWE), or wort, produced fritme@ mashing and lautering stages, is
the one of most important brewing traits as it aorg numerous sugars, amino acids,
peptides, lipids, vitamins and minerals that cdagdused by the yeast and or contribute to
beer quality (Figure 5b). The quality of the HWEn#8uenced by a number of factors. Firstly,
barley grain composition is a contributing factat bomposition is affected by numerous
environmental factors including; growing conditiptemperature, fertiliser use, nitrogen
availability and moisture. In general, it is wielown that higher protein is negatively
correlated with extract (Bishop 1930, Briggs 1978)ese factors do not directly impact on
HWE, however their effect is observed on the canéenl compositions of components that
do contribute to HWE, such as starch quality are$ypmably access of starch hydrolysing

enzymes to starch during mashing.

14
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Secondly, both physiological and biochemical congmis of the grain can influence
HWE. The type of barley i.e. two or six rowed, lwihe plumper two rowed having higher
level of extract. The husk thickness, grain sizetgin, starch, non-starch polysaccharide
contents all impact on extract levels. Also hightpm content is related to higher enzyme
production (Arends, Fox et al. 1995). Barley cwts/with the optimum combination of these

traits consistently produce higher extract.

Thirdly, the malting process (grain modificatior)singularly the greatest aspect
affecting hot water extract. During malting, enzyntieat degrade proteins, non-starch
polysaccharides and starch, are either synthesisedeased from their bound forms. The
objective during the malting process for most ntattsis to maintain high extract levels and
yet achieve this at low levels of protein modifioatto ensure the desirable foam stability in

the resultant beer.

Finally, the mashing process influences HWE, wlieege are a number of variables
that affects the level of extract, such as pH, niasfh, mash temperature, grist (particle) size
and grist to liquor ratio. While these aspects mhetiee the quality of the final HWE (and
fermentable sugar profiles), most these aspectdedegmined by the genetic attributes of the
starting barley. For example, high diastatic po(i#?) barley varieties produce high levels of

malt DPunder optimal conditions.

Diastatic Power
Diastatic power is the term used to describe thiecose activity of SDE in malt. Four
enzymesgp-amylasef-amylase, limit dextrinase andglucosidase, have been identified

during malting and mashing (Osman 2002, Briggs,|lBawet al. 2004), although little

15



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

attention has been paiddeglucosidase. There are genetic and environmefitats ona-
amylasep-amylase and limit dextrinase (Arends, Fox et 883) with each having an
optimal pH and temperature range. Industry methuseésl to measure DP vary considerably
in a number of aspects including; substrate, pHaasay temperature which may in turn
differing impacts one or more enzyme. Most methmayg provide data on the enzymatic
potential under these conditions, which are faraesd from industrial mashing conditions
(Henry and McLean 1984). The relationships betwi2Brevel, individual DP enzymes and
either HWE and/or fermentability have been showa(ts, van Wegen et al. 2003, Evans, Li
et al. 2008, Evans, Dambergs et al. 2010). Theskest did demonstrate that multi linear
equations of parameters including Kohlbach Ind&X}, (a-amylase, LDB-amylase and its
thermostability could predict 70-90% of variationfermentability compared to <50% or less
for DP. These results explain why DP has beenddarbe potentially a misleading measure
of fermentability in commercial brews (Evans, Liaét2007). It is clear that the prediction of
fermentability will be further improved by inclusiaf measures of starch structure and

complexity, as well as inclusion of sugars produitech non-starch components.

Low DP barley varieties only produce low to moderate Iswd#ISDE which also affects
the fermentable sugar profile and may leave a higvel of unfermentable dextrins. Such
varieties are being increasingly sought after [aftdsrewers and brewers that brew with
100% malt and do not include starch adjuncts ssaica or corn grits. The basis for this low
DP malt selection is that dextrins and limit dexdérimay have a positive effect on the

mouthfeel of the beer (Langstaff and Lewis 1993).

While there is a synergistic relationship betwdenihdividual DP enzymes in mashing

(Evans 2012), LD is critical for maximising fermahitlity as it is responsible for the

16
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hydrolysis the branches of amylase and amylopethiis results in shorter chains which can
then be hydrolysed by both the amylases. As preWyadandicated, the role of this debranching
enzyme is to hydrolyse-(1—6) linkages. This follows from LD’s physiologicalle which

is to produce suitable substrates for amylasesnsare the complete hydrolysis of starch into
sugars to supply the growing embryo during gernmmatHumans have learned to co-opt this
perfectly designed hydrolysis of starch into sudgardermentation. Specific information on

LD is discussed below.

Fer mentability

The fermentation of wort is probably the most catiphase of the brewing process as
uncontrolled or slow fermentations cause delaybérfinal processing of beer. Several
factors impact wort fermentability, but the mainrase of fermentation is the utilisation of
the fermentable sugars to produce alcohol. Maltssually the most abundant sugar
produced during mashing, followed by maltotrioske Pparticular mashing style can
influence the sugar profile with the lower temparatcongress mash (4 ramp to 76C)
resulting in a-higher lower level of maltose conguhto the high temperature infusion style
(constant 6%C) (Evans et al. 2005). In addition, grist:liquatio and pH also impact on sugar
production. A recent studied showed little diffezerbetween fermentability and individual
fermentable sugars when derived from low and heghperature mash under varying grist to
liquor ratios (1:2, 1:3 and 1:4) (Fox 2016). Alette factors, ie.grist:Igiour, pH, mash
temperature, also influence the activity of thevidual DP enzymes. However, current malt
parameters (such as HWE and DP) are unreliableatatis of fermentability during actual
brewing conditions. To account for other possitdeables, recent efforts have identified a

number of other malt factors to predict fermeniahilvherea-amylase-and-tetal--B-{activity

and-thermestability), Kolbach Index, and the t@t@mylase (activity and thermostability)
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were combined (Evans et al. 2005, 2008, 2010). Mewdrom these studies, LD and it
thermostable isoform, failed to show any contribatio fermentation. While these studies
showed several malt parameters that could givedination of proved to be important
variables that influences fermentable sugar pradncthere was no measure of fermentable
sugars. Further these studies did not quantifypttiey starch structure, which would help

explain the level of efficiency of the enzymes mgucing fermentable sugars.

Limit dextrinase

Compared to Isa, there is less information avaglainl the role of LD in starch
biosynthesis. Its bi-functional role in starch $yetis and then degradation has been reported
in barley (Dinges et al. 2003). The primary funotaf LD is the hydrolysis of-(1—6)
linkages ina-limit dextrins of amylopectin (Bojstrup et al. 201Huang et al. 2014). In
barley, three different isoforms of LD are foundig¥hare (i) insoluble when bound, (ii)
inactive when soluble (latent) and (iii) active wiHeee, where only active free LD

contributes to starch mobilization and digestiora@@regor 2004).

Limit dextrinase expression is regulated by a sirggne (Burton, Zhang et al. 1999,
Kristensen, F. et al. 1999), with peak expressiom days post germination. An extended
germination period may however be required forraptiLD expression and mobilisation
during malting (Kristensen, F. et al. 1999), rasglin superior wort sugars and
fermentability (Bamforth 2003). Without free LD abadle in the HWE, excessive levels of
branched dextrins could slow fermentation (MacGr&§®4). During germination LD level
increases, with maximum activity reached after edgtys. Limit dextrinase will survive
kilning with up to around 80% activity. The obseshiacrease in total limit dextrinase activity

during germination is due to a bound form beingaskd by the action of proteinase
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(Longstaff and Bryce 1993). Purified limit dextrsghas an optimal pH of 5.5 and
temperature at 50°C (Sissons, Lance et al. 199#)ewnder Congress mashing conditions,

LD has a similar pH optimum but higher temperatypgmum of between 60°C to 63°C

(Stenholm and Home 1999).

Bamferth-2003). Purity of the unbound enzyme fonaly influence activity; with a near total
loss in LD activity in under 10 min at 65°C-wherg@u_ow level of free LD activity is
attributed to a combination of endogenous inhikitmd a limit dextrinase inhibitor (LDI)
bound in key endosperm components (Huang et al)20he release of LD from its inhibiter
promotes starch digestion and increases fermensalglers formation. It is suggest that LD
bound to the LDI is-the a limiting factor for corefe starch digestion during brewing

(Bamforth 2003, Huang, Cai et al. 2014).

The LDl is synthesised during grain fill and latlean the synthesis of LD with a decrease

in the free LD form and an increase in the boundftn (MacGregor 2004)——and is

When LD was inhibited, there was a reduced numbBrgranules formed and changes to the
chain length of the amylopectin molecule (Stahlatés et al. 2004). LD inhibition also

effects of the expression of starch synthases @andhsdegrading amylases (Stahl, Coates et
al. 2004), supporting the concept of a physiolddicdance between the genetic control of

genes involved in starch synthesis and degradation.
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In-vitro experiments showed the release of LD can be prairimtéhe addition of a
reducing agent such as dithiothreitol, which isfeasible in brewing because of its toxicity
and its strong foul odour. The addition of exogenprotease may however remove LDI
(Longstaff and Bryce 1993). It was also demonstrateincrease in LD release was
attainable by decreasing the mash pH; with sigaifily increased LD activity obtained with
pH less than 5.0 (Longstaff and Bryce 1993). AltiioltD may increase starch hydrolysis,
resulting in improved fermentable sugar profileghhdextrin levels may alter starch
gelatinisation properties which may have a negathact on wort filtration and final

product quality (Bamforth 2003).

Genetic Variationinlsaand LD

Both the Isa and LD genes are located on chromogdi#se(Li et al. 1999). In addition,
this region has been associated with increased lWIEDP in molecular mapping
populations (Elia et al. 201 @efs)+regardiess-of-which-markertechnology-was-applidis
locus has been identified in a number of divergeufaiions including those where a wild
parent was used. Nevertheless, there can be saowsistency in the identification of the
QTL between populations. Interestingly, where a @aiHWE was reported, it was for an
infusion style of HWE method (high temperature nmaglstyle) (Islamovic, Obert et al.

2014).

In two feed grain studies, Abdel-Haleem, Bowmaale(2010) identified a QTL for total
starch content; while in a similar region Gous, sawet al. (2012) identified a QTL for dry
matter disappearance. The same region has beeariaasdawith increased grain size in
barley, presumably through increased total staoctient. This region has also been

associated with QTL for a combined measure of btdegrading enzymes namely diastatic
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power, specificall\3-amylase—but-QFforneitherof the-individual-dases-have-been

At the gene level, single point mutations (singlelaotide polymorphism [SNP]) as well
as sequence deletions have been identifiets&ds resulting in changes in starch tructure and
granule size. As thisalis responsible for hydrolysising tleel,6 branches from
amylopectin, changes in amylopectin structure Heaen identified in wild types where there
was a deletion in thisal gene (Burton, Jenner et al. 2002). The limit dease gene-LD
ferm also has single point mutations resultingnramino acid substitution giving increased
thermostability in amn-vitro assay although this has yet to be confirmed um#eshing
conditions-n-the-mash (Yang, Westcott et al. 20B8)ure 4 shows the amino acid sequence
from studies sequencing the limit dextrinase g&ubstitutions at 233 Thr/Ala and 885
Ala/Ser resulted in an increase thermostabilitggdroximately 18C. However, the samples
tested were all from a single field experiment #ra&lLD activity was assayed at’&7and not
during a mashing experiment, so variation in exgoesin the same varieties from differing
locations would be expected due to environmenfalence-enproteinand-diastase (Arends,
Fox et al. 1995). While LD thermostability was asshin many barley varieties, the
thermostable form seems to be less common in lsableyd specifically for malting quality.
The thermostable LD form coupled with the thermblgtg-amylase form, such as Sd2H,
could provide malts with increased total enzympbwer (diastase) but also allow the
thermostable enzymes to be more active in high ¢éeatpre mash systems. In addition, they
could provide a higher level of fermentable sugard also be more suited to high gravity

mashing where the ratio of malt grist to water baras low as 1:1.9.
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With regards to gene expression, a single studyPoéxpression during germination
(four days) of four USA malting varieties (of whitlhio were 2-rowed and the other two were
6-rowed), showed LD expression levels differed leemvfour varieties. LD was positively
correlated with fine extract, based on a rampigteshethod (Congress), using long term
malting quality data of the four varieties. Whitettwo 6-rowed varieties had the highest
level of diastase, they didn’t have the highesel®i a-amylase. This may have been due to
either a lower starch to protein ratio or highestpin. The former wasn’t reported. Both the
two 2-rowed varieties had the highest level of asgland one of these, Harrington, had the
highest level of LD (Lapitan, Hess et al. 2009)riihgton has the low thermostable allele
(Yang, Westcott et al. 2009), however in any lomperature mashing, the slow ramping
could be conducive for optimal activity of LD. Bilie major drawback with this mashing
style is the low temperature hasn’t provided caadg for starch to gelatinise, hence there is
no starch degrading enzyme activity. This was sstggl in a study where the same samples
used in the Yang, Westcott et al. (2009) studypragiously been tested for malting quality
using a Congress or infusion mash (Evans, van Wegah 2003). However, individual

HWE or LD results were not reported.

Challenges and implications

Grain quality and composition plays an integraénol brewing and often determines
malt quality. Initially, plump grained varietieseaselected, in order to obtain the best quality
malt, with relatively high levels of SDE activitg.g.a-amylasep- amylase and LD) for
fermentable sugar production (Fox, Panozzo etC813R Breeders have selected genotypes
with plump grain kernels conferring high starch aelatively low protein content, with
commercial cultivars receiving a premium for graire and protein, but not directly starch.

Starch is readily hydrolysed into maltose, malaste, sucrose, glucose and fructosdshag
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and LD during mashing. It is these wort sugars #natfermented by yeast during
fermentation. As indicated in earlier sections, pupns studies have investigated the impact
of SDE on fermentability (Buttimer and Briggs 208@nauchi and Bamforth 2008).
However, little is still known on how allelic vatian in SDE expression impacts on starch
structure and the variation in structure on ferrabitity; with starch structural studies
predominantly focused on SSs. Alternatively, sotndiss have attempted to quantify and
understand the impact of starch structural changesalt quality and brewing efficiency

(MacGregor 1996, MacGregor, Bazin et al. 1999, tagdyk, MacGregor et al. 2001).

In depth studies on starch structure in brewingeHaaen restricted by several limitations,
both technical and environmental. Barley grain iy in largely determined by genotype,
environmental conditions and their subsequentacterns, which also contribute to potential
starch structural changes (Gous, Hasjim et al. 2GD8s, Gilbert et al. 2015).
Characterisation of these structural changes iptioated by technical limitations resulting
in the incomplete starch dissolution, retrogradatiod shear scission etc. It was shown
however that an increase in LD release by the gradosduring mashing-matting will result
in an increase in fermentable sugar productioneXtensive search of the literature could not
identify any discernible information linking SNP i and SDE expression, starch molecular
structure and properties. Most of the studies fedum either how starch structural changes
affected functional properties; or the identificatiof SNPs and their impact on fermentation.
With the notable absence of comprehensive studieslelic variation on LD and SDE
expression, their impact on starch structure, awd these structural changes impact on grain
quality. At most, studies on LD focused on fermbélgaugar production without linking its

function to Isa and SDE expression and activity.
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Conclusions
The basis for amylopectin composition is the lirkkadj thousands of glucose molecules but
the final structure can be extremely variable etlamber of branches and length of chains.
Environment has a major influence on the structiomé of most interest is the action of limit
dextrinase in controlling the level of branchingidg amylopectin synthesis and then needed
for complete debranching to assist amylases todhysls the chains into smaller, fermentable
glucose based sugars such as maltose and makothgkile the relationship between limit
dextrinase and amylopectin structure is startingganderstoodunderstand, there is still a
significant gap in the knowledge of any environnaéinpact of amylopectin structure, the
possible rate of hydrolysis and final profile ofrfeentable sugars for brewing. The efforts by
barley breeders to increase SDE has been donditil@lattention paid to the substrates. It
will now possible to understand structure and thiegrocess of amylopectin synthesis and

degradation into fermentable sugars.
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Table 1. Abbreviations and definitions

Enzyme that cuts randomly along the chains of

AA a-amylase :
amylose and amylopectin
Straight chain polymer with glucose unit, linked
AM Amylose with a-(1—>_4) I|nl_<s. Can b_e over 10000 glucose
molecules in a single chain. One of two polymers
that make starch in plants.
Large branched polymer mostty(1—4) glucose
: links, with braches througi(1—6) linkage. The
AP Amylopectin larger polymer to make starch in plants. When
100% amylopectin, the starch is termed ‘waxy’.
Enzyme that cuts maltose from the glucose chains
BA B-amylase o
(maltose - two glucose joined together)
Chain length Distribution of glucose chains of varying lengths
CLD L
distribution
DB Degree of Number of branches on amylopectin
branching
Debranching Enzymes that cut (cleave) thg1—6) linkage
DBE i
enzymes from thea-(1—4) chains
DPn Degree of Number of glucose molecules joined together
polymerization
Combined activity of starch degrading enzymes in
DP Diastatic Power malt. These enzymes areamylasef-amylase,
limit dextrinase and -glucosidase.
Granule bound Enzyme that adds glucose molecules to lengthen
GBSS : -
starch synthase the chains, specifically amylose.
Concentration of solutes extracted from malt in
HWE | Hot-water extract | hot water, measured using specific graviBi4to
and % sucrose equivalent)
Isa Isoamylase Ont_=,I of theq-(;_—>6) debranching enzymes, active
during grain filling.
Another of then-(1—6) debranching enzymes,
LD Limit dextrinase active during grain filling but more active during
germination.
SBE Starch branching | Enzyme that attaches chain in the 6 position to
enzymes form the branches on amylopectin
SDE Starch degrading
enzymes
SEC Size-exclusion Method to measure the number of glucose
chromatography | molecules in a chain, specifically amylose
2
SS Starch synthases Enzyme that adds? glucose molecules to lengthen

the chains. Makes amylopectin specifically.
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748 10 20 30 40 50 60 70 80 ) 100
749  MAVGETGASV SAAEAEAEAT QAFMPDARAY WVTSDLIAWN VGELEAQSVC LYASRAAAMS LSPSNGGIQG YDSKVELQPE SAGIETVTQ KFPFISSYRA

750  MAVGETGASV SAAEAEAEAT QAFMPDARAY WVTSDLIAWN VGELEAQSVC LYASRAAAMS LSPSNGGIQG YDSKVELQPE SAGERVTQ KFPFISSYRA
751 110 120 130 014 150 016 170 018 190 002
752  FKVPSSVDVA SLVKCQLVVA SFGADGKHVD VTGLQLPGVL DDMFAYTGPL GAVFSEDSVS LHLWAPTAQG VSVCFFDGPA GPALELK ESNGVWSVTG
753  FRVPSSVDVA SLVKCQLVVA SFGADGKHVD VTGLQLPGVL DDMFAYTGPL GAVFSEDSVS LHLWAPTAQG VSVCFFDGPA GPALETM( ESNGVWSVTG
754 210 220 230 240 250 260 270 280 290 300
755  PREWENRYYL YEVDVYHPTK AQVLKCLAGD PYTRSLSANG ARWLVDINN ETLKPASWDE LADEKPKLDS FSDITIYELH IRDFSAIDGT VDSDSRGGFR
756  PREWENRYYL YEVDVYHPTK AQVLKCLAGD PYARSLSANG ARTWLVDINN ETLKPASWDE LADEKPKLDS FSDITIYEH IRDFSAHDGT VDSDSRGFR
757 310 082 330 340 350 360 370 380 390 400
758  AFAYQASAGM EHLRKLSDAG LTHVHLLPSF HFAGVDDIKS NWKFVDECEL ATFPPGSDMQ QAAVVAIQEE DPYNWGYNPV LWGVP&SYA SDPDGPSRII
759  AFAYQASAGM EHLCKLSDAG LTHVHLLPSF HFAGVDDIKS NWKFVDECEL ATFPPGBMQ QAAVVAIQEE DPYNWGYNPV LWGVPKGSYA SDPDGPSRII
760 410 420 430 044 450 460 470 480 490 006
761  EYRQMVQALN RIGLRVVMDV VYNHLDSSGP CGISSVLDKI VPG'YVRRDT NGQIENSAAM NNTASEHFMV DRLIVDDLLN WAVNYKVDGF RFDLMGHIMK
762  EYRQMVQALN RIGLRVVMDV VYNHLDSSGP CGISSVLDKI VPG'YVRRDT NGQIENSAAM NNTASEHFMV DRLIVDDLLN WAVNYKVDGF RFDLMGHIMK
763 510 052 530 540 550 560 570 580 590 600
764  RTMVTKSALQ SLTTDAHGVD GSKIYLYGEG WDFAEVARNQ RGNGSQLNM SGTGIGSFND RIRDAINGGN PFGNPLQQGF NTGLEENG FYQGNEADTR
765  RTMVTKSALQ SLTTDAHGVD GSKIYLYGEG WDFAEVARNQ RGNGSQLNM SGTGIGSFND RIRDAINGGN PFGNPLQQGF NTGLEENG FYQGNEADTR
766 610 620 630 640 650 660 670 680 690 700
767  RSLATYADQ! QIGLAGNLRD YVLISHTGEA KKGSEIHTFD GLR/GYTASP IETINYVSAH DNETLFDVIS VKTPMILSVD ERCRINHLAS SMMALSQGIP

768  RSLATYADQ! QIGLAGNLRD YVLISHTGEA KKGSEIHTFD GLR/GYTASP IETINYVSAH DNETLFDVIS VKTPMILSVD ERCRINHLAS SMMALSQGIP

769 710 720 730 740 750 760 770 780 790 800
770  FFHAGDEILR SKSIDRDSYN SGDWFNKLDF TYETNNWGVG LFFEKNEDN WPLMKPRLEN PSFKPAKGHI LAALDSFVDI LKIRYSPLF RLSTANDIKQ
771  FFHAGDEILR SKSIDRDSYN SGDWFNKLDF TYETNNWGVG LRFEKNEDN WPLMKPRLEN PSFKPAKGHI LAALDSFVDI LKIRYSPLF RLSTANDIKQ
772 810 820 830 840 850 860 870 880 890 900
773  RVRFHNTGPS LVPGVIVMGI EDARGESPEM AQLDTNFSYV VTFWNVCPHE VSMDIPALAS MGFELHPVQV NSSDTLVRKS AYEAAGRFT VPGRTVSVFV

774 RVRFHNTGPS LVPGVIVMGI EDARGESPEM AQLDTNFSYV VTWNVCPHE VSMDIPALAS MGFELHPVQV NSSDTLVRKS AYESTCRFT VPGRTVSVFV

775 Figure4. Protein sequence for LD. Highlighted amino aciusvs thermolabile (top) and thermostable (bottongusace.



Amylopectin is the most abundant polymer in barley

Amylopectin is highly branched as a results of branching and debranching enzymes
Limit dextrinase is one of the debranching enzymes

Limit dextrinase acts during grain filling and post-harvest germination

The role of limit dextrinase in both these modes is yet to be clearly defined



