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Abstract

Brewing with up to 40% unmalted cereals such atebhawheat, rice, and maize is
allowed as well as practiced in many European camt(e.g. Belgium, the
Netherlands, Luxembourg, France). The use of uraalats or sorghum in brewing
has great potential for creating new beer typesaifimand saving costs. However, the
substitution of barley malt with unmalted oats arghum, also referred to as
adjuncts, is not only innovative but also challewgiln general, oats have high
contents of huskp-glucan, protein, as well as fat, and thus low attrcontents.
Sorghum, lesser known in Europe, is gluten-free amsdally exhibits high
polyphenol concentrations as well as a high stagelatinization temperature. The
overall objectives of this Ph.D. project were: d)get a better understanding of the
impact of various types and levels of unmalted aats sorghum on the quality and
processability of mashes, worts, and beers; 2)révige solutions in terms of the
application of industrial enzymes to overcome puénproblems. For these
purposes, a highly precise rheological method usingpntrolled stress rheometer
(Physica MCR 301) was developed and successfuplieapas a tool for optimizing
process parameters, exogenous enzyme additiongraddct quality. Furthermore,
eight different oat cultivars were compared in terof their suitability as brewing
adjuncts and two very promising types (husked/nab&is$) identified. In another
study, the limitations of barley malt enzymes ahe benefits of the application of
industrial enzymes in high-gravity brewing with ®atvere investigated. It is
recommended to add exogenous enzymes to high-gnaashes when substituting
30% or more barley malt with oat adjunct in order grevent filtration and
fermentation problems. Pilot-scale brewing tri&@8 () using 10—40% unmalted oats
revealed that the sensory quality of oat beersongut with increasing adjunct level.
In addition, commercially available oat and sorghflmurs were implemented into
brewing. It has been found that the use of up t& #at flour and up to 50%
sorghum flour, respectively, is not only technigdiasible but also economically
beneficial. In a further study on sorghum was destrated that the optimization of
industrial mashing enzymes has great potentialréoiucing production costs. A
comparison of the brewing performance of red Itaked white Nigerian sorghum
clearly showed that European grown sorghum is Sigittor brewing purposes; 40%

red sorghum beers were even found to be very lagluten (<100 ppm).
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Introduction

In recent years, the interest in oafs/€na sativaand sorghumSorghum bicoloy
for food and beverage production has increasediderably due to their potential
health benefits. Odi-glucan has cholesterol-lowering properties andreaiice the
risk of coronary heart disease; sorghum grain igegtfree and thus suitable for
people suffering from celiac diseagke-3) Oats represented the most widespread
brewing cereal in the Middle Ag€d) but lost their significance in beer production
since barley proved to be more suitable for maléing brewing purpos€s). Today,
they are only used in some specialty beers sudaiseal stouts to enhance flavor
and mouthfee(6). As a result, very few brewing-related studiesnwalted oatg6—
15) and even fewer on unmalted ogl$—18)exist at present, with the exception of
the studies conducted within this Ph.D. project.rdlthan 70 years ago, Hopkins
(16), Thompson(17), and Moritz(18) looked into the use of up to 20% flaked oats
(including husks) in brewing to overcome shortageshe supply of barley. They
arrived at the conclusion that the substitutionnodlted or flaked barley with
unmalted oats should be limited to 10-15% of thaltgrist in order to maintain
product quality and processability. In generalsaamprise a very large proportion
of husk (25-30% of total grain weight) comparedbtuley (6—15% of total grain
weight) (19). Oat husk consists of cellulose and hemicellul@essch around 30—
35%), lignin (2-10%), ash (3.5-9%), protein (1.635%l (1-2.2%), starch (<2%),
and water-soluble carbohydrates (<1%). It is a ppaality material and the most
significant improvement in oat grain quality coldd made by breeding for reduced
husk content(20). In addition, oats are unique among the cerealsawving high
contents offi-glucan, protein, and fa21), which are undesirable characteristics
when used as brewing adjunct. @aglucan can interfere with the brewing process
by increasing the viscosity of mashes, worts, aadrdy depending on molecular
weight and concentratiori22,23) Crude protein, the most variable of major
components in oats, is negatively correlated witlichk (21,24) Oats containing a
high percentage of fat are particularly susceptibléghe development of bitter off-
flavors and rancidity during processiiig5). In contrast to oats, sorghum kernels
exhibit no husks but high polyphenol concentrati§®6,27) and a high starch
gelatinization temperatuf@8,29) Sorghum is the fifth most important cereal cnop i

terms of world production after rice, wheat, maiaed barley. It is uniquely well-
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adapted to cultivation in the semi-arid tropicsAsfia, Africa, and Latin America
(30,31) Nevertheless, its versatility makes sorghum ay vy@omising crop for
exploitation in Europe, particularly in areas withferior soil quality (32). The
substitution of barley malt with sorghum adjunctatommercial scale was born out
of necessity: 1) the U.S. brewing industry usedsaerable amounts of sorghum
grain in 1943 when brewing materials were sc83); 2) the Federal Government
of Nigeria banned barley malt imports in 1988, hasg in the establishment of a
unique brewing technology on the basis of sorgh(84). Hence, numerous
publications on the use of unmalted sorghum in brgware available to da{83,35—
52). All of these studies are based on sorghum typéissated in Africa (mainly
Nigeria), Latin America, or Asia; within this Ph.project, the brewing performance
of European grown red sorghum was compared toothestablished white Nigerian
sorghum. Sorghum cultivars are divided into thygee$ based on their genetics and
chemical analyses: Type | (non-tannin sorghum) r-pigmented testa, no tannins,
low levels of phenols; type Il (moderate-tannin ghmm) — tannins present in
pigmented testa; type Il (high-tannin sorghumpsins present in pigmented testa
and pericarp(53,54) High-tannin sorghum cultivars are not suitable boewing
since condensed tannins (proanthocyanidins) caibiindnzyme activities (e.qu-
amylase) and cause astringent taste as well asearkcolorg33,34,53) It has been
reported that pericarp (seed) color and its intgnare inadequate indicators of
presence or content of tannins in sorghum. Whigdow, red, or brown colored
sorghum seeds may or may not contain tannins dépgrah the presence of a
pigmented test§53,55) however, most sorghum cultivars do not have cosee
tannins(34,53) Brewing with sorghum generally necessitates tlieggatinization of
starch by cooking due to its considerably higharcét gelatinization temperature
compared to barley (malt{56). Furthermore, unmalted cereals exhibit very
low/negligible levels of cytolytic, proteolytic, agell as amylolytic enzyme activities
in comparison to barley malt since hydrolytic piieBrg enzymes are activated and
new enzymes are synthesized during the maltingegso¢limited germination of
cereal seeds under controlled conditiofas)). As a consequence of this, endogenous
barley malt enzymes become the limiting factor whsimg up to 40% unmalted oats
or sorghum for beer production.
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Abstract

Brewing with up to 40% unmalted cereals such akebawheat, rice, and maize is
allowed as well as practiced in many European c¢@mstThe use of oats and
sorghum as brewing adjuncts has great potentiatreating new beer types/flavors
and saving costs. In contrast to oats, sorghumitie known within Europe;
however, its versatility makes sorghum a very psang crop for exploitation in
these temperate-zone regions. This review will diescthe brewing-relevant
characteristics of unmalted oat and sorghum gmaugstigate the role and properties
of endogenous as well as exogenous enzymes duriaghiny, discuss the
processability/quality of mashes, worts, and bgeosluced with up to 40% oat or
sorghum adjunct, and reveal the effectivenessAiioihs of endogenous enzymes as

well as the benefits of the application of exogenenzymes.
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Introduction

In many European countries (e.g. Belgium, the N#dhds, Luxembourg, and
France), brewing with up to 40% unmalted ceredts) eeferred to as adjuncts, is
allowed and realizedl). The substitution of barley malt with adjuncts beer
production has the potential to reduce the cosawfmaterials and to create a unique
beer flavor/aroma amongst othe(@-5) Oat @Avena satival.) and sorghum
[Sorghum bicolor(L.) Moench] grain are very interesting but di#fat brewing
adjuncts. The former is well-established in Eur@@ewhereas the latter is produced
on a very limited scale. However, its versatilityakes sorghum a very promising
crop for exploitation in Europé7). Oats, an annual grass that has its origin most
likely in Asia (6), belong to the subfamilpooideaewithin the familyPoaceag(8).
They are more cold- and rain-tolerant than otheeals and mainly grown in the
Russian Federation, Canada, Poland, Finland, aath §9). Oat grain is used for
both animal feed and human nutrition; it is a stafdod in Germany, Ireland,
Scotland, and the Scandinavian countries. In regeats, the interest in oats has
increased due to the cholesterol-lowering propedieoatp-glucan reducing the risk

of coronary heart diseag€,10) Oats are not labeled as gluten-free but can be
tolerated by most celiac disease patiefits). Celiac disease, one of the most
common lifelong food intolerances worldwide, is iammune-mediated enteropathy
triggered by the ingestion of gluten-containingeeds such as wheat (gliadins),
barley (hordeins), and rye (secalins) as well aairtiproducts in genetically
susceptible individual§¢12—-14) In the meantime, special oat brands are available
ensuring minimal cross-contamination with other ea¢s by strict controls
throughout the whole production chgitb). Oat grain is used in a wide variety of
products such as breakfast cereals (porridge, mussacks (biscuits, cereal bars),
breads, pancake mixes, ice creams, oat-based doaksnilk, oat-berry beverages),
and yoghurts suitable for people suffering fromamzetisease, milk allergy or lactose
intolerance (15-21) Furthermore, oatp-glucans are technologically feasible
thickening agents used to modify the texture angeapance of food formulations
such as soups or salad dressi(#s-24) Oat-containing products have not only a

high consumer acceptance but also a high markenpal(15,24)
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Sorghum has its origin in central Africa from whérepread to Asia as well as India
(25) and belongs to the subfamiy\ndropogonoideagvithin the familyPoacead8).

It is closely related to maize in terms of both g@c organization and plant form
(26). Sorghum is the fifth most important cereal croghe world after maize, rice,
wheat, as well as barley and largely produced dhalnNigeria, the United States of
America, Argentina, and Ethiop(8,27) It is more drought-tolerant than other cereal
crops and therefore an important staple food in ynsemi-arid regions of the
developing world, whereas in Western countries iprimarily used as animal feed
(28). Unlike wheat, barley, and rye, sorghum contaioggluten proteins being the
causative agent for celiac disease and thus hag patential to be used for the
production of gluten-free foods and beverag28). Food products made from
sorghum grain include brea(@¥0-32) cakeq31), cookies(33,34) noodleq35), flat
breadq36), tortilla chips(37), and other snack88).

This review will deal with the use of unmalted oatsl sorghum in beer production

with a focus on
» their brewing-relevant characteristics;
» the role and properties of endogenous/exogenousrewduring mashing;

» the processability/quality of mashes, worts, andrbgroduced with up to
40% adjunct;

» the effectiveness/limitations of endogenous enzyaretthe benefits of the

application of exogenous enzymes.
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Brewing-relevant characteristics of unmalted oats ad sorghum

The use of oats or sorghum as brewing adjunct eamtfwovative and challenging
because of some specific grain characteristicss ©ansist of 25—-30% DM (= dry
matter) husk (Table 1) (barley 6-15% DM)39) composed of
cellulose/hemicellulose (each around 30-35%), tigf2—10%), ash (3.5-9%),
protein (1.6-5%), oil (1-2.2%), starch (<2%), andtev-soluble carbohydrates
(<1%) (40). Several oat cultivars with lower husk contentsmihout husks (naked
oats) and thus higher energy/nutritive values dready available today41-43)
Furthermore, oats differ from other cereals in hgvrelatively highp-glucan,
protein, and fat conten{d4) being undesirable characteristics when used wihge

In contrast to oats, sorghum kernels have no husks high polyphenol
concentrations and a high starch gelatinizationperature as described in more

detail below.
S-Glucan

Oat B-glucan, primarily located in the endosperm celllsv§3-glucan content 75—
78% DM (45)), is a linear, unbranched polysaccharide buildram about 70% 4-
linked and 30% 3-linked3-D-glucopyranosyl units (molecular weight 1-2 x°10
g/mol) (46). Its level in oat kernels (groats), influenced Impth genetic
(predominant) and environmental factors, variestequvidely (47) (Table 1).
Schnitzenbaumer and Aren@lt3) reported that naked oats contain significantlg les
B-glucan than husked oats. The solubility/extraditgbi of mixed-linkage
(1—3)(1—4)-p-D-glucan in aqueous systems depends on particle teimgerature,
and pH amongst otherg48,49) Oat B-glucan exhibits not only a higher
solubility/extractability but also a higher moleaulweight compared to barle
glucan (46,50,51) Its high viscosity, controlled by molecular weigland

concentration, can adversely affect the brewinggss(3,52,53)

Sorghum has a very lo-glucan content (Table 1) in comparison to oats and
malting barley (2.8-5.0% DM54,55). Its cell walls, water-unextractable solids
accounting for around 5% of total grain dry weighgnsist of predominantly
arabinoxylans and cellulose (non-starch polysaddég)y. The major part of these
cell wall components is located in the pericarp tbé sorghum kerne(56).

Arabinoxylans present in sorghum are more comphex tthose present in barley;
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the former are highly substituted and contain atersible amounts of uronic acids as
well as acetyl groups (glucuronoarabinoxylaf),57) Barley (malt) arabinoxylans
were positively correlated with wort/beer viscogfg,59)and negatively correlated
with beer filtration efficiency(59), whereas glucuronoarabinoxylans from sorghum

seem to have little or no impact on the brewinggrarance(60).
Protein

Crude protein, the most variable of major compament oats(44) (Table 1), is
negatively correlated with stardél). Hence, low-protein oat cultivars exhibiting
similar protein contents than malting barley (9.05% DM (54,62) are preferable
for brewing purposeq43). It has been found that naked oats have a higher
percentage of protein compared to husked @&&$3) which is primarily caused by
the low protein content of hulls (lemma and pal@),65) In general, cereal seed
proteins are classified into three groups basedthair biological functions: 1)
storage proteins; 2) structural and metabolic [mete8) protective protein&6). All
cereals contain a high proportion of prolamins dhtd-soluble protein fraction)
except for oats and rice whose major endospermaggoproteins are globulins
(sedimentation coefficient 11-12S) contributing 0% of total groat protein®6—
68). Oat 12S globulins (salt-soluble protein fractiang hexameric proteins (native
molecular weight approximately 330 kDa) consistimg acidic and basic
polypeptides linked by disulfide bonds with moleulveights of approximately
33 kDa and 23 kDa, respectivé5,69) Avenins, oat endosperm storage prolamins,
account for around 10% of total groat proteins posisess mainly polypeptides with
molecular weights from 22 kDa to 43 k&0,71) Cereal seed prolamins exhibit
lower levels of essential amino acids such as éydiman 12S (legumin-type)
globulins explaining the high nutritional value ot protein compared to other
cereal proteins (e.g. wheat, barley, r{@$,68,72) Furthermore, Robest al. (67)
found only a low percentage of glutelins (acid/atkaluble protein fraction) in oat
groats; this result indicates that, generally spepkl2S globulins and avenins are
the true storage proteins of oats acting as a stonétrogen, carbon, and sulfur. In
contrast, albumins (water-soluble protein fractionjnprising 9-20% of total groat
proteins contain most of the metabolically activetgins (e.g. enzymes, enzyme
inhibitors) whose major components have moleculaights of 14-17 kDa, 20—
27 kDa, and 36—47 kD@.0,65)
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Sorghum proteins can be divided into kafirins (anoin storage proteins) accounting
for approximately 70% of the total grain proteirdamon-kafirins being involved in
cellular functions. Kafirins are subclassified khsen their molecular weight,
solubility, and structure inta-kafirins (molecular weight 23 kDa, 25 kDa; 66—84%
of total kafirins),p-kafirins (molecular weight 16 kDa, 18 kDa, 20 kO&;13% of
total kafirins), andy-kafirins (molecular weight 28 kDa; 10—-20% of tokafirins).
They are found primarily in spherical protein badweithin the sorghum endosperm
(73-76) more preciselyo-kafirins are located mainly in the interior of prFm
bodies, whilep- and y-kafirins are present on the surface of th¢gg). Sorghum
grain hardness (strength), an important economid end-use quality trait, is
influenced byy- and possibly3-kafirins due to the formation of cross-links (with
themselves, other kafirins, matrix proteii7)7,78) loergeret al. (78) reported that
vitreous sorghum endosperm (hard) has a greatel ¢évprotein cross-linking and

thus a larger molecular weight distribution thasufly sorghum endosperm (soft).
Fat

The lipid concentration in oat grain (triacylglyots, phospholipids, glycolipids, free
fatty acids, sterols) also varies considerably agndifferent cultivars(43,79-81)
(Table 1). Peterson and Wo(#R) reported that thp-glucan and protein contents of
oats increased with increasing oil content, whetbas starch content decreased.
Besides, Brown and Craddo¢B0) found a low but statistically significant positive
correlation between groat oil content and groagive(Table 1). In contrast to other
cereals, oat lipids are not only concentrated e dleurone layer and the germ but
also in the starchy endospe(88—85) The latter, surface and internal lipids of starch
granules, largely affect the gelatinization/pastprgperties of oat starch due to a
complex formation between fatty acids and amyl@@E86—88) Once the integrity
of the oat kernel is disrupted (e.g. milling), tlenzyme systems (lipase,
lipoxygenase, peroxygenase) are activated and id kapldup of free fatty acids
occurs, followed by oxidative breakdow@3,89) Oats with a high fat content are
particularly susceptible to the development ofebittff-flavors and rancidity during

processind83).
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The lipid content of sorghum (Table 1) is generdiwer than that of oats, but
higher compared to that of barley (1.8-3.6% [I80-92). Sorghum and barley
lipids are mostly located in the germ and brani{jaep, testa, aleurone layer) region
(91,93) Liu (91) found a similar fatty acid composition for sorghuand oats
differing from that of barley. The former exhibitednsiderably higher/lower relative
percentages of oleic acid (C 18:1)/linoleic acid1®?2). Polyunsaturated fatty acids
are most sensitive to oxidation (autoxidation, phatidation, enzymatic oxidation)
during the mashing proces4).

Starch

Starch represents the major reserve carbohydratieeirrndosperm of cereal seeds
(Table 1), stored in the form of water-insolublejmtically inactive granule@®5).
Oat starch granules are composed of two types-gltican, amylose (22.1-29.8%
(96—-98) and amylopectin, accounting for approximately $8% of the dry weight
(minor non-carbohydrate constituents: protein, dpi ash, phosphorug99)).
Amylose is an essentially linear polysaccharidet@iomg around 99% (4)-
linked and only very few (6)-linked a-D-glucopyranosyl units (molecular weight
1 x 10-1 x 10 g/mol). In contrast, amylopectin is a highly braed polysaccharide
build up from about 95% 4-linked and 5% 6-linkedD-glucopyranosyl units
(molecular weight 1 x 61 x 16 g/mol) (100) Oat starch is present as large
compound granules (20—-80n) and single granules (2—18n) that are smooth and
irregular in shap€99,101,102) Morphology and size of starch granules, affecting
gelatinization and pasting properties, crystafinswelling, solubility, as well as
enzyme susceptibility, are genetically controllefbwever, starch granule size and
size distribution are also influenced by environtaéactors(99,102,103) Wang
and White(104) found a positive correlation between the gelasition temperature
of oat starch and its amylose/lipid contents (asgibpid complexes). In general,
oat starch has a lower gelatinization temperatliable 1) than barley starch (59.0—
64.6°C) (105,106)allowing the use of a standard infusion mashingcess when

brewing with oats.

30



Sorghum kernels contain both a vitreous (also ddli@nslucent, hard, glassy, horny,
corneous) and a floury (also called opaque, saoftosperm fraction(28,93,107)
However, the relative proportions of vitreous amoufy endosperm vary highly
between different sorghum cultiva(408,109) The outer vitreous endosperm is
tightly packed with polygonal starch granules thet surrounded by protein bodies
embedded in a continuous protein matrix. In comtthe inner floury endosperm is
loosely packed with spherical starch granules caVvevith a discontinuous protein
matrix comprising fewer protein bodies (starch gtan size 10-25um)
(93,102,107,109-111As a consequence of this, starch of the vitremdosperm is
more resistant to gelatinization than starch of theury endosperm(74).
Furthermore, Betaet al. (112) found a significant negative correlation between
amylose content of normal, non-waxy sorghum st§P€h9—-30.2%4(112-114) and
floury endosperm proportion, pericarp thicknessyab as polyphenol content of the
grain; they also reported a significant positiverelation between starch amylose
content and gelatinization temperature, likely doe amylose-lipid complexes.
Brewing with sorghum (high starch gelatinizatiomgeerature (Table 1)) necessitates
the use of a double infusion mashing procedure mchv sorghum starch is

pregelatinized by cooking before its enzymatic @sion into fermentable sugars.
Polyphenols

Phenolic compounds such as phenolic acids, fladsn@nd condensed tannins are
secondary plant metabolites acting as pigmentsucred agents, as well as
hydrogen-donating antioxidants amongst otl{gid—-117) Oat hulls exhibit similar
levels of polyphenols than oat groats; however ldtter have a significantly higher
antioxidant capacity(118) Oat groats are rich in avenanthramides, phenolic
antioxidants that are unique to 0éi46,118) In general, oats have a considerably
lower polyphenol content (Table 1) compared todya(D.09-0.24% DM gallic acid
equivalentg119-121). Polyphenols can improve the flavor stabilitybefer but also

contribute to color, astringency, and h§k22)
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Unlike other cereals, some sorghum cultivars havyeigmented testa containing
condensed tannins (proanthocyanidins) that prdbextgrain against fungi, insects,
etc. (123,124) Sorghum tannins can inhibit enzyme activities addersely affect
beer quality(107,125) However, most sorghum cultivars do not containdemsed
tannins (non-pigmented test@)23,126) The pericarp (seed) color and its intensity
are not reliable indicators of presence or contériannins in sorghum; grain colors
range from white, yellow, red to brown and are eaulsy anthocyanins (flavonoids)
(107,126,127)

Ash

Oats generally have a high ash content (inorgammpounds (Table 1)) in
comparison to other cereal89,44) in particular, they are rich in potassium,
phosphorus, magnesium, calcium (major mineralsiy, izinc, and manganese (minor
minerals)(44). However, the high content of phytic acid (anttritional factor) in
oats combined with their low phytase activity adety affect mineral solubility.
Phytic acid has a strong binding affinity for mudtient metal ions (especially
calcium, iron, zinc) resulting in phytate-mineraheplexes (insoluble salts) that may
be resistant to hydrolysis by phytagg28-131) It is relatively homogenously
distributed in oat groats (bran, endosperm), wiseneast of the minerals are located
in the outer parts of the oat grain (husk, brdr32) The latter explains the higher

levels of ash in husked oats compared to naked 8243)

Sorghum has not only a considerably lower ash corfleable 1) than oats or barley
(1.6-2.4% DM(133,134) but also a lower phytic acid content (less chefabf
metal ions)135,136) The major proportion of minerals and phytic asighresent in
the germ region of sorghum kern€l85-137) Kayodéet al. (138) reported that the
concentration of minor minerals (iron, zinc) ingoum is predominantly influenced
by environmental conditions, while its phytic addncentration is affected by both
environmental and genetic factors. Furthermore, &val. (139) found a significant
positive/negative correlation between ash contemt protein/starch contents of

sorghum.
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Table 2—1.Characteristics of unmalted oagvena

bicolor) grain.

sativaand sorghumSorghum

Grain characteristics References Unit Oats Sorghum
Physical properties
Husk (lemma and palea) Grausgrubeal. (39); Welchet al. % DM? 25-30 N/A
(40)
Kernel/groat weight Brown and Craddo@0); Wu et al. mg DM 20-32 20-42
(139} Li et al.(140)
Chemical composition
Moisture Schnitzenbaumer and Arei(i3); % 12-14 9-12
Girardet and Websté89);
Schnitzenbaumest al. (109} Agu
and Palme(141)
B-Glucan Schnitzenbaumer and Are(#iB); % DM 1.9-5.0 <0.2
Schnitzenbaumest al. (109} Miller
et al.(142) Niba and Hoffmar{143)
Proteirf Schnitzenbaumer and Arends); % DM 9.7-16.8 9.0-13.5
Petersor(65); Schnitzenbaumest
al. (109) Wu et al.(139) Miller et
al. (142)
Fat Schnitzenbaumer and Arerfd8), % DM 3.8-9.0 2.8-4.8
Brown and Craddoci80); Wu et al.
(139} Schnitzenbaumest al.(144)
Starch Schnitzenbaumer and Are(4R), % DM 46.2-66.3 61.0-74.8
Aman (61);, Schnitzenbaumest al.
(109} Wu et al. (139} Paton(145)
Polyphenol$ Emmons and Peters¢hl8) % DM 0.02-0.03 0.11-1.40
Schnitzenbaumest al. (144} Afify
et al.(146) Dickoet al.(147)
Ash Grausgrubeet al. (39); % DM 2.1-28 1.2-1.8
Schnitzenbaumer and Arend@d3);
Givenset al. (63), Wu et al. (139,
Vannalliet al.(148)
Other properties
Starch gelatinization temperatfire Tester and Karkalg96), °C 56.2-61.7 65.8-71.0

Schnitzenbaumer and Arendi06),
Betaet al.(112) Beta and Corke
(114) Rhymeret al.(149)

DM = dry matter.

® N/A = not applicable.

¢ Total nitrogen (% DM) x 6.25.

 Data expressed in gallic acid equivalents.

¢ Differential scanning calorimetry (peak gelatirtiaa temperature).
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Role and properties of endogenous/exogenous enzymesring the mashing

process

Enzymes are a large group of proteins that havdvedointo highly active and
specific catalysts for virtually all physiologicakéactions. In general, enzymatic
catalysis has two main advantages over nonenzyntaialysis: 1) very high
catalytic rates under relatively mild conditiong; t#gh reaction selectivity and in
many cases stereospecificifg50) Today, enzymes are classified based on the

reactions they catalyze into the following six catees(151)

1. Oxidoreductases — Enzymes catalyzing biological datkon-reduction

reactions;

2. Transferases — Enzymes transferring a chemicalpgreug. a methyl or
glycosyl group, from one compound to another compou

3. Hydrolases — Enzymes catalyzing the hydrolytic g of C-C, C-O, C-N

and some other bonds, including phosphoric anhgdr@hds;

4. Lyases — Enzymes cleaving C-C, C-O, C-N and otbadb by elimination,

leaving double bonds/rings, or conversely addiraygs to double bonds;

5. Isomerases — Enzymes catalyzing geometric or siralcthanges within one

molecule;

6. Ligases — Enzymes catalyzing the joining togethldwo molecules coupled

with the hydrolysis of a diphosphate bond in ATRi@imilar triphosphate.

Unmalted oats and sorghum exhibit very low/neglegidevels of cytolytic,
proteolytic, as well as amylolytic enzyme activstien comparison to barley malt
(43,109)since hydrolytic preexisting enzymes are activaded new enzymes are
synthesized during the malting process (limitedhgeation of cereal seeds under
controlled conditions)(152) Besides, barley proved to be more suitable for
malting/brewing purposes than oats or sorghum duthé development of higher
hydrolytic enzyme activities (e.g3-amylase) during germination amongst others
(107,153-156) The synthesis of endosperm-degrading enzymes ascbndd-
glucanases, endopeptidases, andmylase in the aleurone layer of germinating

barley grains is induced by gibberellins (phytohon®s), that are primarily
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produced in the embry¢l57,158) Those enzymes are secreted into the starchy
endosperm, wher@-amylase is released and activated by cysteine papdidlase
activity (partial proteolysis)157-160) As a consequence of modifications during
the malting process, barley malt contains conshdgriessp-glucan (79-98% DM
reduction) due to the breakdown of endosperm cedllswby B-glucanases
(134,161,162) less fat (13-33% DM reduction) due to the hyds@ly of
triacylglycerols and the metabolism of releasedyfaicids (92,163,164) and less
phytate (15-50% DM reduction) due to enhanced peytctivity (128,165)than
unmalted barley (see above). Protein, starch, asth,arabinoxylan contents show
comparatively little change during malting, wher#as polyphenol content increases
(8-66% DM) due to the enzymatic release of bounenphc compounds (higher
extractability)(119,134,161,166,167Endogenous barley malt enzymes become the
limiting factor when brewing with up to 40% unmalteats or sorghum. During the
mashing process (temperature/time-controlled etitra®f milled cereal grain with
water), primarily hydrolases play a key role in gm@duction of easy-processable,
high-quality mashes, worts, and beers as discusdée following:

Cytolytic or cell wall-hydrolyzing enzymes

It is generally assumed that enzymatic hydroly$ig-glucan involves the esterolytic
activity of acidic carboxypeptidase (solubilasetimpom temperature/pH 62°C/6.35)
cleaving peptide linkages that birfdglucan to the cell wall matriX168). This
assumption is, however, in strong contrast to figdi reported by Yin and
MacGregor (169,170) and Yin et al. (171) who came to the conclusion that
solubilase activity is most likely associated wai endo-1,4-glucanase (cellulase;
see below) present in barley husks. Their findiwgse confirmed by Wilhelmi and
Morgan (172) who demonstrated that the hydrolysis of bafleyjucan by cellulase
of type EC 3.2.1.4 under dilute conditions is ideadtto that of solubilase. Kanauchi
and Bamforth (173) found that endo-xylanases, arabinofuranosidase,
xyloacetylesterase, and feruloyl esterase also gi@itne solubilization of-glucan
from barley endosperm cell walls, indicating thetlenoxylans (pentosans) together
with their ester-linked ferulic acid and acetyl gps restrictp-glucan extraction.
Several end@-glucanases were identified in barley malt: End®-1L4$-glucanase
(licheninasel/lichenase; EC 3.2.1.73), endofit@ucanase (glucan endo-133>-
glucosidase; EC 3.2.1.39), and endofi-glucanase (cellulase; EC 3.2.1.4)
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(151,174)(Table 2). However, the activity of endo-B4lucanases, hydrolyzing
interior (1—4)-B-D-glucosidic bonds in ceref@itglucans and cellulose, is very low
and arises predominantly from the husk (fungalin)i§g151,175) Endo-1,3-1,43-
glucanases have a more distinct function; theyusketly cleave interior (b4)-3-
D-glucosidic bonds in mixed-linkag@-glucan (depolymerization), releasing the
characteristic tri- and tetrasaccharideO-B-cellobiosylb-glucose and ®-f-
cellotriosylD-glucose, respectively (major oligomeric producid)76,177) In
contrast, endo-1,B-glucanases do not act @grglucan chains in which contiguous
(1—3)-pB-D-glucosyl residues are absent. These enzymes espresthogenesis-
related proteins; they protect seedlings againseémi@al pathogens through their
ability to hydrolyze-glucans commonly found in fungal cell wa(ls76). Leahet al.
(178) characterized p-glucosidase (EC 3.2.1.21) from barley seeds wkabstrates
include a number of enddglucanase degradation products, indicating its
importance in complete hydrolysis of endospermwall polysaccharides (Table 2).
Hrmova et al. (177,179) reported ap-glucosidase (isoenzym@ll), having a
specificity and action pattern characteristic ofilgd-glucosidases (EC 3.2.1.21) and
exo-1,48-glucosidases (EC 3.2.1.74), as well as broad-Bpéeci exo-f3-
glucosidases in germinated barley. Kotadeal. (180) identified an exo-1,8-
glucosidase (EC 3.2.1.58) in barley seedlings,®tthg a higher activity than exo-
1,4B-glucosidases (EC 3.2.1.74)180) or B-glucosidases (EC 3.2.1.24177)
Endogenous endosperm cell wall-hydrolyzing enzyeresvery heat-sensitive and
extensively destroyed during malting (kilnin@)74) When substituting barley malt
with unmalted cereals in mashing, the combinediegipbn of heat-stable exogenous
xylanases (solubilization) arfiiglucanases (degradation) has proven most effective

in reducing mash consistency/wort viscosity andaasing extract yiel(L81)
Proteolytic or protein-hydrolyzing enzymes

Barley storage proteins are initially solubilizegt bndopeptidases (hydrolysis of
internal peptide bonds) and then further degrageeixbpeptidases during malting or
mashing. Most endopeptidases (Table 2) belong ® ainfour classes based on
catalytic mechanisms and active site residueserlje endopeptidases (EC 3.4.21.-);
2) cysteine endopeptidases (EC 3.4.22.-); 3) dspamtopeptidases (EC 3.4.23.-);
4) metalloendopeptidases (EC 3.4.24182) Zhang and Jonegl83) found 42

different endopeptidase activities in germinateddyagrains of which 64% were
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cysteine endopeptidases (optimum pH 3.8-4.8). Tditerl play together with
metalloendopeptidases (optimum pH 5.3—-@E83) a major role in protein
solubilization during malting/mashing, whereas aspaand serine endopeptidases
play a minor or no rol€182,184) Joneset al. (185) demonstrated that the overall
endoproteolytic activity is not reduced due to kifn(maximum temperature 85°C).
In mashing, however, most endopeptidases are yapidictivated/denatured at
temperatures of 72°CL86) Besides, some of these enzymes are stronglyiiedib
by endogenous barley/malt compounds; for exampdal transfer protein 1 forms
tight soluble complexes with cysteine endopeptid€$87) Jones and Buddd84)
reported that approximately one third of the tat@lluble protein content of worts is
already present in unmalted barley, half of it eeeased during malting, and the
remaining part (around 20%) is solubilized duringsming (pH 6.0). Exopeptidases,
catalyzing the liberation of free amino nitrogem{@ao acids, small peptides), can be
classified based on their site of action into cayipeptidases (carboxy-terminal
cleavage products) and aminopeptidases (amino+tafroleavage product$188)
Mikola (189) and Dal Deganet al. (190) identified several serine-type
carboxypeptidases (EC 3.4.16.-) with complementanpstrate specificities in
germinating barley grains (optimum pH 4.8-5.7; amadooxypeptidases); these play
a major role in free amino nitrogen production dgrimalting/mashingd191,192)
(Table 2). In contrast, Strelet al. (193) reported at least six aminopeptidases (EC
3.4.11.-) with optimum activities at neutral/alkedipH in germinated barley, which
therefore have limited relevance in malting/masHhit@y) (Table 2). Furthermore, a
proline-specific dipeptidyl-peptidase IV (EC 3.43%(195) and dipeptidases (EC
3.4.13.-)(194,196)are also present in germinating barley grains i@ap. The use
of unmalted cereal adjuncts in brewing can resultinadequate breakdown of
endosperm storage proteins (soluble nitrogen/fre@n@ nitrogen deficiency)
adversely affecting fermentation and filtration ggeses as well as beer quality (haze
formation, poor foam stability, off-flavorg}l,194) in order to prevent problems like
these, exogenous metalloendopeptidases (EC 3)Yd&tived fromBacillus species
are commonly added to brewery masli£g7,198) Besides, the application of a
prolyl oligopeptidase (EC 3.4.21.26; proline-spiecifendopeptidase) from
Aspergillus nigerduring fermentation was found to be highly effeetin reducing
the haze risk and gluten content in final b€&g9,200)
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Amylolytic or starch-hydrolyzing enzymes

Four endogenous barley enzymes are involved inctherersion of starch into
metabolizable/fermentable sugars during germinatiashing: a-Amylase (EC
3.2.1.1),p-amylase (EC 3.2.1.2), limit dextrinase (pullulagia&C 3.2.1.41), and-
glucosidase (maltase; EC 3.2.1.2(,151,201) Sun and Henson(202,203)
demonstrated thatamylases and-glucosidases play the most important roles in the
hydrolysis of native starch granules in germinatiagiey grains. The latter, releasing
glucose units from the non-reducing end of modtigrschain oligosaccharides and
maltose (exoamylases), are very heat-sensitive dggendent) and thus of little
importance in brewery mashé04—-207)(Table 2). Barley mal&-amylases cleave
interior  (1—>4)-a-D-glucosidic  linkages of amylose/amylopectin  chains
(endoenzymes) and are more heat-tolerant fhamylases acting on the exterior
(1—4)-a-D-glucosidic bonds of amylose/amylopectin (exoenzgni#,204) (Table

2). The activity ofa- and particularlyB-amylases is adversely affected in very thin as
well as very thick/high-gravity mashes due to arsge of protective colloids
(reduced heat stability) and product inhibitiorspectively(208—210) In contrast to

a- andp-amylases, the debranching enzyme limit dextrireass#usively hydrolyzes
(1—6)-a-D-glucosidic linkages in amylopectin and its and p-limit dextrins (151)
(Table 2). Stenholm and Hon211) found a highly significant positive correlation
between free (uninhibited) limit dextrinase actnatf malts and the fermentability of
corresponding worts. During mashing, the Ilimit dese activity can be
considerably increased by lowering the mash pH,tiikcesdy as a result of cysteine
endopeptidase action (disruption of enzyme-inhibtomplex) (211-213) When
brewing with unmalted cereals, the addition of baat a-amylases (normal/heat-
stable; EC 3.2.1.1) and/or pullulanase (EC 3.2)1tdImashes has the potential to
considerably increase extract yields (high degffelermentation) and prevent haze
formation/turbidity (complete starch degradati@h)198,201)

Lipolytic or fat-hydrolyzing and other enzymes

Unmalted oats exhibit not only a relatively high &éntent (see above) but also a
remarkably high lipase activity (EC 3.1.1.3) conguhto barley(214,215) however,
no correlation between these characteristics waisdi(216) During processing, oat
lipase rapidly catalyzes the conversion of trialypdgrols (non-polar storage lipids)
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into free fatty acids, apparently without accumiolatof di- or monoacylglycerols; in
contrast, the hydrolysis of oat polar lipids is imal (217,218) Approximately 80%
of total fatty acids in oat grain are either momsatnrated (oleic acid (C 18:1),
eicosenoic acid (C 20:1)) or polyunsaturated (Brohcid (C 18:2), linolenic acid (C
18:3)), and therefore can undergo different oxatdisomerization reaction@86).
However, the lipoxygenase activity in oats is vy compared to that in barley,
possibly due to the inhibition by natural antioxita (218) (see above).
Lipoxygenases (1Slipoxygenase (EC 1.13.11.12), S8poxygenase (EC
1.13.11.58)) catalyze the peroxidation of free pobaturated fatty acids to their
corresponding hydroperoxidgd51,219) Meesapyodsuk and Qi(R220) recently
identified the gen&sLOX2encoding oat lipoxygenase, which catalyzes théhegms

of 9-hydroperoxydienoic/9-hydroperoxytrienoic acilem linoleic/linolenic acids.
Hamberg and Hamber@21) demonstrated that these fatty acid hydroperoxates
reduced to their corresponding alcohols and coaderito epoxy-hydroxy acids by
the activity of oat peroxygenase; the gé&s#XGlencoding this enzyme in oats was
also recently determing@20). Oat peroxygenase (optimum temperature/pH 45°C/7)
catalyzes the strictly hydroperoxide-dependent &aon of unsaturated fatty acids
and prefers hydroperoxytrienoic over hydroperoxgdie acids as oxygen donors to
oxidize, for instance, oleic acid (most preferratbsrate)(220). The resulting
epoxy-hydroxy fatty acids are further transformeudolat epoxide hydrolase activity
into trihydroxyoctadecenoic acid221) which may contribute to bitter taste and
aging of beerg¢l1,222) In terms of barley, the lipolytic potential inaees markedly
during malting, resulting in the hydrolysis of mahan 80% of triacylglycerols and
polar lipids by different lipases (Table 2) afteitlimg and mixing with water. During
mashing, a lipid loss of 12-43% (depending on me@®nditions) occurs, caused by
both complexation of free fatty acids with watesatuble materials and oxidation
(215) Arts et al. (94) found that enzymatic oxidation of polyunsaturafigitly acids

IS more important than non-enzymatic oxidation wigrithe mashing process.
Dodereret al. (219) purified and characterized two lipoxygenase isgeres from
germinating barley: lipoxygenase 1 (formation of hy@roperoxides) and
lipoxygenase 2 (formation of 13-hydroperoxides)€a2). Their 9-/13-fatty acid
hydroperoxide products are cleaved by hydroperokidses (EC 4.1.2.-) (Table 2)
and further converted byZ2E-enal isomerase to generate volatile aldehydes asich

2(E)-nonenal (cardboard flavor)/hexanal as well as-valatile oxo fatty acids
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during mashing(223) Hirota et al. (224) reported that the use of a malted
lipoxygenase-1 null barley line in brewing resultedimproved flavor and foam
stabilities of beer. Nevertheless, oxygen-scavangamzyme activities such as
superoxide dismutase (EC 1.15.1.1), catalase (BC.1.6), and peroxidase (EC
1.11.1.7) in barley malt are likely to provide sommotection against oxidative
damage caused by oxygen radicals during magiibg,225) Peroxidases are heat-
tolerant and catalyze the oxidation of polyphen@tsoanthocyanidins) in the
presence of hydrogen peroxide (Table 2), advera#bcting polyphenol content,
color, flavor, and colloidal stability (haze forrat) of beer(225,226) In contrast,
polyphenol oxidase (tyrosinase; EC 1.14.18.1) tseexely heat-sensitive and almost

completely destroyed during the malting prod@2b)
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Table 2—-2.Specificity and optimum conditions of endogenoaddy malt enzymes

in mashes.
Enzyme activities References Substrate Product Temperature pH
Cytolytic enzymes
Endo-1,3-1,43-glucanase (EC Hrmovaetal. (1—3)(1—4)-B-glucan Tri-, 40-45°C 4.7
3.2.1.73) (177) Woodward tetrasaccharides
and Finche(227)
Endo-1,3B-glucanase (EC Heyse(167) Hgjet (1-3)-B-glucan Laminaribiose, 40-45°C 4.7-5.0
3.2.1.39) al. (228) laminaritriose
Endo-1,4B-glucanase (EC Sheriefet al. (229  (1—-3)(1—4)-B-glucan, Short-chain 40-50°C 5.5
3.2.1.4) Baueret al.(230) cellulose, arabinoxylan  oligosaccharides,
cellobiose
B-Glucosidase (EC 3.2.1.21) Leahal.(178), Tri-, tetrasaccharides; B-Glucose 50°C 5.0
Hrmovaet al.(179) cellobiose,
laminaribiose,
laminaritriose
Exo-1,3B-glucosidase (EC Kotakeet al. (180} (1—3)-B-glucan, a-Glucose 35-40°C 5.0-5.3
3.2.1.58) Hrmova and (1—3)(1—4)B-glucan,
Fincher(231) Tetrasaccharides
Proteolytic enzymes
Endopeptidases (EC 3.4.-.-) Jor(#82) Jones Proteins  Poly-, oligopeptides 40-60°C 4.8/6.0
and Marinaq186) (large/intermediate/
small)
Serine carboxypeptidases (EC Heyse(167), Poly-, oligopeptides Amino acids 50-60°C 4.8-5.7
3.4.16.-) Mikola (189)
Aminopeptidases (EC 3.4.11.-) Heyse(167), Poly-, oligopeptides Amino acids 40-45°C 7.2-8.2
Strelecet al.(193)
Dipeptidyl-peptidase IV (EC Davyet al.(195) Small oligopeptides Dipeptides - 7.2
3.4.14.5)
Dipeptidases (EC 3.4.13.-) Hey&s7); Dipeptides Amino acids 40-45°C 8.8
Sopaner(196)
Amylolytic enzymes
a-Amylase (EC 3.2.1.1) Badi); van der  Amylose, amylopectin Oligosaccharides,  65-75°C 5.6-5.8
Maarelet al.(204) a-limit dextrins
(branched
oligosaccharides)
B-Amylase (EC 3.2.1.2) Badi); van der  Amylose, amylopectin Maltos@;limit 60-65°C 5.4-5.6
Maarelet al.(204) dextrins
Limit dextrinase (EC 3.2.1.41) Hey§E67), a-, B-limit dextrins Oligosaccharides 60-63°C 5.0-5.5
Stenholm and (unbranched)
Home(211)
a-Glucosidase (EC 3.2.1.20) Ba(®); Muslin et Maltose, short-chain Glucose 35-40°C 6.0
al. (205) oligosaccharides
Lipolytic and other enzymes
Triacylglycerol lipase (EC Back(1); Poutanen Triacylglycerols Free fatty acids 55-65°C 6.8-7.0
3.1.1.3) (232)
Lysophospholipase (EC Poutaner{232), Lysophospholipids Free fatty acids - 8.0
3.1.1.5) Fujikura and
Baisted(233)
Lipoxygenases (EC 1.13.11.-) Ba@R; Doderer Free polyunsaturated Fatty acid 45-55°C 6.5
et al.(219) fatty acids hydroperoxides
Hydroperoxide lyases (EC Kurodaet al.(223) Fatty acid Aldehydes, oxo - 6.5
4.1.2.-) hydroperoxides fatty acids
Peroxidase (EC 1.11.1.7) Clarksetral. Polyphenols Phenoxyl radicals 55-65°C 4.0-5.0
(225,234)
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Processability and quality of mashes, worts, and lees produced with up to 40%

unmalted oats or sorghum

Oats were the most widespread brewing grain inMidglle Ages(235) nowadays,
they are only used in some specialty beers sudataseal stouts (flavor, mouthfeel)
(236) Hence, very few brewing-related studies on matiats (154,155,236—243)
and even fewer on unmalted 04&{3,43,106,144,244-247gxist at present. In
contrast, numerous publications on the use of utshasorghum in brewing are
available to dat¢4,5,109,125,248-264All of these studies are based on sorghum
types cultivated in Africa (mainly Nigeria), Latlhmerica, or Asia except the ones
previously published by Schnitzenbaundr al. (4,109) comparing the brewing
performance of white Nigerian and red Italian somgh The substitution of barley
malt with sorghum adjunct at a commercial scale Wwash out of necessity: for
example, the U.S. brewing industry used considerabiounts of sorghum grain in
1943 when brewing materials were scait25) the Federal Government of Nigeria
banned barley malt imports in 1988, resulting ie #stablishment of a unique

brewing technology on the basis of sorgh{1i®7)
Processability of mashes and worts produced withkoug0% oat or sorghum adjunct

More than 70 years ago, Hopki(®44) Thompson(245), and Moritz(246) looked
into the use of up to 20% flaked oats (includingks) in brewing to overcome
shortages in the supply of barley. They arrivethatconclusion that the substitution
of malted or flaked barley with unmalted oats sdooé limited to 10-15% of the
total grist in order to maintain product quality damprocessability. However,
Schnitzenbaumeet al. (3) recently demonstrated that brewing with up to 40%
hammer-milled oats results in acceptable beersn evghout the addition of
exogenous enzymes. The use of a hammer mill fodgry unmalted oats improves
extract yields and prevents pipeline blockagesh(higisk volume); though, the
reported positive effects of intact oat husks ouatdang/filtration performance
(155,237,238,244,2460lo not occur. Furthermore, hammer versus rolleltingi
causes lower final masp-glucan contents (higher solubility/extractabilityigher
enzyme susceptibility) (265) and lower wort viscosities(3). Nevertheless,
Schnitzenbaumeet al. (3) reported a 97-fold increase pfglucan in final mashes
when substituting 40% barley malt with hammer-ndilleoats. The
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solubility/extractability of oap-glucan in aqueous systems increases with decggasin
particle size (see above) and increasing temperatupH (48,49) However, naked
oats contain more water-soluble and less watetibs®p-glucan than hulled oats
(43,266) The rheological behavior of solubilized @aglucan is primarily controlled
by its molecular dimensions (molecular weight, imgic viscosity) (46,53) in
general, larger molecules contribute more to vigsgothan smaller but more
numerous moleculg@3,49) When using unmalted oats in mashing, a rapideamsx

of B-glucan between 60°C and 65°C occurs in consequehstarch gelatinization
(release of cell wall materials) and solubilaseivigt (see above); at these
temperaturesj-glucan hydrolyzing enzymes are largely inactivaf€dble 2). This
imbalance between solubilization and degradationhigh-molecular-weightp-
glucan is reflected in mash consistency/wort viggo&,106) High viscosities of
mashes, worts, and beers can lower the efficiefiegamy unit operations involved
in the brewing process including mixing, stirringumping, lautering, wort
boiling/cooling, as well as beer clarificationffdtion (267) It has been found that
the substitution of 20-40% barley malt with hammmelled oat grain results in
significantly decreased filtration/lautering rates)ereas the use of 10% oats has no

effect on processabilit{B,43)

In terms of brewing with sorghum, Schnitzenbauregral. (144) successfully

demonstrated the use of up to 50% commercial whailledlour applying a common
infusion mashing process (without cooking). Whemgsorghum grain, however, it
is essential to pregelatinize its starch by cookimgrder to enable an effective
enzymatic hydrolysi$251,264)(see above). Gelatinization is defined as thentlaér
disordering of crystalline structures in nativerstagranules(268) Pasting, the
phenomenon following gelatinization, involves grimuswelling, exudation of
molecular components from the granule and, evegfutdtal disruption of the
granule (268) As a consequence of these events, the mash tantsib/iscosity

increases enormously with increasing sorghum lesretgng cooking (without heat-
stable a-amylase); though, sorghum cultivars rich in flowstarch were found to
cause significantly lower mash consistencies thH@msd rich in vitreous starch.
Nevertheless, a good processability can only beredsby adding heat-stabte

amylase to sorghum mashes before cooKir@P) for this reason, all information

given below is based on mashing with heat-stakdenylase. When substituting 10—
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40% barley malt with unmalted sorghum, the wortcosty decreases with
increasing adjunct concentration due to lovweglucan contents. However, the
filterability of mashes produced with 20% or momghum (variety dependent)
decreases as a result of decreasing husk propsitiotine total grist (reduced filter
cake permeability)(4,109,255,257,262,263Hence, it is recommended to apply
mash filters when using high amounts of cerealraatjin brewing in order to reduce

mash separation timé4,254)
Quiality of worts and beers produced with up to 4@86or sorghum adjunct

Worts produced with 20% or more husked oat grawelsgnificantly lower extract
contents than 100% barley malt wof843,106) the substitution of 10—-40% barley
malt with naked oat grain leads to constant exteatls (43). However, the use of
both husked and naked oats causes a marked rado€tiotrogenous compounds in
mashes/worts and thus higher pH values (lower hofjgootential)(3,43,106) The
fermentability (apparent attenuation limit) of werops noticeably with increasing
amounts of husked/naked oat grédm3) On the other hand, worts containing up to
70% commercial wholegrain oat flour show signifidamigher extract contents and
similar apparent attenuation limits compared toééad worts(144). Furthermore,
significant decreases in wort polyphenol conceiumaand color have been observed
when using 20% or more oat grd#B). Final worts (12% w/w extract) brewed with
40% unmalted oats exhibit considerably less glucfrgetose, sucrose, maltose, and
maltotriose (total fermentable sugars) as well ighdr total fatty acid contents; all
amino acids decreased with increasing adjunct seggtept for asparagine, which
increased in oat worts. Nevertheless, the valueslémhol, residual extract, degree
of fermentation, pH, and color obtained from 40% lo@ers were found to be still
within the range stated for all-malt be€B). Besides, a positive effect of oats on
yeast growth has been observed, probably as a i&shigher zinc and fatty acid
contents in wortg3,237,238) Yano et al. (269) reported that beers produced with
25% or 40% unmalted barley show a higher foam Kyalhan 100% barley malt
beers. However, Schnitzenbaunatral. (3) found significantly reduced beer foam
stabilities when using 20% or more oat adjunct, trhksly caused by lower amounts
of total soluble nitrogen and high-molecular-weiginbteins, respectively. Yanet

al. (269) further reported that the use of 40% unmaltedelyan brewing adversely

affects beer sensory quality. In contrast, Schnhiaemeret al. (3) demonstrated that
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the sensory quality of oat beers improves witheasing adjunct level; 30% and
40% oat-containing beers are rated higher in tesih@oma and purity of taste than
100% barley malt beers. The former beers exhibsicerably lower concentrations
of 2-furfural andy-nonalactone (heat indicators/staling componenss)wall as
acetaldehyde. Besides, their content of higherhalsof-propanol, isobutanol) is
lower, that of esters (ethyl acetate, isoamyl degthigher compared to standard
beers. Hanket al. (237,238)and Kloseet al. (155) who brewed with 100% oat malt
determined remarkably lower levels of aging indicatin fresh/forced-aged beers,
higher flavor stabilities (high reducing power/axidant activity) but poor foam

stabilities compared to barley malt beers.

With regard to sorghum grain, Gooeeal. (255) noted significant decreases in wort
extract content when substituting 20% or 40% baregit with adjunct. This is,
however, in strong contrast to the findings of S@embaumetret al. (4,109) who
reported an increase in extract with increasingsam levels, even using a more
time- and energy-efficient mashing procedure. Farrttore, brewing with 10—-40%
unmalted sorghum results in considerably lower &tuble and free amino nitrogen
contents as well as higher wort pH val@4g.09,255,263)Nevertheless, it has been
found that some sorghum cultivars provide signiftba more soluble/assimilable
nitrogen than other$109) Besides, Bajomo and Youn@64) demonstrated that
mash pH adjustments have little effect on sorghuont wuality. The polyphenol
content and color of worts produced with 10-40% tevhsorghum are lower
compared to those of 100% barley malt w@ag 09,255,262,263)n contrast, the
replacement of barley malt with red sorghum cabsgiser wort polyphenol contents
and color valueg4,109) In terms of fermentability (apparent attenuationit),
Goode et al. (255) reported considerable decreases with increasinguats of
unmalted sorghum, even though heat-stable and fuaganylases as well as
endoprotease have been used. However, Schnitzeebainal. (109) did not
observe significant differences in fermentabilitgtwween 40% sorghum and 100%
barley malt worts applying only 50% of the recomuhesh heat-stable-amylase
dose. Final worts (12% w/w extract) brewed with 4686ghum adjunct were found
to contain less glucose, fructose, and sucrosenioué maltose and maltotriose than
standard worts. Their total fatty acid content anchposition are similar to those of

100% barley malt wortg4), whereas the concentration of each amino acid is

45



decrease@4,263) Nevertheless, sorghum worts (up to 50% adjuncthat seem to
have serious adverse effects on yeast fermentpgdormancg4,254,263) On the
other hand, the foam stability of beers brewed \2EP%6 or more unmalted sorghum
is considerably reduced compared with that of alltnbeers (protein deficiency)
(4,252,254,263)However, white sorghum has a less adverse impadieer foam
than red sorghum, which may result from its lowelyphenol content (less protein-
polyphenol complex formation/precipitatio@). Furthermore, the sensory quality of
lager-type beers containing up to 50% sorghum gsais found to be similar to that
of standard been@,252,254) Delcouret al. (249) demonstrated that beers produced
with 50% extruded sorghum (infusion mashing) havsigmificantly better foam
stability but an inferior sensory quality compatedhose produced with 50% non-
extruded sorghum (cooking before infusion mashithg)general, the use of high
levels of unmalted sorghum results in beers rengdiss acetaldehyde, esters (e.qg.
isoamyl acetate), and staling componengsngnalactone, 3-methylbutanal, 2-
phenylethanal) as well as more higher alcohols(itgnol, 2- and 3-methylbutanol)
(4,253) With regard to flavor stability, Schnitzenbaumet al. (4) reported
acceptable test scores for 40% white and red sardieers (forced-aged) exhibiting
considerably lower concentrations of aging indicatinan 100% barley malt beers.
Besides, the substitution of 40% barley malt witiffedent sorghum types
significantly reduced the gluten content of bedf¥% red sorghum beers were even
found to be very low in glute(@). Table 3 shows the quality parameters of worts and
their corresponding beers brewed with 40% oat oglsom adjunct under similar
process conditions (e.g. identical brewing waterldy malt, hops, yeast, milling,

fermentation).
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Table 2-3. Quality of worts (12% w/w extract) and their ca@pending beers

produced with 40% unmalted oats or sorghum.

Quality criteria Method Unit 40% oats’ 40% sorghun?
Worts (12% w/w extract)

Viscosity Falling ball viscometer mPa 1.901 1.787
Total soluble nitrogen Kjeldahl method mg/L 817 501
Free amino nitrogen Ninhydrin method mg/L 131 98
pH pH meter 5.73 5.63
Fermentable sugar composition

Glucose HPLC g/L 3.7 5.3
Fructose HPLC g/L 0.9 0.6
Sucrose HPLC g/L 1.2 2.8
Maltose HPLC g/L 56.3 62.6
Maltotriose HPLC g/L 8.9 13.8
Amino acid composition

Class A amino acids HPLC mg/100 mL 52.9 42.2
Class B amino acids HPLC mg/100 mL 274 18.3
Class C amino acids HPLC mg/100 mL 219 16.8
Fatty acid composition

Saturated fatty acids GC mg/100 mL 1.48 0.30
Single unsaturated fatty acids GC mg/100 mL 0.44 050.
Polyunsaturated fatty acids GC mg/100 mL 0.03 0.17
Beers(based on worts 12% w/w extract)

Alcohol Anton Paar Alcolyzer % viv 4.9 5.0
Apparent extract Anton Paar Alcolyzer % wiw 21 2.7
Apparent degree of fermentation Anton Paar Alcalyze % 81.3 774
pH pH meter 4.4 4.3
Foam stability NIBEM-T meter 5 223 241
Aroma compounds

Acetaldehyde Headspace GC mg/L 7.1 8.4
Higher aliphatic alcohols Headspace GC mg/L 104.2 19.4
Esters (ethyl acetate, isoamyl acetate) Headspéce G mg/L 11.2 8.9
Vicinal diketones (diacetyl, 2,3- Headspace GC mg/L 04 0.2
pentanedione)

Aging indicators

Heat indicators GC na/L 27.0 46.5
Oxygen indicators GC na/L 26.5 19.5
Staling components GC na/L 725 66.0
Sensory quality (5-point scale)

Aroma DLG 3.9 3.7
Purity of taste DLG 39 3.7
Fullness of body DLG 4.4 4.3
Carbonation DLG 4.5 4.5
Quality of bitterness DLG 4.1 4.1

@ Reference: Schnitzenbaunetral. (3); Brewing with 40% oats 'Lutz' (60% barley malt $&bastian’).
P Reference: Schnitzenbaunetral. (4); Brewing with 40% commercial red Italian sorghus0% barley malt 'Fr Sebastian’).
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Effectiveness/limitations of endogenous enzymes amhenefits of the application

of exogenous enzymes

While brewing with up to 40% unmalted oats withdheé addition of industrial
enzymes is technically feasil®), there is considerable room for improvement with
respect to processability and quality. The degradadf high-molecular-weight
substances such figylucan, protein, and starch by endogenous/exogeannymes
during the mashing process leads to continuous gdsanin mash
consistency/viscosity. Schnitzenbaumatr al. (247) developed a highly precise
rheological method for monitoring those consisteratyanges while mashing,
suitable for the use of unmalted oats amongst sihEne determination of mash
consistency is of great importance when brewind vaitljuncts, particularly with
regard to process/enzyme optimization and quatititrol. In terms of oats, the mash
consistency increases considerably with increasautignct concentratioi247). It
was found that it is impossible to reduce the \8ggoof 40% oat-containing mashes
to a level comparable to that obtained with 100%elyamalt by extending the
cytolytic/proteolytic rest (0.5-4.0 h) as shownkigure 1 (Schnitzenbaumer and
Arendt,unpublished resulys This reduction in mash consistency has, howewesn
achieved with the addition of exogenous enzymesicEleit is recommended to
apply commerciaB-glucanase to mashes containing 30% or more undhals
(rich in B-glucan) in order to prevent lautering/filtratioroplems(106) With respect
to nitrogenous compounds, Schnitzenbaumeral. (3,4) found that free amino
nitrogen levels obtained with 40% oat adjunct anitheut enzyme addition are still
sufficient for optimal yeast growth and fermentatidlevertheless, the application of
exogenous endoprotease to mashes may enhancefemasntation performance
when substituting more than 20% barley malt witkspparticularly with regard to
high-gravity brewing. Side effects of extensive tpho degradation are lower wort
pH values (higher buffering potential) and increaseort colors (excessive
formation of Maillard productsf106) Extract levels of worts produced with 20—
40% oat adjunct can only be slightly (but statatic significantly) improved by
adding a-amylase and pullulanase; this indicates the hidfeceveness of

endogenous amylolytic enzymes in brewery mashes.
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Figure 2—1.Rheological profile of 100% barley malt mash (refeee) and 40% oat-
containing mashes with varying cytolytic/proteatytmash rest times at 50°C

(Schnitzenbaumer and Arendfypublished resulys

The use of up to 40% unmalted sorghum in brewingesstates the application of
heat-stablei-amylase to sorghum mashes before cooking (higiehsgelatinization
temperature) in order to reduce the high mash starsy/viscosity caused by
pregelatinized sorghum starch and to increase exaract(109) Some studies about
brewing with 100% unmalted sorghum indicate thattwguiality and processability
increase with increasing enzyme concentrati@%6,259) however, Desobgo and
Nso (260) observed a rise in wort turbidity with increasidigsage of heat-stabie
amylase. Schnitzenbaumet al. (109) recently demonstrated that 50% of the
recommended heat-stahlleamylase dose is sufficient for 10-40% sorghum ractju
to ensure a good processability and high extraeldyi Besides, the addition of
endoprotease (sorghum mash) grglucanase (total mash) as recommended had no
significant effect on mash consistency/filteralgilir wort quality (e.g. viscosity, pH,
total soluble and free amino nitrogefi)09,264) Goodeet al. (255) showed that

combinations of heat-stable (sorghum mash) anddufigtal mashp-amylases are
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most effective in improving the filtration rates 0% or 40% sorghum-containing
mashes. The combined application of heat-stabkmylase and endoprotease
(sorghum mash) was found to increase total solalitegen levels but also wort
color (Maillard reaction); though, the highest fraenino nitrogen levels were
obtained by adding fungaltamylase over and above these enzymes. In termerbf
extract, viscosity, and pH, however, the additidérdifferent enzyme combinations
(endoprotease, heat-stable and fungaimylases) to mashes had no significant effect
(255) Discrepancies between reported findings concgriire effectiveness of
exogenous endoprotease when brewing with up to d@$talted sorghum might be
due to large differences in performed mashing pioces (e.g. proteolytic mash rest
times) (109,255) A somewhat different approach to maximize extrgetds was
taken by Omidiji and Okpuzof258) who investigated the enzymatic recovery of
extract from cold trub derived from brewing withmalted sorghum (non-alcoholic
beverages); they achieved promising results applgicombination of heat-stahte
amylase an@-glucanase. Nevertheless, the course for succdsswing with up to
40% unmalted cereal grain must be set in the brasdby optimizing both mashing

parameters and enzyme applications.
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Conclusion

The use of oats and sorghum as brewing adjunctsbeainnovative but also
challenging. Oats generally have relatively highteats of huskp-glucan, protein,
as well as fat, and thus low extract contents.dntrast, sorghum exhibits no husks
but usually high polyphenol concentrations and ghhistarch gelatinization
temperature compared to barley malt. However, whaastituting up to 40% barley
malt (main enzyme source) with unmalted oats oglaam, endogenous enzyme
activities become the limiting factor. In order take maximum advantage of
endogenous enzymes during mashing, it is essetdidknow their roles and
properties. This review provides comprehensive apeto-date information on
endogenous barley malt enzymes as well as comrhegyme applications in
mashing. Brewing with up to 40% unmalted oats adsum is not only technically
feasible taking into account their specific graimaacteristics but has also great
potential. The flavor/aroma of oat- or sorghum-eaming beers is rated similar or
even higher than that of all-malt beers. By meahsammercial enzymes, both
processability and quality of mashes, worts, anerdb@roduced with high amounts
of oat or sorghum adjunct can be considerably iwgulp for economic reasons,
however, the application of enzymes has to be opsidiminimized. Further
research is needed to overcome problems such asecdeer foam stabilities when

brewing with up to 40% unmalted oats and sorghum.
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Objectives

The overall objectives of this Ph.D. project wekgio get a better understanding of
the impact of various types and levels of unmatiats and sorghum on the quality
and processability of mashes, worts, and beeits @)ovide solutions in terms of the
application of industrial enzymes to overcome pt&tiproblems involved with their

use as brewing adjuncts.
The specific objectives were:

* to develop a highly precise rheological methodrfmmitoring changes in mash
consistency during the mashing process; this methpdesents a tool for the
optimization of commercial enzyme additions, magtparameters, material and
product qualities (Chapter 4).

» to compare different oat cultivars in terms of thseiitability as brewing adjuncts
in order to identify the most promising types (Cleab).

e to investigate the limitations of endogenous barteglt enzymes and the
benefits of the application of industrial enzymashigh-gravity brewing with
oat adjunct (Chapter 6).

* to evaluate the impact of various levels of unnthltats on the quality and
processability of mashes, worts, and beers produsedilot-plant scale
(Chapter 7).

* to determine the advantages and limitations otigeeof commercially available
oat and sorghum flours for beer production (Cha}er

* to compare white Nigerian and red Italian sorghunbi@ewing adjuncts as well
as to optimize the application of commercial enzynte sorghum mashes
(Chapter 9).

* to evaluate and compare the impact of white Nigeanad red Italian sorghum

on the quality of worts and beers brewed at pilatipscale (Chapter 10).
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Abstract

The determination of mash consistency proved todifcult but is of great
importance particularly with regard to process gudlity control. Therefore, the aim
of this study was to develop a new rheological métfor precisely determining
changes in mash consistency occurring during th&himg process. For that purpose,
five mashes with various levels of unmalted oatg}(@%6) have been analyzed using
a Physica MCR rheometer equipped with a paddleeshaptor enabling mash
particles to be kept in suspension throughout theological measurement. For
validating this new method, a statistical comparigadth the established Rapid Visco
Analyser (RVA) has been carried out. For this psgdhe mash consistency curves
have been described by regression functions wéhatim to determine characteristic
curve points mathematically correct. As a restig start and end point of starch
gelatinization/liquefaction have been well-defin8y. calculating the coefficients of
determination, good to very good linear correlagitetween respective curve values
and adjunct levels have been found for both meth@d€R and RVA). By
calculating the repeatability, however, it has bemrealed that the precision of the
MCR method is significantly better than that of A method.
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Introduction

Mashing is a time-consuming and cost-intensive ggscstep in the production of
beer. Moreover, it has a substantial effect on bmihlity and processability of
mashes, worts, and bedfis2). The purpose of mashing is to economically produce
easy-processable mashes and worts providing the fmshigh-quality beerg3).

During mashing, three important enzymatic degratdgbrocesses occur:

1. Cytolysis — Degradation of cell wall polysacdtas, particularlyB-glucans by

B-glucanases;

2. Proteolysis — Degradation of proteins into pogsi and free amino acids by

proteases;

3. Amylolysis — Degradation of gelatinized starotoifermentable carbohydrates

by a- andp-amylase44—6)

The degradation of high-molecular-weight substadpesndogenous malt enzymes
leads to continuous changes in mash visco§mB) or more precisely mash
consistency. At present, mainly standard method-dé&ermining the viscosity of
worts and beers (Newtonian fluids) using fallingll beiscometers, rotational
viscometers or capillary viscometers are kno{@)10) However, only a few
promising approaches for monitoring the consisteatynashes (non-Newtonian
fluids) during the mashing process have been pudydis Hooget al. (11,12)
Herrmann and Sommé¢t3), Herrmanret al. (14), Gétzet al. (15,16)and Goodest

al. (17,18) The determination of the consistency of dispexgsems like brewery
mashes proved to be difficult but is of great imaoce particularly with regard to
process and quality contr@9). While the viscosity of worts and beers is conistan
when the shear rate is increased at a constantetatope, mashes exhibit shear-
thinning behavior, meaning that they show lowersistencies at higher shear rates
(20). However, two Newtonian ranges regarding the dggoll behavior of non-
Newtonian fluids have been observed. The 1st Naamorange is characterized by
low shear rates having no significant impact orypw@rs. During the non-Newtonian
range, macromolecules are unwound and orientatedcamsequence of increasing
shear rates resulting in decreasing consistenéiesvery high shear rates, the
macromolecules are completely unwound and oriethtathich is why the
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consistency is constant when the shear rate ikdurnincreased (2nd Newtonian
range) (16,21) Gotz et al. (15,16) demonstrated that the correlation between the
Nuclear Magnetic Resonance (NMR) relaxation tim@nd the dynamic viscosity

is applicable to not only Newtonian fluids (watewprt, beer) but also non-
Newtonian fluids like brewery mashes. Suspensitisyever, do not exhibit that
simple potential dependence between consistencg@mesponding relaxation time.
Nevertheless, th€&,-n correlation persists for characteristic consisenat very low
and very high shear rateg,(7.) as noted above and can therefore be employed to
determine mash consistency by means of the comeéspyp To-relaxation time
(indirect method). With the help of so-called RId&IR probeheads, demixing of
mashes can be preventd®). Goodeet al. (17) developed a rheological method to
detect changes in mash consistency during masising a Bohlin CS-50 rheometer.
The instrument, however, had to be equipped wispecially designed but non-
defined six-paddle rotor for keeping mash partidlesuspension throughout the
rheological measurement. Thus, it was neither ptess$o exactly define the applied
shear rate nor to give the mash consistency datatandard units (absolute
consistency) instead of arbitrary units (relatiemgistency). Moreover, Goods al.
(18) successfully used a Rapid Visco Analyser (RVAXharacterize the effect of
different levels of barley adjunct on mash consisye They concluded that the fully
designed and calibrated RVA, giving results in dtad viscosity units (mPs), was
easy to operate and therefore more user-friendiy tthe previously developed

method using the Bohlin CS-50 rheometer.

The objective of this study was to develop a highigcise rheological method for
defining changes in mash consistency during mashisipgg a Physica MCR
rheometer. For this reason, mash samples with waevels of unmalted oats, also
referred to as adjunct, have been used in thes.ti@ats are well-known for their high
content offf-glucan(22) benefitting the rheological analyses by increasirgmash
consistency. For validating this new rheologicaltmod, it has been compared with

the established Rapid Visco Analyser by meansatissical tools.
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Materials and methods
Mashing materials

Malted barley Hordeum vulgareL. 'Fr Sebastian’) of 4.8% moisture and 9.4%
protein (dry weight), harvested in 2008 and obtdifi®m Greencore Group plc
(Dublin, Ireland) and unmalted oat&uena sativa.. 'Lutz') of 12.7% moisture and
10.5% protein (dry weight), harvested in 2009 ivétesburg, Germany were used in

the mashing trials.
Milling

Malted barley was milled with a laboratory disk IngBihler GmbH, Braunschweig,
Germany) set at a 0.2 mm-disk distance. Unmaltésiware milled using a hammer
mill equipped with a 1.5-mm sieve (A.M.A. S.p.A.ar§ Martino in Rio, Italy).

Milling of mashing materials was carried out ditgdiefore mashing-in.
Mashing

For mashing, a commonly used infusion process kas lchosen, taking the three
important enzymatic degradation processes cytglysmisteolysis, and amylolysis

into consideration as follows: 30 min at 50°C, 4@ @t 65°C, 20 min at 72°C, and 5
min at 78°C (mashing-off) with a heating rate o€J3Fer min. In all mashing trials, a
sample mass of 7.740 g (dry weight) was mixed wittilled water to give a total

mash mass of 27.000 g at a constant moisture lo@sigl%. Five mashes with

increasing levels of unmalted oats (0%, 10%, 200%86,340% of sample mass) with
a constant liquor-to-grist ratio of 2.488:1 (dryigig) were prepared. Mashing-in
was performed by putting the homogenized grist thi® 50°C preheated distilled
water in the respective mash cup and stirring apprly. Then, the mash cup was
applied to the temperature controlled heating blotkhe respective rheological

measuring instrument.
Rheological measuring instruments
Physica MCR rheometer

The controlled stress rheometer Physica MCR 30ltoAiPaar Germany GmbH,
Ostfildern, Germany) has been equipped with a gaddaped rotor enabling mash
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particles to be kept in suspension throughout leelogical measurement. This rotor
is based on the principle of a counter currentestiwhere the stirring blades are
arranged at right angles to each other. Furtherntbeemash cup and rotor system
have been covered with a specially designed alumifid (School of Food and

Nutritional Sciences, University College Cork, &etl) for preventing evaporation
during mashing. Before starting the infusion maghjprocess, the mash was
homogenized for 60 s at a constant shear rate 0frgth. During the mashing

process, a constant shear rate of 100 rpm waseapplithe mash sample.

Rapid Visco Analyser

The RVA-Super3 with Thermocline for Windows softegiNewport Scientific Pty.
Ltd., Warriewood/NSW, Australia) is used with oneynaluminum sample canisters
and plastic stirrers. Before starting the mashemme, the mash was homogenized
for 10 s at a constant shear rate of 960 rpm asribed in the manufacturers’
manual. During the rheological measurement, a eohshear rate of 160 rpm was
applied to the mash as recommended by the manugactu

Mash sample description

In the following, the mash samples are describedhbgns of numerical codes. The
first code number refers to the rheological methusgd for determining mash

consistency: 1 refers to MCR method and 2 refeR\@ method. The second code
number indicates the adjunct concentration of treshm O indicates 0% oats, 1
indicates 10% oats, 2 indicates 20% oats, 3 inesc80% oats, and 4 indicates 40%

oats.
Statistical evaluation of mash consistency data

All rheological mashing trials were performed implicate. On the basis of the
individual mash consistency curves, the mean valuees have been calculated. The
mash consistency represents the shear viscosity indiven in mPa. All
calculations with respect to regression functi@sshown below on the basis of the
mean value curve of mash sample 1.0, have beemmatisbed by applying the
software program TableCurve 2D (Systat Software, I6hicago, U.S.A.). Further

calculations have been done by using the manufastusoftware of the Physica
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MCR rheometer. For the characterization and comapariof rheological mash

curves, the following statistical tools have besadi
Confidence interval

For determining the statistical significance, thedent’'st-test has been appli€a3).
The confidence interval with a probability Bf= 95% was calculated for each mean
value (arithmetic mean). In general, the smaller tlonfidence intervals are, the
better the repeatability.

Coefficient of determination

For the evaluation of results, one parameter ispaved to another. With the help of
a regression line, it can be tested whether a lebive exists. Basically, the
coefficient of correlationR compares the statistical spread of the valueshéo t
regression line with the total spread of the met{23] The coefficient of correlation
Ris an index number indicating whether a pair afaldesx andy are connected to
each other. The square of the coefficient of cati@h R is called the coefficient of
determinatiorR. It has always a positive value and this indexigds more precise
thanR.

Standard deviation of repeatability and repeataipili

The standard deviation of repeatabiliyy and the repeatability have been
determined according to DIN ISO 5725%).

Outlier test

An outlier test according to Grubl§26) as well as Grubbs and Be(X7) has been
performed. This test is recommended by DIN 53804283 for a data volumen
higher than 30. On the basis of the authors’ eepes, the Grubbs’ test for outliers

has also been found adequate for data volumes (8flow
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Results and discussion
Mathematical characterization of mash consistenicyas

The rheological behavior of different mashes dutimg mashing process has been
described by means of recorded consistency culzash analysis was done in
triplicate to determine the quality of the congiste measurement, resulting in three
consistency curves for each mash type. A mean valne has been calculated from
3 x 210 individual consistency values, which haeerb detected in defined time
intervals of 1 min except for the heating-up perfomin 50°C to 65°C, where the
consistency has been detected every 0.15 min. Hémeenean value curve is based
on 630 individual measuring points and 210 meamesl respectively. For each
mean value of the calculated mash consistency ctineeconfidence interval has
been determined by applying thlistribution with 2 degrees of freedom and a
confidence level of 95%. By calculating the meatugacurve, it was possible to
compensate for initial uncertainties in the intetption of individual data points. For
the exact determination of specific curve charasties such as slope or integral, it is
necessary to know the functional equation of thammealue curve. Therefore, the
measuring points of the mean value curve were appeded using a mathematical
regression functiofi(x) by assigning mash consistency dat® f(x); the variablex
represents the time of measurement. This was asthi®y applying a software
program as mentioned above. The approach to appatixin describes an adaption
by means of mathematical functional definitions feach respective curve
progression, aiming at the highest correlation ketwthe variance of mean value
curve data and regression function dftg. By determining the coefficient of
determinationR?, the quality of the approximation of the mean eatwrve byf(x)
can be expressed. The aim of using a regressiapmoximation functiori(x) is to
determine characteristic points like extreme valoego calculate integrals in a
mathematically correct way. A function can haveeltive extremum only at the
points where its first derivative is equal to zewo does not exis{29). For
determining maximum or minimum points, it is comnmmactice to set the first and
second derivative of a function equal to zero, eespely. This approach is
successful in most cases. Nonetheless, a firstatere being equal to zero does not
necessarily have to be a criterion for an extrerakier However, a sufficient

condition for the existence of an extremum is gibgrthe sign change check of the
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first derivative(29). The domain for the variabbe has been predetermined by the
mashing process and specifies for whielandy-values the regression function has
to be defined. It can be formulated forxalNalues as follows:

D ={x € R|1 min < x < 125 min} (Eg. 1).

Due to the complex progression of the mean valueegut was not possible to find
one regression functiorf(x) for the total domain showing a satisfactory
approximation R =~ 1). For this reason, the mean value curve hae tdescribed by
a composite function consisting of several subions. The total domain for has
been split into adequate sub-intervals for whiadbtermined sub-functions showed
the best possible approximation to the mean valuwec &~ 1). In principle,
regression functions in the form of composite fiord could be found for all mean
value curves. These functions generally consishiafe sub-functions. By means of
the mean value curve of mash sample 1.0, the agipfoa determining a regression
function f(x) will be described and the associated advantagesussed in the
following. The regression functiof(x) used for the mean value curve of mash
sample 1.0 consists of three sub-functifi9, f2(x), andfs(x):

g +bhxtox?+diad e xt+fix° +g b+’ +i;48  x<x; =355min

(a4 +epx? + gy xd + i x* +kyx® +mya®) e
, xn<x<x
flx) = (T4 byx+dyx2 + frx3 +hyat + jp a5 + Lad +nya7)’ 1 2

&} €3 g3 i3 .
Gtbhxt+t—=+dyx*+ =+ + =+ hyxt+=+j,4°%  x>x, =552min
37T 03 PR P f3 PO o I3 2

(Eq. 2).
The sub-functiorf;(X) is a standard polynomial (8th degrekjx) is a Chebyshev
converted rational function (6th/7th degree), &) is a balanced order polynomial
(5th degree). The function parametexs ...,j; are listed in the supplementary
material (Table S1). For the sub-functidi(x) andf,(x) as well af,(x) andfs(x) the
following is valid: f1(x1) =fa(x1) andfa(xo) = f3(x2). This means that the functidfx)

is continuous at the pointg andx, if a limit lim f(x) exists, being equal to the

lim X) = X
function value f(x;) and f(x2), respectively, as f0||0WS:xl_>x1f () = fCr1)

li =
xl-{?rclzf(x) f(xZ). With regard to the regression function, this ngeahat

insignificant changes in time result in insigniitachanges in consistency. The
continuity of a function implies that no jumps appé the function values. Hence,
the continuity condition fof(x) is fulfilled over the entire domain. Since comniius

functions do not necessarily have to be differdgiaboth internal points of the sub-

89



intervals were proved in terms of their differebtiy. The term differentiability
describes the characteristic of a function to g@pmated locally around a point in
a linear manner. The functidnis differentiable at the pointg andx; if the limits

i L0 = f0r) _f) = flxa)
m-————- lim ———

X1 XX and x~xz X —X exist. These limits are defined as the

derivatives off at the points; andx,. This condition is fulfilled when the function
has exactly one limit at the pointg andx,, respectively, for which the following is
valid: f'(xy) =f2'(x) andfy’(x2) = f3'(x2). The mean value curve of mash sample 1.0
could be approximated using a composite functiamsisbing of three sub-functions,
which are characterized by the coefficient of deiaation: f;(x) R? = 0.9837 f()

R* = 0.9981, andf;(x) RZ = 0.9964. In Figure 1, three sub-functions and the
composite functiorfi(x) are shown. For interval points, the following ¢tion values

have been determinedf;(x; = 35.5 min) =f,(x;) = 68.88 mP&

as well as
fo(X2 = 55.2 min) =f3(xz) = 80.26 mPa.

250
22650 — = S
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100

Viscosity [mPa-s]

3557 ) S0 552 75 100 125
39.0 449 615

Time [min]

Figure 4-1. Graphical representation of the sub-functidnsf,, and f3 of the
composite functiorf within the domain (Eq. 1). The following characéc points
have been marked: Interval pointis= 35.5 minx, = 55.2 min; local minimunfi(x =
39.0 min) = 67.8 mPsa (A), local maximumf(x = 44.9 min) = 226.5 mPa (B);
limits of integrationx = 39.0 min (A)x = 61.5 min (C).
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In Figure 2, the derivativey¥ x), fi'(x), f2'(x), andfs'(x) are shownlit can be seen that
the derivative values of the respective sub-fumsiare equal at the interval points:
f1'(x1 = 35.5 min) =,'(x;) = -0.62 mP&/min andf,’(x; = 55.2 min) =f3'(xp) = -3.12
mPas/min. Thus, it has been proven that the regressicspproximation function

f(x) is differentiable at any point within the domain.
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Figure 4-2. Graphical representation of the derivati¥gs f,’, and f3' of the sub-
functionsfy, f,, andf; as well as the derivativie of the composite functiof within
the domain (Eqg. 1). The following characteristiant® have been marked: Interval
pointsx; = 35.5 minx; = 55.2 min; zero point8(x = 39.0 min) = 0 mPa/min (A),
f(x =44.9 min) = 0 mPa/min (B).

For determining the quality of approximation, itshiaeen proved in which way the
divergences from the mean values are distributetthéaegression function values.
For this purpose, the difference between each miegspoint of the mean value
curve and the corresponding function valne=(210) has been calculated. An outlier
test according to Grubl{26) as well as Grubbs and Be(&7) was performed and a
total of 8 outliers detected. The frequency distiidn of the measuring value

differences after subtracting the outliersX 202) is shown in the supplementary
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material (Figure S1). According to the test of Rbet al. (30), the distribution of
measuring value differences can be assumed to bmahdlistributed for five
confidence levels (90.0%, 95.0%, 97.5%, 99.0%, 2&%). The 95% confidence
level for the true mean valugt of all differences is given by -0.221
mPas<p <0.032 mP&. This confidence interval shows that zero is uded.
Hence, it can be assumed with a significance lef/&P6 that the regression function

does not systematically deviate from the mean vealuee.

With the help of a regression functif®), the characteristic points of a consistency
curve can be determined. The local minimunx & 39.0 min can be defined as the
start of gelatinization since the consistency iases continuously after that point. In
general, the gelatinization temperature is definsdthe temperature at which the
starch granules swell tangentially and at the samme lose their crystalline
properties (10). According to a RVA method described by MEBAHO), the
gelatinization of starch starts when the viscosityreases by 24 mPRawithin 1 sec.
However, the automatic determination of the geiadition temperature by a Rapid
Visco Analyser and Thermocline for Windows softwaan result in inaccuracies
with a coefficient of variation (CV)=16.4%. Noispaselines can lead to
misinterpretations, which is why MEBAK(10) recommends the manual
interpretation of data. Such problems can be ehieith using regression functions as

described in this study.

After reaching a peak of 226.5 mPatx = 44.9 min (Figure 1, B), the mash
consistency (mash sample 1.0) decreases continualgt to the activity of
liquefying malt enzymes. The integral within themé& interval of starch
gelatinization/liquefaction may be of importance foany analyses. However, the
end point of liquefaction has not been well-definget and therefore selected
arbitrarily. It is reasonable to define the endnpaf liquefaction as that curve point
at which the consistency after gelatinization isi@dgo the minimum consistency
before gelatinization (Figure 1, C). The start podand end point C (Figure 1)
represent the relevant integration limits. On thasi® of the mash consistency
functionf(x), the primitive functior=(x) can be determined. The area under the curve
between the points A and C can be calculated &sifs]
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C
F(x = 61.5 min) — F(x = 39.0 min) = ff(x)dx
A (Eq. 3).

The most significant slope occurs within the ing\A,B] during the gelatinization

of starch as shown in Figure 3.

10,000 250
—  F(x)

B Sx)
9,000 (0]

8,000 200
7,000

6,000 150

g
£
g 7
= o
- A
£ =
2 5,000 i =
S 9 . i<
Z / | z
v N @
3 ! 2
T 4,000 ! 100 ~
o0 |
2 :
= |
- i

3,000 o

L O o
A
2,000 50
1,000
0 0
0 25 355 50 552 75 100 125
Time [min]

Figure 4-3.Graphical representation of the primitive functle(x) of the regression
function f(x) within the domain (Eq. 1). The following charagtéc points have
been marked: Interval pointg = 35.5 minx, = 55.2 min.
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Statistical comparison of the developed rheologiwathod with the established
RVA

In Table 1, the mean values of start and end masisistencies of starch
gelatinization/liquefaction, peak consistency, pasda within the interval [A,C], and
the viscosity breakdown rate during liquefactioratifmash samples being analyzed

by the MCR rheometer and RVA, respectively, arersanized.

Table 4-1. Start and end mash consistencies of gelatinizéitioefaction (A,C),

peak consistency (B), peak area (A-C), and rateviedosity breakdown during
liuefaction (B-C), calculated by using a regressionction f(x), are shown. The
coefficients of determinatioR? show the relation between A, B, C, peak areaater r

of viscosity breakdown and the adjunct concentmatio

Rate of vi it
Sample Peak area RAte Of viscosity

o A B C (A-C) brealzg(?cv:v)n
[min]  [mPas] [min]  [mPas] [min]  [mPas] [mPasmin] [mPas/min]
MCR method
1.0 39.0 67.8 44.9 226.5 61.5 67.8 2651 9.5602
1.1 384 77.1 45.0 249.7 63.7 77.1 3256 9.2300
1.2 37.7 88.0 445 282.3 63.4 88.0 3732 10.2804
1.3 37.8 100.7 44.3 324.6 64.5 100.7 4376 11.0842
1.4 37.6 119.9 44.3 378.5 65.2 119.9 5076 12.3732
R? 0.9784 0.9754 0.9784 0.9958 0.8750
RVA method
2.0 374 86.4 43.0 200.6 69.4 86.4 3548 4.3258
21 38.3 98.0 435 217.0 66.3 98.0 3576 5.2193
2.2 371 126.3 434 251.1 67.6 126.3 4783 5.1570
2.3 36.4 138.0 43.6 280.1 65.2 138.0 5012 6.5787
2.4 37.6 158.5 434 323.3 65.2 158.5 5544 7.5596
R? 0.9839 0.9800 0.9839 0.9230 0.9252

As shown in Table 1, characteristic points of alisim consistency curves could be
calculated with the help of a regression functiBg.determining the coefficient of
determinationR?, correlations between the respective curve vaamesthe level of

adjunct could be revealed. For example, a linearetation between peak area and
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adjunct level (MCR method) with a coefficient oftelenination R? = 0.9958 has
been found, revealing that the peak area increaglksan increasing level of adjunct
as shown in Figure 4.
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0
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Sampleno.
Figure 4—4.Graphical representation of the linear relatiotwleen peak area (A-C)
and adjunct concentration based on the MCR metRbd (.9958).

Besides the characteristic points of the mean vaiuees shown in Table 1, other
mash consistency values may be of importance. Bygus regression function, the
start and end consistency values of each masltoekt be determined. In Table 2,
the mean values of start and end mash consisteoiciks rests at 50°C, 65°C, 72°C,
and 78°C (mashing-off) are given. Tables 1 andatestrate that both rheological
methods (MCR and RVA) are able to detect changesiash consistency during
mashing. This has been shown by calculating théficimmts of determinatior?’.
For both methods, good to very good linear conatat have been found between
respective curve values and adjunct levels. Howdhese statistical numbers need
to be interpreted carefully. Coefficients of detaration R® express only the quality
of the linear approximation, but not whether thedeidhas been correctly specified.
Models which have been estimated by the methoceadti squares will therefore
receive the highes?. Another disadvantage is the sensitivity with e=tpo trends.
Provided that an exogenous variable develops iallpamwith an explaining one,
high R? are shown regardless of the real explanatory pafi¢he model. Thus, a
high R? in Tables 1 and 2 indicates that the estimatectessipn line shows a good
approximation to the data.
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Table 4-2.Start and end mash consistencies of the reste°&t, $5°C, 72°C, and
78°C (mashing-off), calculated by using a regrassinctionf(x), are shown. The
coefficients of determinatioR* show the relation between the respective staghdr
consistency and the adjunct concentration.

Sample  50°C 65°C 72°C 78°C
no. Start End Start End Start End Start End
[mPas] [mPas] [mPas] [mPas] [mPas] [mPas] [mPas] [mPas]
MCR method
1.0 80.5 74.7 214.7 57.7 534 51.5 47.4 47.2
11 98.9 84.6 237.0 68.6 63.5 58.7 54.7 54.6
1.2 119.3 97.7 263.3 76.1 69.6 65.2 59.9 60.2
1.3 145.7 111.0 290.7 89.2 80.1 75.1 69.2 69.9
1.4 190.3 133.0 334.3 104.6 92.2 88.2 81.0 79.8
R? 0.9632 0.9773 0.9822 0.9845 0.9889 0.9778 0.9777 .9883
RVA method
2.0 86.7 94.3 168.3 83.7 77.7 73.3 70.0 68.0
2.1 103.7 100.7 181.7 91.7 86.0 85.7 82.7 77.3
2.2 145.3 131.7 213.7 120.3 113.7 109.7 106.7 108.0
2.3 175.3 145.0 237.0 126.7 120.7 114.3 102.7 107.7
24 206.7 166.3 269.7 150.7 140.0 137.0 125.0 127.7
R? 0.9888 0.9715 0.9850 0.9645 0.9689 0.9715 0.9169 .9333

By means of the graphical representation of medureveurves, differences between
the rheological methods could be revealed as showfigure 5. The curve
progression of the mean value curves based onW#erRethod is not as symmetric
as that of the mean value curves based on the ME&Rau. More information about
the reliability of mean values could be gained lhg graphical representation of the
minimum and maximum consistency curves togetheh wiite 95% confidence
intervals for each mean value as shown in FigurBy6using the RVA, almost no
significant differences between the minimum and imaxn consistency curve (0%

and 40% oats) could be detectedtat80 min due to overlapping confidence

intervals.

96



450 ' :
- 1.0
400 —
1.1
350 - 12—
- 1.3
— 300 [
z —14
n- L J
E 250
]
Z 200
2
s
150
100 = :
. PSugpmgng
M o6r0teoed
50
0 T T T T 1
0 25 50 75 100 125
Time [min]
b 400
=20
350 21
300

250

Viscosity [mPa-s|
o
S
o

A

A A
andabhaag i by aby

25

T

50

Time [min]

75

100

125

Figure 4-5.Graphical representation of the mean value cun?ése different mash
samples (0—-40% oats) based on (a) the MCR methib¢banhe RVA method.

97



450

400 i -
i - 1.0

350

1.4

300

250

200 T

e
J.J_"'T-‘-'r

=™ ~T“‘F~ !
el %‘*ﬁw T T
L '@ ™
SUUTY B “'m—nrﬂ'rrmﬂ-m T
100 ey 7 e
e SRS

50

Viscosity [mPa-s]

’ = i 75 100 125

Time [min]

400

350 :i By
300 A 2.4
2]

250 l :;JJI
200 T2 f‘ Jim I
N [T —
e A —
B 7 T i -JT"T-::-T.::::' il fiitsi ki) ::'-:ﬂ::=:
|

50 o : - l =5 i - ----- _h ULy dL A l__:_';:-::_]__ul.l. A

=
=

Viscosity [mPa-s)

=
qilt:-

0 1 I | |
’ = . 75 100 125

Time [min]

Figure 4-6. Graphical representation of the mean value cuo¥e¥%6 and 40% oat
mashes with confidence interval £ 95%) based on (a) the MCR method and (b)
the RVA method.

98



In order to finally assess the quality of the MORI&RVA measuring system, tests
on repeatability have been carried out. For thisppse, the precision measure
repeatabilityr according to DIN ISO 57285) has been used. Under the terms of
DIN 55350-13(31), precision is the qualitative description for tbl®seness of
agreement between results which have been achibyedeapplying a defined
measuring method. In general, the standard dewiatforepeated measurements is
used as a measure of precision. With the help ef standard deviation of
repeatabilityg;, the repeatability can be determined as “critical difference”. Tt i
the absolute value of the difference between tvgb rfesults which can be expected
with a given probability (mostly 95%). The repediib r according to DIN ISO

5725(25)is calculated as follows:
r=k-V2 -s, (Eq. 4).

The factorV2 arises fronr referring to the difference between two test rssof
repeated measurements. Furthermore, the f&a®idependent on both the number
of measuring values which are used for estimating $tandard deviation of
repeatabilitys: and the shape of their distribution. If the distition is approximately
normally distributed (unimodal) as shown in Fig&® (see supplementary material)
and the total number of measuring results adedoatesting, then the factdewill
differ only slightly from the value 2. In additiothe use ok = 2 is recommended in
practice because the determined repeatabilitgn be easily compared to another.
Since the real value of the standard deviation egeatability o; is generally
unknown, the estimats is used in Eq. 4. The triple analysis of masheganing
various levels of oats resulted in three consisteratues for each measuring point.
Thus, the total number of individual measuremesits ¥ 3. The number of different
measuring points isn=210 and therefore the total number of measupamts

N =630 (3 x 210). Furthermore, the mean value efitidividual measurement is.
According to DIN ISO 572525), the standard deviation of repeatability can be
calculated from individual standard deviations@®ivs:

. = \/2511221(?51']' - Xj)?
' N-—m (Eq. 5).
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In accordance with Eq. 4, the repeatability resinttsn
r=2.83s (Eq. 6).

As expected, the distribution of the individual eambilities followed a chi-square
distribution. The results are given as mean valueepeatabilityr,, in Table 3. In
addition, the coefficient of variation (CV) has hesalculated for all mash samples.
With regard to the RVA method described by MEBAKO), it arises that low
coefficients of variation are absolutely necessamyrder to avoid misinterpretations.
Furthermore, it has been shown that the repedtaliépends on the level of oat
adjunct. Therefore, the individual repeatabiliteesild be given as a linear function
ra with R~ 1, depending on the concentration of adjunctin addition, the
dependence of on c could be interpreted indirectly as a dependencethen
consistency level, since by standardizing the stahdleviation, the coefficient of
variation is also depending on the mean level efrtteasured consistencies. Using
the RVA method, only the mash samples 2.2, 2.3,2a4c¢howed a linear relation,
which is why the corresponding equation is, strictly speaking, only valid for

adjunct concentrations> 20%.

By calculating the repeatability, it has been shahat the precision of the MCR
method is significantly better than that of the Rvi&thod. Due to its considerably
better measuring performance, the MCR method i®rsupto the RVA method.
Finally, it should be noted that not every trighds to the same values in terms of
precision measure, since measuring results arerglgneandom results. Thus, the
determined values for repeatability given in Tablepresent estimates, about whose
inaccuracies no statement is made here. Besidesrefeatability allows for no
statement about the accuracy of a measurement chetho
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Table 4-3.Results of repeatability tests for the MCR methad the RVA method.

MCR method
Sample no. 1.0 1.1 1.2 1.3 1.4
Mean value of =\ o) 6.17 10.02 11.52 13.80 16.99
repeatability
Coefficient of -, 1o4) 1.68 3.65 4.02 4.07 3.28
variation
Mean value of
repeatability
dependenton r [mP4S] 25.426 + 6.62
the percentage
of adjunct

R 0.9816
RVA method
Sample no. 2.0 2.1 2.2 2.3 24
Meanvalueof ' pi1 3379 34.18 15.80 25.75 33.23
repeatability
Coefficient of -, 1o4) 12.69 11.37 3.32 6.06 6.93
variation
Mean value of
repeatability 88.073 - 1.23

dependenton  r, [mPds]
the percentage
of adjunct

forc>20%

0.9933
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Conclusion

In summary, this study presents a new rheologicathod for precisely defining
changes in mash consistency during mashing usPigyaica MCR rheometer. With
the help of statistical tools, it has been provieat the new developed method is
superior to the established RVA method. By usingression functions for
describing mash consistency curves, characteristicve points have been
mathematically correctly determined. Moreover, asbeen possible to well-define

the start and end point of starch gelatinizatiguéifaction.
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Abbreviations

at, ...j3
C

CcVv

f

F

fi

Or

Function parameters;

Concentration;

Coefficient of variation;

Regression function;

Primitive function off;

Sub-function;

Factor;

Number of different measuring points;
Number of samples;

Total number of measuring points;
Number of individual measurements;
Repeatability;

Coefficient of correlation;

Coefficient of determination;

Mean value of repeatability dependent on the peage of adjunct;
Mean value of repeatability;

Standard deviation of repeatability;
Variable used for time of measurement;
Variables;

Arithmetic mean;

Variable used for mash consistency;
Dynamic viscosity;

True arithmetic mean;

True standard deviation of repeatability.
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Supplementary material

Table 4-S1.Function parameters of equation 2 (values are dedinand given

without a unit).

f103) f2(x) fs(x)

a 8.3121E+01 a 8.5590E+02 as 1.0145E+07
by -3.4096E+00 b, 9.5380E-02 bs -1.1853E+05
c 1.0801E+00 C -1.2182E+02 Cs -5.6957E+08
d, -1.7344E-01 d, -2.4785E-02 ds 9.0807E+02
e 1.5692E-02 e 7.2290E+00 e 2.0235E+10
f, -8.4502E-04 f, 1.6707E-03 fs -4.3984E+00
o 2.6734E-05 ® -2.2891E-01 0 -4.1307E+11
hy -4 5587E-07 hy -5.5596E-05 hs 1.2221E-02
iy 3.2147E-09 i 4.0790E-03 is 3.6943E+12

i 1.0135E-06 s -1.4841E-05

ko -3.8781E-05

m, -9.7394E-09

Ny 1.5370E-07
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Figure 4-S1.Graphical representation of the frequency distrdruof measurement
errors between mean value curve and regressiotidangiven as number per class
(bars) and number density (curve) function. The Ipeindensity function is defined
by a normal distribution with a mean value=-0.095 mP& and a standard

deviations = 0.915 mPa& at a number of measurement differentes202.
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Abstract

Brewing with high levels of unmalted oasvena sativahas proven to be successful
despite their high contents @fglucan, protein, and fat. However, little is known
about the effect of different oat cultivars on theality and processability of mashes
and worts. Therefore, the aim of this study wasampare the mashing performance
of eight oat cultivars, selected because of tleir ¢ontents op-glucan, protein, fat,
and/or high starch content, when substituting 209&@% barley malt. For this
purpose, seven husked.(sativalL. 'Lutz', 'Buggy’, 'Galaxy', 'Scorpion’, "Typhopn'
‘Ivory', 'Curly’) and one naked oat cultiva. (sativavar.nuda'NORD 07/711") were
fully characterized using standard methods, Lala@hip capillary electrophoresis,
and scanning electron microscopy. The rheologiehbliior of mashes containing up
to 40% of each oat cultivar was measured duringhmgsby applying a Physica
MCR rheometer. In addition, the quality of wortstanbhed from laboratory-scale
mashing trials was analyzed particularly with relger their cytolytic, proteolytic,
and amylolytic properties. The substitution of opd0% barley malt with husked or
naked oats resulted in significantly higher pH esluB-glucan contents, and
viscosities as well as significantly lower soluloliérogen and polyphenol contents,
color values, filtration rates, and apparent atation limits. Naked oats contained
significantly lesg3-glucan as well as more protein and starch tharséven husked
oat cultivars. The replacement of barley malt wilkked oats resulted in a constant
extract yield, whereas the use of husked oats dasigaificant extract losses.
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Introduction

Oats Avena sativa are unique among the cereals in having high cdsitef -
glucan, protein, and fafl), which are undesirable characteristics when used a
brewing adjunct. Oap-glucan is a linear, unbranched polysaccharide cseg of
approximately 70% 4-linked and 30% 3-linkgdD-glucopyranosyl units. It is
located in the endosperm cell walls, the aleuraglewalls, and the germ of oats,
however, there is n@-glucan in the hull(2). The amount of-glucan in the oat
aleurone layer is small compared to that in theckaendosperm, but its impact on
the water-binding properties of the bran is consille. As a result, oat bran has a
much higher water hydration capacity than barleanb(3,4). The solubility
(extractability) of oaB-glucan in agueous systems is affected by sevactbis such
as particle size, temperature, and (&;6) Under mild extraction conditions (e.g.
water at 45°C or 65°C), it is not possible to estirall thep-glucan present in oats
(2,5). The common use of hot water (90-100°C) for exing@-glucan from cereals
results in solutions containing 60% to 75% of tla [Bglucan(2,7). Most of the
water-insoluble3-glucan in oat kernels is located in the b(@&n The viscosity of oat
B-glucan, depending on molecular weight and coneéotr, interferes with the
brewing proces$9,10) It has been reported that the molecular weiglextfactable
oat B-glucan (around 1-2 million g/mol) is significantligigher than that of
extractable barleyp-glucan (7,11) In addition, oatp-glucan has a higher
extractability and solubility (controlled by strucé and molecular weight) than
barley -glucan(2,7). Ajithkumar et al. (11) assumed that the extractalftglucan
content of oats is a heritable trait, whereas tlideoular weight depends more on
environmental factors. At concentrations below 0.3% (w/v), solutions of high-
molecular-weight oatB-glucan (molecular weightt 1 million g/mol; intrinsic
viscosity~ 950 mL/g) show Newtonian behavior, that is, thecwusity is constant
with increasing shear rates. At concentrations ab02-0.3% (w/v) (“critical”
concentration), solutions of high-molecular-weigbéat p-glucan develop non-
Newtonian shear-thinning or pseudoplastic behayemtanglement of individual
polymer chains), that is, the viscosity decreasils iucreasing shear rates above a
minimum shear rate (zero-shear viscosify). A doubling of the p-glucan
concentration above the “critical” concentratiorulcblead to a 16-fold increase in

zero-shear viscosity. The rheological behavior rmmarily controlled by the
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molecular dimensions (molecular weight, intrinsiscesity) of thep-glucan (non-
hydrolyzed)(2,10) In contrast, partially hydrolyzed oat or barlglucan tends to
show a more gel-like behavior by forming aggregassobserved in begt0,12)

Furthermore, oats containing a high percentagetoarfe particularly susceptible to
the development of bitter off-flavors (associatathiong-chain hydroxy fatty acids)
and rancidity (associated with volatile aldehydkstones, and alcohols) during
processing. Two distinct reactions may detrimentadbdify oat lipids: 1) hydrolysis
— conversion of triacylglycerols or phospholipidsftee fatty acids; 2) oxidation —
conversion of polyunsaturated fatty acids to hydrogides and further to secondary
oxidation productg4). In oats, not only the aleurone layer and the garenrich in
lipids but also the starchy endosperm in contraspther cerealg4,13) Lipids
present in native cereal starches can be dividedsurface lipids being attached to
the surface of starch granules and internal liggdgg inside the starch granules
(formation of amylose-lipid inclusion complexg&B—-15) Both surface and internal
lipids have a considerable influence on the geleiion and pasting properties of
starch largely due to a complex formation betwesty facids and amylo4&3,16) It
has been reported that the removal of surfacetemal lipids from oat starch had no
significant effect on swelling power, whereas tlodubility increased enormously
(17).

In spite of highB-glucan, protein, and fat contents, brewing withag0% unmalted

oats was recently found to be succes¢fid). However, no comparative study of
different oat cultivars in terms of their suitatyilas brewing adjuncts is available to
date. Therefore, the objective of this study wasdmpare the effect of eight oat
cultivars on the quality and processability of nmessland worts. For this purpose,
husked and naked oats exhibiting low contentg-gfucan, protein, fat, and/or high

starch contents were chosen.

112



Materials and methods
Mashing materials

Malted barley Hordeum vulgard.. 'Fr Sebastian’), harvested in 2008 and obtained
from Greencore Group plc (Dublin, Ireland), unmadlteats A. satival. 'Lutz’),
harvested in 2009 in Ravensburg, Germany, and setemn oat cultivarsA. sativa

L. 'Buggy’, 'Galaxy', 'lvory', 'Curly', 'Scorpioriyphon';A. sativavar.nuda'NORD
07/711"), harvested in 2009 and provided by Nords8&aatzucht GmbH
(Granskevitz, Germany) were used in the mashirgstriThe oat cultivars were
selected because of their low contents of huskptgtucan, protein, or high starch

content.
Characterization of oat cultivars
Standard analysis

Unmalted oats were analyzed applying the methodsritbed by Mitteleuropaische
Brautechnische Analysenkommission (MEBAK) — Raw emats (19). Moisture
contents were measured according to method 1.5Tbtal nitrogen contents were
determined using a Tecator™ Digestor combined witfjeltec™ 2100 Distillation
unit (Foss, Hillerad, Denmark) following method .2.3. Fat contents were analyzed
using the method 2.5. Ash contents were measuresiding to method 3.1.4.20.1.
In addition, B-glucan contents were determined following the My method
(Megazyme International Ireland Ltd., Bray, Irelandotal starch contents were
analyzed using the Megazyme Amyloglucosidagehylase method. All standard
analyses were performed in triplicate.

Enzyme activities

B-Glucanase activities were measured according & Nlegazyme Azo-Barley
Glucan method. One unit of activity equals one onwole of glucose reducing sugar
equivalent released per minute at 30°C and pH d4-Bmylase activities were
determined using the Megazyme Ceralpha method.uDiteof activity corresponds
to the amount of enzyme required to release oneomigle of p-nitrophenol from
non-reducing-end blockep-nitrophenyl maltoheptaoside in one minute under th
defined assay conditions-Amylase activities were analyzed following the
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Megazyme Betamyl-3 method. One unit of activityresponds to the amount of
enzyme required to release one micromole-aftrophenol fromp-nitrophenylf-D-
maltotrioside in one minute under the defined assayditions. Proteolytic enzyme
activities were measured applying the slightly niiedi method of Brijset al. (20).
For the analysis, 5 g of flour was extracted withrbL of 0.05 M sodium acetate
buffer (pH 5.0) containing 2.0 mM-cysteine by mechanical shaking for 30 min at
4°C. After the extraction of proteolytic enzymese tsuspension was centrifuged at
5,000 rpm for 15 min at 4°C and the supernatant dee further analysis. The
proteolytic activity in this enzyme extract was m@a@d using hemoglobin as
substrate. For this purpose, 1.0% (w/v) hemogleas solubilized in 0.2 M sodium
acetate buffer (pH 4.0). A mixture of 0.25 mL ofnteglobin solution, 0.20 mL of
0.2 M sodium acetate buffer (pH 4.0), and 0.05 rhereyme extract was incubated
for 150 min at 40°C. After incubation, the reactiwas stopped by adding 0.4 mL of
cold 10.0% (w/v) trichloroacetic acid, and preapéd proteins were removed by
centrifugation at 10,00@«for 10 min. Then, the free-amino nitrogen level of the
supernatant was determined with trinitrobenzentsid acid reagent (0.3% (v/v)
TNBS in 0.2 M sodium phosphate buffer, pH 8.0) gdgiFeucine as standard. For
this purpose, 0.025 mL of supernatant and 0.225 ohLTNBS reagent were
incubated for 20 min at 50°C. Subsequently, theti@a was stopped by adding 0.75
mL of 0.2 M HCI. Finally, the absorbance of thewsmn at 340 nm was measured.
One unit of activity corresponds to the enzyme végtireleasing 1 mg ofiL-
leucine/hg under the assay conditions. For the determinaifoenzyme activities,
three independent sample extractions were perforanedeach enzyme extract was
analyzed in duplicate.

Lab-on-a-Chip capillary electrophoresis

Total protein profiles were determined followingetmethod described by Klogt

al. (21). For the analysis, 40 mg of flour was extractethwiOO pL of a reagent
containing 2 M urea, 15% glycerol, 0.1 M Tris-HGbH 8.8), and 0.1 M
dithiothreitol in the ultrasonic water bath for 18in at room temperature. After
centrifugation at 10,00@xfor 15 min, 4 pL of supernatant was denaturedédating

at 95°C for 5 min with 2 pL of Agilent denaturinglstion. Afterward, the denatured
sample was diluted with 84 pL of deionized wated & pL of this mixture was

applied to the Protein 80LabChip for analysis in the Agilent 2100 Bioanalyz
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according to the manufactuisrinstructions (Agilent Technologies, Santa Clara,
California). Three independent sample extractiomsewperformed and each total

protein extract was analyzed in duplicate.
Scanning electron microscopy

Grain ultrastructures were analyzed according &onttethod of Oliveirat al. (22).
For the analysis, grain cross sections were mouotéd aluminum stubs using
double-sided adhesive carbon tape. Then, the sam@ee coated with a 7-nm gold
layer in a Gold Sputter Coater (Bio-Rad Polaronigdn, Hemel Hempstead, United
Kingdom) and observed under a constant acceleramnitgge of 5 kV applying a
JEOL scanning electron microscope type 5510 (JE@I, Tokyo, Japan). Each oat

cultivar was analyzed in duplicate.
Mashing performance of oat cultivars
Milling

Malted barley was milled with a laboratory disk IngBihler GmbH, Braunschweig,
Germany) set at a 0.2-mm disk distance. Unmaltédwéavars were milled using a
hammer mill equipped with a 1.5-mm sieve (A.M.Ap.3., San Martino in Rio,

Italy). Milling of mashing materials was carriedtalirectly before mashing-in.
Infusion mashing process

For mashing, a commonly used infusion process Wwasen as follows: 30 min at
50°C, 40 min at 65°C, 20 min at 72°C, and 5 mi@&tC (mashing-off) applying a

heating rate of 1°C per min. Mashes with variougle of each oat cultivar (0%,

20%, and 40% of grist mass) were prepared usingnatant liquor-to-grist ratio of

3.55:1. Mashing-in was performed by mixing the hgemized grist into preheated
distilled water (50°C) in the respective mash cwpjch was then attached to the
temperature-controlled heating system of the rdsgemashing instrument. In all

mashing trials, a constant stirring speed of 100 was applied.

Rheological mash profile

The rheological profile of mashes containing déf@roat cultivars was detected by

applying the previously published method of Sclemtzaumetret al. (23). For this
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purpose, a controlled stress rheometer Physica MGR (Anton Paar Germany
GmbH, Ostfildern, Germany) equipped with a paddii@ped rotor, enabling mash
particles to be kept in suspension throughout tleasurement, was used. In all
rheological mashing trials, a total grist mass @03 g dry matter (DM) was mixed
with distilled water to give a total mash mass 0f0R0 g at a constant moisture basis

of 14%. All rheological tests were performed iplicate.
Laboratory-scale mashing

Mashing with malted barley and unmalted oat cuiwaas carried out in a LB 8 —
Electronic mashing device (Lochner Labor + Tech@ikbH, Berching, Germany).
In all laboratory-scale mashing trials, a totasgmass of 96.75 g (DM) was mixed
with distilled water to give a total mash mass 8250 g at a constant moisture basis
of 14%. The saccharification rate was measured ibCafter the mash reached 72°C
and repeated every 5 min until the iodine test wagative. After mashing-off at
78°C, the loss of water due to evaporation durihg tashing process was
determined gravimetrically and replaced. Then fillvation rate of the hot mash was
checked by measuring the filtered wort volume evarsnin. All laboratory-scale

mashing trials were performed in triplicate.
Wort analysis

Worts were analyzed applying the standard methpeésified by MEBAK, European
Brewery Convention (EBC), or American Society oe#®#mg Chemists (ASBC). pH
and color of wort samples were measured accordinglEBAK — Raw materials
(19) methods 3.1.4.2.7 and 3.1.4.2.8.2. Total polyplsemowort were determined
following MEBAK — Band 1l (24) method 2.17.1. Wort viscosities were analyzed
using a HAAKE falling ball viscometer (Thermo Sdiéic, Karlsruhe, Germany).
Total soluble nitrogen (TSN) contents of wort saesp(10 mL) were measured
applying a Tecator™ Digestor combined with a Kjelte 2100 Distillation unit
(Foss, Hillerad, Denmark). Free amino nitrogen (FFAN worts was determined
according to MEBAK — Raw material§l9) method 3.1.4.5.5.1. The limit of
attenuation of worts was analyzed following MEBAKRaw materialg19) method
3.1.4.10.1.2 using dry lager yeast (Saflager S&mentis, Marcg-en-Baroeul
cedex, France). Wort extract, apparent extractaigmp degree of fermentation, and

alcohol were measured using an Alcolyzer Beer MERlying System (Anton Paar
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GmbH, Graz, Austria). In addition, wdstglucan contents were determined applying
the Megazyme mixed-linkagp-glucan assay procedure (Megazyme International
Ireland Ltd., Bray, Ireland). The protein profiléworts was detected using Lab-on-
a-Chip capillary electrophoresis. For the analy<i§, mg of freeze-dried and
homogenized sample was extracted and analyzed swiltll above. All wort

analyses were performed in duplicate.
Statistical analysis

For determining the statistical significance, th@-ailed Studens t-value forn-1
degrees of freedom was calculai@®). The confidence interval with a probability
level of 95% ¢ = 0.05) was determined for each mean value (adtitnmean).
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Results and discussion
Characterization of oat cultivars

In this study, mostly husked oat cultivars (Lutzyiggy, Galaxy, Scorpion, Typhon,
Ivory, Curly), where each kernel is wrapped in 8,Hwt also one huskless or naked
oat cultivar (NORD 07/711), where the hull natudhlls off the kernel at harvest,
were analyzed. Oat husk consists of cellulose amdidellulose (each around 30—
35%), lignin (2—10%), ash (3.5-9%), protein (1.6}5%4 (1-2.2%), starch (<2%),
and water-soluble carbohydrates (<1%). It is a mpality feedstuff and the most
significant improvement in grain quality could bade by breeding for reduced husk
content(26). In general, oats comprise a very large proportibhusk (25-30% of
total grain weight) compared to barley (6-15% dfaltagrain weight)(27). At
present, the oat cultivar 'lvory' features the Istlaisk content of all German husked
oat cultivars according to the breeder (NordsaatZsaht GmbH, Granskevitz,
Germany). As shown in Table 1, the fat contentadagignificantly among the eight
oat cultivars from 3.8% to 6.1% (DM) being withimetrange given in the literature
(14,28) Intact hulled or hulless oats stored at typicaisture contents of 12—14%
(Table 1) are stable and show little change in fedty acid content during storage
(29). However, once the integrity of the kernel is ded, the enzymes lipase
(hydrolytic catalyst), lipoxygenase (oxidative dg$d), and peroxidase are activated
and a rapid buildup of free fatty acids occurs)ofiwed by oxidative breakdown
(4,29) At present, the oat cultivar "Typhon' features tbwest fat content of all
German oat cultivars according to the breeder (Bt Saatzucht GmbH,
Granskevitz, Germany). Also thieglucan content varied significantly among the
eight oat cultivars from 1.94% to 3.62% (DM) (Talile These findings correspond
with data published in the literatu80). The naked oat cultivar 'NORD 07/711'
contained significantly lower levels @fglucan than the seven husked oat cultivars
such as 'Lutz' exhibiting the highdsglucan content. Mixed-linkage {23)(1—4)-
B-D-glucan is a water-soluble and highly viscous patgharide representing the
main component of soluble dietary fiber in of2% Its solubility (extractability) in
aqueous systems generally increases with decregsirigle size and increasing
temperature or pH5,6). In terms of mash consistency/wort viscosity, St the
amount of-glucan solubilized in the brewery mash that isamtgnt, rather than the

total B-glucan contenf10,23)
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The total nitrogen content of all oat cultivars lgmad in this study was significantly
higher than that of barley malt (1.41% DM) rangiingm 1.55% to 2.19% (DM)
(Table 1). It is common practice to multiply théragen content by 6.25 (conversion
factor) resulting in crude protein contents of 43+4% (DM). Naked oats 'NORD
07/711' contained significantly more protein (13.13%1) than husked oats (9.7—
11.2% DM) representing low-protein cultivars. Théselings correspond with data
published in the literaturél,31,32) The oat cultivars 'Buggy' and 'Galaxy' featured
the lowest protein contents among husked oats heiagreement with the breeder
(Nordsaat Saatzucht GmbH, Granskevitz, Germanyyth&umore, the total starch
content differed significantly among the eight eaitivars between 58.50% and
66.32% (DM) (Table 1). In comparison with barley Im@5.68% DM), the oat
cultivars 'Galaxy', 'Lutz', 'Curly’, and 'Buggy' ntained significantly less starch,
whereas 'NORD 07/711', 'Typhon', 'Scorpion’, anmar{f' contained similar levels of
starch (statistically non-significant different)aked oats 'NORD 07/711' exhibited
the highest starch content of all samples analyadtis study. The ash content of
husked and naked oats was significantly higher thahof barley malt (1.60% DM)
ranging from 2.08% to 2.71% (DM) (Table 1). Onlg that cultivar '‘Buggy' revealed
similar ash levels than 'NORD 07/711' being siguaifitly lower compared to those
of 'Lutz'. It has been reported that hulled oatbantey exhibited higher contents of
crude fiber and ash as well as lower contents arcktthan hulless oats or barley
(27,31,32)as confirmed in this study.

Table 5-1.Standard analysis of oat cultivars.

Oat cultivar Moisture Fat B-Glucan Nitrogen Starch Ash
% % DM % DM % DM % DM % DM

Lutz 12.7+0.: 6.1+0.9 3.62+0.20 1.76 +£0.08 58.61 + 3.55 120.27
Buggy 129+0.. 55+0.6 3.39+£0.28 1.55+0.05 59.98 +1.52 82®.18
Galaxy 12.3+0.: 57+04 3.18+£0.20 1.55+0.12 58.50 +2.21 92:3.13
Scorpion 12.7 £ 0. 43+04 3.04+£0.35 1.64 +0.04 65.01 +4.91 023.16
Typhon 124 %0’ 38+04 256 +0.21 1.74 +0.05 65.60 + 6.59 924.20
Ivory 12.2 0. 46+04 3.03+£0.24 1.75+£0.12 65.01 +3.83 824.41
Curly 125+0.: 43+0.3 2.84+£0.17 1.79+0.10 59.67 +4.01 523.11
NORD 07/711 13.3+0° 53+05 1.94 +0.25 2.19+£0.04 66.32 +2.74 12D.12
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Cytolytic, proteolytic, and amylolytic enzyme acdtigs in all eight oat cultivars
(Table 2) were significantly lower than those irrleg malt 3-glucanase 359.14
U/kg; proteolytic activity 11.30 mg-leucine/hg; a-amylase 165.50 U/g-amylase
19.27 U/g), since hydrolytic preexisting enzymes activated and new enzymes are
synthesized during germinatio(83). Interestingly, naked oats 'NORD 07/711'
exhibited a 2.5-3.6-fold highexr-amylase activity than husked oats (statistically
significant). However, their enzyme level (0.62 J/gas still negligible in
comparison to that of malted barley.

Table 5-2.Enzyme activities in oat cultivars.

Oat cultivar B-Glucanase Proteolytic activity o-Amylase B-Amylase
U/kg mgL-leucine/hg Ulg Ulg
Lutz 28.43 £ 8.68 4.23 +0.95 0.20£0.01 1.56270.
Buggy 15.77+4.31 3.63+1.17 0.17 £0.01 1.23270
Galaxy 2454 +4.84 4.05+1.95 0.20£0.01 1.3825
Scorpion 23.93+1.64 418 +1.65 0.25+0.02 ®3720
Typhon 24.25+0.94 4.76 £2.26 0.23+£0.01 1.ap1
Ivory 25.25 +3.61 422 +1.09 0.24 £0.01 1.11.%0
Curly 21.41+£3.13 4.60+1.13 0.19+0.01 1.19660
NORD 07/711 18.31 £ 6.59 457 +£1.00 0.62 £0.02 89 0.11

The protein profile of barley malt differed sigeidintly from that of unmalted oats
such as 'Lutz' as shown in Figure la. However, kigtilarities between the protein
profiles of the eight oat cultivars were reveal€tg(re 1b). Barley malt proteins
ranged from 9.9 kDa to 84.7 kDa, whereas oat pisteanged from 6.3 kDa to 75.2
kDa. The total peak area in the electropherogranafferent oat cultivars was 4.4—
5.6-fold higher than that in the electropherogrambarley malt. Hence, high
amounts of unmodified high-molecular-weight proseare brought into solution by
replacing barley malt with oats increasing the csiracy of mashes.
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Figure 5-1.Electropherograms/gel-like images of (a) barleytpwats 'Lutz' and (b)

different oat cultivars.

A look inside husked and naked oats using scanalagtron microscopy (SEM)
illustrated their main difference, the outer layassshown in Figures 2a and 2b. The
oat kernel, also named caryopsis or groat, iseék&lual part after removal of lemma
and palea, commonly termed the hull. That usuadinains on the groat after
threshing (husked oats) and accounts for aroun8@&-of total dry grain weight in
most oat cultivar$3,34)as mentioned above. Naked oats, when harvesedyaats
without their protective hulls having a consideyabigher nutritional value than
husked oatq31). A closer look into the endosperm of barley md&iggre 2c)
revealed thap-glucans and proteins were degraded to a largeelecytolytic and

proteolytic enzymes during malting, even starcmglas showed bite marks from
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amylolytic enzymes. Barley starch comprises botlgdalenticular and small

spherical granuleg35), whereas oat starch was found to be present ige lar
compound granules (composed of several individuvahgles) and single granules
being smooth and irregular in shape (Figure 2d).sihall granule size, high lipid

content (as mentioned above), high relative criysiyl, and small amylose chain

length are unique features affecting gelatinizapowpertieg3,36)

Figure 5-2. SEM images of (a) husked oats 'Lutz’, (b) naked 8ORD 07/711',
(c) barley malt endosperm, and (d) oat endosper@RN 07/711).
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Mashing performance of oat cultivars
Rheological mash profile

In the present study, the rheological profile dfrawery mash containing 40% naked
oats 'NORD 07/711" was similar to that of the refiee mash containing 100%
barley malt as shown in Figure 3. At the beginnoighe cytolytic and proteolytic
mash rest, its consistency was slightly higher tten of the reference mash due to
significantly higher contents ¢¥-glucan and protein in naked oats (NORD 07/711).
Furthermore, the gelatinization of naked oat staaused a significantly higher peak
consistency compared to that of barley malt stasla consequence of previously
mentioned ultrastructural differences (gelatinizati temperature 56.5-57.9°C).
However, the substitution of 40% barley malt wittso'NORD 07/711' resulted in a
final mash consistency similar to that of the refee. In contrast, husked oats such
as 'Lutz' caused significantly higher mash cons@és than naked oats before and
after starch gelatinization, most likely becauséheir significantly higheg-glucan
contents and coarser grists (high husk fractionlririgy starch gelatinization,
however, the peak consistencies of mashes congadttifio of different oat cultivars
were non-significantly different. The use of thesked oat cultivar 'Typhon' led to

the highest final mash consistency (statisticatipificant).
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Figure 5-3.Effect of 40% of different oat cultivars on theedhogical mash profile.
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Laboratory-scale mashing

In the present study, the wort pH increased sigaiily when replacing 20% (except
for naked oats) or 40% malted barley with differeat cultivars (100% barley malt
wort pH 5.75; 40% oat worts pH 5.79-5.85). Thesedifigs correspond to
experimental results published previougB8). Worts produced with naked oats
‘NORD 07/711' showed a lower pH than those produwetth husked oats
(statistically non-significant). The-glucan content of worts increased significantly
from 60 mg/L (100% barley malt reference) to 209%-43g/L when using 20% of
the studied oat cultivars. Doubling the adjunctamariration from 20% to 40% oats
led to a 1.7-3.2-fold increase in wdstglucan to 497-984 mg/L (statistically
significant) as shown in Table 3. Worts producedhw0% or 40% oats 'Lutz’
exhibited the highest levels @tglucan among all samples (statistically signiftcan
except for 20% oats 'NORD 07/711"). These findiogs be explained by the fact
that 'Lutz' had the higheptglucan content of all oat cultivars analyzed irs ttudy
(see Table 1). However, worts containing 20% dseBRD 07/711', showing the
lowest B-glucan content (see Table 1), revealed a sigmifigahigher B-glucan
concentration than those containing 20% of the adtivars 'Buggy’, 'Galaxy’,
‘'Scorpion’, 'Typhon', 'Ilvory', or 'Curly'. Substitg 40% barley malt with naked oats
(NORD 07/711) resulted in significantly highgglucan contents compared to those
of worts produced with the husked oat cultivarsrfZwr 'Galaxy'. GajdoSovat al.
(8) found that naked oats contain more water-soluble lass water-insolublg-
glucan than hulled oats. The surprisingly hiffglucan concentration in worts
produced with naked oats (NORD 07/711) might alssult from an increased
solubility due to finer husk-free grist (higher dilofraction). The TSN content of
worts decreased significantly from 1,129 mg/L (106&ley malt reference) to 821—
961 mg/L using 20% oats and to 786-943 mg/L usiogp dats (Table 3). Worts
produced with 20% oats '‘Buggy’ or 40% oats 'Galéry’ in protein) exhibited the
lowest TSN levels, whereas those produced with 'BR@R/711' (high in protein) or
‘Lutz’ exhibited constant high TSN levels.
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Table 5-3.Effect of 20%/40% of different oat cultivars onmvp-glucan and TSN.

Oat cultivar B-Glucan [mg/L] TSN [mg/L]

20% oats 40% oats 20% oats 40% oats
Lutz 434 + 104 984 +78 910 +57 943+ 70
Buggy 209+9 677 £84 821 +£102 852 + 57
Galaxy 239+19 546 + 27 903 £ 62 786 + 80
Scorpion 236 +12 579 + 57 961 + 40 831+81
Typhon 248 + 26 746 £51 947 £ 57 847 +71
Ivory 250 £ 17 556 + 50 866 + 44 863 £ 72
Curly 218+3 497 £ 43 835+ 95 842 +78
NORD 07/711 369 + 28 639 £55 945 + 52 912 + 36

The substitution of 20% barley malt with differeaat cultivars also caused a
significant decrease in FAN content of worts fro202ng/L (100% barley malt) to

182—-204 mg/L. Doubling the adjunct concentratiamfr20% to 40% oats resulted in
a further significant decrease in wort FAN to 1522Ing/L as shown in Figure 4.
The oat cultivars 'Lutz’ and 'Scorpion’ providee thighest FAN levels in worts,

whereas ‘'lvory' and 'Galaxy' provided around 20Lmigés FAN (lowest levels).

However, it has been found that FAN contents of d®fJL and lower are adequate
for optimal yeast growth and an efficient fermeiota(18,37)
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'Lutz’ 'Scorpion’ ‘Ivory’ 'Galaxy'

Figure 5-4.Effect of 20%/40% of different oat cultivars on iv6AN content.

In addition, worts containing 40% naked (NORD 0@/)/dr husked oats exhibited
similar protein profiles than the reference wor0@{@ barley malt) as shown in
Figure 5. Thus, the high levels of unmodified higblecular-weight proteins,
brought into solution by replacing barley malt wahts, were extensively degraded
by malt proteases or precipitated during the mashnmocess. However, the protein
peaks or bands between 6.3 kDa and 17.4 kDa (fazsiinge low-molecular-weight
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fraction) as well as around 41.5 kDa and 50.3 kidanj-positive high-molecular-
weight fraction) were more distinct when using rhkestead of husked oats. The
first fraction contains lipid transfer protein 1dathe latter mainly protein Z being
tolerant to high temperatures and resistant toepigsis(38). These findings might
indicate a better foam stability in beers produsgti naked oats compared to that in
beers produced with husked o¢i8).
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Figure 5-5.Effect of 40% of different oat cultivars on worbgein profile.

Worts containing 20% or 40% of the naked oat cattiwORD 07/711' showed the
highest extract contents of all samples. Besidwsreplacement of up to 40% barley
malt with naked oats resulted in a constant extyatd (100% barley malt wort
extract 15.68% w/w), whereas the use of huskedledtt significant extract losses
as shown in Figure 6. The highest wort extract eatst when using 20%/40%
husked oats were achieved with the oat cultivaggyu(15.40% w/w/14.93% w/w);

in contrast, the use of the oat cultivar 'Lutz'uted in the lowest extract levels.

15.78 15.80

16.00 15.24 14.66
5}
S 12.00
2
‘:‘ & 6 @ 20% oats
3 2 m40% oats
-
+ 4.00 -
(=]
=

0.00

'Lutz’ 'NORD 07/711"

Figure 5-6.Effect of 20%/40% of different oat cultivars on rvextract content.
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These findings were patrtially reflected in the fentability or apparent attenuation
limit of those worts decreasing significantly fron9.0% w/w (100% barley malt
reference) to 75.3-76.4% w/w by substituting 40%dyamalt with different oat
cultivars. The highest apparent attenuation limgisvachieved in worts containing
40% oats '‘Buggy’, being significantly higher thhattdetermined in 40% oats 'Lutz’
containing worts (75.3% w/w). However, the highettract content of worts
produced with naked oats (NORD 07/711) was notectdd in a higher
fermentability. It should be mentioned here tha #pparent attenuation limit of
worts was analyzed using the dry yeast Saflages,SvRich was found to attenuate

significantly less than other yeast straj@8).

The viscosity of worts based on 12% (w/w) extrautréased significantly from
1.674 mP& (reference) to 1.709-1.834 m$&avhen replacing 20% malted barley
with different oat cultivars. Doubling the adjurmncentration from 20% to 40%
oats caused a further significant increase in wistosity to 1.777-2.250 mRaas
shown in Figure 7. Worts produced with the oatieatlt'Lutz' (high inp-glucan)
exhibited the lowest viscosity (statistically sifyjcent), despite the fact that their
glucan concentration was found to be the highestllofvorts. In contrast, worts
containing up to 40% of the naked oat cultivar 'NMRB7/711" (low inp-glucan)
showed the highest viscosity among all samplesigstally significant). Bhatty(6)
found that viscosity is a poor indicator of tofagjlucan content in oats. A high level
of extracted3-glucan does not necessarily involve a high vidgagind vice versa)
since different extraction conditions (e.g. padidize) can result in different
fractions ofp-glucan (larger fragments contribute more to viggakwan smaller but
more numerous fragments). In addition, Augibal. (40) compared the viscosities
and molecular weight distributions fglucan preparations isolated from ten Finnish
oat cultivars. It has been found that the mostiagmt differences in viscosity
between thosg-glucan solutions were caused by differences iim thean molecular

weight.
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Figure 5-7.Effect of 20%/40% of different oat cultivars on mvaiscosity.

In accordance with these results, the filtratiote raf the 78°C hot mashes was
significantly reduced by using 20% of each hammdiech oat cultivar and
decreased significantly from 17.4 mL wort/min (100%ley malt) to 13.7-15.3 mL
wort/min by using 40% oats. These findings alsaespond to experimental results
published previously18). The filtration of mashes containing 40% oats ZL(15.3
mL wort/min) was significantly faster compared wittat of mashes containing 40%
oats 'NORD 07/711' (13.7 mL wort/min).

The substitution of 20% barley malt with differeydt cultivars significantly reduced
the polyphenol concentration in wort from 148 mgyeference) to 104-121 mg/L.
Doubling the adjunct concentration from 20% to 468ts led to a further significant
decrease of total polyphenols in wort to 82-94 maglL.shown in Figure 8. Worts
produced with the oat cultivars 'Lutz’ or 'Bugggnded to have the highest
polyphenol contents, whereas those produced wwitryl or '‘Curly’ showed the

lowest levels (statistically non-significant).
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Figure 5-8. Effect of 20%/40% of different oat cultivars on mvgolyphenol

content.
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In accordance with these findings, the wort colecréased significantly from 17.30
EBC units (100% barley malt reference) to 9.25-8£8C units when using up to
40% oat adjunct. Worts containing 20% or 40% ofdhecultivars 'Lutz' or '‘Buggy’
tended to be darker than those containing 'lvaryCarly'. The lowest color values
were, however, achieved with the naked oat cultid®RD 07/711'. Polyphenols
may not only contribute to wort color but also sirengency (harsh taste), haze, and

an increased flavor stability of be@rl).
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Conclusion

In this study, the effect of eight oat cultivarewl in fat, B-glucan, protein, and/or
high in starch) on the quality and processabilitynashes and worts was compared.
The substitution of up to 40% barley malt with umied husked or naked oats
resulted in significantly higher pH valugsglucan contents, and viscosities as well
as significantly lower TSN, FAN, and polyphenol temts, color values, filtration
rates, and apparent attenuation limits. Naked ¢BORD 07/711) contained
significantly les$3-glucan as well as more protein and starch tharséven husked
oat cultivars (Lutz, Buggy, Galaxy, Scorpion, Typhdvory, Curly). Their use as a
substitute for barley malt caused significantly émwnash consistencies before and
after starch gelatinization compared to the usehudked oats. However, worts
produced with 20% or 40% of the naked oat culti®RD 07/711' exhibited the
highest viscosities of all samples, whereas thasdyzed with 'Lutz' revealed the
lowest viscosities. Hence, a higlhglucan content does not necessarily involve a
high wort viscosity (and vice versa). The replacettd 40% barley malt with naked
oats (NORD 07/711) resulted in a constant extradtlywhereas the use of husked
oats led to significant extract losses. Howeveg,dht cultivars 'Lutz’ and 'Scorpion'
provided more FAN than all other cultivars analyZzedhis study. In view of all
these results, the oat cultivars 'NORD 07/711' édaéats) and 'Lutz’ (husked oats)

have proven to be especially interesting and primigpias brewing adjuncts.
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Abstract

Barley malt is the preferred brewing material thdags because of its high extract
content and high enzyme activities. When substitutnalted barley with unmalted
oats in order to create a unique beer flavor/aramangst others, endogenous malt
enzymes become the limiting factor. Therefore, dbgectives of this study were to
evaluate the effect of 10-40% unmalted oats on dbality of high-gravity
mashes/worts and to investigate the limitationsrafogenous malt enzymes as well
as the benefits of the application of industriatygnes. The enzyme mix Ondea®
Pro was found to be particularly suitable for maghwith unmalted oats and was
therefore used in the present rheological testslamaratory-scale mashing trials. In
order to gain detailed information about the bigolwal processes occurring during
mashing, the quality of mashes was comprehensamdyyzed after each mash rest
using standard methods described by MitteleuropéiscBrautechnische
Analysenkommission (MEBAK) and Lab-on-a-Chip cagil electrophoresis.
Mashing with up to 40% oats resulted in increasexshmconsistencies, color/pH
(20°C) valuesf-glucan concentrations, wort viscosities 12.0%, altichtion times
as well as decreased free amino nitrogen and éxtmatents. The application of
Ondea® Pro enormously increased the color of waetspite lower pH values but
considerably improved the quality and processghilft30% or 40% oat-containing
mashes/worts. However, the substitution of up téoAfarley malt with unmalted
oats can easily be realized without the additioaxafgenous enzymes.
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Introduction

Malted oats Avena satival.) have been used by European brewers for many
centurieq1). Today, barley malt is the dominant brewing malepreferred because
of its lower husk proportion and therefore highgtract content as well as higher
enzyme activities amongst othdBs-6) Malting is the initial step in the traditional
beer production process and strongly defines typk cuality of the final beer. Its
main purposes are to produce enzymes and to breakdell walls surrounding
starch granulegr). The malting process, a limited modification ofe=d seeds under
controlled conditions, is split into three unit ogions: steeping, germination, and
kilning. In steeping, seeds absorb moisture tordgrotled extent by immersing them
in water. Thus, the seeds swell and soften whike liing tissues resume their
metabolism (8). The germination of cereal seeds comprises thieehémical
processes: 1) the initiation or “wake up” period; the period of intensive
biosynthesis of proteins; 3) the degradation ofagje proteins as well as other
macromolecules in the endospe(®). During germination, hydrolytic preexisting
enzymes are activated and new enzymes are syrébesizhe aleurone lay€B).
Furthermore, the proteinaceous matrix surrounditeyck granules within the
endosperm cells is degraded into soluble peptides @mino acids providing
substrates for the synthesis of proteins in thevgrg embryo(7). Since enzymes are
generally sensitive to heat at high moisture cdstehe kilning process starts with a
gentle drying of germinating seeds to halt growtitheut damaging the enzyme
activity (10). Then, further heat is applied to produce the iregucolor, flavor, and
aroma(8). While malting, a 10% to 20% loss of weight occcasised by the growth
of rootlets being removed during the malt clearpngcesg10). In addition, malting
is a very time-/energy-consuming and therefore-gashsive process causing raw
material prices to double and triple according itgures provided by Private
Brauereien Bayern e.V. The substitution of barlegltrvith oats has not only the
potential to reduce costs but also to create auenigeer flavor and aromdl).
However, unmalted oats contain high levels of unifiexti3-glucan, protein, and fat
as well as negligibly low enzyme activities; henlsarley malt enzymes become the

limiting factor when brewing with oat adjunct.
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The aims of this study were: 1) to determine ttieotfof up to 40% unmalted oats on
the quality and processability of high-gravity mestworts; 2) to investigate the
limitations of barley malt enzymes and the benedft$he application of exogenous
enzymes in high-gravity brewing. For these purposesh rheological tests and
laboratory-scale mashing trials were performed.
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Materials and methods
Mashing materials

Unmalted oatsAvena sativa.. 'Lutz’), harvested in 2009 in Ravensburg, Geryna
as well as malted barleyd¢rdeum vulgard.. 'Fr Sebastian’), harvested in 2008 and
obtained from Greencore Group plc (Dublin, Irelameggre used in the mashing
trials. In a previous studfl?), the oat cultivar 'Lutz’ has proven to be espBcial
interesting and promising as brewing adjunct. Tipelytic, cytolytic, proteolytic, as
well as amylolytic characteristics of both well-nifgetl barley malt and unmalted

oats are given in Table 1.
Mashing enzymes

The enzyme cocktail applied to mashes was Ondea®20 g/kg oats) containing
the following enzyme activities: Pullulanase (deethenzyme 637 U/g; optimum
pH/temperature 3.5-6.0/60-65°C) aneamylase (optimum pH/temperature 5.2—
5.5/70-90°C) to increase the degree of fermentatisna consequence of high
maltose yields; endoprotease (optimum pH/tempezabld/40-50°C) to maintain a
good yeast fermentation performance due to higiveld of fast absorbable amino
acids; B-glucanase (optimum pH/temperature 4.0-5.8/65°G)amase (optimum
pH/temperature 5.0/65°C), as well as lipase (optimaH/temperature 5.0-9.0/45—
65°C) to improve the lautering/filtration efficiepby reducing wort viscosity and to
ensure wort clarity (Novozymes A/S, Bagsveerd, DaRind his enzyme mix was
found to be particularly suitable for mashing witihmalted oats.
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Table 6-1.Characteristics of malted barley and unmalted. oats

Analysis Method Unit Barley malt Oats
Standard analysis

Moisture MEBAK (13) method 3.1.4.1/1.5.1.1 % 48+0.0 12.7+0.3
Total proteirt MEBAK (13) method 3.1.4.5.1/1.5.2.1 % DM 9.4+0.1 105+0.3
B-Glucan McCleary methdd % DM 0.3+0.0 3.6+0.2
Total starch AmyloglucosidaseAmylase method % DM 65.7+1.9 58.6 £3.6
Fat MEBAK (13) method 2.5 % DM 18+03 6.1+0.9
Ash MEBAK (13) method 3.1.4.20.1 % DM 16+0.2 27+03
Friability MEBAK (13) method 3.1.3.6.1 % 948+1.4 N/A
Glassy kernels MEBAK13) method 3.1.3.5.1 % 06+0.1 N/A
Homogeneity MEBAK(13) method 3.1.3.8 % 98.7+1.2 N/A
Gelatinization temperature Differential scanninpdenetry °C 64.6 £ 0.6 61.7+1.3
Enzymeactivities

Proteolytic activity Method of Brijet al.(14) mgL-leucine/hg 11.30+£2.88 4.23+£0.95
B-Glucanase Azo-Barley Glucan metfod Ulkg 359.14 +15.88 28.43 +8.68
a-Amylase Ceralpha methbd Ulg 165.50 £ 4.81 0.20+£0.01
B-Amylase Betamyl-3 meth8d Ulg 19.27 £0.28 1.56 +0.27
Congress mashing

Extract MEBAK (13) method 3.1.4.2.2 % wiw (DM) 82.9+0.4 N/A
Saccharification time MEBAK13) method 3.1.4.2.4 min <10 N/A
pH MEBAK (13) method 3.1.4.2.7 5.93 +0.06 N/A
Wort colol MEBAK (13) method 3.1.4.2.8.2 EBC 3.2%+0.1 N/A
Boiled wort color MEBAK(13) method 3.1.4.2.9 EBC 52+0.0 N/A
Viscosity 8.6% MEBAK(13) method 3.1.4.4.2 mPa 1.506 +0.016 N/A
Soluble nitrogen MEBAK13) method 3.1.4.5.2.1 mg/100 g (DM) 581+4 N/A
KOLBACH index MEBAK (13) method 3.1.4.5.3 % 38.8+0.3 N/A
Free amino nitrogen MEBAKL3) method 3.1.4.5.5.1 mg/100 g (DM) 127 +2 N/A
B-Glucan MEBAK(13) method 3.1.4.9.2 mg/L 78+ 16 N/A
Apparent attenuation limit MEBAK13) method 3.1.4.10.1.1 % 77.7+0.6 N/A
65°C Isothermal mashing

Viscosity 8.6% MEBAK(13) method 3.1.4.4.2 mPa 1.517 +0.004 N/A
B-Glucan MEBAK(13) method 3.1.4.9.2 mg/L 139+5 N/A

@ Total nitrogen (% DM) x 6.25.

P Megazyme kits (Megazyme International Ireland LRtay, Ireland).

N/A = not applicablen = 3.
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Milling

Unmalted oats were milled using a hammer mill egedg with a 1.5-mm sieve
(A.M.A. S.p.A., San Martino in Rio, Italy). Maltetharley was milled with a
laboratory disk mill (Bihler GmbH, Braunschweig, r@any) set at a 0.2-mm disk
distance. Milling of mashing materials was carr@md directly before mashing-in.
The particle size distribution of barley malt andt grist, analyzed according to
MEBAK (15) method 1.1.1n(= 3), is shown in Figure 1.
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Figure 6—1.Particle size distribution of barley malt and gast.

Mashing

For mashing, the following well-proven infusion pealure considering the three
important degradation processes cytolysis, progeslyand amylolysis was chosen:
30 min at 50°C, 40 min at 65°C, 20 min at 72°C, I @&t 78°C (mashing-off).
Mashes with increasing levels of unmalted oats (0085, 20%, 30%, and 40% of
total grist mass) were prepared using a constgubiito-grist ratio of 2.488:1 dry
matter (DM). Mashing-in was performed by mixing themogenized grist into
preheated distilled water (50°C) in the respeatnash cup being then attached to the
temperature-controlled heating system of the rasmemashing instrument. In all
mashing trials, a stirring speed of 100 rpm anceatihg rate of 1°C per min were
applied 6 = 3).
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Rheological mashing trials

The rheological profile of mashes containing vasidevels of oats was determined
according to the previously published method ofrfizenbaumeet al. (16) using a
controlled stress rheometer Physica MCR 301 (AnRaar Germany GmbH,
Ostfildern, Germany). In all rheological mashin@ls, a total grist mass of 7.740 g
(DM) was mixed with distilled water to give a totadlash mass of 27.000 g at a
constant moisture basis of 14%. Rheological testsewcarried out without
exogenous enzymes and with recommended enzymeosd(fitO g Ondea® Pro/kg
oats).

Laboratory-scale mashing trials

Worts produced with 0-40% oats using a LB 8 — HEtest mashing device
(Lochner Labor + Technik GmbH, Berching, Germanygrav comprehensively
analyzed after each mash rest at 50°C (End 50&Cfwdshing time 30 min), 65°C
(End 65°C/total mashing time 85 min), and 72°C (E&AC/total mashing time 112
min) as well as after mashing-off at 78°C (End 785l mashing time 123 min).
The complete infusion mashing process was perfonwidtbut exogenous enzymes
and with recommended enzyme addition (2.0 g OndeB®&/kg oats).
Saccharification rates were checked 10 min afterrttash reached 72°C and the
measurement repeated every 5 min until the iodest tvas negative. In all
laboratory-scale mashing trials, a total grist mzfs$54.80 g (DM) was mixed with
distilled water to give a total mash mass of 54@Qft a constant moisture basis of
14%. Water losses due to evaporation during thehimggrocess were determined
gravimetrically and replaced. The filtration ratehot mashes (78°C) was measured
by recording the filtered wort volume every 5 mising folded filter paper (grade
597 %,; Whatman, Dassel, Germany). After filtratidre worts were cooled down to

20°C and then analyzed.
Wort analysis

Worts (20°C) were analyzed according to standarthous specified in MEBAK
(15). Free amino nitrogen (FAN) in worts was determinedowing method
2.6.4.1.1. Wort extract was measured using an peslBeer ME Analyzing System
(Anton Paar GmbH, Graz, Austria). Color and pH arinsamples were analyzed
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according to method 2.12.2 and 2.13, respectiwigrt viscosity was determined
applying a HAAKE falling ball viscometer (Thermo i8atific, Karlsruhe,
Germany). In addition, worf3-glucan contents were measured following the
Megazyme mixed-linkage-glucan assay procedure (Megazyme International
Ireland Ltd., Bray, Ireland). The protein profiléworts was detected using Lab-on-
a-Chip capillary electrophoresis as described bys&ét al. (17). For the analysis,
40 mg of freeze-dried and homogenized sample wasaed with 400 pL of a
reagent containing 2 M urea, 15% glycerol, 0.1 Ns-HCI (pH 8.8), and 0.1 M
dithiothreitol in the ultrasonic water bath for 18in at room temperature. After
centrifugation at 10,00@xfor 15 min, 4 pL of supernatant was denaturedédating

at 95°C for 5 min with 2 pL of Agilent denaturinglstion. Afterward, the denatured
sample was diluted with 84 pL of deionized wated & pL of this mixture was
applied to the Protein 80LabChip for analysis in the Agilent 2100 Bioanalyz
according to the manufactuisrinstructions (Agilent Technologies, Santa Clara,

California). All wort analyses were carried outdaplicate ( = 6).
Statistical analysis

Results are given as arithmetic means with 95% iden€e intervals (two-tailed
Students t-values forn-1 degrees of freedom). Analysis of variance testse
performed to compare sample means (Bonfertdast; a = 0.05) using SigmaPlot

software (Systat Software Inc., San Jose, Cali&rni
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Results and discussion

In the present study, the effect of up to 40% aessd as brewing adjunct on the
quality of high-gravity mashes and worts without with enzyme addition was

evaluated. For these purposes, both rheologictd tasd laboratory-scale mashing
trials were performed.

Rheological mashing trials

The replacement of 10-40% barley malt with oat mcljladversely affected mash
consistency throughout the mashing process as showihable 2. Very high
correlations between mash consistency and oat ntaten were determined.
Unmalted oats contain large amounts of unmodifigtidmolecular-weighg-glucan
and protein (see Table 1) increasing the initiasimeonsistency from 60 m3g0%
0ats/100% barley malt; reference) to 131 mP@0% oats). During mashing,
endogenous malt enzymes (limiting factor) break mowiscosity-altering
macromolecules such disglucan, protein, and stardi8) resulting in final mash
consistencies from 30 mBg0% oats) to 44 mPa(40% oats).

Table 6-2.Effect of 10-40% oats on mash consistency dutiwegnashing process:
Start/End 50°C = Start/End of cytolytic/proteolyticash rest at 50°C; Start/End
65°C = Start/End of first amylolytic mash rest &°®; Start/End 72°C = Start/End
of second amylolytic mash rest at 72°C; Start/E®UC7= Mashing-off at 78°C.

Mash consistency

Adjunct 50°C 65°C 72°C 78°C
concentration  start End Start End Start End Start End
mPas mPas mPas mPas mPas mPas mPas mPas

0% Oats 60+ 2 441 90+2 37+0 35+0 33+1 0+ 30+0
10% Oats 66+5 49+0 95+0 42+0 39+1 37+0 34%0 34+1
20% Oats 82+1 54+3 107 +3 47+4 43+3 40+£3 37%3 38+4
30% Oats 99+ 6 60+ 2 121+6 50+1 46+0 43+0 39%2 39+0
40% Oats 131+6 71+6 148 + 6 55+4 50+2 8+ 43+2 44 +1
R? 0.9356 0.9664 0.9272 0.9938 0.9978 0.9908 0.9887 .9726
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In preliminary rheological tests was found thaisiimpossible to reduce the mash
consistency of 40% oat-containing mashes to a aintével as that obtained with
100% barley malt by extending the cytolytic/protgial mash rest (up to 5 hours).
However, this reduction in mash consistency cowdabhieved by the addition of
Ondea® Pro (2.0 g/kg oats) to 40% oat-containinghma as shown in Figure 2,
causing an extensive degradation of high-moleonkight B-glucans and proteins
within 30 min at 50°C. As a consequence of thig, peak consistency decreased
from 157 mPe& (without enzyme addition) to 91 mPBarecommended enzyme
addition) improving the processability of mashebe Tapplication of Ondea® Pro
had significant positive effects on mash consistemioen substituting 20% or more
barley malt with oats. However, it had relativelylé effect on 10% oat-containing

mashes.
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Figure 6—2.Rheological profile of mashes (0%, 40% oats) withend with enzyme

addition.
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Laboratory-scale mashing trials

In order to closer investigate the performance rafogenous malt enzymes during
mashing when using up to 40% unmalted oats, thenimgagrocess was stopped
after each mash rest (herein after referred toras30°C/End 65°C/End 72°C) and
the quality of the respective mashes/worts analyZbd complete infusion mashing
process was performed without exogenous enzymed {BAC = final wort) and
with recommended enzyme addition (2.0 g Ondea®kBroéts). It has been found
that thep-glucan content of final worts increased signifitarwith increasing oat
adjunct level P < 0.001) from 129 mg/L (0% oats/100% barley madterence) to
1,773 mg/L (40% oats) as shown in Figure 3. Aftex tytolytic/proteolytic mash
rest, only negligibly low concentrations @fglucan were determined. During heating
up to 65°C and the subsequent mash rest at thigetature, however, enormous
amounts of high-molecular-weight optglucan were released into solutioR €
0.001) as a result of starch gelatinization (selelefd) and/or endogenoiisglucan

solubilase activity (optimum pH/temperature 6.8/62>C)(18,19)

2000

—8— (% Oats

—o— 10% Oats
—w— 20% Oats
1500 4 —&— 30% Oats
—a— 40% QOats

1000 1

Beta-glucan [mg/L]
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End 50°C End 65°C End 72°C End 78°C

Figure 6-3. Effect of 10—-40% oats on mash/w@rglucan concentration during the
mashing process: End 50°C = End of cytolytic/priytieo mash rest at 50°C; End
65°C = End of first amylolytic mash rest at 65°hdE72°C = End of second
amylolytic mash rest at 72°C; End 78°C = Mashinab{78°C.
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Malt endog-glucanases, degrading solubiliz@eglucan to low-molecular-weight
molecules, cellobiose, and laminaribiose, are direimactivated at temperatures
around 60°C in contrast tf-glucan solubilase (inactivation temperature 73°C)
(19,20) This also explains the further increasefiglucan during the heating up
period to 72°C and the following saccharificatiastr @ > 0.05). The addition of
Ondea® Pro (2.0 g/kg oats) to mashes significamguced thep-glucan
concentration in final worts by 55.9-99.6% <€ 0.001) (Figure 4). Interestingly, the
enzyme activity and degradation rate, respectivigigreased with increasing oat
adjunct level. Therefore, the application of exagenp-glucanase in order to
prevent lautering and filtration problems seemsé¢oespecially reasonable when

replacing higher amounts of barley malt with unmedloats.
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Figure 6—4. Final wort B-glucan concentration (10-40% oats) without andhwit

enzyme addition.

The viscosity of final worts calculated to 12.0%mw&xtract increased significantly
when using 20% or more oat8 € 0.001) from 1.784 mP=a(100% barley malt) to
1.852 mPe& (40% oats) as shown in Figure 5. After the mashat 50°C, very high
viscosities between 2.013 mPg100% barley malt) and 2.130 m®#40% oats)
were measured despite negligiBlglucan contents (see above). It has been reported
that B-glucan in a concentration below 800 mg/L is na gredominant viscosity-
altering component in wort/beer compared to pro#eid starcl{21). During heating

up to 65°C and the maltose formation rest, a sicant drop in viscosity occurred
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(P < 0.001) being contrary to the immense [palucan concentration determined in
those filtrated mashes. However, it has been fatat high levels of extractefgt
glucan do not necessarily involve a high viscostyd vice versa since larger
molecules contribute more to viscosity than smaber more numerous molecules
(12,22) This might also explain the further decline isagsity during the heating up
period to 72°C and the mash rest of 20 nfr>(0.05) in spite of increasirfiyglucan
contents. Besides, the significantly higher visgosf mashes/worts after mashing-
off at 78°C P < 0.01) was most likely caused by their higher yatues(21) (see

below).
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Figure 6-5. Effect of 10-40% oats on mash/wort viscosity 12.0Uring the
mashing process: End 50°C = End of cytolytic/priytieo mash rest at 50°C; End
65°C = End of first amylolytic mash rest at 65°nde72°C = End of second
amylolytic mash rest at 72°C; End 78°C = Mashinab{78°C.

The use of Ondea® Pro as recommended significdotiered the final wort
viscosity 12.0% from 1.785 mRato 1.701 mPa (10% oats) and from 1.852 m&a
to 1.668 mP& (40% oats), respectivell < 0.001) (Figure 6). These results are in
accordance with th@-glucan reductions achieved by adding this enzyocktail
(see above). However, the substitution of only I88dey malt with unmalted oats

does not require the application of viscosity-redgenzymes.
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Figure 6—6. Final wort viscosity 12.0% (10-40% oats) withomidawith enzyme

addition.

The findings concerning viscosity were reflected tive filtration rates of the
respective hot mashes. After mashing-off at 78°@stmfiltration rates decreased
from 3.1 mL wort/min (100% barley malt) to 2.6 mlo/min (40% oats). Using up
to 20% oat adjunct had no or little effect on th#ration performance of
mashes/worts, whereas the use of 30% and 40% adglerably increased filtration
times. However, the addition of exogenous enzyrmesdashes containing 30/40%
unmalted oats clearly improved the filterabilityfofal worts by 34/41%. In practice,
mash filters are highly suitable for separatinghkhggavity worts from spent grains
(23).

The replacement of 40% barley malt with oats alad An effect on the protein
profile of final worts as shown in Figure 7. Digtirprotein peaks at approximately
6.3 kDa and 42.5/51.8 kDa, respectively, have badantified in the
electropherogram or gel-like image of worts prodlwagth 40% oats. On the other
hand, the concentration of proteins with molecwarghts of 5.2-5.6 kDa and 9.5—
18.0 kDa, respectively, was considerably lower carag to that in 100% barley
malt worts, which could indicate a poorer beer fagmlity (less foam-positive lipid
transfer protein 1(19).
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Figure 6—7.Electropherogram/gel-like image of final worts (080% oats).

The FAN content of final worts decreased signiftbamwith increasing amounts of
oats P < 0.05) from 328 mg/L (100% barley malt) to 222/m@0% oats) (Figure
8). At the end of the cytolytic/proteolytic mashstrethe FAN levels in filtrated
mashes were 7.9-31.5% higher than those in thectge final worts. Interestingly,
the overall relative losses of FAN during mashingreéased with increasing oat
concentration. The greatest FAN losses (20-65 mdping significant when using
20% or more oatd(< 0.05), occurred during heating up to 65°C aredsihbsequent
mash rest of 40 min. These reductions in FAN weobably caused by the high fat
content of oats (see Table 1) due to interacti@b&den nitrogenous compounds and
lipids (24,25)as well as the formation of melanoidins (Maillashctions between
amino acids and reducing sugars) resulting in as#d mash/wort color values (see
below) (26). The application of Ondea® Pro (2.0 g/kg oatshtaming endoprotease
and lipase amongst others, significantly increabed FAN concentration in final
worts by 21.2-55.9% when substituting 20% or maomddy malt with oatsR <
0.001) (Figure 9). According to the literaty&¥,28) recommended values for FAN
in high-gravity worts (18-24% w/w) are 250-280 mgilhose concentrations have
still been reached in final worts produced withtaf20% oats without the addition of

exogenous enzymes.
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Figure 6-8. Effect of 10—-40% oats on mash/wort FAN concerdratduring the
mashing process: End 50°C = End of cytolytic/priytieo mash rest at 50°C; End
65°C = End of first amylolytic mash rest at 65°nde72°C = End of second

End 72°C
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amylolytic mash rest at 72°C; End 78°C = Mashinab{78°C.
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Figure 6-9.Final wort FAN concentration (10—40% oats) withand with enzyme

addition.

The final wort extract content decreased signifiljawhen using 20% or more oat
adjunct P < 0.001) from 24.5% w/w (100% barley malt) to 28.8v/w (40% oats)
as shown in Figure 10. Oats used in this studybédud a husk proportion of 26% of
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the total grain weight, explaining the lower staodmntent (see Table 1) and extract
yield in comparison to barley malt. After the masst at 50°C, extract levels
between 8.2% w/w (40% oats) and 10.2% w/w (100%ekanalt) were determined,
accounting for 35.3-41.4% of the final wort extrathese results also indicate a
higher solubility/extractability of barley malt gticompared with oat grist due to a
higher flour fraction (see Figure 1). Most of thetract (46.3-52.8% of the final
content) was released into solution during the ihgatip period to 65°C and the
maltose formation restP(< 0.001) as a consequence of starch gelatinizgsea
Table 1) as well as liquefaction by endogenausnd B-amylases. This time, the
amount of released extract increased with incrgasat concentration, indicating the
high amylolytic enzyme activity in barley malt (s€able 1). A further significant
rise in mash/wort extracP(< 0.001) occurred during heating up to 72°C ara th

saccharification rest due to the activity of mamylase.
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Figure 6-10. Effect of 10-40% oats on mash/wort extract contéating the
mashing process: End 50°C = End of cytolytic/priytieo mash rest at 50°C; End
65°C = End of first amylolytic mash rest at 65°nde72°C = End of second
amylolytic mash rest at 72°C; End 78°C = Mashinab{78°C.

The use of Ondea® Pro as recommended also sigmtiffcanhanced the extract
content of final worts produced with 20% or mordsohy up to 0.6% w/wR <
0.001) (Figure 11). All mashes (10-40% oats) weoenmetely saccharified
(negative iodine test) after 10 min at 72°C withoutwvith enzyme addition.

152



246

243 A
= 240
2
£ 2374
2a]
234 A
® Without enzyme addition E
© Recommended enzyme addition
231 T T T T

10% Qats 20% Qats 30% Qats 40% Qats

Figure 6-11.Final wort extract content (10—40% oats) withonod avith enzyme

addition.

Furthermore, the pH of final worts (20°C) rangimgnh 5.77 (100% barley malt) to
5.89 (40% oats) was significantly higher when sitioting 30% or 40% barley malt
with unmalted oatsH < 0.05) (Figure 12). This increase in pH migheplained by
a reduced buffering potential of oat-containing hestworts due to lower
concentrations of buffer substances such as HRN). At the end of the
cytolytic/proteolytic mash rest, pH values of 5.8 89 (0-40% oats) were measured
in the filtrated mashes (20°C), decreasing sigaifity to 5.75-5.86 during heating
up to 65°C and the subsequent mash rest of 40 Phin(.05). A further decline in
mash pH (20°C) was observed after the heating upogdao 72°C and the
saccharification rest(> 0.05) followed by a slight rise at the end ofsimag f >
0.05). These pH changes, however, were quite sSmatimparison to those obtained
by applying Ondea® Pro (2.0 g/kg oats), signifibameducing the final wort pH
(20°C) from 5.80 to 5.52 (10% oats) and from 58% 163 (40% oats), respectively
(P < 0.001) as shown in Figure 13. According to fiterdture(30), a mash pH of
5.5-5.6 benefits protein degradation, viscositytdeng and filtration rates, wort

color, and attenuation limit.
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Figure 6-12.Effect of 10-40% oats on mash/wort pH (20°C) dgirthe mashing
process: End 50°C = End of cytolytic/proteolyticghaest at 50°C; End 65°C = End
of first amylolytic mash rest at 65°C; End 72°C adEof second amylolytic mash
rest at 72°C; End 78°C = Mashing-off at 78°C.
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Figure 6—13.Final wort pH (10-40% oats) without and with eneyaddition.

Final worts produced with 10-40% oats tended tdédrigcolor values (9.51-10.09
EBC units) compared to 100% barley malt worts (8L units;P > 0.05) (Figure

14). After the cytolytic/proteolytic mash rest, oolalues between 9.05 EBC units
(100% barley malt) and 9.58 EBC units (40% oatsjewdetermined, increasing to
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9.83-10.35 EBC units during heating up to 65°C thiredmaltose formation res® ¢
0.05). This rise in mash/wort color was most likelye to the formation of
melanoidins as a result of Maillard reactiq@6,31)being in accordance with FAN
reductions occurring in this period (see above)géneral, the extent of those non-
enzymatic browning reactions and the extractioncoforing substances from
mashing materials are greater at higher pH vald@s32)explaining the increase in
color with increasing oat concentration. Interegiimhowever, mash/wort color and
pH behaved contrary to each other during mashiftgr the saccharification rest at

72°C, for instance, filtrated mashes exhibitedrighest color but lowest pH values.

12.5
® (0% Oats
O 10% Oats
v 20% Oats
1154 &  30% Oats
B 40% Oats
iz}
5
2
&) 10.5
B
=)
)
9.5 1
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End 50°C End 65°C End 72°C End 78°C

Figure 6—14.Effect of 10-40% oats on mash/wort color during mmashing process:
End 50°C = End of cytolytic/proteolytic mash res68°C; End 65°C = End of first
amylolytic mash rest at 65°C; End 72°C = End ofoselcamylolytic mash rest at
72°C; End 78°C = Mashing-off at 78°C.

Even more surprising is that the addition of Ondéa® to mashes as recommended
significantly increased the final wort cold? € 0.001) from 9.51 EBC units to 11.15
EBC units (10% oats) and from 10.09 EBC units to422EBC units (Figure 15)
despite significantly reduced pH values. These ifigsl indicate an excessive
formation of Maillard products as a consequenciefextensive protein degradation
(31) being undesirable since wort color further incesaduring wort boiling (see

Table 1).
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Figure 6-15.Final wort color (10—40% oats) without and witlzgme addition.
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Conclusion

In the present study, the effect of up to 40% umbedabats on the quality of high-
gravity mashes and worts without or with enzymeitimld was investigated. The
enzyme mix Ondea® Pro, which was found to be paerty suitable for brewing
with oats, was used in the rheological and laboyatoale mashing trials (2.0 g/kg
oats). High-gravity mashes or worts produced witr-40% oat adjunct revealed
increased mash consistencies, color/pH (20°C) gaflaglucan concentrations, wort
viscosities 12.0%, and filtration times as weldasreased FAN and extract contents.
However, the substitution of up to 20% barley nvalh unmalted oats had no or
only little effect on mash/wort quality. The applion of Ondea® Pro as
recommended enormously increased the color of vamspite lower pH values but
considerably improved the quality and processabaft30% or 40% oat-containing

mashes/worts.
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Abstract

The brewing industry is facing an ever increasihgllenge to become more cost-
effective, while at the same time maintaining oproving product quality. Brewing
with unmalted oatsAvena satival..) has the potential to reduce the costs of raw
materials. However, the replacement of malted pantgh unmalted oats can also
adversely affect the quality and processabilitynashes, worts, and beers. In this
study, brewing with unmalted oats (0—40%) and rdaliarley was carried out in a
60-L pilot plant. The impact of various levels odite on mashing, lautering, and
fermentation performance was monitored in detad #e quality of the final beers
was evaluated using Lab-on-a-Chip capillary elgtiovesis as well as standard
methods specified by Mitteleuropaische Brautech@scAnalysenkommission,
European Brewery Convention, or American SocietyBogwing Chemists. It has
been found that thg-glucan content and viscosity of mashes/worts swed
significantly with increasing amounts of oats. tddion, the use of 20% or more oat
adjunct resulted in a clearly increased lauterimget The replacement of barley malt
with unmalted oats also had adverse effects orl saable nitrogen, free amino
nitrogen, and extract levels in worts. The foanbiéity of the final beers decreased
significantly using 20% oats or more. However, tthsginsory quality improved with

increasing levels of oat adjunct.
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Introduction

In recent years, the interest in oadwé€na sativd..) for the production of foods and
beverages has significantly increased due to thaiellent health benefi{d). Oats
represented the predominant brewing cereal duhagMtiddle Ages and were used
for beer production long afterward. Today, howetleey have lost their significance
in brewing (2) since barley Hordeum vulgarel.) proved to be more suitable for
malting and brewing purposes. Only a few specibkgrs are still produced with
unmalted and/or malted oats (lagers, ales, ands3tas flavoring ingredients,4).

As a result, very little brewing-related publicattoon oats are available at present
(4-11) It has been reported that oats as brewing adparcbenefit flavor properties
of the final product(12). Beers produced with up to 10% oats exhibited séirdit
toasted, biscuit-like flavor and aroma combinedhwat relatively intense, creamy
mouthfeel(4). Hankeet al. (5,6) determined an oat-typical flavor and good redurctio
properties in beer brewed with 100% oat malt. Oatn&ls comprise a higher
proportion of husks (approximately 30% of grain gie) compared to barley kernels
(approximately 10% of grain weight), resulting imgrsficantly shorter lautering
times. However, the extract content of malted aat®unts to only 70—-75% of that
of malted barley(5,6,13) In addition, oat malt is deficient in- and -amylase
activities, causing insufficient extract recovéiyl). Oats are unique with regard to
the distribution of protein fractions. Common cdsesuch as barley, wheat, and rye
contain mainly prolamins (approximately 80% of tgbaotein) and only a small
proportion of globulins (approximately 10% of tofaotein). In contrast, globulins
represent the predominant protein fraction in oafgproximately 80% of total
protein), whereas prolamins comprise a minor prigor of oat proteins
(approximately 10% of total protein(l5). Oats are also known for their high
contents of-glucan, protein, and fat. High-glucan contents can adversely affect

the processability of mashes and worts due to eneased viscosit{2,14)

However, most of these findings are based on malgs. Therefore, the objective
of the present study was to evaluate the impastadbus levels of unmalted oats
(10%, 20%, 30%, and 40% of grist mass) on the guand processability of

mashes, worts, and beers produced at pilot-plaé 60 L). For this purpose, their
brewing performance, particularly during mashiraytéring, and fermentation, was

monitored in detail and the quality of the finaleb® was comprehensively

163



determined applying advanced protein analysis (@aaChip capillary
electrophoresis) as well as standard methods descrby Mitteleuropaische
Brautechnische Analysenkommission (MEBAK), EuropeBrewery Convention
(EBC), or American Society of Brewing Chemists (ASB
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Materials and methods
Brewing materials

Malted barley Hordeum vulgard.. 'Fr Sebastian’), harvested in 2008 and obtained
from Greencore Group plc (Dublin, Ireland), and aited oats Avena satival.
'Lutz'), harvested in 2009 in Ravensburg, Germargre used in the brewing trials.
Oats are characterized by high contentg-gfucan (3.6% DM) and protein (10.5%
DM) as well as a low starch content (58.6% DM) amparison to barley malt (0.3%
B-glucan (DM), 9.4% protein (DM), and 65.7% starBiM)).

Milling

Malted barley was milled with a two-roller mill (§h Maschinen-Gro3handels
GmbH, Schwebheim, Germany) set at a 0.7-mm rolktadce. Unmalted oats were
milled using a hammer mill equipped with a 1.5-miave (A.M.A. S.p.A., San

Martino in Rio, Italy). Milling of brewing materialwas carried out directly before

mashing-in.
Brewing

Brewing with unmalted oats and malted barley wasied out in a 60-L pilot plant.
For mashing, a commonly used infusion process bBas bhosen as follows: 30 min
at 50°C, 40 min at 65°C, 20 min at 72°C, and 5 atiy8°C (mashing-off). In all
brewing trials, mashing-in was performed by mixiagkg of grist into 32 L of
brewing water at 50°C. Five mashes with increasawgls of unmalted oats (0%,
10%, 20%, 30%, 40% of grist mass) with a constajutor-to-grist ratio of 3.55:1
were prepared. During mashing, changes in pH weareitored and mash samples
were taken for further analysis at the start and eheach mash rest and before
mashing-off. After reaching 72°C, saccharificatwas checked every 5 min until
discoloration of iodine disappeared. Wort sepamati@s performed in a lauter tun.
After a lauter rest of 20 min and turbid wort pungpifor 10 min, 20 kg of first wort
was collected. Three sparging steps using tempdaeing water (78°C) were then
carried out to reach a preboil wort volume of 5%vblume measurement at 95°C).
The lautering rate of first and sparged worts wetemiined gravimetrically. Wort
turbidity was detected at the start and end of eamt collecting step as well as in

the preboil wort. Hop pellets (Hallertau Magnum;pdteiner, Mainburg, Germany)
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were added at the start of wort boiling, aiming I8rEBC bitterness units in the final
beer. After wort boiling for 60 = 10 min and a wpwool rest of 20 min, the worts
were cooled and aerated. During brewing, sampléssbfwort, preboil wort, boiled
wort, and cold wort were taken for further analysWort fermentation was
implemented by adding 100 g dry lager yeast (Sefl&;23; Fermentis, Marcg-en-
Baroeul cedex, France) with prior rehydration adeuy to the manufacturer
recommendation. Fermentation was performed at 10T the apparent extract no
longer changed significantly (approximately 10 dayBuring fermentation, beer
samples were taken every day from the middle offéheentation tank for further
analysis. After fermentation, the young or ‘grebeer was filled into 50-L stainless
steel kegs and a maturation period of 4 weeks@iwis performed. Filtration of the
final beers was carried out using a plate filtethwstandard depth filter sheets (K
900; Pall SeitzSchenk Filtersystems GmbH, Bad Kmaak, Germany). The filtered
beers were bottled using a manual bottling unita(Es& Hueber GmbH,
Schrobenhausen, Germany). The bottled beers wanexdsh the dark at 4°C prior to
analysis. All brewing trials were performed in dapte.

Standard analysis

Mashes, worts, and beers were analyzed accordistatalard methods specified by
MEBAK, EBC, or ASBC. Color and pH of mash, wort,dabeer samples were
determined according to MEBAK [[L6) methods 2.13.2 and 2.14. Wort viscosities
were measured using a HAAKE falling ball viscomet@iermo Scientific,
Karlsruhe, Germany). Total soluble nitrogen (TSMntents of wort and beer
samples (10 mL) were analyzed using a Tecator™ dbagecombined with a
Kjeltec™ 2100 Distillation unit (Foss, Hillerad, Dmark). Free amino nitrogen
(FAN) in worts and beers was determined accordmdVEBAK Il (16) method
2.8.4.1.1. Wort and beer amino acid profiles wesasared by reversed-phase high-
performance liquid chromatography (RP-HPLC) accuydio MEBAK III (17)
method 3.3. Wort extract, apparent extract, appadegree of fermentation, and
alcohol of beer were analyzed using a SCABA™ 561@o/atic Beer Analyzer
(Foss Tecator, Hoganas, Sweden). Yeast cell cowet® carried out using a
haemocytometer (Thoma chamber, 0.100 mm cell degtld) methyl red as an
indicator for yeast viability. Beer foam stabilityas determined using the foam
stability tester NIBEM-T (Haffmans BV, Venlo, Theebherlands) according to
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MEBAK 1l (16) method 2.19.2. Sensory analysis of the final baes performed
according to the Deutsche Landwirtschafts-Gesealit@&V. (DLG) scheme. Volatile
by-products of fermentation and vicinal diketonesrav measured according to
MEBAK Il (17) methods 1.1.1 and 1.2.1. In addition, aging fac{beat indicators,
oxygen indicators, staling components) were andlygepervaporation followed by
gas chromatography (PV-GC). Wort and beer sugafilggowere determined by
HPLC. Fatty acids in worts and beers were measubgd GC using
trimethylsulfonium hydroxide as derivatization reagy according to Deutsche
Gesellschaft fur Fettwissenschaft e.V. method Ci¥é. Mash and woift-glucan
contents were analyzed applying the Megazyme mixédge beta-glucan assay
procedure (Megazyme International Ireland Ltd.,\Bieeland). All mash, wort, and
beer standard analyses were performed in duplicate.

Lab-on-a-Chip analysis

The protein profile of mashes, worts, and beers avedyzed using Lab-on-a-Chip
capillary electrophoresis. The principles of thektrophoretic assays are based on
traditional gel electrophoresis principles that éndoeen transferred to a chip format
as described by Kloset al. (9). For the analysis, 40 mg of freeze-dried and
homogenized sample was extracted with 400 puL afagent containing 2 M urea,
15% glycerol, 0.1 M Tris-HCI (pH 8.8), and 0.1 Mthdothreitol in an ultra-sonic
water bath for 5 min at room temperature. Aftertgrgation at 18,890¢ for 15
min, 4 pL of each supernatant was denatured byrigeat 95°C for 5 min with 2 pL
of Agilent denaturing solution. Afterward, the deamad samples were diluted with
84 uL of deionized water and 6 pL of this mixturasaapplied to the Protein 80
LabChip for analysis in the Agilent 2100 Bioanalyzeaccording to the
manufactures instructions (Agilent Technologies, Santa Cla@alifornia). A
Protein 80 LabChip includes a ladder comprising referencegims of 3.5, 6.5, 15,
28, 46, and 63 kDa plus a lower marker of 1.6 kba an upper marker of 95 kDa.
Each sample contained an internal standard comgribie lower and upper marker
of 1.6 and 95 kDa. According to the manufactigwemanual, any peak detected
below 5 kDa is termed a system peak and is noadead in the analysis. All samples

were analyzed in triplicate.
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Statistical analysis

Graphical representations of data were generated) &gmaPlot software (Systat
Software Inc., San Jose, California). The Studdriest was applied for determining
the statistical significance. Results are givenaaghmetic means with confidence

intervals P = 95%). Correlations are indicated by the coedfitiof determination

R.
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Results and discussion
Impact of unmalted oats on the processability oimea, worts, and beers

Mash pH is an important quality control parametéfedaing not only cytolytic,
proteolytic, and amylolytic enzyme activities aslivas wort composition, but also
flavor, foam, colloidal, and microbiological stabés of the final beer. The main
factors influencing the pH of mashes and worts grst and brewing water
composition as well as temperatuiE8,19) In the present study, the mash pH

increased considerably with increasing levels ¢faofunct as shown in Figure 1.

pH

—— ()% Qats
—7— 10% Qats
550 —&— 20% Oats
—— 30% Oats
—h— 40% Qats

540

Start 50°C End 50°C Start 65°C End 635°C Start 72°C End 72°C End 78°C

Figure 7—1.Impact of various levels of unmalted oats (10-4@%)mash pH during
mashing (Start/End 50°C = Start/End of cytolytioteolytic mash rest at 50°C;
Start/End 65°C = Start/End of amylolytic mash reat 65°C; Start/End
72°C = Start/End of amylolytic mash rest at 72°@dE8°C = Mashing-off at 78°C).

At the start of the cytolytic/proteolytic mash rest 50°C, the mash pH of the
reference (100% barley malt) was 5.68 and increase8.87 by replacing 40%
barley malt with unmalted oats. This pH increasdiksly the result of a lower
concentration of buffer substances such as pep#iddspolypeptides with aspartate
and glutamate residues in the mg$B). During mashing, the mash pH decreased
continuously to 5.52 using 0% oat§’E 0.9176) and 5.65 using 40% oats
(R? = 0.9660), except for 0% and 10% oats, where Ehénpreased non-significantly

during the cytolytic/proteolytic mash rest. The pldcrease during the mashing
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process is mainly caused by increasing temperatlieading to an increased
dissociation of acidic materialgl8). The replacement of 10% barley malt with

unmalted oats had no significant impact on the npds&h

The lautering rate is also affected by the mash IpHas been reported that a low
mash pH benefits the filter cake permeabilify). In addition, the particle size
distribution of grist influences the lautering perhance. Excessive milling leads to
a reduced permeability of the filter cake resultingonger lautering time£0). In
the present study, unmalted oats were milled usingammer mill in order to
increase the extract yield and prevent a pipelilcekdage due to the high husk
volume. As a result, the lautering rate decreasenm f0.65 kg wort/min to
0.37 kg wort/min by replacing 40% barley malt withmalted oats. The use of 10%
oat adjunct had no significant impact on the laogerate. These findings correspond
with experimental results published in the literat{19,21)

Another reason for poor lautering performance wiiging high levels of oat adjunct
is the highem3-glucan content of mashes as shown in Figure Z2atly the use of
10% oats considerably increased the final nfaglucan content by 393 mg/L (final
mashp-glucan content of reference (0% oats) 20 mg/L).mentioned above, no
significant difference between the lautering rabégeference mash and 10% oat
mash was determined. However, using 20% oats, itia fashp-glucan content
increased to 858 mg/L, resulting in a clearly iased lautering time. The
replacement of 40% barley malt with unmalted oatssed a 97-fold increase [®f
glucan in the final mash from 20 mg/L to 1,949 mg¥lost of the oap-glucan was
released into solution during the heating up petm®5°C (20%, 30%, and 40%
oats) or within the 65°C mash rest (10% oats). fidpmd increase of-glucan in
mashes between 60°C and 65°C could be due toldesesof cell wall materials as a
consequence of starch gelatinization. On the obteerd, solubilization of high-
molecular-weighf3-glucan from cell walls could be caused [pglucan solubilase
activity. This heat-stable enzyme has its tempegatptimum in mash at 62—-65°C
and can still be active at 73°C. The relegsegucan is broken down by endo-133-
glucanase and endo-1}4glucanase to low-molecular-weigftglucan, cellobiose,
and laminaribiose. Howevep-glucanases are heat-labile and rapidly inactivated
temperatures of 60—-65°@2-24)
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Figure 7-2.Impact of various levels of unmalted oats (10—4@¥b)mash3-glucan
during mashing (Start 50°C = Start of cytolyticAemlytic mash rest at 50°C; Start
65°C = Start of amylolytic mash rest at 65°C; ST&1C = Start of amylolytic mash
rest at 72°C; End 78°C = Mashing-off at 78°C).

This imbalance between solubilization and degradadif high-molecular-weigh-
glucan is reflected in the viscosity of mashes wmilts. In the present study, the
viscosity of the preboil wort increased consideyabith increasing levels of oat

adjunct as shown in Figure 3.
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Figure 7-3. Impact of various levels of unmalted oats (10-4@%)preboil wort

viscosity.
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B-Glucan macromolecules increase the viscosity ofhag, worts, and beers when
solubilized from cell walls. It has been reportbdttviscosity increases linearly with
concentration and molecular weight @-glucans. However,p-glucan in a
concentration lower than 800 mg/L is not the prechamt viscosity-altering
substance in wort and beer. Also proteins (nitrogempounds) and starch (sugars)
contribute to their viscositie®3,25) Oats used in the present study contain high
levels of protein (10.5% dry weight) and mixed-kak3-glucan polymers (3.6% dry
weight). The latter are mainly found in the endespeell walls and consist @-D-
glucopyranose units linked together by 1,3-glycmsi(B0%) and 1,4-glycosidic
(70%) bonds(1,26) During malting of oatsf-glucans are almost completely
degraded byB-glucanaseq27,28) When brewing with unmalted oats, however,
unmodified high-molecular-weiglfitglucans and proteins are released into the mash,
increasing its viscosity25,29,30) In the present study, a high correlation between
the B-glucan content of the final mash and the viscositjthe preboil wort was
determined R = 0.9455) when using 10%, 20%, 30%, and 40% ocstshawn in
Figure 4.
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Figure 7-4. Correlation between final magbglucan content and preboil wort
viscosity using 10-40% unmalted oa®é € 0.9455).

172



Schneidel31) reported that barley malt grist fineness has almosnfluence on the
B-glucan content of mashes when using a liquor-ist-gatio of 3.5—-4:1. However, at
higher mash concentrations (liquor-to-grist rati6-3:1), finer malt grists result in
lower B-glucan contents and wort viscosities. Kiuihbetkal. (24) determined the
effect of roller- and hammer-milled grist on tRaglucan content of mashes during
mashing using poorly modified malt. It has beennfibtihat the final masp-glucan
concentration is lower when using a hammer mille Thechanical decomposition
leads to an extensive degradation of high-moleentaght pB-glucans at low
mashing temperatures, resulting in a redu@eglucan solubilization after the
inactivation of end@-glucanases. These findings correspond with resilitained
from preliminary brewing trials concerning the petstudy using roller-milled oats
(0.5-mm roller distance). The viscosity (12.0%)tloé preboil wort containing 40%
oats decreased from 2.419 &Pt 2.118 mPa by using hammer-milled oats. High
viscosities of mashes, worts, and beers can adyafect many unit operations of
the brewing process such as mixing, stirring, pungplautering, wort boiling, wort
cooling, beer clarification, and beer filtratiororRhese reasons, exogenous enzymes
are applied when brewing with high amounts of adjsisince barley malt enzymes
become the limiting factai21,24,25) However, the viscosity of mashes, worts, and
beers affects not only their processability bubatise final beer quality. A high
viscosity of beer benefits its body and improveanfiostability (head retention) by
reducing the liquid drainage rai25,32)
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Impact of unmalted oats on the quality of mashestsyand beers

Numerous substances have an impact on the qudliteer, however, first and
foremost proteinaceous compounds and alcohol. dtheen reported that stability
and organoleptic properties of beer are affectedntgractions between proteins,
amino acids, and polyphenols. The levels of thegestainces in mashes, worts, and
beers depend on brewing materials and techng|@gy24,33) In the present study,
the protein profile of filtered mashes before artkrathe proteolytic mash rest
changed considerably by replacing 40% barley mah wnmalted oats as shown in
Figure 5. When brewing with oats, distinct protgeaks at around 8 kDa and
between 32 kDa and 48 kDa were detected using bha®-Ghip capillary
electrophoresis, representing oat albumins andugleb However, the protein
profiles of final beers revealed no significantfeliénces. These findings correspond

with experimental results published in the literat{®,10)

Protein Profile -
Mashing Start 50°C Proteolytic Mash Rest l

It 0% Oats
it / Protein Profile
{ } Mashing End 50°C

il ; / 0% Oats
f it / 40% Oats I

40% Oats

e

L

Figure 7-5. Impact of 40% unmalted oats on the protein prafiidiltered mashes

before and after the proteolytic mash rest at 50°C.

In cold worts, the total soluble nitrogen (TSN) tanis decreased significantly from
940 mg/L to 817 mg/L by replacing 40% barley maitimoats. As a result, the free
amino nitrogen (FAN) contents dropped significaritym 177 mg/L using 0% oats
to 131 mg/L using 40% oat&{= 0.9630) as shown in Figure 6. According to the
literature(34), recommended values for TSN are 900-1,200 mg/Lf@anBAN 200—
240 mg/L based on all-malt worts (12% w/w). Thoakues have not been reached in
oat-containing worts; however, it has recently bemd that FAN contents of 160
mg/L and lower might be adequatg2). In the final beers, the FAN content
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significantly decreased with increasing amount®ats, ranging from 86.50 mg/L
using 0% oats (51% reduction) to 30.00 mg/L usi@§oedoats (77% reduction)
(R? = 0.9394).
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Figure 7—6.Impact of various levels of unmalted oats (10-4@¥b)cold wort FAN
contents I = 0.9630).

In accordance with FAN values, the total amino acwhtent of cold worts
continuously decreased with increasing adjunctl¢efrem 143.51 mg/100 mL (0%
oats) to 106.56 mg/100 mL (40% oats) by approxiiga®s% (R = 0.9649) as
shown in Table 1. Aspartic and glutamic acids sligimcreased by replacing 10% or
20% barley malt with oats (statistically non-sigeait). Asparagine significantly
increased when using 20% oats or more, whereastt®l amino acids decreased
with increasing levels of adjunct. During the fentagion process, 73.23 mg/100 mL
(51% of total amino acids) of the reference wod 82.59 mg/100 mL (78% of total
amino acids) of the 40% oat-containing wort werdaielized. The concentration of
each amino acid in final beers was lower compacethat in the respective cold
worts except fory-aminobutanoic acid, whose concentration approxatgatoubled
from 6.77 mg/100 mL to 13.68 mg/100 mL (0% oats) &mom 4.36 mg/100 mL to
7.31 mg/100 mL (40% oats). It has been reportetytast cells excrete amino acids
such asy-aminobutanoic acid during growth because of a gham membrane
permeability (35). In the final beers, the total amino acid contsignificantly
decreased with increasing adjunct levels from 70r28100 mL using 0% oats to
23.97 mg/100 mL using 40% oaf’ (= 0.9352).
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Table 7-1.Impact of various levels of unmalted oats (10—-4@#b)old wort amino

acid composition [mg/100 mL].

Amino acid 0% Oats 10% Oats 20% Oats 30% Oats 40% @xs
Aspartic acid 6.71£0.27 7.10x0.73 6.86 £ 0.32 .386: 0.25 5.86 £0.15
Glutamic acid 8.28+1.20 9.05+1.21 8.92+0.29 .92# 0.04 7.37 £0.02
Asparagine 8.81 +0.47 9.31+£0.90 9.95 + 0.46 1a.8.48 9.94 +0.98
Serine 6.25 £ 0.65 5.90 £ 0.56 5.63 £ 0.67 5.05680 4.39 £0.16
Glutamine 2.28+£0.65 2.15+0.65 1.77 £0.10 1108 1.34+0.76
Histidine 5.07+0.71 4.30+0.18 3.83+£0.45 3t53.29 3.40+£0.01
Glycine 3.45+0.49 3.14+£0.28 3.15+£0.09 2.95.20 2.60x0.24
Threonine 5.27+1.40 493 +1.65 5.06+£1.92 43674 4.00+1.21
Alanine 6.19+1.24 6.01+0.44 5.84 £0.47 5.3167 470+1.17
Arginine 20.11 +4.05 18.32 +2.09 17.58 £2.10 715t 1.62 13.66 £ 0.33
y-Aminobutanoic acid 6.77 £1.76 5.08 £0.37 4.9BH# 489112 4.36 £0.12
Tyrosine 7.81+£0.76 7.36 £0.83 6.99 + 0.59 6.2B46 5.46 £0.07
Valine 9.30+£1.33 8.62 £0.95 8.26 £ 0.55 7.38460 6.49 £ 0.05
Methionine 2.07+0.19 1.96 +£0.28 1.83+0.22 16116 1.44 £ 0.06
Tryptophan 4.47 £0.33 4.26 £0.43 3.86 £0.40 3®133 3.04 £0.08
Isoleucine 6.34 £0.82 5.97 £ 0.66 577 £0.61 51053 4.50 +0.04
Phenylalanine 8.79+£0.97 8.49 +£0.88 7.99 £0.58 A2%#0.43 6.12 £0.39
Leucine 16.70 £ 1.25 16.06 = 2.08 15.00 £1.89 831.40 11.56 £0.31
Lysine 8.85+0.59 8.81+1.05 8.25+0.86 7.28200 6.32 £0.17
Total amino acids 143.51 +16.51 136.82 + 14.76 AB* 11.63 119.84 £9.30 106.56 + 3.11

Furthermore, the extract content of preboil wobs I() decreased from 10.4% (w/w)
using 0% oats to 9.6% (w/w) using 40% oats. Théamgment of 20% barley malt
with unmalted oats resulted in a significantly lowextract value. Reasons for
decreasing extract levels when brewing with indrepsmounts of oats are their
relatively low starch and extract content due te thigh proportion of husks
(11,13,36) Besides, endogenous barley malt enzymes werdetimin terms of
compensating foa- andp-amylase deficiencies in unmalted oats since ngexous
enzymes were applieh,6,14) As a result, the total fermentable sugar contént
cold worts (12% w/w) decreased from 85.1 g/L td07/L by replacing 40% barley
malt with oats. Fructose and glucose dropped byoxopately 50% and all other
sugars by 12-18%. However, the achieved total fetaide sugar value in 40% oat-
containing worts still lies within the recommendexhge of 69.0-98.0 g/I22).
During the fermentation process, 78.4 g/L (appr@tety 92% of total sugars) of the
reference wort and 70.2 g/L (approximately 99% aialt sugars) of the 40% oat-
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containing wort were metabolized. In the final lspdhe remaining sugar content
continuously decreased with increasing adjunctl¢efrem 6.7 g/L (0% oats) to 0.8

g/L (40% oats) by approximately 87%.

The color of cold worts increased non-significarfiym 21.45 to 23.15 EBC units
by replacing 40% barley malt with unmalted oatsteAflO days of fermentation,
however, statistically significant increases in rbeelor with increasing adjunct
levels from 8.10 EBC units using 0% oats to 14.BICEunits using 40% oats
(R =0.9258) were observed. Furthermore, the alcatwitent decreased from
5.32% (viv) to 4.91% (v/v) by replacing 40% barlealt with unmalted oats
(R? = 0.8788) in accordance with the total fermentahlgar content of cold worts.
As a result, the apparent extract content increfrsad 1.97% (w/w) in the reference
beer to 2.14% (w/w) in the 40% oat-containing beBEne apparent degree of
fermentation (ASBC) decreased significantly wittcrgmsing adjunct levels from
83.6% (0% oats) to 81.3% (40% oats). The beer psimed significantly affected by
the use of oats (reference beer pH 4.43; 40% a#aoong beer pH 4.41).
According to the literatur€22,32,37) general values for lager-type beer based on
12% (w/w) original extract are as follows: Colorl®-EBC units, alcohol 4.7-5.2%
(v/v), apparent residual extract 1.7-3.0% (w/wpaent degree of fermentation 80—
85%, and pH 4.3—-4.6. Hence, the replacement of 4@y malt with unmalted oats
still resulted in acceptable values without the itoldl of exogenous enzymes.
Furthermore, a positive effect of oats on the lagse of yeast cells was observed,;
the yeast growth in oat-containing brews was u@®366 higher compared to the
reference brew after the first and second day whéatation. The reduced lag time
resulting in accelerated yeast growth might haventstimulated by higher zinc and
lipid contents in oat-containing worg,5,6,38) These findings correspond with the
total fatty acid content of cold worts increasingomh 1.47 mg/100 mL to
1.95 mg/100 mL by approximately 33% (statisticallyn-significant) because of the
replacement of 40% barley malt with oats. During fermentation process, 0.29
mg/100 mL (approximately 20% of total fatty acids) the reference wort and
1.47 mg/100 mL (approximately 76% of total fattydsy of the 40% oat-containing

wort were metabolized.
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The foam stability of the final beers decreaseaiBaantly from 295 s to 223 s by
substituting 40% barley malt with unmalted oatsshewn in Figure 7. The use of
10% oats had almost no impact on beer foam; how&@¥ and higher adjunct
levels clearly affected beer foam quality adversely
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Figure 7-7. Impact of various levels of unmalted oats (10-4G8%) beer foam

stability.

Beers brewed with high levels of oats (30% and 40fight have poor foam
stabilities because of insufficient amounts of T@Nd high-molecular-weight
proteins, respectively. Taylat al. (36) reported that the reduced foam stability of
oat malt beer is almost certainly related to theelo TSN content and probably not
related to the high fat content of oats. Theseirigsl also correspond to the fatty acid
content of the final beers surprisingly decreasirmgm 1.18 mg/100 mL to 0.48
mg/100 mL (statistically significant) by replacid®% barley malt with unmalted
oats as shown in Table 2. It can be seen thatdh®asition of fatty acids in the
reference beer (relative weight of saturated fatigls 80%, single unsaturated fatty
acids 19%, polyunsaturated fatty acids 1%) diffexen that in the 40% oat-
containing beer (relative weight of saturated faitids 92%, single unsaturated fatty

acids 8%, polyunsaturated fatty acids 0%).
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Table 7-2.Impact of various levels of unmalted oats (10-4@¥)final beer fatty

acid composition [mg/100 mL].

Fatty acid 0% Oats 10% Oats 20% Oats 30% Oats 40% @xs
Caproic acid (C 6:0) 0.05 +0.01 0.03 £0.01 0.3 0.03 +£0.00 0.03 +£0.00
Caprylic acid (C 8:0) 0.11 £0.03 0.10+0.01 0£0G.00 0.10+0.01 0.09 £0.01
Capric acid (C 10:0) 0.04 £0.01 0.04 +£0.02 0.0B&L 0.03+0.01 0.03+0.01
Lauric acid (C 12:0) 0.09 + 0.06 0.06 +0.02 0.06.a3 0.09 +0.08 0.09 +£0.08
Myristic acid (C 14:0) 0.12 £0.07 0.06 £0.05 <©50.03 0.06 £0.01 0.03+0.01
Palmitic acid (C 16:0) 0.37+£0.19 0.20+0.14 01310 0.15+0.03 0.10 £ 0.02
Stearic acid (C 18:0) 0.20+0.14 0.15+0.14 @1009 0.13+0.05 0.09 +£0.03
Oleic acid (C 18:1) 0.22 £0.06 <0.09 £ 0.07 <008.05 0.08 £0.02 0.04 £0.01
Linoleic acid (C 18:2) <0.03£0.01 <0.02 £ 0.00 .60+ 0.00 <0.02 £ 0.00 <0.02 £ 0.00
Linolenic acid (C 18:3) <0.02 £0.00 <0.02+0.00 0.82+0.00 <0.02 £0.00 <0.02 £0.00
Saturated fatty acids 0.95+0.31 0.63+0.32 @002 0.57 £0.01 0.44 +0.10
Single unsaturated fatty acids 0.22 £ 0.06 0.08080 0.05+0.05 0.08 £ 0.02 0.04 £0.01
Polyunsaturated fatty acids <0.03+0.01 <0.01040. <0.01+0.01 <0.02 £0.00 <0.02 +£0.00
Total fatty acids 1.18 +0.35 0.70£0.41 0.49 2/0. 0.65+0.03 0.48 £0.11

The sensory quality of the final beers determinedoeding to the DLG scheme
showed a positive trend with increasing levels mhalted oats as shown in Table 3.
In particular, 30% and 40% oat-containing beereatd an acceptable aroma and
purity of taste, receiving an overall score of 41l 4.2, respectively, out of 5. These
results may be explained by their lower contentaadtaldehyde, decreasing from
11.05 mg/L to 7.10 mg/L (36% reduction) by replacid0% barley malt with
unmalted oats(22,39,40) Furthermore, the higher alcohol contentp(opanol,
isobutanol) decreased by 7%, whereas the esteerdoiiethyl acetate, isoamyl
acetate) increased by 14% when brewing with annatljevel of 40%422,39)

Table 7-3.Impact of various levels of unmalted oats (10-4Q%)beer sensory

guality [5-point scale].

DLG criteria 0% Oats 10% Oats 20% Oats 30% Oats 40%Oats
Aroma 3.7+0.7 36+1.1 35+0.8 3.8+0.3 304
Purity of taste 3.7+0.7 36+10 35+0.8 383 39+04
Fullness of body 44+0.2 44+0.2 44+0.1 421 44+0.2
Carbonation 45+0.1 45+0.1 45+0.1 45+0.1 45+0.1
Quality of bitterness 3.9+0.7 40+0.5 3.9+0.2 40+0.5 41+0.2
Overall score 40+05 4.0+0.6 39+04 4130 42+0.3
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In contrast, it has been reported that the usé%§ dnmalted barley clearly affected
the sensory quality of beer advers€ll). The positive DLG test results for beers
brewed with high levels of oat adjunct may alsachased by a significant decrease
of aging indicators in the final beers (30% and 488ts) as shown in Figure 8. By
replacing 40% barley malt with unmalted oats, theathindicators and staling
components 2-furfural angnonalactone decreased significantly from §&8_ to
27.0pg/L by approximately 70%. The first was reduceddbyug/L (approximately
83%) and the latter by 17g/L (approximately 49%) using 40% oat adjunct.
However, no significant differences between thenagice beer and oat-containing
beers in terms of other aging indicators were datezd. According to the literature
(41), reference values for heat indicators are 1Q+Q and for staling components
50-100ug/L in fresh beer. Those values have only beeneaeki in beers brewed
with 30% and 40% oats, which is probably the reaBmamtheir better sensory
qualities(22). However, it has to be mentioned that no speeiimg indicators for
oats used in brewing have been defined at present.
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Figure 7-8. Impact of various levels of unmalted oats (10-408h) beer aging
indicators.
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Conclusion

In this study, the impact of unmalted oats (10—-40%j}he quality and processability
of mashes, worts, and beers was evaluated. Thefud8% oats had no significant
effect on mash/wort pH and lautering performandeengas using 20% oats or more
clearly adversely affected those parameters. f-glican content and viscosity of
mashes/worts increased significantly with incregsaimounts of oats. Besides, a
very high correlation between tfieglucan contents of final mashes and the viscosity
of preboil worts was found. Furthermore, the substin of barley malt with
unmalted oats caused lower levels of TSN, FAN, extdact in worts. Nevertheless,
brewing with 40% oat adjunct resulted in acceptataries for lager-type beer as
regards alcohol, apparent residual extract, appaegree of fermentation, pH, and
color, even without the addition of exogenous emnzynHowever, the foam stability
of final beers decreased significantly when usifgo2ats or more. In contrast, the
sensory quality of oat beers improved with incnegsadjunct levels. In particular,
30% and 40% oat-containing beers revealed an addeparoma and purity of taste,

which may be the result of their significantly lans®ntents of aging indicators.
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Abstract

Brewing with commercial flours has the potential reduce mashing times and
improve brewhouse efficiency. At present, howeveo, studies are available
assessing the application of commercial oat anghswon flours as brewing adjuncts.
Therefore, the objectives of this study were toleat® the quality and processability
of mashes/worts produced with 10-90% oat or sorgtoun as well as to reveal the
advantages and limitations of their use as a dubstfor barley malt. For these
purposes, both flour types were fully analyzed ermts of brewing-relevant
characteristics using standard methods, Lab-onip-Gpillary electrophoresis, and
scanning electron microscopy. Laboratory-scale imgstrials were performed to
assess the effect of up to 90% flour adjunct onhiwest quality. Equivalent factors
were introduced to determine the performance efficy of different oat/sorghum
flour concentrations. Commercial oat flour souraedreland exhibited significantly
more proteinB-glucan, and fat, less starch, ash, and polypheaslsvell as a lower
starch gelatinization temperature than commeraeglsum flour obtained from the
United States. Worts produced with 10-90% oat oglaam flour had lighter colors,
higher pH values, and lower concentrations of fqasiive proteins as well as free
amino nitrogen compared to 100% barley malt wdrtderms of extract yields, the
use of up to 70% oat flour and 50% sorghum flowspectively, has proven
economically beneficial. Worts containing up to 70% flour showed a very good
or good fermentability, those containing 30-50%gkam flour resulted, however, in

a lower alcohol production.

187



Introduction

The use of commercial oafAyena satival.) and sorghum3orghum bicolor(L.)
Moench] flours in brewing can reduce mashing tindee to the high solubility
(extractability) of very finely milled cereals, atitus lower energy consumption and
costs(1,2). On the other hand, the substitution of barleytmaalh unmalted oats
(rich in fat andB-glucan) or sorghum (rich in polyphenols; high stagelatinization
temperature) may adversely affect product qualitg g@rocessability(3,4). Oat
grains mainly consist of hulls (25-30% of totaligrdry weight), cell walls (bran),
and endosperm fraction@,5). When used in food production, their hulls are
removed and endogenous lipid-modifying enzymes agkp lipoxygenase,
lipoperoxidase) are inactivated. The dehulled aedttreated oat groats can be
processed into various products such as rolled etgsl-cut oats, (whole) oat flour,
and oat bran differing in appearance, composititaste, and technological
functionality. In general, the handling and furth@mocessing of fine oat flakes
(produced from steel-cut oats) are easier competidd those of oat flour which
tends to form lump£5,6). Milling of sorghum (hulless grain) is more chaligng as

it still lacks advanced technology in order to reglmilling losses and improve flour
quality (4,7,8) It has been reported that dry roller milling ist rappropriate for
sorghum resulting in products with undesirable abgristicy9), whereas semi-wet
roller milling (moderate pre-conditioning to 20% istore) was found to be
applicable. However, semi-wet milled products areoren susceptible to
microbiological growth and usually not suitable f@ng-term storag€7,8). An
alternative to the use of roller mills is abrasdecortication or attrition milling in
which the outer layers (bran) of sorghum grains eemoved (10) reducing
tannin/phytic acid contents and improving produabc (8,11) After decortication,
the endosperm is reduced by using a hammer(bii)l Successful milling processes
also consider the differences in physical hardbesaeen floury (soft) and vitreous
(hard) endosperm. In the first milling step (coags@ding), high-quality flour (low
starch damage) and high amounts of coarse gritspezduced which can be
separated and used for different purposes. Therlat#in be re-milled to fine flour
which involves, however, high starch damage affigctits functionality (12). At
present, no studies are available evaluating teeoficommercial oat and sorghum

flours in brewing, despite their remarkable potainti
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Therefore, the aims of this study were: 1) to fudharacterize oat flour sourced in
Ireland and sorghum flour obtained from the Unitethtes; 2) to determine the
quality of worts produced with up to 90% of thesenmercial flours; 3) to reveal the
advantages as well as limitations of their userawing adjuncts.
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Materials and methods
Mashing materials

Barley malt Hordeum vulgard.. 'Fr Sebastian’) obtained from Greencore Grdap p
(Dublin, Ireland) in 2009, commercial wholegraint deur (E. Flahavan & Sons
Limited, Kilmacthomas, Ireland), as well as comnmdrevholegrain sorghum flour
(Twin Valley Mills LLC, Ruskin, Nebraska) were usadthe mashing trials. Whole

oat flour was produced as described above; whatghsm flour was stone ground.
Characterization of commercial oat and sorghumrélou
Standard analysis

Moisture and fat contents of oat/sorghum flours eveletermined according to
AACC International (13) methods 44-15.02 and 30-10.01, respectively. Total
nitrogen contents were analyzed using a Tecator'eddor combined with a
Kjeltec™ 2100 Distillation unit (Foss, Hillergd, Dmark) following AACC
International (13) method 46-12.01. Ash contents were measured agplthe
method described by Matissek and Steifg4). Polyphenols were quantified
carrying out the method of Alvarez-Jubete al. (15). B-Glucan contents were
determined using the McCleary method (Megazymenaténal Ireland Ltd., Bray,
Ireland). Total starch contents were analyzed altogr to the Megazyme
Amyloglucosidasel-Amylase method.a-Amylase activities in oat and sorghum
flours were measured following the Megazyme Cemlphethod. f-Amylase
activities were determined applying the MegazymetaBgl-3 method. The
gelatinization temperature of oat/sorghum flourdtawas detected by differential
scanning calorimetry using a Mettler-Toledo DSC8ZMgettler-Toledo GmbH,

Giel3en, Germany). All standard analyses were paddrin triplicate if = 3).
Lab-on-a-Chip capillary electrophoresis

The protein profile of commercial oat and sorghuourfs was detected according to
the method described by Klose al. (16). For the analysis, 40 mg of freeze-dried
and homogenized sample was extracted with 400 p& kdfagent containing 2 M
urea, 15% glycerol, 0.1 M Tris-HCI (pH 8.8), andlL QM dithiothreitol in the
ultrasonic water bath for 15 min at room tempematuhfter centrifugation at
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10,000x for 15 min, 4 pL of supernatant was denatured d&gtihg at 95°C for 5
min with 2 pL of Agilent denaturing solution. Afteard, the denatured sample was
diluted with 84 uL of deionized water and 6 pL bistmixture was applied to the
Protein 80 and Protein 230LabChip, respectively, for analysis in the Agil@it00
Bioanalyzer according to the manufactiseinstructions (Agilent Technologies,

Santa Clara, California). Each flour protein pmfifas analyzed in triplicate.
Scanning electron microscopy

Oven-dried (103°C; 1 hour) oat and sorghum floungias were mounted onto
aluminum specimen stubs using double-sided adhesivgon tape. After this, the
samples were coated with a 25-nm gold layer in & Gputter Coater (Bio-Rad
Polaron Division, Hemel Hempstead, United Kingdoand observed under a
constant accelerating voltage of 5 kV applying ®lEcanning electron microscope
type 5510 (JEOL Ltd., Tokyo, Japan). Each flourastructure was analyzed in
triplicate.

Mashing performance of commercial oat and sorgHoord
Milling

Barley malt was milled using a laboratory disk nfBlihler GmbH, Braunschweig,
Germany) set at a 0.2-mm disk distance. The miliracess was performed directly
before mashing-in.

Mashing

Mashing with malted barley and commercial floumirunmalted oat/sorghum grain
was carried out in a LB 8 — Electronic mashing deiLochner Labor + Technik
GmbH, Berching, Germany). A commonly used infusimashing procedure taking
the three important enzymatic degradation procesgesysis (cell wall hydrolysis),
proteolysis (protein hydrolysis), and amylolysigfsh hydrolysis) into consideration
was chosen: 30 min at 50°C, 40 min at 65°C, 20 atirv2°C, 5 min at 78°C
(mashing-off). In all laboratory-scale mashinglgja total grist mass of 96.75 g dry
matter (DM) was mixed with distilled water to giggotal mash mass of 512.50 g at
a constant moisture basis of 14%. Mashes with asing levels of commercial oat
or sorghum flour (0%, 10%, 20%, 30%, 40%, 50%, 6@%%, 80%, 90% of total

191



grist mass) were prepared using a constant liqugrist ratio of 4.3:1 (DM).
Mashing-in was performed by putting the homogenigedt into 50°C preheated
distilled water in the mash cup and stirring thetome properly. Afterward, the mash
cup was attached to the temperature-controlledirigeatystem of the mashing
device. In all mashing trials, a stirring speed. @0 rpm and a heating rate of 1°C per
min were applied. The saccharification rate wasckbeé 10 min after the mash
reached 72°C and then every 5 min until the iotlasé was negative. After mashing-
off at 78°C, the loss of water due to evaporationirdy the mashing process was
determined gravimetrically and replaced. Finalhe tiot mash was filtered and the
filtrate (wort) used for further analysis. All latadory-scale mashing trials were

carried out in triplicate.
Wort analysis

Worts were analyzed applying the standard methpdsifsied by Mitteleuropaische
Brautechnische Analysenkommission (MEBAK) — Rawerniats(17). pH and color
of wort samples were determined following methods432.7 and 3.1.4.2.8.2. Wort
viscosities were measured using a HAAKE falling | baiscometer (Thermo
Scientific, Karlsruhe, Germany). Total soluble ogen (TSN) contents of wort
samples (10 mL) were analyzed applying a Tecatorifeddor combined with a
Kjeltec™ 2100 Distillation unit (Foss, Hillerad, Dmark). Free amino nitrogen
(FAN) in worts was determined according to methodl.885.5.1. The apparent
attenuation limit (AAL) of worts was measured folimg method 3.1.4.10.1.2 using
dry lager yeast (Saflager W-34/70; Fermentis, MaeBaroeul cedex, France).
Wort extract, apparent extract, apparent degreterofientation, and alcohol were
determined applying an Alcolyzer Beer ME Analyzigstem (Anton Paar GmbH,
Graz, Austria). In addition, the wort protein ptefivas detected using the Lab-on-a-

Chip method described above. All wort analyses weréormed in duplicaten(= 6).
Statistical analysis

Results are given as arithmetic means with 95% iden€e intervals (two-tailed
Students t-values forn-1 degrees of freedom). Analysis of variance testse

performed to compare sample means (Holm-Sidak rdetho= 0.05) using
SigmaPlot software (Systat Software Inc., San JG@sdifornia). Correlations are

indicated by the coefficient of determinatigh
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Results and discussion
Characterization of commercial oat and sorghumréiou

In the present study, commercially available oad aarghum flours were used as
adjuncts in brewing. Their composition and chanasties are given in Table 1. Oat
flour contained significantly more proteifi;glucan, and fat as well as less starch,
ash, and polyphenols than sorghum flour. Thesarigsdare largely in agreement
with the literaturg(18,19) In comparison to barley malt (Table 1), both caeneral
flours showed lower levels of protein as well aghler levels of starch and fat. The
gelatinization temperature of sorghum flour stan@s considerably higher than that
of oat flour starch as reported by Delcour and Hegg10). Furthermore, both
commercial flours exhibited negligibly low enzymetigities compared to malted
barley, representing the main source of endogeanmgmes such asamylase and
B-amylase (Table 1).

Table 8-1.Standard analysis of barley malt and commercigsoeghum flours.

Analysis Unit Barley malt Oat flour Sorghum flour
Moisture % 4.82+£0.03 10.36 £0.20 11.08 +0.18
Total proteirt % DM 9.37 £0.06 7.71+0.08 5.26 £ 0.04
B-Glucan % DM 0.28 £ 0.02 1.10 £0.06 0.09 £ 0.01
Total starch % DM 65.68 + 1.86 77.43 +1.66 82.3452
Fat % DM 1.82+£0.26 7.52 +£0.80 3.94+0.31
Ash % DM 1.60+0.16 0.92 £0.01 1.09£0.01
Polyphenols % DM NA 0.02 £0.00 0.12+0.01
Gelatinization temperature °C 64.62 £ 0.61 56.4B30 68.64 £ 0.05
a-Amylase Ulg 165.50 +4.81 ND 0.13+0.01
B-Amylase Ulg 19.27 £0.28 0.02 £0.02 0.10 £0.02

& Total nitrogen (% DM) x 6.25.
® NA = not analyzed.

°ND = not detectable.

The protein profile of commercial oat flour differeconsiderably from that of
commercial sorghum flour (Figure 1). The electroplgeam/gel-like image of oat
flour revealed highly distinct protein peaks/barads.4—18.4 kDa (11.4% of total
peak area), 24.5-33.7 kDa (44.8% of total peak) aB8a4—48.7 kDa (42.5% of total
peak area), and 68.4-74.3 kDa (1.3% of total peaka)a These results are in

accordance with those of a previous study conduasiag oat grain(20). On the
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other hand, sorghum flour exhibited proteins witimalecular weight of 5.6-15.0
kDa (2.8% of total peak area), 18.7-26.4 kDa (92d%otal peak area), 39.0-45.5
kDa (2.7% of total peak area), 50.0-64.2 kDa (1af%otal peak area), and 73.4—
83.1 kDa (0.5% of total peak area). When applyingratein 230 instead of a
Protein 80 LabChip, additional protein peaks/bands at 99.8-40kDa were
detected in commercial sorghum flour. These fingiegrrespond largely to those
obtained in previous work based on sorghum g(2i). The substitution of high
levels of barley malt with commercial oat flour likely to result in insufficient

protein degradation without the addition of exogenenzymes.
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Figure 8-1.Electropherogram/gel-like image of commercial@ad sorghum flours.

With the help of scanning electron microscopy (SEbYnsiderable ultrastructural
differences between barley malt and commercialsoeghum flour starch granules
were revealed (Figure 2). Barley malt starch casgiboth large lenticular granules
(20—32um) and small spherical granules (2#®). In contrast, oat flour starch is
present as large compound granules that are comhpmsenany small polygonal
granules (2—-1mm). Sorghum flour starch comprises spherical stgrelmules (inner
floury endosperm) as well as polygonal starch des(outer vitreous endosperm)
(10-25 um) (10,22,23) The biosynthesis of starch occurs in amyloplastd/or
chloroplasts (plastids), whose membranous strustame physical characteristics not
only impart a particular shape or morphology tadtagranules but also affect the

arrangement and association of amylose/amylopautiecules within granulgg?2).
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Starch morphology and granule size are genetioadiytrolled; however, starch
granule size and size distribution are also afteble environmental conditions such

as temperatur@2,23) The granule size has an impact on gelatinizadimoh pasting

properties, enzyme susceptibility, crystallinityedling, as well as solubilit{22).

Figure 8-2.SEM images of starch granules in (a) barley nfb)toat flour, and (c)
sorghum flour.
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Mashing performance of commercial oat and sorgHoorg

The extract content of worts produced with 10-9G8mmercial oat flour (15.73—
16.24% wiw) was significantly higheP (< 0.001) compared to that of 100% barley
malt wort (15.63% wi/w) (Figure 3). A high corretati between extract level and oat
flour concentration was determine®’ (= 0.9598). Oat flour used in this study had a
considerably higher starch content than barley .nkltthermore, its particle size
was very small (high surface area) due to the dmeding process at industrial scale
causing an increased solubility (extractability) a#t substances in mashes and a
higher degradation rate of high-molecular-weightmpounds (1,24,25) The
substitution of barley malt with sorghum flour als@nificantly enhancedP( <
0.001) extract yields from 15.63% w/w (100% bantegit) to a maximum of 15.93%
w/w (50% sorghum flourR? = 0.9316) (Figure 3). At adjunct concentrationgdre
50%, however, the extract content of worts rapakgreased to 13.89% w/w (90%
sorghum flour), whereas their viscosity (12.0% walgarly increased (poor mash
filterability) (see below). These findings indicatiee presence of high-molecular-
weight starch/dextrins in worts produced with 60% more sorghum flour as
confirmed by positive iodine tests after the sadb@hation rest at 72°C (20 min).
Hence, the replacement of barley malt with comna¢drghum flour is limited to
50% when using a common infusion mashing process piregelatinization of
sorghum starch) without the addition of exogenonsymes. It has been reported
that the use of up to 50% very finely ground rigel@tinization temperature 68—
78°C (10)) applying a standard infusion mashing process (0) resulted in
similar extract levels as the use of up to 50% seraground rice (lauter tun grist)
applying a complex double infusion process (170)mmuoluding rice cooking with
heat-stablei-amylase addition. Besides, mashing with up to 5@¥y finely ground
rice using a standard infusion procedure led taiBggntly better saccharification
rates(1). In the present study, all mashes containing g8 sorghum flour and up
to 90% oat flour, respectively, exhibited iodinemality after 10-15 min at 72°C as
well as a good filterability resulting in worts Wwita clear appearance. The
gelatinization temperature of oat flour starchowér than that of barley malt starch
(see Table 1) explaining the unproblematic prodaksga of high oat flour

concentrations in terms of starch degradation.
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Figure 8-3. Effect of different oat/sorghum flour concentraso(0-90%) on wort

extract content.
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The viscosity of worts based on 12.0% w/w extraaireased significantlyP( <
0.001) when replacing 60% or more barley malt va#t flour from 1.791 mPsa
(100% barley malt) to 2.208 mBa(90% oat flour;R? = 0.9145) (Figure 4).
Unmalted oats contain high amounts of high-moleewlight p-glucan which
contributes to mash consistency, wort/beer visgpaitd thus wort separation as well
as beer filtration problem@6-29) In the present study, tiieglucan content of oat
flour was 3.9-fold higher than that of barley m@ke Table 1). The findings indicate
that the level of endogenous m@Hglucanases (359.14 U/kg) was sufficient for
degrading th@-glucan of up to 50% commercial oat flour. Howe\regher oat flour
concentrations combined with lower enzyme leveés rast practical with regard to
processability of mashes, worts, and beers. Indesfncommercial sorghum flour,
the wort viscosity (12.0% w/w) was significantlydreeed P < 0.001) by substituting
up to 80% barley malt from 1.791 mB#4100% barley malt) to a minimum of 1.737
mPas (50% sorghum flouf® = 0.7237) (Figure 4). These findings can be exeldi
by the very lowp-glucan content of sorghum flour being 3.1-fold &whan that of
barley malt. However, using 90% sorghum flour cduaesignificant increasd(<
0.001) in wort viscosity to 1.853 mBamost likely as a consequence of insufficient
starch degradatior{29-31) Reasons for this might be the high gelatinization
temperature of sorghum flour starch (see Tablent) the very limited levels of
endogenous mati- andp-amylase activitie§21). Mashes containing 90% sorghum
flour (10% barley malt) resulted in incomplete dwrification (positive iodine test),

poor filterability, and worts with an opalescenpaprance.
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Figure 8—4. Effect of different oat/sorghum flour concentraso(0—-90%) on wort

Furthermore, the protein profiles of worts producetth different levels of
commercial oat or sorghum flour were very simikaig(re 5). The large amounts of
unmodified high-molecular-weight proteins broughtoi solution by substituting
barley malt with flour adjuncts were extensivelygoeled by endogenous malt
proteases or precipitated during the mashing pso@dkworts containing up to 90%
oat/sorghum flour revealed predominantly foam-pesitlow-molecular-weight
proteins of 5.3-17.7 kDa/5.0-17.5 kDa but also ewy levels of foam-positive
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high-molecular-weight proteins of 36.8-52.6 kDalB&2.4 kDa (Lab-on-a-Chip
capillary electrophoresis). However, the concermnat of those proteins clearly
decreased with increasing levels of oat and sorgfiouns, indicating poorer beer

foam qualitieq28,32)
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Figure 8-5. Effect of different oat/sorghum flour concentraso(0-90%) on wort

protein profile.
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In accordance with these findings, the TSN contéiworts decreased significantly

(P < 0.001) with increasing levels of flour adjunobrh 1,236 mg/L (100% barley

malt) to 335 mg/L (90% oat flouR® = 0.9972) and 368 mg/L (90% sorghum flour;
R = 0.9921), respectively (Figure 6).
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Figure 8—6. Effect of different oat/sorghum flour concentraso(0-90%) on wort

TSN content.
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As a consequence of this, the FAN content of wads significantly reduced(<
0.001) by substituting 20% or more barley malt wittimmercial flours from 249
mg/L (100% barley malt) to 36 mg/L (90% oat flo®? = 0.9808) and 66 mg/L
(90% sorghum flour®? = 0.9791), respectively (Figure 7).
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Figure 8—7. Effect of different oat/sorghum flour concentraso(0—-90%) on wort
FAN content.
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The rapid reduction of nitrogenous compounds intsvproduced with up to 90% oat
and sorghum flours was due to the considerably igwetein contents of those in
comparison to barley malt. According to the literat(33,34) adequate amounts for
TSN and FAN in all-malt worts (12.0% w/w) are 9020 mg/L and 140-240
mg/L, respectively, depending on the yeast striiat(is, some yeast strains need
more assimilable nitrogen than others). Nitrogenurses (amino acids, low-
molecular-weight peptides) are essential for caflubiosyntheses, enzyme and
nucleic acid functions in yeast cells allowing fgeast growth and a sufficient
fermentation performancé3). A lack of FAN in worts might cause inefficient
fermentation processes, adversely affecting arorofilg (formation of undesirable
by-products) and foam stability (secretion of pirodse A due to yeast autolysis) of
beers(32,35) However, it has been found that much lower wé@mtFconcentrations
(85-130 mg/L) resulted in optimal yeast growth &rdhentation28,36) Hence, the
substitution of up to 50% barley malt with commalmat/sorghum flours seems to
be appropriate for beer production taking into aecdtothe losses of nitrogenous

compounds during wort boiling and clarification.

The use of 10% oat flour had no statistically figant effect P > 0.05) on wort

FAN, whereas using 10% sorghum flour had a stesibyi significant effect R <

0.05) performing analysis of variance tests. Inhboases, however, the 95%
confidence intervals (two-tailed Stud&st-values) are clearly overlapping. In order
to prevent confusion, it is worth noting that noredapping 95% confidence
intervals demonstrate a statistically significanffedence between group means,
whereas overlapping 95% confidence intervals do mestessarily demonstrate a
statistically non-significant difference betweerogp means in terms of formal
statistical tests producing-values ¢ = 0.05)(37,38) Confidence intervals convey
more information thafP-values by indicating something about the magnitoidénhe

difference, the precision of estimates, or the pavfe procedur¢39,40)

The pH of worts produced with 10-90% commercial fhatr (5.78—6.09) was
significantly higher P < 0.001) compared to that of 100% barley malt Wbr75)
(Figure 8). However, it increased only slightly hvitincreasing oat flour
concentration up to 70% (5.75-5.98° = 0.9593). The substitution of more than
70% barley malt with oat flour resulted in a strangrease in wort pH (5.86-6.09;

R* = 0.9994). Worts containing 10-90% commercial barg flour also had a
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significantly higher pH (5.78-6.1P, < 0.001) than the reference wort (5.75) (Figure
8). The pH rise was, however, more rapid and ceersigR? = 0.9775) in comparison

to that observed by replacing up to 90% barley nvdh oat flour.
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Figure 8-8. Effect of different oat/sorghum flour concentraso(0-90%) on wort
pH.
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In general, extracts of malted grain have a lowgrcpmpared to those of unmalted
grain due to modification processes during mal{gih42) this explains the increase
in wort pH when using commercial oat and sorghuaur8. Furthermore, higher
nitrogen contents of mashing materials usually ivedigher buffering capacities of
worts (e.g. peptides/polypeptides with aspartatk glntamate residues act as buffer
substances)42), which is probably why the use of sorghum flour2@6 DM
protein) resulted in higher wort pH values than tise of oat flour (7.71% DM
protein).

The color of worts filtered through 0.45-um memierditters did not change when
substituting 10% barley malt with commercial oatufl (reference value 13.0 EBC
units) (Figure 9). However, the use of 20% or madgunct caused a significant
decrease in wort coloP(< 0.001) from 12.8 EBC units (20% oat flour) t@ EBC
units (90% oat flour). In addition, a very high e#gation between wort color and oat
flour concentration was foundR{ = 0.9729). Worts produced with 10-90%
commercial sorghum flour exhibited considerably éowolor values (12.5-6.2 EBC
units) (Figure 9) than those produced with oatrfl@ready the use of 10% sorghum
flour resulted in a significant decrease in workoc@P < 0.001). During kilning of
green malt, non-enzymatic browning or Maillard teats between amino acids and
reducing sugars take place imparting color andoflde malt(42), which explains
the loss of color (melanoidins) when replacing &annalt with commercial flours.
The color differences between worts produced widmmercial oat and sorghum
flours might be due to their different fat conterfics52% DM and 3.94% DM,
respectively) since Maillard-type reactions als@uwcbetween amino compounds

and substances produced during the oxidation mibiffree carbonyl groug}2).
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The AAL of worts increased significantly when reptay 10/20% barley malt with
commercial oat flour from 82.0% w/w (100% barleylthto 83.5/83.2% w/wR <
0.001); the use of 30/40% oat flour resulted inilMmAALs (82.1/81.9% wi/w)
(Figure 10). Higher adjunct concentrations, howggaused significantly loweP(<
0.001) AALs compared to the reference ranging fBihb—74.2% w/w (50-90% oat
flour; R? = 0.8576). According to the literatu(@2), recommended values concerning
the AAL of worts (11-14% w/w extract) are 80—85%ALA& in this range were still
achieved in worts containing 70% commercial oatrfl¢79.8% w/w) without the
addition of exogenous enzymes. The increasing &xtrantent of worts produced
with up to 50% commercial sorghum flour was noteekd in a higher AAL; the
latter decreased significantlyP (< 0.05) with rising adjunct concentration from
82.0% w/w (100% barley malt) to 50.2% w/w (90% s$uang flour) (Figure 10).
Besides, a very high correlation between AAL of tsoand sorghum flour
concentration was determine@’ (= 0.9831). These findings indicate that most ef th
extract obtained from sorghum flour was not ferrabld by the yeast strain used in
this study (Saflager W-34/7@accharomyces cerevis)asuch as dextrin§43,44)
As a consequence of this, the use of 30-50% conmahesorghum flour without
pregelatinization and enzyme addition is only dié@afor the production of beers

with lower alcohol conter(5,46)
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Introduction of equivalent factors into brewing

Equivalent factors are a measure of the amoundpinat (that is, oat or sorghum
flour) required to substitute a defined amountadfidy malt without causing relevant
changes in wort extract. On the basis of extraetdg, equivalent curves for the
substitution of up to 90% barley malt with commalaat or sorghum flour were
generated, aiming at a constant wort extract comteh5.8 + 0.2% w/w (Figure 11).
By means of equivalent curves, the performanceieffcy of different oat/sorghum
flour concentrations could be determined. Each\adeint factor was calculated to a
baseline value of 1.00 representing the extradt ybtained with 100% barley malt.
As shown in Figure 11, at adjunct concentrationgmbroximately 50% (sorghum
flour; equivalent factor 1.00) and 70% (oat floueguivalent factor 1.00),
respectively, 100 kg barley malt (random amoun8 t@abe replaced by 100 kg
commercial flour in order to produce worts with stant extract levels. When
substituting 10% barley malt, for example, only 8y oat flour (equivalent factor
1.15) and 86 kg sorghum flour (equivalent factdt6)}, respectively, is needed to
compensate for the wort extract content achievetd M0 kg barley malt (positive
substitution). However, the use of 60% sorghumrfl@quivalent factor 0.98) and
80% oat flour (equivalent factor 0.99), respecityehvolves a high raw material
charge with poor extract recovery (negative sulsbin, that is, 102 kg sorghum
flour/101 kg oat flour is necessary to replace k§Marley malt). Hence, equivalent
factors clearly indicate the limitations of subsiing barley malt with commercial

flours from an economic point of view.

209



115 - =
e = = Sorghum flour
\
-\ — - Qat flour
1.10 - A
N
\N W
Bye
5 L05 e
E T ey N0
T e - .,
5 100 e
< -~ . -
s -~
s P
Ho095 - ~
~
~
N
N\
0.90 - \
\
\
085 - \
\
\
0.80 - T T T T T T T T |
0 10 20 30 40 50 60 70 80 90

Adjunct concentration [%]

Figure 8-11.Equivalent curves for the substitution of barleglinwith oat/sorghum
flour (0—-90%); the baseline value of 1.00 represe¢né extract yield obtained with
100% barley malt; equivalent factor = 1.00: e.g0 Ky barley malt has to be
replaced by 100 kg commercial flour in order toabita constant wort extract;
equivalent factor > 1.00: positive substitutionue@lent factor < 1.00: negative

substitution.

210



Conclusion

In the present study, the use of 10-90% commeoatland sorghum flours as a
substitute for barley malt in brewing was evaluatedt flour contained significantly
more protein,p-glucan, and fat as well as less starch, ash, ahgplpenols than
sorghum flour. The gelatinization temperature ofrghkam flour starch was
considerably higher compared to that of oat flaarch. Mashing with up to 50%
sorghum flour or up to 90% oat flour resulted imgdete saccharified and easily
filterable mashes. Worts containing 10-90% oatavglsum flour exhibited lower
concentrations of foam-positive proteins, TSN, &AdN, higher pH values as well as
lighter colors in comparison to 100% barley maltriso With regard to wort
viscosity (12.0% wi/w), it has been found that teeel of endogenous maf-
glucanases was sufficient for the use of up to S@%flour (rich inp-glucan). The
extract content of worts steadily increased witbreéasing oat flour concentration;
however, the application of more than 50% sorghlomr fcaused a rapid decrease in
wort extract combined with a rising wort viscosif¥2.0% w/w). Hence, the
replacement of barley malt with sorghum flour isited to 50% when using an
infusion mashing process (no pregelatinization ofgbum starch) without the
addition of exogenous enzymes. With the help ofwadent factors, the performance
efficiency of different oat and sorghum flour contrations could be determined.
The use of more than 70% oat flour did not provenemically advantageous
because of endogenous maltandp-amylase deficiencies. Worts produced with up
to 70% oat flour showed a very good or good fermeitity, whereas those

containing 30-50% sorghum flour resulted in a loaleohol production.
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Abstract

Sorghum has been used for thousands of years immdood products. In Western
countries, however, it is primarily used as biradl @nimal feed, although there is
considerable interest in its use as gluten-freermdtive to wheat, barley, and rye.
The aim of this study was to compare the mashingppeance of white Nigerian

and red Italian sorghum based on optimized enzyddéians. For this purpose, both
sorghum types were fully characterized using stahdaethods, Lab-on-a-Chip
capillary electrophoresis, and scanning electrorescopy. The application of
exogenous enzymes was optimized by monitoring adgng mash consistency
during mashing using a Physica MCR rheometer. Eumbre, laboratory-scale
mashing trials were carried out to compare theityuaf worts produced with up to

40% white or red sorghum and optimized enzyme vBbth sorghum types are
characterized by higher starch and lower profegiican contents in comparison to
barley malt. The addition of protea@aylucanase as recommended had no significant
effect on mash consistency and wort quality. Besid®% of the recommended
heat-stablei-amylase dose was sufficient for 40% sorghum adjiorts produced

with 40% white or red sorghum had significantly E©wTSN/FAN contents and
viscosities than the reference wort (100% barleyt)mbBlowever, white sorghum

provided significantly more TSN/FAN compared to redrghum. Its use as a

substitute for barley malt also resulted in sigmafitly higher extract contents.
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Introduction

Sorghum Sorghum bicolorL.) Moench] is the fifth most important cereabprin
terms of world production after rice, wheat, maiaed barley. It is uniquely well-
adapted to cultivation in the semi-arid tropicsAsfia, Africa, and Latin America
(1,2). Thus, sorghum is a staple food in many develomaogntries, whereas in
Western countries it is primarily used as animadfe However, sorghum has
considerable potential as gluten-free alternativewvheat, barley, and ry€). In
addition, the use of unmalted sorghum as brewirjgnatl can be cost-saving and
highly successful. In Mexico, rice and maize ghts/e been replaced by sorghum
grits (higher protein and lower fat content) for mpayears(4,5). Brewing with
sorghum adjunct is generally unproblematic, desihigefact that sorghum starch is
more difficult to gelatinize than maize starch daehe presence of protein bodies
organized around the starch gran{@¢/). Besides, the gelatinization temperature of
sorghum starch ranging from 68°C to 78°C is appraely 5°C higher compared to
that of maize starcli8). Sorghum is unique among major cereals because som
cultivars contain condensed tannins conferringstasce to deterioration of the grain
(molds, insects, weather, etc.). Condensed tanaiss,known as proanthocyanidins,
are high-molecular-weight polyphenols consistingpofymerized flavan-3-ol units
(catechin, epicatechin). For this reason, sorghuitivars are divided into three
types based on their genetics and chemical analysese | (non-tannin sorghum) —
non-pigmented testa, no tannins, low levels of plentype Il (moderate-tannin
sorghum) — tannins present in pigmented testa; tipéhigh-tannin sorghum) —
tannins present in pigmented testa and perid®) In general, type Il and type Il
sorghum cultivars contain tannin levels of 0.5-h&/100 mg and 1.0-6.0 mg/100
mg catechin equivalents, respectively. It has breported that pericarp (seed) color
and its intensity are inadequate indicators of gmes or content of tannins in
sorghum. White, yellow, red, or brown colored sanghseeds may or may not
contain tannins depending on the presence of aquitgd testd9,11) High-tannin
sorghum cultivars are not suitable for brewing sitondensed tannins can inhibit
enzyme activities (e.gr-amylase) and cause astringent taste as well &s lasar
colors (4,7,9) However, most sorghum cultivars do not containdemsed tannins

(anti-nutritional substances). Many sorghum cui8vaontain flavonoids such as
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anthocyanins contributing the red, purple, and Wakers in plants but all contain

phenolic acids (e.g. ferulic acid), both being aoti-nutritional factorg7,9).

When brewing with unmalted sorghum, exogenous eesysuch as heat-stahle
amylase are required. High levels of industrialyemes usually improve both extract
content and processability of sorghum worts. Howesaebalance between product
quality and production costs has to be establishbdrefore, the objectives of this
study were: 1) to optimize the addition of industrenzymes to mashes using a
Physica MCR rheometer; 2) to compare the impaettofe Nigerian and red Italian
sorghum on the quality and processability of mashed worts produced with

optimized enzyme levels.
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Materials and methods
Mashing materials

Malted barley Hordeum vulgard.. 'Fr Sebastian’), harvested in 2008 and obtained
from Greencore Group plc (Dublin, Ireland), unmaltehite Nigerian sorghum
[Sorghum bicolor (L.) Moench 'Short Kaura 5912', harvested in 20hhd
commercially available red sorghum, harvested ih12id Ancona, Italy were used

in the mashing trials.
Mashing enzymes

The exogenous enzymes applied to mashes were Bage N120MG (0.13 g/kg
sorghum; optimum pH/temperature 6.0/55°C) to ineeethe free amino nitrogen
(FAN) content of worts, Hitempase 2XP (1.0 g/kg gbmm; optimum
pH/temperature 6.0/90°C) to hydrolyze sorghum &tda dextrins (heat-stable-
amylase), and Bioglucanase TX (0.25 g/kg malt;ropth pH/temperature 5.5/60°C)

to improve mash filtration (Kerry Ingredients & F&aurs, Carrigaline, Ireland).
Characterization of unmalted sorghum types
Standard analysis

White and red sorghum grains were analyzed acogtdithe methods of MEBAK —
Raw materialg12). Moisture contents were determined using meth&dL1l. Total
nitrogen contents were measured applying a TecatDifféstor combined with a
Kjeltec™ 2100 Distillation unit (Foss, Hillerad, Baark) following method 1.5.2.1.
In addition, pB-glucan contents were analyzed using the McCleargthod
(Megazyme International Ireland Ltd., Bray, Irelandotal starch contents were
determined following the Megazyme Amyloglucosidas&émylase method.p-
Glucanase activities were measured according td/gazyme Azo-Barley Glucan
method. One unit of activity equals one micromoleglucose reducing sugar
equivalent released per minute at 30°C and pH 4-Bmylase activities were
analyzed following the Megazyme Ceralpha method.e Qmit of activity
corresponds to the amount of enzyme required teasel one micromole gf-
nitrophenol from non-reducing-end blockeehitrophenyl maltoheptaoside in one
minute under the defined assay conditiof\mylase activities were determined
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using the Megazyme Betamyl-3 method. One unit diviig corresponds to the
amount of enzyme required to release one micronmdle-nitrophenol fromp-
nitrophenylg-D-maltotrioside in one minute under the defined yssanditions.
Furthermore, the particle size distribution of haemmilled sorghum grist was
evaluated according to MEBAK — Wirze, Bier, Bierahgetranke(13) method

1.1.1. All standard analyses were carried outiplitate.
Scanning electron microscopy

Grain ultrastructures were determined following thethod of Oliveiraet al. (14).
For the analysis, grain cross sections were mouatéd aluminium stubs using
double-sided adhesive carbon tape. Then, the sam@ee coated with a 7-nm gold
layer in a Gold Sputter Coater (Bio-Rad Polaronigdn, Hemel Hempstead, United
Kingdom) and observed under a constant acceleratittgge of 5 kV applying a
JEOL scanning electron microscope type 5510 (JE@., LTokyo, Japan). All

scanning electron microscopy (SEM) analyses wemgecbout in duplicate.
Lab-on-a-Chip capillary electrophoresis

Total protein profiles were detected using the roetescribed by Kloset al. (15).
For the analysis, 40 mg of flour was extracted wifl® pL of a reagent containing
2 M urea, 15% glycerol, 0.1 M Tris-HCI (pH 8.8),da0.1 M dithiothreitol in an
ultrasonic water bath for 15 min at room tempematulfter centrifugation at
18,8909 for 15 min, 4 pL of supernatant was denatured égtihg at 95°C for
5 min with 2 pL of Agilent denaturing solution. Afvard, the denatured sample
was diluted with 84 pL of deionized water and 6 qflthis mixture was applied to
the Protein 80 and Protein 230LabChip, respectively, for analysis in the Agilent
2100 Bioanalyzer according to the manufactererinstructions (Agilent
Technologies, Santa Clara, California). All Lab-&©hip analyses were performed

in triplicate.
Mashing performance of unmalted sorghum types
Milling

Malted barley was milled with a laboratory disk IngBihler GmbH, Braunschweig,

Germany) set at a 0.2-mm disk distance. White addsorghum grains were milled
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using a hammer mill equipped with a 1.5-mm sievéMA. S.p.A., San Martino in

Rio, Italy). Milling of mashing materials was caxdi out directly before mashing-in.
Optimization of enzyme addition

The addition of exogenous enzymes to mashes wasinptl by monitoring changes
in mash consistency (viscosity) during mashing. #as purpose, the previously
published method of Schnitzenbaumeé’l. (16) using a controlled stress rheometer
Physica MCR 301 (Anton Paar Germany GmbH, Ostfiild&ermany) was applied.
The rheometer was equipped with a paddle-shaped eo&abling mash particles to
be kept in suspension throughout the measuremeatl theological mashing trials,
a total grist mass of 6.020 g dry matter (DM) wasead with distilled water to give a
total mash mass of 33.000 g at a constant moisbhags of 14%. For the
optimization process, rheological trials withouzgme addition, with recommended
enzyme addition, and with different levels (0%, 2586%, 75%, 100%, 200% of
recommended enzyme dose) of Bioprotease N120MGentpase 2XP, and
Bioglucanase TX were carried out. All rheologicadts were performed in triplicate

using a double infusion mashing process (see below)
Laboratory-scale mashing

The quality of worts produced with optimized levels exogenous enzymes was
verified by comparing their analysis data with #osf worts produced with
recommended enzyme levels and without enzyme additespectively. Mashing
with malted barley and unmalted sorghum types wasiezl out in a LB 8 —
Electronic mashing device (Lochner Labor + Tech@ikbH, Berching, Germany).
In all laboratory-scale mashing trials, a totakgrmass of 84.28 g (DM) was mixed
with distilled water to give a total mash mass 82400 g at a constant moisture basis
of 14%. The saccharification rate was analyzed ir© after the total mash reached
70°C (see double infusion mashing process belowl)tae measurement repeated
every 5 min until the iodine test was negative eAfhashing-off at 78°C, the loss of
water due to evaporation during the mashing prosessdetermined gravimetrically
and replaced. Then, the filtration rate of the maish was evaluated by measuring
the filtered wort volume every 2 min. All laborayescale mashing trials were

performed in triplicate.
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Double infusion mashing process

For all rheological and laboratory-scale mashingldr a slightly modified double
infusion process used in the brewing industry (i{elmgredients & Flavours,
Carrigaline, Ireland) was chosen (Figure 1). Feetghum mash was cooked at 90°C
for 30 min to gelatinize starch and then mixed withrley malt mash to
enzymatically convert gelatinized starch into femtable sugars. It is recommended
to add protease and heat-stalamylase to the sorghum mash dghdlucanase to
the total mash (Kerry Ingredients & Flavours, Gzaline, Ireland). Mashing-in was
performed by mixing homogenized sorghum grist ipteheated distilled water
(55°C) in the respective mash cup, which was thitaiclaed to the temperature-
controlled heating system of the respective mashimgjrument. Total mashes
containing various levels of each sorghum type (02986, 20%, 30%, 40% of total
grist mass) were prepared using a constant liqugrist ratio of 4.5:1 (DM). In all

mashing trials, a stirring speed of 100 rpm anceatihg rate of 1°C per min were
applied.

90°C x 30 min
90

9]
o
=| 2
— 80 @ a 78°C x 5 min
£ 2lg
° Gelatinization T
3 of sl 70°C x 30 min
S 70 g2
2 Sorghum Starch ~ | §
E Total Mash

[Liquor-to-grist ratio 9:1]
60

Infusion Process
60°C x 5 min

[Liquor-to-grist ratio 4.5:1]
55°C x S min
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i Time [min] ,,
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| I

Total mash

Sorghum mash

Bioprotease N120MG, Hitempase 2XP Bioglucanase TX

Figure 9—1.Graphical representation of the double infusiorsimmag process used in
this study.
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Wort analysis

Worts were analyzed applying the standard methpdsifsied by Mitteleuropaische
Brautechnische Analysenkommission (MEBAK). pH aontbc of wort samples were
determined according to MEBAK — Raw materigls?) methods 3.1.4.2.7 and
3.1.4.2.8.2. Total polyphenols in wort were meadudmlowing MEBAK — Wiirze,
Bier, Biermischgetrankél3) method 2.16.1. Wort viscosities were analyzedgisin
HAAKE falling ball viscometer (Thermo Scientific, éflsruhe, Germany). Total
soluble nitrogen (TSN) contents of wort samples il were determined applying
a Tecator™ Digestor combined with a Kjeltec™ 210&tiDation unit (Foss,
Hillerad, Denmark). Free amino nitrogen (FAN) inrtgowas measured according to
MEBAK — Raw material§12) method 3.1.4.5.5.1. The limit of attenuation ofrigo
was analyzed following MEBAK — Raw materigl$2) method 3.1.4.10.1.2 using
dry lager yeast (Saflager S-23; Fermentis, Marc@aroeul cedex, France). Wort
extract, apparent extract, apparent degree of fa@tien, and alcohol were
determined using an Alcolyzer Beer ME Analyzing t8ys (Anton Paar GmbH,
Graz, Austria). In addition, the protein profile wbrts was detected by Lab-on-a-
Chip capillary electrophoresis. For this purpos®, #hg of freeze-dried and

homogenized sample was extracted and analyzedsash above.
Statistical analysis

For determining the statistical significance, th@-ailed Studens t-value forn-1
degrees of freedom was calculated. The confidemesvial with a probability level
of 95% @ =0.05) was determined for each mean value (adgtttmmean).

Correlations are indicated by the coefficient ofedeinationR?.
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Results and discussion
Characterization of unmalted sorghum types

In the present study, white Nigerian and red ltalsrghum were compared as
brewing adjuncts. Both unmalted sorghum types etdulsimilar levels of-glucan,
protein, starch, and enzyme activity as shown ibl&d. In comparison to barley
malt (0.3% DMp-glucan, 9.4% DM protein, 65.7% DM starch), theytboontained
lessB-glucan and protein as well as more starch. Furtbeg, their enzyme activities
were negligible compared to those in malted baffeglucanase 359.1 U/kgy-
amylase 165.5 U/g-amylase 19.3 U/g). These findings are in accoreavith data
published in the literatur@d0,17-21)

Table 9-1.Standard analysis of sorghum types.

Sorghum type Moisture B-Glucan Protein® Starch B-Glucanase a-Amylase p-Amylase

% % DM % DM % DM Ulkg Ulg Ulg

White sorghum 11.6+0.5 0.1+£0.0 9.0+£0.1 6786& 37.6+10.4 0.2+0.0 05+£03
Red sorghum 11.9+0.1 0.0+0.0 9.1+0.1 68.19+3 22.6+055 0.0+0.0 0.2+0.1

& Total nitrogen (% DM) x 6.25.

A sieve analysis of hammer-milled white and redgeam used in this study
revealed significant differences in their gristtde size distributions as shown in
Figure 2. Hence, milling of white sorghum led tdigher flour fraction in the total
grist. These results can be explained by examimhge and red sorghum grains
using SEM. The sorghum kernel consists of the pgsiaegion (pericarp, testa,
aleurone), the germ, and the endosperm. Unliker atieals, sorghum may contain
starch granules in the pericarp. Under the aleutayer is the outer vitreous (also
called translucent, hard, glassy, horny, corneeadpsperm fraction surrounding an
inner floury (also called opaque, soft) cofg8,22) The relative proportion of
vitreous to floury endosperm can vary widely amaogghum cultivarg23). In the
present study, white sorghum contained more flamg less vitreous endosperm
than red sorghum as shown in Figures 3A and B. WWitjard to milling properties,
the floury part pulverizes more easily than theeatis part. The latter gives coarse

grits which are commonly used in brewi(i).
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Figure 9-2.Particle size distribution of hammer-milled whated red sorghum grist.

Figure 9-3. SEM images of white and red sorghum grains. Whkdgghum: (A)
vitreous (outer part) and floury (inner part) emusrsn (magnification x80); (C)
floury endosperm (magnification x500). Red sorghyiB) vitreous and floury
endosperm (magnification x80); (D) vitreous endosp@nagnification x550).
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A closer look (Figures 3C and D) revealed thatitimer floury endosperm consists
of round, loosely packed starch granules covereith &i thin, weakly adhering
protein layer. In contrast, the outer vitreous epaéom is tightly packed with
polygonal starch granules held together by a pmoteitwork consisting of protein
bodies embedded in a matrix protein (strong preséanch adhesion)7,25,26) The
presence of protein bodies around sorghum stamhufgs has a limiting effect on
starch gelatinizatior{6). Starch of the vitreous endosperm has not onlygheh
gelatinization temperature but also a higher istarviscosity and a lower iodine
binding capacity than starch of the floury endosp&7).

With the help of Lab-on-a-Chip capillary electropbsis separating proteins based
on their molecular weight, a distinct protein péakd at around 28 kDa was
determined in the electropherogram/gel-like imadewbite sorghum (Figure 4).
Sorghum proteins are classified into kafirins (pmins) and non-kafirins. The first
are storage proteins comprising around 70% of ake grain protein, the latter are
involved in cellular functions. Kafirins are found protein bodies within the
sorghum endosperm (more protein bodies in vitrébas in floury endosperm) and
subclassified asi-, f-, and y-kafirins based on similarities in molecular weight
solubility, and structure. Their approximate molacweights using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-EAGre as followso-kafirins
(66—71%/80-84% of total kafirins in floury/vitreoeadosperm) 23 kDa and 25 kDa;
B-kafirins (7—13% of total kafirins) 16 kDa, 18 kDend 20 kDay-kafirins (10—-20%

of total kafirins) 28 kDg6,28—-30) Hence, the distinct protein peak/band at around
28 kDa in the electropherogram/gel-like image ofiterlrsorghum represents
kafirins. Using a Protein 230nstead of a Protein 8QLabChip revealed that red
sorghum contains proteins with a molecular weidghdround 103 kDa. Those might
represent heat shock proteins which are synthesizesbponse to high temperatures
(31,32)
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Mashing performance of unmalted sorghum types
Optimization of enzyme addition

In the present study, the application of industesizymes was optimized by
monitoring changes in mash consistency during magshsing a Physica MCR 301
rheometer. As shown in Figure 5A, the mash consigtencreased significantly with
increasing levels of white sorghum. The addition hefat-stablea-amylase to
sorghum mashes as recommended caused a decremashirconsistency to a large
extent (Figure 5B). A closer look revealed that thash consistency was still
significantly increased with increasing amountswifite sorghum. Doubling the
recommendeda-amylase dose from 100% to 200% had no impact oshma
consistency. In contrast, it was found that 50%hef recommended heat-stalle
amylase dose was sufficient for the use of 40% evisibrghum adjunct (non-
significant changes in mash consistency). A redactof the recommended-
amylase dose by 75% resulted, however, in sigmfigehigher mash consistencies.
The addition of protease to sorghum mashes as reeodhed had no significant

effect on mash consistency.

After mixing of sorghum and barley malt mash, thasi consistency of the total
mash was also significantly increased with incmregdevels of white sorghum as
shown in Figure 6A. The addition of heat-stabtlamylase to sorghum mashes as
recommended resulted in significantly lower totadsim consistencies when using
20% or more white sorghum adjunct (Figure 6B). ddhhowever, no significant
impact on the final mash consistency of 10% sorgleontaining mashes.
Furthermore, the addition @fglucanase to total mashes as recommended had no
significant effect on mash consistency. The additiof different levels of
Bioprotease N120MG, Hitempase 2XP, and Bioglucaffasdo mashes produced
with up to 40% red sorghum adjunct led to simiksuits as discussed above on the

basis of white sorghum.
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Comparison of rheological profiles of white and emfghum mashes

When comparing the rheological behavior of whitel @ed sorghum used in this
study, it has been found that red sorghum causesgmificantly higher mash
consistency than white sorghum as shown in FigéelY addition, a time-delayed
gelatinization of red sorghum starch compared & tf white sorghum starch has
been observed. Both can be explained by the higtogrortion of vitreous starch in
red sorghum having a higher intrinsic viscosityveal as a higher gelatinization
temperature. After mixing of sorghum and barleytmahsh, the start consistency of
the total mash was around 4 &0 19 mPa& higher when using up to 40% red
sorghum (without enzyme addition). However, wittbnmin at 60°C the mash
consistency has been reduced to a similar levesethlby white sorghum. The
addition of heat-stable-amylase to red sorghum mashes as recommendedecesul
in extensive reductions of mash consistency (FigiBg as already shown on the
basis of white sorghum. A closer look revealed, &wav, that the consistency of red
sorghum mashes was still significantly higher thaat of white sorghum mashes. As
a consequence of this, the use of 20% or more seghsm caused significantly
higher total mash consistencies in comparison &t tf white sorghum (with

recommended enzyme addition).
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Laboratory-scale mashing

The quality of white and red sorghum worts (0%, 1@8%, 30%, 40% adjunct)
produced with optimized levels of industrial enzgméo protease, 50% of
recommended heat-stable-amylase dose, nd-glucanase) was assessed by
comparing their analysis data with those of wortedpced with recommended
enzyme levels (100% protease, 100% heat-si@almylase, 10094-glucanase) or
without exogenous enzymes. It has been found that wort pH increased
significantly from 5.62 to 5.80 by replacing 40% rlbg¢ malt with white
(R? = 0.9918) or redf? = 0.9963) sorghum, already the use of 10% adjcagsed a
significantly higher wort pH (optimized enzyme diuh). The application of
different levels of Bioprotease N120MG, Hitempa3d2and Bioglucanase TX had
no significant effect on wort pH. These findinge an agreement with experimental
results published in the literatu(83,34) As shown in Tables 2 and 3, the wort
viscosity (based on 12% w/w extract) decreasedifgigntly from 1.750 mPa
(100% barley malt) to 1.637 mBAL.636 mPa& when using 40% white/red sorghum
which is in agreement with the literatui@3). Already the use of 10% red and 20%
white sorghum caused a significant drop in visgosiith or without exogenous
enzymes. These findings are most likely the resfudt reduction irg-glucan content
by substituting barley malt (0.3% DB4glucan) with red/white sorghum (0.0%/0.1%
DM pB-glucan) (20). It should be mentioned here that worts produceath w
recommended@-glucanase levels tended to lower viscosities ttimse produced
without B-glucanase addition. Nonetheless, the filtratiore raf 78°C hot mashes
showed a negative trend with increasing levels @@&¥ of white (15.2-11.6 mL
wort/min; RZ = 0.8300) or red (15.2—-13.8 mL wort/miR? = 0.8599) sorghum. The
use of 20% or more white and 40% red sorghum casig@dficantly lower filtration
rates resulting in longer filtration times (optiradzenzyme addition). The application
of different levels of industrial mashing enzymas particularp-glucanase, had no
significant impact on the filterability of mashekhese results can be explained by
decreasing husk proportions in the total grist wittreasing amounts of white or red
sorghum (huskless grain$35,36) The permeability of the filter cake is further
reduced by high flour proportions in the total grWgien using hammer-milled white

sorghum as mentioned above.
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A very high linear correlation was found betweerNT&ntent of worts and white
(R? = 0.9993) or redR? = 0.9986) sorghum concentration (Tables 2 andARrts
produced with 40% white or red sorghum had sigarftty lower TSN contents (746
mg/L and 688 mg/L, respectively) than the referemoet (1,101 mg/L) which is in
agreement with the literatu@3). Already the use of 10% sorghum adjunct led to
significant reductions in TSN with or without indual enzymes. White sorghum
provided, however, significantly higher levels &N compared to red sorghum. The
reason for this might be its finer grist (higheout fraction) causing a higher
solubility/extractability of proteins in aqueousssyms(37,38) In accordance with
the TSN results, the FAN content of worts decreasguificantly from 203 mg/L to
133 mg/L and 106 mg/L, respectively, by replacii@§«dbarley malt with unmalted
white or red sorghum (Tables 2 and 3). Howeveha$ been reported that FAN
levels of 85-130 mg/L are sufficient for optimalagé growth and fermentation
(39,40) Already the use of 10% red or 20% white sorghesulted in significant
FAN losses with or without enzyme application. Bagpand Yound41) found that
the addition of protease to sorghum mashes befianehs gelatinization had no
significant effect on the FAN content of worts amfirmed in this study. Besides,
white sorghum also provided significantly higherNrAevels in comparison to red

sorghum.

The protein profile of worts produced with 40% darg adjunct was similar to that
of 100% barley malt worts. In all samples, protenth a molecular weight of 7.4—
17.5 kDa (foam-positive low-molecular-weight fract) and approximately 41.0
kDa (foam-positive high-molecular-weight fractiowere detected42). However,

the protein peaks/bands in the electropherogranikgeimage of white/red sorghum
worts were less/muchless pronounced compared twseth in the

electropherogram/gel-like image of barley malt wortherefore, it is likely that
beers containing 40% adjunct, particularly red barg, have a lower foam stability

than 100% barley malt beers.

As shown in Table 2, worts produced with 40% wisiteghum had a significantly
higher extract content (15.43% w/w) than the refeeewort (15.16% w/w). The use
of 40% red sorghum (Table 3) resulted, howeveg ponstant extract yield. These
findings can also be explained by the higher floaportion in white sorghum grist,

making starch granules more easily accessible tgladytic enzymes(43). A
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reduction of the recommended heat-stabamylase dose by 50% had no significant
impact on wort extract. In terms of fermentability apparent attenuation limit
(AAL), no significant differences between 40% wh{#5.7% w/w) or red (77.1%
w/w) sorghum worts and the reference wort (77.4%w)wivere determined
(optimized enzyme addition). The higher extractteah of 40% white sorghum
worts was not reflected in a higher fermentabilltyterestingly, red sorghum worts
tended to higher AALs compared to white sorghumtsvat should be mentioned
here that the AAL of worts was analyzed using the yeast Saflager S-23, which

was found to attenuate significantly less than oyleast strain44).

The polyphenol content of 40% red sorghum wortsl (f)/L) was, as expected,
significantly higher compared to that of 100% bgrlealt worts (166 mg/L). In
contrast, the use of 40% white sorghum resultea significantly lower polyphenol
content (134 mg/L) (Tables 2 and 3). The substitudf up to 20% barley malt with
sorghum adjunct had no significant effect on watyphenol content. When using
30% or more adjunct, however, red sorghum cauggtfisiantly higher polyphenol
levels in worts than white sorghum. The additiorddferent amounts of industrial
enzymes had no significant impact on the polypheooltent of worts. As a result,
worts produced with 10-40% red sorghum had sigmitiy higher color values
(14.4-11.3 EBC unitd® = 0.9744) compared to those produced with 10-40ftew
sorghum (10.3-8.8 EBC unitB? = 0.9963). Already the use of 10% white sorghum
caused a significant decrease in wort color fronY EIBC units (100% barley malt)
to 10.3 EBC units (optimized enzyme addition). Téglacement of barley malt with
red sorghum resulted in significantly higher (10%3@djunct) or constant (40%

adjunct) color values.
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Table 9-2

. Effect of white sorghum on wort quality based qutimized enzyme

additions.

Adjunct Viscosity 12% TSN FAN Extract Polyphenols
concentration [mPas] [mg/L] [mg/L] [% wiw] [mg/L]

0% Sorghum 1.750 £ 0.013 1,101 + 08 203+ 04 15.003 166 + 12
10% Sorghum 1.726 £ 0.021 1,017+ 11 185+ 16 15001 153 + 22
20% Sorghum 1.699 +0.015 0,926 + 09 173+ 22 15.6M2 147 +16
30% Sorghum 1.669 +0.019 0,828 + 09 148 + 14 15.692 138+ 04
40% Sorghum 1.637 £0.014 0,746 + 03 133 +08 15.832 134 +10

R 0.9963 0.9993 0.9909 0.9942 0.9663

Table 9-3. Effect of red sorghum on wort quality based oniroted enzyme
additions.

Adjunct Viscosity 12% TSN FAN Extract Polyphenols
concentration [mPas] [ma/L] [ma/L] [% wiw] [ma/L]

0% Sorghum 1.750 £0.013 1,101 +£8 203+ 04 15.0608 166 £ 12

10% Sorghum 1.703 £ 0.020 0,986 + 6 158 + 08 15.0D7 173 £ 06

20% Sorghum 1.682 £0.036 0,887 +8 119 £ 09 15.0108 177 £ 20

30% Sorghum 1.646 £ 0.026 0,779+8 110 £ 05 15.009 188 + 04

40% Sorghum 1.636 + 0.038 0,688 + 6 106 + 10 15.061 191+ 03

R 0.9609 0.9986 0.8606 0.9926 0.9727
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Conclusion

This comparative study of white Nigerian and redlidn sorghum as brewing
adjuncts revealed high similarities in cytolyticrofeolytic, and amylolytic
parameters. Both types are characterized by hsgfaech and lower proteipyglucan
contents as well as negligible enzyme levels inganson with barley malt. A sieve
analysis of hammer-milled white and red sorghumwaty however, significant
differences in their grist particle size distrilmuti Besides, high similarities were
found in protein profile and ultrastructure. Howewehite sorghum exhibited more
floury and less vitreous starch granules than ceghaim. As a result, white sorghum
caused a significantly lower mash consistency coetpto red sorghum. It has been
found that the addition of protease afiehlucanase as recommended had no
significant effect on mash consistency. Furthermb@86 of the recommended heat-
stablea-amylase dose was sufficient for 40% sorghum adjuNorts produced with
white sorghum had a significantly higher extrachtemt than the reference wort
using 100% barley malt, whereas the use of redhsongresulted in a constant
extract yield. A reduction of the recommended lstablea-amylase dose by 50%
had no adverse impact on the extract level of woBssides, white sorghum
provided significantly more TSN and FAN than redrgbmm. However, the
substitution of up to 40% barley malt with sorghwadjunct led to significant
nitrogen losses. The addition of protease as reamded had no positive effect on
wort quality. Furthermore, the wort viscosity dexged significantly with increasing
amounts of white or red sorghum with or without #uglition off-glucanase. The
polyphenol content of worts produced with 30% orrenaged sorghum was
significantly higher than that of the reference wdm contrast, the use of 30% or
more white sorghum resulted in significantly lovpelyphenol contents. It must be
mentioned here that these findings are based orstwghum types which is why no
general statements can be made. However, it caoriduded that the application of
a Physica MCR rheometer for optimizing the additminindustrial enzymes to

mashes is highly successful.
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Abstract

Brewing with sorghum adjunct is well establishedriany countries such as Nigeria.
However, no brewing-related publications based lan use of unmalted sorghum
grown in Europe are available to date. Therefdre,abjectives of this study were to
determine and compare the impact of 40% white Nageasind red Italian sorghum on
wort and beer quality adding optimized levels obganous enzymes. Brewing with
sorghum adjunct was carried out in a 60-L pilotnplapplying a double infusion
mashing process. Worts and beers were analyzedeg#rd to processability, flavor
and sensory characteristics, foam stability, shfelf and gluten content (competitive
ELISA). The substitution of 40% barley malt with #éhor red sorghum caused
significant increases in wort pH as well as sigaifit decreases in wort viscosity
(calculated to 12.0% w/w extract), TSN, FAN, andatoamino acids. Worts
produced with 40% red sorghum contained higherl¢ewé total polyphenols and
total fermentable sugars than those produced viith white sorghum. Beers brewed
with 40% unmalted sorghum exhibited significantyker foam stabilities compared
to 100% barley malt beers. However, white sorghawh & considerably less adverse
impact on beer foam than red sorghum. The sensalysis performed according to
the Deutsche Landwirtschafts-Gesellschaft e.V. (PL&heme revealed no
significant differences between 40% sorghum and%i0barley malt beers.
Furthermore, the gluten content of beers was sggmfly reduced by replacing 40%
barley malt with sorghum adjuncts. According to tBedex Alimentarius, red

sorghum beer could even be labeled as ‘very loweglibeverage.
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Introduction

Unmalted sorghumJorghum bicolor(L.) Moench] has been successfully used as a
brewing adjunct in different parts of the wor(tl). Beers produced with sorghum
adjunct generally have a paler color and milderdtathan all-malt beerg?2).
Another positive attribute of sorghum-containingetse is their reduced gluten
content. In contrast to barley malt, sorghum hagloten-like proteins which are the
causative agent for celiac disease, one of the rmosimon lifelong disorders
worldwide. Celiac disease is an immune-mediatecreptathy triggered by the
ingestion of gluten-containing grains/products enetically susceptible individuals
(3). However, sorghum lacks in breeding programs amiar new cultivars
particularly suitable for beer production (high rext content, high enzyme
activities). In general, sorghum cultivars usediawing are large seeded (high in
starch) and have either white or yellow endospelow (in polyphenols)(4).
Sorghum grains have no husk which is why mashrdiltere usually applied to
separate sorghum mash@s-7). When substituting high levels of barley malt with
unmalted sorghum, commercial enzymes (hemicells|gz®teases;-amylases) are
needed to compensate for malt enzymes. Furthermggast nutrients (FAN,
vitamins, minerals) must be supplied for an effitiiermentation process in order to
achieve the desired beer flavor and aroa—9) Lager beers produced with
sorghum adjunct and commercial enzymes exhibitgkenipH values, lighter colors,
poorer foam stabilities, and lower concentratiohgatatile compounds such as ethyl
acetate, isoamyl acetate, and diacetyl than alt-tager beerg4,9,10) In contrast,
beers brewed with sorghum malt often have a dist@diacetyl off-flavor(11).
Diacetyl is an aromatic volatile by-product of tymast amino acid metabolis{h2).
Generally, the production of high-quality sorghunalimbeers still involves the
addition of exogenous enzymes since sorghum mellislan endosperm cell wall-
degrading enzymes an@tamylase. On the other hand, brewing with primarily
unmalted sorghum and commercial enzymes usuallyltsegh an excellent beer
qguality. Hence, the use of sorghum adjunct and strcil enzymes can be more
efficient than the use of sorghum mélt4) Several publications dealing with the
application of sorghum as adjunct in brewing eX&tl0,13-19) In all of these

studies, only sorghum types cultivated in Africaa{nty Nigeria), Latin America, or
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Asia were used. However, no brewing-related pubboa based on the use of

unmalted sorghum grown in Europe are availableate.d

The aim of this study was to determine and compleeimpact of 40% white

Nigerian and red Italian sorghum on the quality pratessability of worts and beers
produced at pilot-plant scale (60 L). A previougdst demonstrated by means of a
new rheological method applying a controlled stmsometer (Physica MCR 301)
that 50% of the recommended heat-stabBmylase dose was sufficient for using
40% of those sorghum types (optimized enzyme augitithe addition of protease
and p-glucanase to sorghum-containing mashes as recodeddmd no significant

effect on mash consistency and wort qualg@). The quality of beers brewed with
40% white Nigerian and red Italian sorghum was @at&ld with regard to flavor and
sensory attributes (fresh/forced-aged), foam stgbiand gluten content amongst

others.
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Materials and methods
Brewing materials

Malted barley Hordeum vulgard.. 'Fr Sebastian’), harvested in 2008 and obtained
from Greencore Group plc (Dublin, Ireland), unmaltehite Nigerian sorghum
[Sorghum bicolor (L.) Moench 'Short Kaura 5912', harvested in 20hhd
commercially available red sorghum, harvested ih12id Ancona, Italy were used

in the brewing trials. Both sorghum types (whitdjrare characterized by lowps
glucan (0.1% DM/0.0% DM) and protein (9.0% DM/9.19M) as well as higher
starch (67.8% DM/68.1% DM) contents in comparisathwarley malt (0.3% DM
B-glucan, 9.4% DM protein, 65.7% DM starch).

Mashing enzyme

The exogenous enzyme applied to sorghum mashes hismpase 2XP
(recommended dose 1.0 g/kg sorghum; optimum pH#ieatpre 6.0/90°C) to
hydrolyze sorghum starch to dextrins (Kerry Ingeeds & Flavours, Carrigaline,
Ireland). Schnitzenbaumet al. (20) recently found that 50% of the recommended
heat-stablea-amylase dose (0.5 g/kg sorghum) is sufficient Hoe use of 40%
sorghum adjunct (optimized enzyme addition).

Milling

Barley malt was milled with a two-roller mill (Enflaschinen-Grof3handels GmbH,
Schwebheim, Germany) set at a 0.7-mm roller digtawthite and red sorghum were
milled using a hammer mill equipped with a 1.5-mieve (A.M.A. S.p.A., San

Martino in Rio, Italy). Milling of brewing materialwas carried out directly before

mashing-in.
Brewing

Brewing with white or red sorghum (0%, 40%) andldamalt (100%, 60%) was
performed in a 60-L pilot plant (Fooding. Nahrungsettechnik GmbH, Stuttgart,
Germany). For mashing, a slightly modified doubiusion process used in the
brewing industry (Kerry Ingredients & Flavours, €galine, Ireland) was chosen.
First, the sorghum mash was cooked to gelatiniaecist(5 min at 55°C, 30 min at
90°C, cooling down to 60°C) and then mixed withI&armalt (total mash) to
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enzymatically convert gelatinized starch into fentadle sugars (5 min at 60°C, 30
min at 70°C, mashing-off at 78°C). In all brewingals, a total grist mass of 7.3 kg
(dry weight) was mixed with brewing water to givéotal mash mass of 40.0 kg at a
constant moisture basis of 14%. Mashing-in wasiedmut by mixing 3.2 kg (wet
weight) of white/red sorghum grist (40% of totaistymass) and 1.6 g of Hitempase
2XP (50% of recommended heat-stablamylase dose) into 22.0 L of preheated
brewing water (55°C). After cooking, the sorghumsimavas cooled down by adding
the residual brewing water (10.0 L) and mixed witB kg (wet weight) of barley
malt grist (60% of total grist mass) at a temperatf 60°C. The reference brew was
performed by mixing 7.7 kg (wet weight) of barlealingrist (100% of total grist
mass) into 32.3 L of preheated brewing water (6Gfplying the second step of the
double infusion mashing process. In all brewingls;ia constant liquor-to-grist ratio
of 4.5:1 (dry weight) was used (total mash). Dunmngshing, the pH was monitored
(sorghum/total mash) and the saccharification diecked every 10 min after
reaching 70°C until the iodine test was negatigéa(tmash). The wort was separated
from the spent grains using a lauter tun. Afteaugtdr rest of 20 min and turbid wort
pumping for 10 min, 20 kg of first wort was colledt Then, defined sparging steps
with tempered brewing water (78°C) were carried tmuteach a constant preboil
wort extract of 10% w/w. The lautering rate of fiemd sparged worts was measured
gravimetrically. Hop pellets (Hallertau Magnum; Hbginer, Mainburg, Germany)
were added at the start of wort boiling, aiming I8rEBC bitterness units in the final
beer. After wort boiling for exactly 60 min and &wpool rest of 20 min, the wort
(12% wi/w) was cooled and aerated. During brewiagn@es of first wort, preboil
wort, boiled wort, and cold wort were taken antefiégd before further analysis. The
final wort volume was split into two 20-L stainlesteel Cornelius kegs (each with
15 kg of cold wort). Wort fermentation was implerteshby adding 30 g of dry lager
yeast (Saflager S-23; Fermentis, Marcg-en-Baroeadex, France) with prior
rehydration according to the manufactisetecommendation to each Cornelius keg.
Fermentation was performed in a temperature-cdattovater bath at 10°C for 10
days. During fermentation, beer samples were takeny day from the middle of the
Cornelius kegs for further analysis. After fermeiota, the young or ‘green’ beer
was transferred into another 20-L Cornelius kegl(eding the settled yeast at the
bottom) and a maturation period of 4 weeks at 4 warried out. Filtration of the

final beers was performed using a plate filter wifandard depth filter sheets
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(K 200; Pall SeitzSchenk Filtersystems GmbH, Bacuwgnach, Germany). The
filtered beers were bottled applying a manual bwjtunit (Esau & Hueber GmbH,
Schrobenhausen, Germany). Finally, the bottledsbeere stored in the dark at 4°C
prior to analysis. All brewing trials were carriedt in duplicate.

Standard wort and beer analysis

Worts and beers were analyzed according to standasthods described in
Mitteleuropéaische Brautechnische AnalysenkommisgM&EBAK) — Wirze, Bier,
Biermischgetrankg21). Total soluble nitrogen (TSN) contents of wort aneer
samples (10 mL) were determined using a Tecator'@e®@or combined with a
Kjeltec™ 2100 Distillation unit (Foss, Hillerad, Dmark). Free amino nitrogen
(FAN) in worts and beers was measured followinghodt2.6.4.1.1. Wort and beer
amino acid profiles were analyzed by high-perforogariquid chromatography
(HPLC) according to method 2.6.4.1.2. Color andgblhash/wort and beer samples
were determined as described in methods 2.12.22alf)l Wort viscosities were
measured using a HAAKE falling ball viscometer (ithe Scientific, Karlsruhe,
Germany) and calculated to 12.0% w/w extract. Tptayphenol contents in worts
and beers were determined by spectrophotometmywioly method 2.16.1. Wort and
beer sugar profiles were analyzed by HPLC. EBCelntiss units in beer were
determined according to method 2.17.1. Beer foahilgly was measured using the
foam stability tester NIBEM-T (Haffmans BV, Venldhe Netherlands) as described
in method 2.18.2. Volatile fermentation by-produdts beers were analyzed
following method 2.21.1. Vicinal diketones in beevere determined according to
method 2.21.5.1 (diacetyl, 2,3-pentanedione) artl.2.4 (acetoin), respectively.
Organic acids in beers were measured using mett2dd722. Chloride and sulfate in
beers were analyzed as described in method 2.R&2.dimethyl sulfide (DMS) in
beers was determined following method 2.23.1.1tyFatids and fatty acid esters in
beers were measured according to method 2.21.4 22?816, respectively. 2-
Phenylethanol in beers was analyzed using meth28l&. Potassium, magnesium,
and zinc in beers were determined as describecethad 2.24.12. Sensory analysis
of fresh and forced-aged beers was performed bgnelpf 10 professional tasters
on the basis of the Deutsche Landwirtschafts-Gadwlift e.V. (DLG) scheme (5-
point scale; 1 = dislike extremely, 5 = like extedy). Aging indicators in fresh and

forced aged beers were analyzed by pervaporatitowied by gas chromatography
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(PV-GC). Wort extract, apparent extract, apparesdree of fermentation (ADF),
and alcohol of beer were measured by an AlcolyzeerBME Analyzing System
(Anton Paar GmbH, Graz, Austria). Yeast cell couwere carried out using a
haemocytometer (Thoma chamber, 0.100 mm cell degptd)methylene blue as an
indicator for yeast viability. In addition, worttfg acid profiles were analyzed by GC
using trimethylsulfonium hydroxide as derivatizaticeagent according to Deutsche
Gesellschaft fur Fettwissenschaft e.V. method Ct1#. All wort and beer standard
analyses were performed in duplicate.

Lab-on-a-Chip analysis

The protein profile of worts and beers was deteeahinsing Lab-on-a-Chip capillary
electrophoresis as described by Kleseal. (22). For the analysis, 40 mg of freeze-
dried and homogenized sample was extracted withpdO6f reagent (2 M urea, 15%
glycerol, 0.1 M Tris-HCI (pH 8.8), 0.1 M dithiothtel) in the ultra-sonic water bath
for 15 min at room temperature. After centrifugatat 18,8908 for 15 min, 4 pL of
supernatant was denatured by heating at 95°C farirb with 2 pL of Agilent
denaturing solution. The denatured sample was dileted with 84 pL of deionized
water and 6 pL of this mixture was applied to thet€n 80 LabChip for analysis in
the Agilent 2100 Bioanalyzer according to the mantdrets instructions (Agilent
Technologies, Santa Clara, California). Any peatected below 5 kDa is termed a
system peak and is not included in the analysiswalt and beer protein profiles

were determined in duplicate.
ELISA analysis

Peptide fragments of prolamins in beers were qtaiviely determined using a R5
gliadin competitive enzyme-linked immunosorbent agss(R-Biopharm AG,

Darmstadt, Germany) representing the official séadd method for gluten
determination according to the Codex Alimentar§ ELISA tests were carried out

in triplicate.
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Statistical analysis

Results are given as arithmetic means with 95% iden€e intervals (two-tailed
Students t-values forn-1 degrees of freedom). Analysis of variance testse
performed to compare sample means (Bonfertdast; a = 0.05) using SigmaPlot
software (Systat Software Inc., San Jose, Cali&rni
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Results and discussion
Impact of unmalted white Nigerian and red Italianghum on wort quality

In the present study, the quality of mashes/wants lzeers brewed with 40% white
or red sorghum adjunct and optimized levels of gtdal enzymes (no protease, 50%
of recommended heat-stableamylase dose, np-glucanase)20) was determined
and compared. It was observed that red sorghuneteta lump formation during
mashing and caused a significantly highe=(0.01) mash pH than white sorghum at
the end of cooking at 90°C (pH 6.17 and pH 6.03peetively). However, the use of
both sorghum types (white/red) resulted in a sigaiftly increased total mash pH
(5.55/5.54) compared to the reference mash pH J%8#re mashing-off at 78°C
(P < 0.05). All mashes were iodine normal after 10 rfreference) and 20-30 min
(40% white/red sorghum) at 70°C, respectively. Thatering rate decreased
considerably from 0.60 kg wort/min to 0.40 kg winith by substituting 40% barley
malt with hammer-milled white or red sorghum. Haistreason, brewing with high
levels of sorghum adjunct necessitates the use ofash filter to reduce wort

separation times.

The first wort pH (20°C) and extract increased frors4 to 5.71/5.70R < 0.05) and
from 14.3% wi/w to 15.1% w/wHR > 0.05), respectively, when using 40% white/red
sorghum. In contrast, its viscosity (calculated 1t».0% w/w extract) and TSN
content (Figure 1) decreased from 1.798 mR@ 1.676/1.672 mPa(P < 0.05) and
from 1,008 mg/L to 712/695 mg/LP(< 0.001), respectively, by replacing 40%
barley malt with white/red sorghum adjunct. The a540% red sorghum caused not
only significantly higher R = 0.01) total polyphenol contents in first wortl(®
mg/L) compared to that of 40% white sorghum (149/UpdFigure 2) but also
significantly increasedR < 0.05) color values (21.6 EBC units and 16.2 HB@s,
respectively). These findings correspond approxetyad those obtained in previous
work (20).
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Figure 10-2. Impact of 40% white and red sorghum adjunct ost fivort total
polyphenol content.

The preboil wort pH (20°C) was slightly higher thdre first wort pH increasing
from 5.62 (reference) to 5.80/5.78 (40% white/rechbum) P > 0.05). In terms of
viscosity (calculated to 12.0% w/w extract), a edesable increase by 15.3-21.1%
in comparison to first wort was observed (refere@d@73 mPa; 40% white/red
sorghum 1.972/2.025 mRaP < 0.05), which is the result of an extensive esttom

of viscosity-altering substances such faglucans, nitrogenous compounds, and
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dextrins (starch) from spent grai(&3—25) The amount of TSN in preboil worts was
approximately 31-88 mg/L higher than that in fiwgorts as a consequence of
sparging (reference 712 mg/L; 40% white/red sorglr#/459 mg/L;P < 0.001).
Preboil worts produced with 40% white sorghum hadastderably lower color
values/total polyphenol contents (11.9 EBC unit4/I0g/L) than those produced
with 100% barley malt (17.0 EBC units/124 mg/L)48% red sorghum (17.4 EBC
units/155 mg/L).

Finally, cold worts containing 40% white/red sorghadjunct had a significantly
higher pH (20°C) than the reference wort (5.64/5&8 5.48, respectively;
P < 0.05), which is in accordance with the literat(t0). The final wort viscosity
(calculated to 12.0% w/w extract) decreased sigguifily from 1.879 mPa to
1.788/1.787 mPa (P < 0.05) by substituting 40% barley malt with wiigel
sorghum (Figure 3), most likely due to their loveglucan contents. However, the
color values/total polyphenol contents ranging fréin4 EBC units to 13.8 EBC
units and from 148 mg/L to 188 mg/L, respectivelgre not significantly different
(P > 0.05). Furthermore, the TSN content of cold warias significantly reduced
from 805 mg/L (100% barley malt) to 509/501 mg/L emhusing 40% white/red
sorghum adjunctR < 0.001). In agreement with these TSN resultsHAN content
of cold worts decreased significantly from 143 mgd.102 mg/L and 98 mg/L,
respectively, by replacing 40% barley malt with tghor red sorghumP(< 0.01)
(Figure 4). According to the literature, recommeah&&N values are 200—-240 mg/L
based on all-malt worts (12.0% w/26). This is, however, in strong contrast to
different experimental studies stating that 85-18&/L FAN are sufficient for
optimal yeast growth and fermentati(?v,28)
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The total amino acid content of cold worts (Tab)jed&creased significantly from
115.75 mg/100 mL to 82.18 mg/100 mL (29.0% reduntiand 79.47 mg/100 mL
(31.3% reduction), respectively, when replacing 4b%ley malt with unmalted
white or red sorghumP( < 0.01). The use of 40% red sorghum resulted in
significantly lower levels of aspartic acid, glut@macid, asparagine, serine,

glutamine, threonine, arginine, and lysife<{ 0.001). Those amino acids (class A)
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are assimilated immediately after the yeast ceatistact the wort(29). However,
40% white sorghum worts provided significantly heghlevels of aspartic acid
(P <0.001), glutamic acid?(< 0.01), and asparagin € 0.001) in comparison to
40% red sorghum worts. The levels of histidine,inggl leucine P < 0.001),
methionine, and isoleucin® & 0.01) (class B), assimilated more slowly thass|A
amino acids(29), also decreased significantly when substitutin§o4Barley malt
with red sorghum, even though the valine levelsevggnificantly higher than those
provided by white sorghunmP(< 0.001). Both sorghum types caused significantly
lower levels of glycine, alanine, tyrosine, trypiba@m, and phenylalanine (class C)
compared to the referende € 0.001). Those amino acids are not utilized wiéiks

A amino acids have disappeared from the wWa#). Furthermore, the level of
aminobutanoic acid (GABA), which is not a constitueof proteins(30), was
significantly reduced by replacing 40% barley malith white/red sorghum
(P < 0.01); however, white sorghum worts containeghér levels of GABA than red

sorghum wortsK < 0.05).

Table 10-1. Impact of white and red sorghum adjunct on wortiremacid
composition [mg/100 mLj.

Amino acid 100% Barley malt 40% White sorghum 40% Red sorghum
Aspartic acid 6.34+0.19 6.18 £0.36 5.35+0.19
Glutamic acid 10.70 £ 0.13 8.54 +£0.59 7.80+0.12
Asparagine 7.99 £ 0.00 7.87£0.38 7.12+£0.17
Serine 4.85+0.01 344+0.21 3.30+0.18
Glutamine 2.28+£0.04 1.62 +0.01 152 +0.17
Histidine 5.63+0.33 3.56+0.73 3.32+£0.02
Glycine 1.47 £0.09 1.04 £0.03 1.09 £0.08
Threonine 4.37+0.24 297+0.19 2.93 +0.06
Alanine 4.46 £0.03 3.06£0.20 3.04+£0.24
Arginine 15.00 + 0.85 10.70 £ 0.43 10.25 +0.61
y-Aminobutanoic acid 2.58 £ 0.08 2.41 +£0.07 2.16.27
Tyrosine 6.69 £ 0.39 4.18 £0.19 4.25+0.21
Valine 7.89 +£0.68 4.66 +0.08 493+0.11
Methionine 0.97 £0.05 0.82+0.37 0.63+0.24
Tryptophan 242 +0.11 1.63+0.12 1.70+0.12
Isoleucine 1.75+0.34 0.95+0.33 1.19+0.16
Phenylalanine 10.34+£0.21 6.76 £ 0.63 6.69 £ 0.44
Leucine 13.69 +0.99 7.99 +£0.49 8.26 +0.28
Lysine 6.33+0.42 3.80+0.25 3.95+0.13
Total amino acids 115.75 £ 4.42 82.18 +4.84 722164

@ Data are means of duplicate determinations on efithio replicate brews + 95% two-tailed Studeritvalues for 3 degrees
of freedom.
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The total fermentable sugar content of cold wontseéased from 74.4 g/L (100%
barley malt) to 75.1 g/L (40% white sorghum) and188/L (40% red sorghum),
respectively P > 0.05) as a result of the higher starch conteftboth sorghum
types. It should be mentioned here that the exwantent of the reference worts
(11.8% wiw) was slightly lowerR > 0.05) than that of 40% white/red sorghum
worts (12.1/12.0% wi/w). The substitution of 40%legmalt with sorghum adjunct
caused reduced contents of glucose, fructose, antbse as well as increased
contents of maltosé”(> 0.05). In addition, 40% white/red sorghum wartsitained
significantly more maltotriose (12.2/13.8 g/B;< 0.05) compared to the reference
worts (11.0 g/L). The total fatty acid content amnposition of cold worts produced
with 40% white or red sorghum were similar to tha$el00% barley malt worts
(P>0.05) (Table 2). Palmitic (hexadecanoic), steactadecanoic), oleic (9-
octadecenoic), linoleic (9,12-octadecadienoic), antinolenic  (9,12,15-
octadecatrienoic) acids accounted for 90.0-96.2%6taf fatty acids in wort, which
Is in agreement with the literatuf®1). Unsaturated fatty acids are essential for
optimal yeast growth and metabolism due to thewoivement in building up a
functional yeast plasma membrane (exchange of mi@edetween cytoplasm and

external environment of cel(12,32)

Table 10-2.Impact of white and red sorghum adjunct on wadtifacid composition
[mg/100 mL]?

Fatty acid 100% Barley malt 40% White sorghum 40% Red sorghum
Caproic acid (C 6:0) 0.02 +0.00 0.03 £0.01 <@200
Caprylic acid (C 8:0) 0.03 +0.01 0.05 +0.01 0:08.01
Capric acid (C 10:0) <0.02 £0.00 <0.02 £ 0.00 20+10.00
Lauric acid (C 12:0) <0.02 £0.00 <0.02 £0.00 <0400.00
Myristic acid (C 14:0) <0.02 £ 0.00 <0.02 £ 0.00 .8+ 0.00
Palmitic acid (C 16:0) 0.20£0.02 0.18 £ 0.01 0£20.01
Stearic acid (C 18:0) 0.08 +0.03 0.06 £ 0.01 @@601
Oleic acid (C 18:1) 0.04 £0.03 0.05+£0.00 0.08.62
Linoleic acid (C 18:2) 0.08 £0.04 0.06 £0.01 06€8.01
Linolenic acid (C 18:3) 0.08 + 0.04 0.07 £0.01 P100.01
Saturated fatty acids 0.33+£0.06 0.32+0.01 .86
Single unsaturated fatty acids 0.04 £0.03 0.05080 0.05+0.02
Polyunsaturated fatty acids 0.16 £ 0.09 0.13+0.01 0.17 £0.02
Total fatty acids 0.53+0.12 0.50 £ 0.02 0.52@50.

@ Data are means of duplicate determinations on efithio replicate brews + 95% two-tailed Studeritvalues for 3 degrees
of freedom.
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Impact of unmalted white Nigerian and red Italianghum on beer quality

After 10 days of fermentation, the cold wort extraontent was reduced by 58.7—
59.3% to 4.8-5.0% w/w, corresponding to 3.2—-3.4% apparent extract content.
The alcohol content and ADF of the reference béei5% v/v; 72.8% w/w) were
higher @ < 0.05) than those of 40% white or red sorghunré£4% v/v; 71.1%
w/w and 71.2% w/w, respectively). Young or ‘gredseers produced with 40%
white/red sorghum adjunct also had lower pH andrcahlues at the end of the main
fermentation (4.30/4.34; 8.7/8.4 EBC units) comgare 100% barley malt beers
(4.39; 9.8 EBC units). The decrease in color valogsl.6-5.4 EBC units during
fermentation is due to the pH drop by 1.09-1.34usta a decoloration of
anthocyanins and a loss of polyphenols as a regudidsorption by yeast cells
(12,33,34) It has been found that the polyphenol conterdodd worts was reduced
by 19.7-26.4% after 10 days of fermentation. Yoonggreen’ beers brewed with
40% red sorghum exhibited significantly highd? & 0.001) total polyphenol
contents (151 mg/L) than those brewed with 100%elamalt (120 mg/L) or 40%
white sorghum (111 mg/L). The cold wort TSN conterdas decreased by 40.4—
41.9% within 10 days of fermentation to 480 mg/ef¢rence) and 302/291 mg/L
(40% white/red sorghun® < 0.001), respectively. The protein profiles otigg or
‘green’ sorghum beers were similar to that of teéemence (Figure 5) revealing
proteins with a molecular weight of 9.8-18.0 kDaafh-positive low-molecular-
weight fraction) and 36.2—36.7 kDa (foam-positivghhmolecular-weight fraction),
respectively(35). However, the protein peaks/bands in the electoggram/gel-like
image of 40% white or red sorghum beers were lessgunced than those in the
electropherogram/gel-like image of 100% barley nhaers. This can be explained
by the lower protein contents of both sorghum typasd the poorer
solubility/extractability of unmodified high-molelar-weight proteins in aqueous

systems.
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Figure 10-5.Impact of 40% white and red sorghum adjunct onngoor ‘green’

beer protein profile.

Furthermore, a reduced lag phase (early log phaisgast cells was observed when
using 40% white sorghum, whereas the replacemediO® barley malt with red
sorghum caused a delayed log phase. The lattebeanplained by the significantly
lower level of class A amino acids in 40% red sarghworts compared to that in
100% barley malt worts as mentioned above. Aftex thain fermentation, the
number of yeast cells remaining in young or ‘grebaérs ranged from 5.9 x %10
(40% white sorghum) to 7.3 x 4040% red sorghumP > 0.05). These yeast cell
numbers correspond to the increase in final beeF A 4.7% w/w (40% white
sorghum) and 6.2% w/w (40% red sorghum), respdygtives a consequence of this,
the use of 40% red sorghum had no significant impacthe ADF of final beers
(77.4% wiw;P > 0.05) when compared to the reference (77.9% whkgreas the
use of 40% white sorghum caused a significantly elovADF (75.8% wi/w;

P <0.001). Beers produced with 40% white sorghunjured had significantly
higher apparent extract contents (2.9% w/w) thavseéhproduced with 40% red
sorghum (2.7% w/wP < 0.05) or 100% barley malt (2.6% w/®;< 0.001). As a
result, they had lower alcohol contents (4.8% weinpared to 40% red sorghum
beers (5.0% v/v) or the reference beers (4.9% wWhgse findings correspond to
those obtained in previous wo(R0). In terms of filtered beer color, no significant
differences could be determined between the 100%\banalt beers (5.7 EBC units)
and the 40% white/red sorghum beers (5.1 EBC Gnt&BC units). However, the
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pH of the reference beers (4.38) was significahther than that of the 40% red
sorghum beers (4.28,= 0.01).

The foam stability of final beers decreased sigaiftly from 282 s to 261 s
(P <0.05) and 241 (< 0.001), respectively, when replacing 40% bant&lt with
white or red sorghum adjunct (Figure 6). Theseifigd can be explained by the
significantly reduced levels of TSN and high-molecweight proteins in 40%
white/red sorghum beers. Besides, the high polyphemntent in 40% red sorghum
worts may have caused higher losses of foam-pesgreteins during wort boiling
(35).
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Figure 10-6.Impact of 40% white and red sorghum adjunct on besamn stability.

Beers brewed with 40% white/red sorghum adjuncttaioed very low levels of
FAN (4.5/4.0 mg/L) in comparison to the refereneeis (42.5 mg/LP < 0.001).
Hence, up to 94-100 mg/L FAN was assimilated bystyealls during fermentation.
These results confirm previous findings and literatreports stating that FAN
contents of 100 mg/L or even less are sufficiemtdptimal yeast growth and an
efficient fermentation proceg44,20,28) The total amino acid content of final beers
was reduced by 70.3% to 34.42 mg/100 mL (100% ¥parlelt) and by 95.8/96.4%
to 3.44/2.87 mg/100 mL (40% white/red sorghum)peesively, compared to that of
cold worts. During fermentation, 79.2% (referenarll 96.6/97.2% (40% white/red
sorghum) of class A amino acids, 86.3% (refereaoel) 96.9/97.5% (40% white/red
sorghum) of class B amino acids, as well as 57 /E¥#rence) and 92.3/92.7% (40%
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white/red sorghum) of class C amino acids werendkded by the yeast. All amino
acid levels in beer were lower than those in tispeetive wort except for tryptophan
(class C) being constant and GABA showing a 2.8-fotrease to 7.38 mg/100 mL
in 100% barley malt beers. The latter was 97.9%5®1g/100 mL) and 99.1% (0.02
mg/100 mL), respectively, lower in 40% white or resrghum beers compared to
wort levels. GABA was found to be the major amirmdaexcreted by yeast cells
utilizing it as a source of carbon. It builds uptire intracellular pool and is later
released into the extracellular environment duriagtolysis. The GABA
concentration depends on the sources of nitrogaiadwe during growth, pH, and
the concentration of solutes in the medi(88). The remaining sugar content of the
final beers (maltose, maltotriose) ranged from @/14 (40% white sorghum) to 2.2
g/L (40% red sorghum)P(> 0.05; reference 2.0 g/L). Hence, 97.4-98.1%otdl t

fermentable sugars were metabolized by yeast deting fermentation.

All beers contained beside caproic (hexanoic), ydapr(octanoic), and capric
(decanoic) acids, rising from 0.70-1.00 mg/L (celdrts) to 7.12-8.33 mg/L (7.8—
11.9-fold increase) as a result of fatty acid sgsih and release by yeast cells during
fermentation (31), also isovaleric (3-methylbutanoic) acid. Howevénge total
concentration of those short/medium-chain fattydadended to be lower in 40%
white (9.61 mg/L) or red (9.12 mg/L) sorghum beérsference 10.53 mg/L).
Isovaleric, caproic, caprylic, and capric acids ador-active compounds whose
thresholds range from 0.7 mg/L to 20 mg/L contnbgitwith rancid, cheesy, sweaty,
or oily notes to the sensory properties of b@e;,36) Furthermore, the replacement
of 40% barley malt with white or red sorghum redlicthe acetaldehyde
concentration in final beers from 11.55 mg/L toSBrbg/L P > 0.05) and 8.40 mg/L
(P < 0.05), respectively (Table 3). Acetaldehydev@dilathreshold 25 mg/L), the
major aldehyde, contributes negative flavor attelsuto beer (emulsion paint or
green apple aroma). In general, aldehydes are rmare flavor-active than their
corresponding higher alcohols; the latter represkat major fraction of volatile

compounds in bedB7,38)

Higher alcohols are classified into aliphatregropanol, isobutanol, 2-methylbutanol
(active amyl alcohol), 3-methylbutanol (isoamyl adlol)) and aromatic (e.g. 2-
phenylethanol) higher alcohols. Aliphatic alcohalsntribute to the alcoholic or

solvent aroma of beer and impart a warm mouthfgbile the aromatic alcohol 2-
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phenylethanol confers positive sweet flavor notesbeéer (rose or floral aroma)
(37,38) The concentration of isobutanol (flavor thresh8@-100 mg/L) and amyl
alcohols (2- and 3-methylbutanol; flavor threshé@-60 mg/L each}38) in final
beers increased significantly by 10.5-12.5% whdoststuting 40% barley malt with
white or red sorghumP(< 0.05) (Table 3), even though 100% barley malttsvo
contained significantly higher amino acid levelsl{we, isoleucine, leucine) than
40% sorghum worts. These findings confirm thos8abmo and Yound14), who
found that beers produced with 100% unmalted sorglnd industrial enzymes
(wort FAN content 51 mg/L) showed higher levelssafbutanol and amyl alcohols,
in particular 3-methylbutanol, compared to commnadrdieers. InSaccharomyces
cerevisiae yeast cells, two different metabolic pathways amgolved in the
formation of isobutanol, 2-methylbutanol, and 3-ny#tutanol: 1) Ehrlich pathway
— catabolism of valine, isoleucine, and leucinea2abolic pathways implicated de
novo synthesis of branched-chain amino acids througlr thiosynthetic pathway
from glucose(39,40) At low concentrations of assimilable nitrogen (PA the
biosynthetic pathway predominates, whereas at RN concentrations the Ehrlich
pathway becomes prominent as a result of amino feadback inhibition of key
enzymes in the biosynthetic pathway. As a consemesf this, the longer a
fermentation proceeds in the absence of nitroges,greater is the production of
higher alcohol$41,42)

Esters are the most important fermentation-deras@ana compounds in beer (very
low flavor thresholds) and subdivided into acetasters and short/medium-chain
fatty acid (C 4:0-C 10:0) ethyl esters. The firsbup includes ethyl acetate (fruity,
solvent-like), isoamyl acetate (fruity, bananapt&nylethyl acetate (roses, honey),
isobutyl acetate (fruity, banana) and the secoondmethyl butyrate (papaya, apple),
ethyl caproate (apple, aniseed), ethyl caprylapplé, as well as ethyl caprate
(soapy, chemical)12,37,38,43,44) The total ester concentration in final beers
brewed with 40% white (9.66 mg/L) or red (9.38 mjgdorghum adjunct tended to
be lower than that in reference beers (10.09 mgAidh isoamyl acetate being
significantly lower P < 0.001) (Table 3). It has been reported thatditeactive
acetate ester production is reduced with low wédFand glucose level&i4). The

concentration of diacetyl (butterscotch-like arorflayor threshold 0.10-0.15 mg/L
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(12,45) in final beers was not affected by replacing 468fley malt with white or
red sorghum adjunct (Table 3).

Table 10-3.Impact of white and red sorghum adjunct on beemar compounds
[mg/L].2

Aroma compound 100% Barley malt 40% White sorghum 0% Red sorghum
Acetaldehyde 11.55+2.20 8.55+2.61 8.40 £ 0.59
n-Propanol 15.85+0.10 16.20 £ 0.39 16.15+0.29
Isobutanol 22.90 +0.59 25.30+0.78 25.45+0.88
Amyl alcohols 69.30 + 0.59 77.35+0.49 77.95 152.6
2-Phenylethanol 38.90 + 7.50 34.00 + 2.60 36.90062
Ethyl acetate 8.90 £ 0.59 8.65+0.49 8.35+0.10
Isoamyl acetate 0.60 £ 0.00 0.50 £0.00 0.50 £0.00
2-Phenylethyl acetate 0.12 £0.00 0.09 £0.02 @.0102
Isobutyl acetate 0.04 +0.00 0.04 +0.00 0.04 0.0
Ethyl butyrate 0.07 £0.00 0.06 £ 0.00 0.07 £0.01
Ethyl caproate 0.11+0.01 0.10 £0.00 0.09 +0.00
Ethyl caprylate 0.22+0.01 0.20 £0.02 0.19 +0.02
Ethyl caprate 0.03+£0.02 0.02+0.01 0.03+0.01
Total diacetyl 0.21+0.11 0.21+0.20 0.18 +0.03
Total 2,3-pentanedione 0.07 +0.04 0.08 +0.06 @.002
Acetoin 4.70 £0.80 4.00 £ 2.60 4.20 £0.30

@ Data are means of duplicate determinations on efithio replicate brews + 95% two-tailed Studeritvalues for 3 degrees
of freedom.

Furthermore, the total organic acid content of 4@8tite (733.0 mg/L) or red
(697.9 mg/L) sorghum beers was slightly higher careg to that of 100% barley
malt beers (682.3 mg/L). Acetic acid accounted3orl—-40.2% of the total organic
acid content followed by citric acid (30.5-33.8%6)tic acid (15.3—-18.4%), pyruvic
acid (3.2-9.2%), oxalic acid (3.1-4.7%), formicda¢®.7-1.0%), and fumaric acid
(0.6—0.9%). Oxalic/formic acid showed a 1.5-1.6} < 0.01), pyruvic acid a 2.4—
3.0-fold P < 0.05), and fumaric acid a 1.4-1.5-fol ¢ 0.05) increase when
substituting 40% barley malt with sorghum adjumdtereas lactic acid decreased by
7.6-10.4%. Beers brewed with 40% white sorghumainat higher levels of citric
(243.5 mg/L;P < 0.01) and acetic acid (277.5 mg#;> 0.05) than those brewed
with 40% red sorghum (213.0 mg/L and 259.0 mg/Ispeetively). Organic acids
contribute not only to sourness but also to bigesmand astringency of bg86,46)
The free DMS concentration in final beers decreasigghtly from 15 pug/L to
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11ug/L and 13ug/L, respectively, when replacing 40% barley mathwvhite or red
sorghum adjunct. DMS (odor threshold8§)L) confers generally undesirable flavor
notes described as ‘cooked sweet corn/cabbageeén (2,47) In addition, the
mineral content of final beers, also affecting @éaahd flavor, was within the range
given in the literatur€35,48,49) The chloride (135.0-144.0 mg/L), sulfate (65.6—
74.3 mg/L), and magnesium (70.0-78.9 mg/L) levdightdy decreased when
replacing 40% barley malt with white or red sorghuwhereas the potassium
(468.0-500.5 mg/L) and zinc (0.01-0.04 mg/L) levdightly increased. Chloride,
for example, gives beer a mellow palate and fulinegile sulfate enhances its dry
characte(48).

Fresh beers brewed with 40% white or red sorghuhibéed lower levels of heat
indicators ¢-nonalactone) and oxygen indicators (3-methylbuta2vahenylethanal)
resulting in a 17.6-22.4% reduction of staling comgnts compared to fresh
reference beers (Table 4). In consequence of tltedeaging process (for details see
below), heat indicators (2-furfuray;nonalactone) showed a 2.2-2.3-fold increase,
oxygen indicators (3-methylbutanal, 2-phenylethprall.1-1.4-fold increase, and
staling components (3-methylbutanal, 2-furfuraimgthylfurfural, 2-phenylethanal,
y-nonalactone) a 1.9-2.0-fold increase in the agestdh The substitution of 40%
barley malt with white or red sorghum adjunct restlibeat indicators by 6.3-12.7%,
oxygen indicators by 28.6—-37.1%, and staling coreptsiby 12.8-19.5% in forced-
aged beers. These findings were reflected in theosg quality of the final beers
(Table 5) analyzed according to the DLG scheme ofbtpscale; 1 = dislike
extremely, 5 = like extremely). The replacemend0% barley malt with white/red
sorghum adjunct had no significant adverse effecthe sensory properties of fresh
beers receiving an overall score of 4.0 out of Fl@ese results confirm literature
reports stating that the quality of lager-type belerewed with 40-50% unmalted
sorghum was comparable to that of 100% barley inedrs(6,10) Furthermore,
beers brewed with 40% adjunct, in particular wikibeghum, exhibited an acceptable
flavor stability receiving an overall score of up 3.8 out of 5.0 after the forced-
aging process (Table 5). For this purpose, thddablieers were shaken overhead at
70 rpm for 24 hours at room temperature (simuldtadsportation) and afterward
stored for 4 days at 40°C to simulate 3—4 montaging. With respect to the quality

of bitterness, fresh 40% red sorghum beers achiegedlly good scores than 40%
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white sorghum or reference beers; however, theespaonding forced-aged beers

received slightly lower scores.

Table 10—-4.Impact of white and red sorghum adjunct on fregddabeer aging

indicators [ig/L].2

Aging indicator

100% Barley malt

40% White sorghum

40% Red sorghum

2-Methylbutandt®
3-Methylbutanat®
2-Furfuraf*
5-Methylfurfuraf
Benzaldehyd¥
2-Phenylethan8f

Succinic acid diethyl ester
Nicotinic acid ethyl ester
Phenylacetic acid ethyl ester
2-Acetylfurarf
2-Propionylfuraf
y-Nonalactong&®

#Heat indicators

® Oxygen indicators

¢ Staling components

Fresh Aged Fresh Aged Fresh Aged
<50 <5+0 <50 <50 <50 <5+0
9+3 11+£3 7+4 9+4 8+1 9+0
16+0 59+7 16+0 53+5 15+0 56+7
<50 6+2 <50 <50 <5+0 <50
<5+0 <5+0 <50 <50 <5+0 <5+0
21+5 22+4 13+0 13+2 12+0 13+0
<5+0 <5+0 <50 <50 <50 <5+0
6+0 8+0 6+0 8+0 6+1 7+0
<5+0 <5+0 <5+0 <5+0 <50 <5+0
<50 <5+0 <50 <50 <5+0 <5+0
<50 <5+0 <50 <5+0 <50 <5+0
40+3 67 £10 377 66 £ 17 32+11 54 +10
56 +3 126 +17 53+7 118 £ 22 +4I 110+ 17
29+8 35+12 18+9 25+7 2D 22+0
85+5 164 +2 70+2 143+15 6610 132 +17

@ Data are means of duplicate determinations on efithio replicate brews + 95% two-tailed Studeritvalues for 3 degrees

of freedom.

Table 10-5.Impact of white and red sorghum adjunct on fregbdabeer sensory

quality [5-point scalef.

DLG criteria 100% Barley malt 40% White sorghum 40% Red sorghum
Fresh Aged Fresh Aged Fresh Aged
Aroma 3.8+0.2 33+0.6 3.7+£0.0 34+0.0 30.2 34+05
Purity of taste 3.8+0.2 3.3+0.6 3.7+£0.0 3aa 3.7+£0.2 34+05
Fullness of body 43+0.0 4.4+0.0 4.3+0.0 #0Q0 43+0.0 4.4+0.0
Carbonation 45+0.0 45+0.0 45+0.0 45+00 45+0.0 45+0.0
Quality of bitterness 41+0.0 3.9+0.2 41+0.1 38+0.2 41+0.2 3.7+0.2
Overall score 41+0.1 3.7+£0.3 4.0+0.0 3.8&0 4.0+0.1 3.7+0.3

2 Data are means of duplicate determinations on ehthio replicate brews + 95% two-tailed Studertitvalues for 3 degrees

of freedom.
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The gluten content of beers produced with 40% wiié8 ppm;P < 0.05) or red (98
ppm; P < 0.001) sorghum adjunct was significantly reducethpared to that of
100% barley malt beers (233 ppm) (Figure 7). Acocwydo the Codex Alimentarius
(Alinorm 08/31/26), 40% red sorghum beers were exeny low in gluten (gluten
content above 20 and up to 100 ppm), most likelg eesult of the higher polyphenol

content in the respective worts as mentioned above.

250

200 +
& 150 |
& I 100% Barley malt
E 1 40% White sorghum
E B 40% Red sorghum
5 100 -

50 A

0 .
Figure 10-7.Impact of 40% white and red sorghum adjunct om gkegen content.
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Conclusion

In the present study, the impact of 40% white Nagerand red Italian sorghum on
wort and beer quality applying optimized levels @kogenous enzymes was
determined and compared. The substitution of 40%e¥panalt with each of those
sorghum types caused significantly lower assimdabitrogen contents in worts
amongst others. In terms of fermentation perforreartowever, no significant
differences between 40% unmalted sorghum and 10@#%e\b malt trials were
observed proving that approximately 100 mg/L FANsusficient for optimal yeast
growth. The concentrations of total fatty acidsetattlehyde, total esters, acetoin,
free DMS, and aging indicatorg-fonalactone, 3-methylbutanal, 2-phenylethanal) in
fresh beers decreased when using 40% white orargghsm adjunct, whereas those
of higher alcohols (isobutanol, amyl alcohols) aothl organic acids increased.
However, the sensory analysis performed by a pah€l0 professional tasters
according to the DLG scheme revealed no signifidéferences between 40% white
or red sorghum and 100% barley malt beers. In mddithe forced-aging process
simulating 3—4 month of aging revealed an acceptéialor stability of 40% white
Nigerian and red Italian sorghum beers. In conolusithis study successfully
demonstrated the use of 40% European grown sorghsmbrewing adjunct.
However, more research is needed with regard tediomg of sorghum cultivars

particularly suitable for beer production.
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Overall discussion and conclusion

The brewing industry worldwide is facing an evecrgasing challenge to become
more cost effective, while at the same time manitg or improving product
quality. Brewing with unmalted oats and sorghurspakferred to as adjuncts, is not
only cost saving but also innovative. Within thish.P. project, the
quality/processability of mashes, worts, and bgeosluced with various types and
levels of oats or sorghum was evaluated and opgithapplying industrial enzymes.
The objective of the first study was to developighly precise rheological method
for monitoring changes in mash viscosity or, morecysely, mash consistency
during the mashing process (Chapter 4). For thigpgse, the controlled stress
rheometer Physica MCR 301 equipped with a defiresttle-shaped rotor was used;
this rotor enables mash particles to be kept ipension throughout the rheological
measurement. During mashing, the degradation di-fmglecular-weight substances
such ag-glucan, protein, and starch by endogenous andtmenous enzymes leads
to continuous changes in mash consistefic®). The determination of consistency
changes in mashes is of great importance when bgewith cereal adjuncts (e.qg.
oats, sorghum) particularly with regard to quatibntrol (3) as well as process and
enzyme optimization. By means of statistical tootshas been shown that the
precision of the new rheological method is sigifity better compared to that of
the established Rapid Visco Analyser (RVA). Mashsistency curves were
described using regression or approximation funstion order to determine
characteristic curve points mathematically corrdtius, the start and end point of
starch gelatinization and liquefaction could be Ivagfined. According to a RVA
method described by Mitteleuropéische Brautecheischnalysenkommission
(MEBAK) (4), the gelatinization of starch starts when the os8y increases by
24 mPas within 1 s. However, the automatic determinatadnthe gelatinization
temperature by a RVA and Thermocline for Windowdtveare can result in
inaccuracies with a coefficient of variation CV 6.4%. Noisy baselines may lead to
misinterpretations, which is why MEBAK recomments manual interpretation of
data. Such problems can be eliminated by the usegoéssion functions mentioned
above. The new rheological method applying a PAyMI€ER rheometer has proven
to be highly precise, gives reproducible and thelsble results, and is suitable for

mash systems containing different cereal adjunath 8s oats or sorghum.
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In another study, eight different oat cultivars &eompared in terms of their
suitability as brewing adjuncts (Chapter 5). Thes¢ cultivars, 7 husked (Lutz,
Buggy, Galaxy, Scorpion, Typhon, Ivory, Curly) ahdhuskless or naked (NORD
07/711), were chosen because of their low contehtausk, 3-glucan, protein, fat,
and/or high starch contents. It has been foundahatat cultivars had significantly
higher contents of fafj-glucan, protein, and ash as well as negligibly knezyme
activities compared to barley malt. However, theketh oat cultivar contained
considerably lesg-glucan as well as more protein and starch tharv thasked oat
cultivars. These findings are largely in agreenveiit data published in the literature
(5-11) When replacing barley malt with unmalted oat®rewing, high amounts of
unmodified high-molecular-weiglfitglucans and proteins are brought into the mash,
increasing its consistency. The application of teev rheological method using a
Physica MCR rheometer also revealed that the gétation of oat starch caused
significantly higher peak consistencies compareth&b of barley malt starch; this is
due to differences in morphology and size of stay@nules(12,13) Nevertheless,
the use of 40% naked oats resulted in a final nmasisistency similar to that
obtained with 100% barley malt. With regard to wquality/processability, the
substitution of 20% or 40% barley malt with hammehed oats caused
significantly higher pH valueg$-glucan contents, and viscosities (based on 12% w/w
extract) as well as significantly lower filtratiorates, polyphenol contents, color
values, total soluble and free amino nitrogen cotreéions. Mashing with up to
40% naked oats resulted in constant extract yieltiereas the use of husked oats
led to significant extract losses. The best resolterms of nitrogenous compounds
in worts were achieved with naked oats as welhashusked oat cultivars 'Lutz' and
'Scorpion’. Especially interesting are the findirgmicerning wort viscosity: The
naked oat cultivar with the lowegtglucan content caused the highest viscosity
(lowest filtration rate); the husked oat cultivduutz' with the highestB-glucan
content caused the lowest viscosity (highest fittrarate). It has been reported that
naked oats contain more water-soluble and lessrswegelublep-glucan than husked
oats(14). Besides, a high level of extractpayjlucan does not necessarily involve a
high viscosity (and vice versa) since larger fragteecontribute more to viscosity
than smaller but more numerous fragmeafs). In view of all these results, the oat
cultivars 'NORD 07/711' (naked oats) and 'Lutz'siad oats) have proven to be

particularly interesting and promising as brewidiguacts.
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The objective of a further study was to investigtte limitations of endogenous
barley malt enzymes and the benefits of the appdicaof industrial enzymes in
high-gravity brewing, substituting 10-40% barleylimaith the oat cultivar 'Lutz’
(Chapter 6). On the basis of preliminary rheolobitests was found that it is
impossible to reduce the mash consistency of 4084ma@ahes to a similar level as
obtained with 100% barley malt by extending theobyic/proteolytic mash rest.
However, this reduction in mash consistency cowdabhieved by the addition of
Ondea® Pro (2.0 g/kg oats) to 40% oat mashes. ditegme cocktail proved to be
especially suitable for brewing with unmalted oatmtaining the following enzyme
activities: Pullulanase (declared enzyme 637 Uflgamylase, endoproteasg;
glucanase, xylanase, and lipase. Mashing with 408 unmalted oats resulted in
complete saccharification after 10 min at 72°C with enzyme addition.
Furthermore, very high positive correlations betvewsash consistency and oat
concentration were determined. With regard to veprality, thep-glucan content
increasedR < 0.001) whereas the free amino nitrogen contentesedR < 0.05)
with increasing adjunct level. Significant advers#fects on wort extract and
viscosity (based on 12% w/w extract) were obsemwkdn using 20% or more oats.
In addition, the substitution of 30% and 40% bamegit with unmalted oats caused
significantly higher filtration times and wort pHales. This increase in pH is likely
the result of a lower concentration of buffer sabsts such as peptides/polypeptides
with aspartate and glutamate residues in oat-aantpiworts(16). The application
of Ondea® Pro led to considerably reduced vlegilucan concentrations and thus
viscosities as well as increased free amino nitmoged extract contents.
Recommended values for free amino nitrogen in lgigtvity worts (18—24% wi/w)
are 250-280 mg/l(17,18) those concentrations have still been reached artsw
produced with up to 20% oats without the additioh exogenous enzymes.
Nevertheless, the use of Ondea® Pro has the pattéatconsiderably improve the
filterability and fermentability of high-gravity wts produced with 30% or more
oats. Side effects of the addition of this enzymie tm oat-containing mashes were
lower wort pH values (higher buffering potentialhda increased wort colors
(excessive formation of Maillard products) due toextensive protein degradation.
However, the substitution of up to 20% barley nmwith unmalted oats in high-

gravity brewing can easily be realized without dipglication of industrial enzymes.
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In another study, the impact of various levels nfalted oats (10-40%; cultivar
'Lutz’) on the quality and processability of mashesrts, and beers brewed at pilot-
plant scale (60 L) was evaluated (Chapter 7). @ate milled using a hammer mill
in order to improve extract yields and prevent [ blockages (high husk
volume). For mashing, a common infusion process apgied (30 min at 50°C; 40
min at 65°C; 20 min at 72°C; 5 min at 78°C, maskoffy) since oat starch has a
somewhat lower gelatinization temperature thanelyaralt starch (see Chapter 6). It
has been found that brewing with up to 40% hammiednoats at pilot-plant scale
is technically feasible without the addition of usirial enzymes. However, the
reported positive effects of intact oat husks ardeng/filtration performancé¢l9—
23) do not occur. Nevertheless, hammer milling versllsr milling results in lower
final mash B-glucan contents (higher solubility/extractabilithigher enzyme
susceptibility) (24) and lower wort viscosities (findings of prelimigabrewing
trials). The substitution of 40% barley malt witarhmer-milled oats caused a 97-
fold increase of-glucan in the final mash. Besides, a very highitp@scorrelation
between final masp-glucan content and preboil wort viscosity (basadl@% w/w
extract) was determined. As a result, the use & 20 more hammer-milled oats led
to significantly reduced lautering rates; the us&G%b6 oats had no significant impact
on the processability of mashes/worts. Furthermmagsitive effect of oats on yeast
growth could be observed, which might have beemwstited by higher zinc and
lipid contents in oat-containing wor{20,21,25,26) In terms of beer quality, the
replacement of up to 40% barley malt with unmalteds resulted in acceptable
values for lager-type beers based on 12% w/w algaxtract(27-29)as regards
alcohol, apparent residual extract, apparent degfdermentation, pH, and color,
even without exogenous enzyme addition. Howeveg, fdam stability of beers
produced with 20% or more oats was significantlydo compared to that of 100%
barley malt beers as a consequence of insuffi@erdunts of total soluble nitrogen
(30) and high-molecular-weight proteins, respectivelly. contrast, the sensory
quality of oat beers improved with increasing adjutevel, 30% and 40% oat-
containing beers were rated higher in terms of aramd purity of taste than all-malt
beers. These oat beers exhibited considerably loeacentrations of heat
indicators/staling components (2-furfuraknonalactone) and acetaldehyde; their
content of higher alcoholsn{propanol, isobutanol) was lower, their ester conte

(ethyl acetate, isoamyl acetate) higher compardd@846 barley malt beers.
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In a further study, the advantages and limitatiafisthe use of commercially
available oat and sorghum flours for beer productiere determined, substituting
10-90% barley malt (Chapter 8). Brewing with comerarflours has the potential
to reduce mashing times due to the high solubgxyactability of very finely milled
cereals and improve brewhouse efficier{8{,32) Mashing was carried out using
the common infusion process mentioned above (sept€h 7). Sorghum flour
contained significantly less faf}-glucan, and protein as well as more starch,
polyphenols, and ash than oat flour; in additiorhad a considerably higher starch
gelatinization temperature and a different proteiofile compared to oat flour. In
comparison with barley malt, both commercial flowshibited lower levels of
protein, higher levels of starch and fat, as welhagligibly low enzyme activities.
These findings are largely in agreement with @@ reports(8,33,34) When
replacing barley malt with oat flour in brewinggtlextract content of worts steadily
increased with increasing adjunct concentrationyeher, the use of more than 50%
sorghum flour caused a rapid decrease in wort extlae to an insufficient starch
degradation. Hence, the substitution of barley math sorghum flour is limited to
50% when applying a normal infusion mashing proc@ss pregelatinization of
sorghum starch) without the addition of exogenawsymes. All mashes containing
up to 90% oat flour and up to 50% sorghum flouspestively, showed iodine
normality after 10-15 min at 72°C as well as a géhdrability. Furthermore, the
use of up to 50% commercial oat flour did not resuhigher wort viscosities (based
on 12% wi/w extract), indicating that tieglucanase activity in 50% barley malt was
still sufficient for the degradation gf-glucan comprised in 50% oat flour. Worts
produced with 10-70% commercial oat flour reveakdvery good or good
fermentability, those containing 30-50% sorghunmuiflecaused a lower alcohol
production. Equivalent factors were introduced tidev to determine the limitations
of the use of commercial oat and sorghum flourgrawing from an economic point
of view. These are a measure of the amount of #wmljunct required to substitute a
defined amount of barley malt without causing ratgvchanges in wort extract. It
has been found that the use of up to 70% oat f#mar up to 50% sorghum flour,
respectively, is not only technically feasible lalso economically beneficial. For
example, when aiming at an adjunct concentratiat08b, only 870 kg of oat flour is
needed to replace 1000 kg of barley malt withoirtaex losses.
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The objective of another study was to compare whiigerian and red Italian
sorghum as brewing adjuncts as well as to optinteee application of industrial
enzymes to brewery mashes containing 10-40% of saghum type (Chapter 9).
For mashing, a slightly modified double infusionopess used in the brewing
industry was chosen. First, sorghum mash was cotikgélatinize starch (5 min at
55°C; 30 min at 90°C) and then mixed with barleyltrmaash to enzymatically
convert gelatinized starch into fermentable su@@anmsin at 60°C; 30 min at 70°C; 5
min at 78°C, mashing-off). It is recommended to gudtease and heat-stahle
amylase to the sorghum mash ghdlucanase to the total mash. In general, high
levels of exogenous enzymes improve both quality processability of sorghum
mashes/worts. However, a balance between prodaditygand production costs has
to be established. Both unmalted sorghum types waleaeacterized by higher starch
contents, lowe-glucan and protein contents, as well as negliglbly enzyme
activities compared to barley malt. These findirege in agreement with data
published in the literatur€85—40) Nevertheless, red sorghum caused a significantly
higher mash consistency than white sorghum becatises higher proportion of
vitreous starch (higher intrinsic viscosity, highgelatinization temperaturetl)).
The addition of industrial enzymes to sorghum-cmimg mashes was optimized by
applying the new rheological method using a Phy8M&R rheometer. It has been
found that the consistency of sorghum mashes iseceanormously with increasing
adjunct level (no enzyme addition). The use of {stahle a-amylase (Hitempase
2XP; 1.0 g/kg sorghum) as recommended caused aatcim mash consistency to a
large extent. However, 50% of the recommended $tahle a-amylase dose was
sufficient for brewing with up to 40% white or redrghum. Besides, the addition of
protease (Bioprotease N120MG; 0.13 g/kg sorghum¥dighum mashes arfi
glucanase (Bioglucanase TX; 0.25 g/kg malt) toltotashes as recommended had
no significant effect on mash consistency or wardldy. Worts produced with 40%
hammer-milled sorghum (white/red) and optimizedyemz levels (Hitempase 2XP;
0.5 g/kg sorghum) exhibited significantly lower aosities (based on 12% w/w
extract), filtration rates, total soluble and framino nitrogen contents as well as
significantly higher pH values. Furthermore, théstuution of 30% or more barley
malt with white sorghum resulted in significantBduced wort polyphenol contents;
in contrast, the use of 30% or more red sorghunseaghisignificantly increased

polyphenol concentrations.
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In the last study, the impact of 40% white Nigeramd red Italian sorghum on the
quality of worts and beers brewed at pilot-planalec(60 L) was evaluated and
compared (Chapter 10). Mashing was performed uiagdouble infusion process
mentioned above (see Chapter 9), applying optimiegdls of industrial enzymes
(Hitempase 2XP; 0.5 g/kg sorghum; see ChapteriBal worts produced with 40%
white or red sorghum revealed higher concentratainstal fermentable sugars, in
particular maltoseR > 0.05) and maltotrioseP(< 0.05). Their fermentability was
comparable to that of 100% barley malt worts, despery low free amino nitrogen
contents of around 100 mg/L. According to the #tare, recommended values for
free amino nitrogen are 200-240 mg/L based on alt-mvorts (12% wi/w)(42).
Beers brewed with 40% red sorghum had a signifigargduced foam stability
compared to 100% barley malt beers. The use of 4bfte sorghum had a less
adverse effect on beer foam. It is likely that tiigh polyphenol content in red
sorghum worts caused higher losses of foam-pospire¢éeins during wort boiling
(27). Furthermore, 40% sorghum beers received similgogd scores in terms of
sensory quality and flavor stability than all-makers. The substitution of 40%
barley malt with unmalted sorghum (white/red) résailin considerably reduced
levels of staling componentg-fonalactone, 3-methylbutanal, 2-phenylethanal) and
acetaldehyde. In addition, 40% sorghum beers edeaibsignificantly increased
contents of higher alcohols (isobutanol, 2- and &hylbutanol) as well as lower
ester contents (isoamyl acetate) compared to 108feymalt beers. This is in
contrast to oat beers containing less higher alsolnd more esters than all-malt
beers. It has been reported that flavor-activeadeetster production is reduced with
low wort free amino nitrogen and glucose levé#3). Besides, the longer a
fermentation proceeds in the absence of nitroges,greater is the production of
higher alcoholg44,45) The gluten content of beers brewed with 40% whiteed
sorghum was significantly reduced compared to tfal00% barley malt beers.
According to the Codex Alimentarius (Alinorm 08/32&), 40% red sorghum beers
were even very low in gluten (gluten content ab@@eppm and up to 100 ppm),
most likely as a result of the higher polyphenahtent in the respective worts (see
above). Hence, European grown red sorghum has geaential to be used as
brewing adjunct. In summary, this Ph.D. thesis kagsfoundation for the successful

use of unmalted oats and sorghum in brewing.
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