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Many alcoholic beverages produced using various methods are consumed throughout 
the world. Alcoholic beverages made by brewing cereals, such as beer and Japanese 

sake, are extremely popular. Brewing them requires a complicated process by which 
the cereal must be saccharified using enzymes such as amylase. For example, with 
beer brewing, malt enzymes are used for saccharification. By germination, malt is 

made from barley to produce enzymes. Finally, wort is made by processing at higher 
temperatures using malt. The actual techniques require high-level skills. In this book, 

the discussion encompasses leading-edge brewing technology with fermentation using 
a non-Saccharomyces starter, healthy uses of spent grain from brewing processes, 
and an electronic nose for quality control, but it also includes descriptions of local 

traditional alcoholic beverages of Korea and Cameroon.
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Preface

Beer has a long history. Beer was brewed in ancient Mesopotamia in 3000 BC. In today’s
world, beer is an extremely popular alcoholic beverage consumed worldwide. Its annual
global consumption was 146 million kL in 2015. People in China, who consumed 43 million
kL of beer in 2015, collectively consumed more beer than people in any other country. The
second leading country for consumption is the US, with 22 million kL of beer consumed,
followed by Brazil, Germany, and Mexico. These five countries collectively consume more
than 60% of all the beer produced worldwide. Brewing technology has occupied an extreme‐
ly important position in food industry. Moreover, because beer and other alcoholic beverag‐
es have been subject to taxation in many countries, they account for a large percentage of all
tax revenues. Huge brewery companies truly have great social importance.

This book includes a collection of chapters widely related to the brewing industry.

The book is divided into the following five sections:

• Brewing materials
• Microbiology of brewing
• Brewing technology
• Application of brewing industry waste
• Quality control of beer

In the first section, describing brewing materials, the authors discuss two issues related to
barley: factors responsible for converting barley plants into superior cereals occurring
through gene transfer, gene editing, and molecular breeding and molecular mechanisms un‐
derlying leaf development in a medial-lateral direction. Moreover, oxidants have the poten‐
tial of degrading beer. Oxidant enzymes such as thiol oxidase, ascorbate peroxidase, and
ascorbic acid oxidase in malt are also discussed. Subsequent sections present discussion of
brewing-related microbiology. The potential use of non-Saccharomyces strains in brewing
processes is explained by two contributors. One describes S. cerevisiae strains isolated from
different food matrices (i.e., bread, wine) and non-Saccharomyces starter strains in beer pro‐
duction, which are discussed for their potential uses in brewing. Another presents an inter‐
pretation of some non-Saccharomyces yeasts such as Schizosaccharomyces pombe, Torulaspora
delbrueckii, Lachancea thermotolerans, Saccharomycodes ludwigii, and Brettanomyces bruxellensis
for their use in brewing. The traditional local alcoholic beverage, nuruk, is introduced in the
next section to highlight brewing technology in Korea.

In the section explaining brewing waste application, the authors discuss the use of brewing
industry wastes to produce functional ingredients and various products with added value.



Finally, to discuss beer quality control, electronic noses are described as devices using sen‐
sors that measure volatile chemical compounds.

All chapters were written by professionals working in the brewing industry, at research in‐
stitutes, and at universities. The issues all outline extremely interesting and important lead‐
ing-edge brewing technology. This book is therefore appropriate for use by university
researchers and brewing practitioners: brewers at breweries.

I would like to acknowledge all authors for kindly contributing their chapters. We are grate‐
ful to the Publishing Process Manager, Ms. Romina Rovan, for her assistance and to the in‐
formation technology department for providing the requisite framework, which greatly
enhanced the compilation of the book chapters.

Makoto Kanauchi PhD
Professor

Department of Food Management
Miyagi University, Sendai City, Japan
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Chapter 1

Narrow Leaf Mutants in the Grass Family

Takanori Yoshikawa and Shin Taketa

Additional information is available at the end of the chapter
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Abstract

Leaf morphology is critical for the survival of plant species. After a leaf primordium is 
initiated at the flank of shoot apical meristem (SAM), the development along the medial‐
lateral direction enlarges the leaf‐blades, leading to the increase of photosynthetic activi‐
ties. Thus, the revelation of mechanisms that control development across a leaf is quite 
important for plant breeding. A variety of narrow leaf mutants have been identified in 
the grass family, which includes particularly important crops in the world. Here, the 
molecular mechanisms underlying the leaf development in the medial‐lateral direction 
are discussed as we introduce the three major groups of narrow leaf mutants in the grass 
family: (1) auxin‐related mutants, (2) cellulose synthase‐like D (CSLD)‐related mutants, 
and (3) polarity‐related mutants. The results obtained from these analyses could be 
directly applied to the breeding of major cereal crops such as maize, rice, and barley; 
therefore, they could contribute to the increase of food production.

Keywords: barley, rice, maize, leaf morphogenesis, mutant, gene expression

1. Introduction

Leaves are the major photosynthetic organs in plants. The light‐capture efficiency significantly 
differs depending on the leaf shapes, angles, and arrangements in the canopy. Steeper leaf angle 
allows more light to penetrate to the lower leaves, leading to the increase of carbon gain through 
assimilation [1]. To avoid self‐shading, leaf arrangement (phyllotaxis) is highly regulated by the 
plant hormone auxin [2, 3]. Since carbohydrates used in living activities are largely derived from 
the photosynthesis in plants, leaf morphology is critical for the survival of plant species.

A leaf primordium is initiated at the flank of shoot apical meristem (SAM), in which cells are 
maintained an indeterminate state by class I knotted1‐like homeobox (KNOX) genes. The Arabidopsis 
thaliana genome includes four class I KNOX genes; shoot meristemless (STM), brevipedicellus 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



(BP), KN1‐like in Arabidopsis thaliana2 (KNAT2), and KNAT6 [4]. STM is expressed throughout 
the SAM and induces cytokinin biosynthesis via isopentenyl transferase7 (IPT7) activation and 
negatively regulates gibberellin biosynthesis via GA 20‐oxidase1 (GA20ox1) repression [5]. The 
resulting high cytokinin and low gibberellin ratio promotes meristem maintenance [6]. Such 
STM expression is downregulated by plant hormone auxin [2, 3]. Auxin is unique in its polar 
transportation mediated by influx carriers represented by AUXIN1 (AUX1) and LIKE‐AUX1 
(LAX) proteins, and efflux carriers represented by PIN‐FORMED (PIN) and ATP‐binding cas‐
sette B (ABCB) proteins [7]. Once transported to SAM, auxin flows to the peripheral young leaf 
primordia, creating an auxin maximum in the region where leaf primordia do not exist in the 
meristem. Such auxin localization downregulates STM expression, leading to the low cytokinin 
and high gibberellin ratio, which promote the switch from an indeterminate to a determinate 
state [8]. The loss‐of‐function of PIN1 results in the malformed leaf development such as fused 
or cup‐shaped leaves, suggesting that localized auxin accumulation in the meristem determines 
the radial position of leaf initiation [9].

In SAMs, STM also downregulates the expression of the MYB transcription factor asymmet‐
ric leaves1 (AS1) and lateral organ boundaries domain (LBD) transcription factor AS2. When 
STM is repressed due to the auxin localization, AS1 and AS2, released from the negative 
regulation of STM, act together as a heterodimer to repress the expression of BP, KNAT2, 
and KNAT6 to prevent cell fate from returning to meristem [10–12]. The loss‐of‐function 
of AS1 resulted in the malformation of leaves due to the ectopic BP expression, which 
was enhanced with the additional loss‐of‐function of auxin resistant1 (AXR1) encoding a 
subunit of the related to ubiquitin1 (RUB1) activating enzyme that affects auxin responses 
[13]. These results suggest that the expression of AS1 together with auxin localization 
plays a pivotal role in conferring leaf fate and promoting leaf development. Interestingly, 
slight KNOX expression remains in leaf primordia in species with compound leaves [14]. 
In tomato, the class I KNOX genes tomato knotted1 (TKN1) and TKN2 are expressed in young 
leaf primordia [15, 16]. The repression of TKN activity quickens the transition of the leaf 
primordia from the initiation to the secondary morphogenesis, suggesting that KNOX pro‐
teins are involved in the delay of leaf maturation and enable leaflet formation within leaf 
primordia [16].

The morphogenesis of sophisticated leaf organs with high reproducibility is achieved 
through the development in accordance with three axes; the proximal‐distal, adaxial‐abaxial, 
and medial‐lateral directions (Figure 1A–E) [8, 17]. The development along the medial‐lat‐
eral direction enlarges the leaf‐blades, leading to the increase of photosynthetic activities. 
Thus, the revelation of developmental mechanism along the medial‐lateral direction is quite 
important for plant breeding. So far, a variety of narrow leaf mutants have been identified 
in the grass family, which includes particularly important crops in the world. The results 
obtained from these analyses could be directly applied to the breeding of major crops such as 
maize, rice, and barley; therefore, they could contribute to the increase of food production. In 
fact, erect and narrow‐leafed rice mutants led to the higher photosynthetic CO2 uptake and 
improved yield in dense planting [18]. Recently, it was revealed that the Quantitative Trait 
Locus (QTL) controlling flag leaf morphology and photosynthetic activity were allelic to the 
causal gene for narrow leaf mutant in rice, suggesting the availability of narrow leaf genes 
for breeding high‐yield varieties [19–23].

Brewing Technology4
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Here, the molecular mechanisms underlying the leaf development in medial‐lateral direc‐
tion are discussed as we introduce the three major groups of narrow leaf mutants in grass 
family: (1) auxin‐related mutants, (2) cellulose synthase‐like D (CSLD)‐related mutants, and 
(3) polarity‐related mutants.

Figure 1. The shoot structure of normal barley (KN29). (A) A barley seedling at the second leaf stage. The leaf stage is 
defined by the number of fully expanded leaves. The first to third leaves are labeled. The leaf blade, leaf sheath, and 
lamina joint in the first leaf are indicated. (B) Close‐up of the lamina joint in the second leaf. The ligule and auricle are 
pointed by arrows. (C) A cross section of the medial region in the second leaf blade. The section is double‐stained in 
safranin and fast green. The lignified tissue is stained in red by safranin. “sc” indicates sclerenchymatous cells. (D) Close‐
up of the central vascular bundle in (C). “xy” and “ph” indicate xylems and phloems, respectively. (E) The epidermal 
cells of the leaf margin in the second leaf blade. Arrow heads indicate the sawtooth hairs in the leaf margin. (F) A 
shoot apex of barley seedling at the second leaf stage. Matured leaves and leaf primordia are removed. The sixth leaf 
is initiating from the basal part of shoot apical meristem (SAM). Barley is unique in that leaf ridge formation precedes 
leaf primordium development. (G) A cross section of the shoot apex in barley seedling at the second leaf stage. The leaf 
positions (third to sixth) and the leaf primordial stages (P1–P4) are shown in the figure. Bars = 5 cm (A), 5 mm (B), 200 
μm (C, G), 50 μm (D), 100 μm (E), 1 mm (F).
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2. Auxin‐related narrow leaf mutants

Auxin is a fundamental plant hormone and regulates a variety of plant growth and develop‐
ment. All parts of the young plant such as cotyledons, expanding leaves, and root tissues can 
potentially produce auxin although the youngest leaves exhibit the highest biosynthetic capac‐
ity [24–26]. Auxin is unique in its polar transportation (polar auxin transport (PAT)), as we men‐
tioned above, mediated by influx carriers and efflux carriers [7]. The direction of auxin flow is 
the consequence of asymmetric localization of these carriers at plasma membrane [27, 28]. The 
resulting auxin localization within organs plays pivotal roles in phyllotactic patterning [29, 30], 
organogenesis [9, 31, 32], embryogenesis [33, 34], tropic response [35], and apical dominance 
[36]. At the cellular level, auxin regulates cell division, cell elongation, and cell differentiation 
[7, 37].

The predominant form of auxin is indole‐3‐acetic acid (IAA). Genetic and biochemical analy‐
ses indicated that tryptophan (Trp) is the main precursor of IAA in plants, and four bio‐
synthetic pathways for IAA from Trp have been assumed [38–40]. Among IAA biosynthetic 
enzymes revealed so far, the most important biosynthetic enzymes are the tryptophan ami‐
notransferase of arabidopsis (TAA) family of aminotransferases and the YUCCA (YUC) fam‐
ily of flavin‐containing monooxygenases [41, 42]. TAA1 catalyzes the conversion of Trp to 
indole‐3‐pyruvic acid (IPA) in the initial step of the IPA pathway, and YUC catalyzes the 
conversion of IPA to IAA, downstream of TAA, in arabidopsis [40, 42–45]. The inactivation of a 
single TAA or YUC gene showed no obvious defects, indicating overlapping functions among 
TAA or YUC family members. On the other hand, the simultaneous inactivation of TAA1 and 
its close homologs, TAA‐related1 (TAR1) or TAR2 (Figure 2A), or inactivation of two or more 
YUC genes resulted in multiple growth defects together with a severe reduction in IAA level 
[43, 46]. Therefore, the IPA pathway, catalyzed by TAA and YUC, is considered to be the 
major auxin biosynthetic pathway in Arabidopsis [40].

The importance of the IPA pathway in IAA biosynthesis is also demonstrated in grass family. 
In maize, loss‐of‐function of vanishing tassel2 (VT2) and sparse inflorescence1 (SPI1), co‐ortholog 
of TAA1 and YUC in maize, respectively (Figure 2), caused severe barren inflorescences and 
semidwarf vegetative phenotypes with fewer leaves together with the reduction in IAA con‐
tent [47, 48]. Similar reduction in IAA levels was shown in the loss‐of‐function of fish bone (FIB) 
and narrow leaf7 (NAL7), co‐ortholog of TAA1 and YUC in rice, respectively (Figure 2) [49, 50]. 
Thus, the IPA pathway seems to be the major IAA biosynthetic pathway in plants.

The reduction in IAA levels gives rise to pleiotropic organ malformation together with severe 
narrow leaf phenotype in rice. Tryptophan deficient dwarf1 (TDD1) encodes a protein homolo‐
gous to the anthranilate synthase β‐subunit, which catalyzes the initial step of the Trp biosyn‐
thesis pathway [51]. TDD1mutant is embryonic lethal because of a failure to develop most 
organs during embryogenesis. Regenerated TDD1 plants exhibit pleiotropic malformations 
including dwarfing, narrow leaves, short roots, and abnormal flowers, together with a reduc‐
tion in Trp and IAA content. Trp feeding and moderate expression of OsYUC1 rescued the 
mutant phenotypes, indicating that abnormal phenotypes of TDD1 were caused mainly by Trp 
and IAA deficiency [51]. The loss‐of‐function of constitutively wilted 1 (COW1), which encodes 
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Figure 2. Phylogenetic tree of proteins involved in the IPA pathway. (A) TAA‐related proteins in rice (FIB and FIB‐
like), maize (VT2 and VT2‐like), and Arabidopsis thaliana (TAA1 and TAR1‐4). (B) YUCCA‐related proteins in rice (Os), 
maize (Zm), and Arabidopsis thaliana (At).
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OsYUC8 (Figure 2B), was isolated from TOS17 and T‐DNA insertional rice mutants [52]. 
COW1mutants exhibited narrow leaves and a rolled leaf phenotype, which is likely attribut‐
able to insufficient water supply due to the small root‐to‐shoot ratio. Fujino et al. [49] identified 
another allele of COW1, narrow leaf 7 (NAL7). The NAL7 mutant shows a similar but milder 
phenotype compared with COW1, and the IAA content in NAL7 was reduced compared to the 
wild type. In addition, overexpression of NAL7 cDNA gave rise to overgrowth and abnormal 
morphology of the root, which was likely attributable to the overproduction of auxin. These 
results suggested that NAL7/OsYUC8 is also involved in auxin biosynthesis. The importance 
of TAA gene in IAA biosynthesis in rice was demonstrated by fish bone (FIB) mutant [50]. FIB 
exhibited pleiotropic abnormal phenotypes including dwarfing, narrow and adaxially rolled 
leaves with large lamina joint angles, abnormal vascular development, and lack of crown and 
lateral roots. In addition, FIB also showed lack of gravitropism and aberrant phyllotaxy devi‐
ated from the normal distichous one. Map‐based cloning revealed that FIB encodes co‐ortho‐
log of TAA1 in rice (Figure 2A). Interestingly, loss‐of‐function of FIB resulted in not only the 
reduction in IAA level but also higher sensitivity to IAA and lower PAT activity. These results 
suggest that auxin biosynthesis, transport, and sensitivity are interrelated, which might be 
attributable to the pleiotropic abnormal phenotypes of FIB [50]. Rice genome includes 2 and 
14 genes belong to the TAA and YUC families, respectively (Figure 2) [53]. While the inactiva‐
tion of a single TAA or YUC gene showed no obvious defects in arabidopsis, distinct abnormal 
phenotypes were appeared in FIB or COW1/NAL7 mutants in rice, suggesting that functional 
redundancy among TAA or YUC genes is less prevalent in rice than in Arabidopsis.

In contrast, rice narrow leaf1 (NAL1) encodes a trypsin‐like serine and cysteine protease, 
whose relationship between auxin remains unknown, but NAL1 mutant showed narrow 
leaves, dwarfing, and defective vascular patterns together with reduced PAT activity [54]. 
Surprisingly, several agronomic QTLs involved in flag leaf width (qFLW4; [19], WFL; [23]), 
photosynthesis rate (GPS; [21]), flag leaf shape (qLSCHL4; [22]), and spikelet number (SPIKE; 
[20]) were allelic to NAL1. The increased yield in indica rice varieties, which introduced these 
QTLs, suggests that NAL1 is available in plant breeding. The latest study uncovered that 
NAL1 functions in the regulation of cell division during leaf primordia initiation [55]. In NAL1 
mutant, expression of several G1‐ and S‐phase specific genes were reduced, suggesting that 
NAL1 affects cell‐cycle regulation. In addition, the reduced expressions were also shown in 
PIN1, three auxin response factor ARF genes, and three YAB genes, but the expression of YUC 
genes were comparable to those of wild type. These results indicated that the inactivation of 
NAL1 affects auxin transport and auxin response but not auxin biosynthesis [55].

Overall, auxin‐related narrow leaf mutants exhibit pleiotropic abnormal phenotypes other than 
the reduction in leaf width. The representative phenotypes seem to be appeared in vascular 
patterning and root growth since auxin plays critical role in the development of these organs.

3. CSLD‐related narrow leaf mutants

Cell walls are essential structures surrounding plant cells. While cells are expanding, primary cell 
walls fulfill the support and barrier functions. After cell expansions are completed, secondary cell 
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walls are formed between primary walls and plasma membranes, giving additional strength to 
cells. Cell wall is composed of polysaccharides, proteins, and phenolic compounds. Classically, 
polysaccharides are classified into cellulose, hemicelluloses, and pectins [56]. Cellulose synthase 
(CesA) protein contains a zinc finger domain at the N‐terminus, eight transmembrane domains, 
and a central catalytic domain known as “D_D_D_QxxRW” motif. Although the mechanism by 
which CesA creates β‐1,4‐glucan chain is not fully revealed, it is plausible that glucan chain syn‐
thesized by the catalytic domain in the cytoplasm goes out of plasma membrane through the pores 
formed by the transmembrane domain [57]. It is likely that the zinc finger domain at the N‐ terminus 
is involved in CesA protein dimerization, leading to the higher‐order structures [58, 59].

Based on the sequence similarity to CesA genes, a large superfamily of at least 41 cellulose 
synthase‐like (CSL) genes were found in the Arabidopsis thaliana genome [60]. They were clas‐
sified into six subfamilies (CSLA, B, C, D, E, and G), and subsequent studies identified three 
additional CSL subfamilies (CSLF, H, and J) [61, 62]. CSL proteins contain sequence motifs 
that are characteristics of β‐glycosyltransferases. The only difference of CSLs from CesAs is 
the lack of the zinc finger domains at the N‐terminus, which seems to be particularly impor‐
tant to form higher‐order structures. In addition, most CSL proteins appear to be localized not 
in the plasma membrane but in the Golgi, where hemicellulose synthesis takes place. From 
these characteristics, CSL genes are predicted to catalyze the biosynthesis of noncellulosic 
polysaccharides [60]. As far as we know, the first biochemical evidence was provided by the 
soybean somatic embryos, in which expression of guar CSLA candidate cDNA gave rise to 
the enhanced mannan synthase activity [63]. Subsequent studies demonstrated that the CSLA 
genes encode (gluco)mannan synthases [64, 65], and that the CSLF and CSLH genes encode 
mixed linkage glucan synthases [66, 67]. CSLC genes were predicted to be involved in the 
xyloglucan synthesis [68], but recent study reported that some CSLC genes of barley are tar‐
geted to the plasma membrane, suggesting that the CSLC subfamily contains more than one 
type of polysaccharide synthase [69].

The uneven distribution of CSL genes implies how CSL subfamilies have been evolved in 
parallel with the diversification of plant species. While CSLB and CSLG subfamilies are found 
only in eudicots, CSLF, CSLH, and CSLJ subfamilies are specific to Poaceae. Particularly, CSLJ 
subfamily is unique in that it is only found in certain grasses, such as barley, wheat, sorghum, 
and maize, but not in rice or Brachypodium [62]. In contrast, CSLD subfamily is commonly 
found in all land plants, and show the highest similarity to CesA family among CSL subfami‐
lies at sequence levels. The small number of introns and the gene structure diversity within 
the subfamily imply the possibility that CSLD is the oldest gene family in the cellulose syn‐
thase superfamily [60, 70]. Genome database survey revealed that CSLD subfamily contains 
six Arabidopsis genes, five maize genes, five rice genes, three barley genes, five sorghum genes, 
and six Brachypodium genes, and subsequent phylogenetic analysis showed that they are fur‐
ther classified into three clades (Figure 3) [71, 72]. The first clade including AtCSLD1 and 
AtCSLD4 is specifically expressed in pollens and involved in pollen tube elongation [73], and 
the second clade including AtCSLD2, AtCSLD3, OsCSLD1, and ZmCSLD5 is highly expressed 
in root tissues and involved in root hair development [73–77]. While these two clades are 
commonly involved in “tip‐growing” development, the loss‐of‐function of the third clade 
including AtCSLD5, OsCSLD4, and ZmCSLD1 exhibited different phenotypes.
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In rice, inactivation of OsCSLD4 resulted in distinct narrow leaf phenotype. So far, several 
narrow leaf genes such as narrow leaf and dwarf 1 [78], narrow and rolled leaf 1 [79], Oscd1 [80], 
slender leaf 1 [72], dwarf and narrowed leaf 1 [81], and dwarf and narrow leaf 3 [82] were allelic 
to OsCSLD4. The mutants commonly exhibited narrow and rolled leaves and dwarfing phe‐
notypes. The reduction in leaf‐blade width and plant height was clearly attributable to the 
decrease of cell number, suggesting that OsCSLD4 promotes cell proliferation activity. But 
if so, why is leaf‐blade length less affected by the mutation than that of leaf‐blade width? 
This question was solved by the increase of cell length in OsCSLD4 mutant. Plants are able to 
compensate for a reduction in cell number with an increase in cell size [83], and the degree of 
compensation may differ depending on the direction. In fact, the number of cells was equally 
reduced in both length and width direction in OsCSLD4 [72]. The expression analysis revealed 
that OsCSLD4 is specifically expressed in M‐phase cells in all developing organs, and loss‐of‐
function of OsCSLD4 resulted in the alteration of cell‐cycle regulation. Interestingly, OsCSLD4 
included cells with 4C nucleus while such cells were not detected in normal rice. These results 
suggested that OsCSLD4 plays a pivotal role in M‐phase to progress cell proliferation [72].

The inactivation of ZmCSLD1 also results in the narrow leaf and fine stem phenotype mainly 
due to the decrease of cell number [71]. In addition, wart‐like cell clusters were formed on the 
leaf surface. The warts were attributable to the defects of cell division in leaf development, and 

Figure 3. Phylogenetic tree of CSLD‐related proteins in rice (Os), maize (Zm), barley (Hv), sorghum (Sb), Brachypodium 
distachyon (Bd), and Arabidopsis thaliana (At).

Brewing Technology10



In rice, inactivation of OsCSLD4 resulted in distinct narrow leaf phenotype. So far, several 
narrow leaf genes such as narrow leaf and dwarf 1 [78], narrow and rolled leaf 1 [79], Oscd1 [80], 
slender leaf 1 [72], dwarf and narrowed leaf 1 [81], and dwarf and narrow leaf 3 [82] were allelic 
to OsCSLD4. The mutants commonly exhibited narrow and rolled leaves and dwarfing phe‐
notypes. The reduction in leaf‐blade width and plant height was clearly attributable to the 
decrease of cell number, suggesting that OsCSLD4 promotes cell proliferation activity. But 
if so, why is leaf‐blade length less affected by the mutation than that of leaf‐blade width? 
This question was solved by the increase of cell length in OsCSLD4 mutant. Plants are able to 
compensate for a reduction in cell number with an increase in cell size [83], and the degree of 
compensation may differ depending on the direction. In fact, the number of cells was equally 
reduced in both length and width direction in OsCSLD4 [72]. The expression analysis revealed 
that OsCSLD4 is specifically expressed in M‐phase cells in all developing organs, and loss‐of‐
function of OsCSLD4 resulted in the alteration of cell‐cycle regulation. Interestingly, OsCSLD4 
included cells with 4C nucleus while such cells were not detected in normal rice. These results 
suggested that OsCSLD4 plays a pivotal role in M‐phase to progress cell proliferation [72].

The inactivation of ZmCSLD1 also results in the narrow leaf and fine stem phenotype mainly 
due to the decrease of cell number [71]. In addition, wart‐like cell clusters were formed on the 
leaf surface. The warts were attributable to the defects of cell division in leaf development, and 

Figure 3. Phylogenetic tree of CSLD‐related proteins in rice (Os), maize (Zm), barley (Hv), sorghum (Sb), Brachypodium 
distachyon (Bd), and Arabidopsis thaliana (At).

Brewing Technology10

disrupted cross‐wall formations were frequently observed in epidermal cells. Such defective 
developments of cell wall often appeared in cytokinetic mutants of Arabidopsis, such as knolle 
[84], korrigan [85], and hinkel [86], in which impairment of cytokinesis was caused by a failure 
of cell‐plate formation. Considering the nature of CSLD as a wall‐synthesizing enzyme, the 
M‐phase specific expression, and the defective cell wall development in the mutant, it is spec‐
ulated that CSLD may be involved in cell‐plate formation. The existence of CSLD genes in all 
land plants also suggests the fundamental function of this subfamily. Recently, it was revealed 
that transiently expressed AtCSLD5 is involved in mannan synthesis in tobacco leaves [87]. 
Distantly related CSLA subfamily also exhibits mannan synthase activity, but CSLA proteins 
readily use Guanosine diphosphate (GDP)‐glucose as well as GDP‐mannose and hence effi‐
ciently synthesize glucomannans [64, 88]. Since the mannosyltransferase activity of AtCSLD5 
was reduced by adding GDP‐glucose together with GDP‐mannose, CSLD subfamily is 
involved in a different kind of mannan synthesis from that catalyzed by CSLA subfamily [87]. 
Although mannans have been well studied as storage component, little information has been 
accumulated in relation to cytokinesis. Further analysis will reveal the detailed mechanism of 
plant cytokinesis and novel functions of hemicelluloses.

Overall, CSLD‐related narrow leaf mutants exhibit a decrease in the whole plant size other 
than the reduction in leaf width. These phenotypes are directly attributable to the reduced cell 
proliferation activity, for CSLDs of the third clade are predicted to fulfill a function closely 
related to cytokinesis.

4. Polarity‐related narrow leaf mutants

Most plant leaves are asymmetrical in all directions. Grass family leaves include leaf‐blade 
in the distal side, leaf‐sheath in the proximal side, and lamina‐joint between the leaf‐blade 
and leaf‐sheath. The bulliform cells, which curl leaf‐blades to prevent over transpiration, and 
xylems are formed only on the adaxial side, and the phloems on the abaxial side. The midrib, 
which functions as a physical support for the leaves, and ligule are formed in the medial side, 
and the sawtooth hairs and auricle in the lateral side (Figure 1A–E) [89]. For the construction of 
such a sophisticated organ, the proximal‐distal, adaxial‐abaxial, and medial‐lateral polarities 
must be constructed as soon as cells acquire leaf fate in SAM (Figures 1F and G).

Among the three polarities, the molecular mechanism of adaxial‐abaxial polarity is well 
studied using Arabidopsis. Through the loss‐of‐function and/or gain‐of‐function analyses, it 
has been revealed that adaxial identity is regulated by class III homeodomain‐leucine zipper 
(HD‐Zip) family genes and asymmetric leaves2 (AS2), and that abaxial identity by yabby (YAB) 
family genes, kanadi (KAN) family genes, and auxin response factor (ARF) family genes [90]. 
The adaxial or abaxial specific expression of these genes is crucial for the establishment of the 
organ polarity, and these regulators are interacting antagonistically [17, 90]. In addition, small 
RNAs are also involved in the negative regulation of these regulators to maintain the expres‐
sion regions [90–92]. In rice, the loss‐of‐function of shallot‐like 1 (SLL1)/rolled leaf 9 (RL9), which 
encodes SHAQKYF class MYB transcription factor belonging to the KAN family, resulted in 
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the suppression of abaxial development while enhanced expression led to the abaxialized leaf 
phenotypes [93, 94]. Moreover, in maize, the accumulation of miR166, which is involved in the 
cleavage of class III HD‐Zip transcripts, defined the expression region of the rolled leaf 1 (RLD1) 
belonging to the class III HD‐Zip family, promoting the establishment of adaxial‐abaxial polar‐
ity [95]. Despite the morphological differences from dicots, these genes homologous to KAN or 
class III HD‐Zip seem to fulfill similar regulation in grass family.

While detail genetic regulators of proximal‐distal polarity remain unclear in Arabidopsis, mor‐
phological, and molecular analyses are proceeding in grass families for the convenience of 
distinct organ development along the proximal‐distal axis. A number of dominant mutations 
which specifically affect proximal‐distal patterning have been characterized in maize [96]. The 
dominant mutant Knotted1 (Kn1) was characterized by sheath‐like cells in the leaf‐blade [97]. 
KN1 encodes a homeodomain protein, and KN1 transcripts were localized in the meristem 
but excluded from the leaf initial cells [98, 99]. However, KN1 proteins were detected out‐
side of the KN1‐transcript localized area, suggesting the noncell‐autonomous nature of KN1 
gene [100]. In leaf primordia, KN1 proteins were accumulated in the most proximal part, 
and ectopic expression of KN1 in the distal leaf‐blade gave rise to alteration into sheath cell 
identity [101, 102]. These results suggested that KN1 is involved in the establishment of proxi‐
mal identity in leaf development. Ectopic expressions of KN1‐like homeobox (KNOX) genes 
also resulted in cell fate alterations in maize, barley, and Arabidopsis, suggesting the highly 
conserved function of KNOX genes [103–105]. On the other hand, PIN1 proteins which medi‐
ate polar auxin transport (PAT) are highly expressed in the distal ends of developing leaf 
primordia. Auxin plays pivotal roles in leaf development as we mentioned above, and PIN1 
creates an auxin maximum in the distal end of leaf primordium [31, 106]. The subsequent 
canalization through the interior of leaf primordia leads to the development of primary vas‐
cular strand. Thus, the auxin gradient along the proximal‐distal axis is likely to play pivotal 
role in leaf development. Maize liguleless1 (LG1) and liguleless2 (LG2) mutants lack both ligule 
and auricle between leaf‐blade and leaf‐sheath [107–109]. It was revealed that LG1 encodes 
a squamosa‐promoter binding protein, and that LG2 encodes a basic leucine zipper protein 
[110, 111]. While LG1 is specifically expressed in ligule initiating area, LG2 shows earlier and 
broader expression pattern than that of LG1 [112, 113]. The phenotype of lg1 lg2 double mutant 
suggested that they act in the same pathway, implying the possibility of interaction between 
LG1 and LG2 [109]. In addition, other liguleless mutants have been identified such as LG3 and 
LG4, which encode class I KNOX genes [114, 115]. These findings promote the construction of 
a hypothetical model of leaf‐blade‐sheath boundary formation [113].

Compared with other polarities, the molecular mechanism of the medial‐lateral polarity is 
less understood. So far, it was revealed that drooping leaf (DL) plays pivotal role in the develop‐
ment of medial organs in rice. DL encodes a putative transcription factor belonging to the YAB 
family, and DL mutants showed defective development of a midrib in the leaf, leading to the 
drooped leaf phenotype [116]. The DL transcripts were localized in the central region of leaf 
primordia, and over‐expression of DL resulted in the ectopic formation of midrib‐like struc‐
tures in the lateral regions as well as in the central region of the leaf. In contrast, the develop‐
ment of leaf lateral domains is highly regulated by wuschel‐related homeobox (WOX) genes. In 
maize, the loss‐of‐function mutations in both narrow sheath1 (NS1) and NS2 resulted in the 
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significant reduction in leaf width due to the lack of marginal regions in leaves [117–119]. 
NS1 and NS2 double mutants fail to downregulate KNOX proteins in the premarginal regions 
of leaf primordia, leading to the deletion of marginal region from the primordial stages [117, 
119]. NS1 and NS2 encode the duplicated WOX3 genes, and NS transcripts are accumu‐
lated in the marginal edges of initiating leaf primordia. From these results, it was suggested 
that NS genes play pivotal roles in the recruitment of leaf founder‐cells by downregulating 
KNOX accumulation [120–122]. Genes belonging to WOX3 family are largely classified into 
two clades (Figure 4), and the NS‐related clade includes narrow leaf2 (NAL2) and NAL3 of rice, 
narrow leafed dwarf 1 (NLD1) of barley, and pressed flower1 (PRS1) of Arabidopsis [123].

The nucleotide sequences of NAL2 and NAL3 are identical, corresponding with the recent 
duplication of a large chromosomal segment in chromosomes 11 and 12 [124]. NAL2 /3 and 
NLD1 mutants show the similar abnormal phenotypes to NS1 and NS2 such as distinct nar‐
row leaf phenotype and defective marginal development, which are attributable to the lack of 
marginal regions (Figure 5) [123, 125, 126]. The expression patterns of NAL2/3 and NLD1 are 
also similar to that of NS1 NS2, suggesting the conserved function of NS‐related genes in the 
development of lateral organs. Interestingly, no distinct abnormal phenotypes were observed 
in the leaf of PRS1 mutant except for the deletion of the proximal lateral stipules [117]. This 
result supported the leaf‐zonation model that the lower leaf zone of bifacial monocot leaves 
corresponds with the basal part of bifacial eudicot leaves including stipules [127]. It is, there‐
fore, considered that NS‐related WOX3 genes are involved in the development of the lateral 
domain in the lower leaf zone.

Figure 4. Phylogenetic tree of WOX3‐related proteins in rice (Os), maize (Zm), barley (Hv), sorghum (Sb), Brachypodium 
distachyon (Bd), and Arabidopsis thaliana (At).
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The width of PRS leaves was significantly reduced by the additional mutation of WOX1. 
WOX1 is unique in that it belongs to the same clade of the WOX3/PRS family but seems to be 
absent in grasses (Figure 4) [128, 129]. WOX1 and PRS double mutants exhibit not only the 
loss of leaf marginal tissues but also the confused adaxial‐abaxial identity at leaf marginal 
regions [129, 130]. These results suggested that leaf margin functions as an adaxial‐abaxial 
boundary, where adaxial and abaxial regulators are downregulated by WOX genes [90].

While the medial‐lateral polarity is directly related to leaf width, mutation or over‐expression 
of the genes regulating the proximal‐distal or adaxial‐abaxial polarity can also result in the 
reduction in leaf width together with the alteration of organ polarities. Recessive mutant rough 
sheath 2 (RS2) of maize exhibits narrow/bladeless leaves with a disruption of the blade‐sheath 
boundary [131]. In RS2 mutant, class I KNOX proteins are ectopically accumulated, and it was 
revealed that RS2 encodes an MYB‐domain protein, an ortholog of AS1 in Arabidopsis. Thus, 
it is likely that RS2 is involved in the proximal‐distal patterning by downregulating KNOX 
expression. Liguleless (LG) genes play pivotal role in the establishment of the boundary between 
leaf‐blade and leaf‐sheath in the proximal‐distal axis. Recently, another LG gene liguleless nar‐
row (LGN) was identified, and its semidominant mutant (LGN‐R) showed narrow leaves with 
greatly reduced auricle and ligule and indefinite blade‐sheath boundary [132]. LGN encodes 
a grass‐specific kinase, which is broadly expressed in maize organ but affects LG1 and LG2 
expression. The dominant mutant Wavy auricle in blade 1 (WAB1) shows narrow leaves with 

Figure 5. The narrow leaf phenotype of barley narrow leafed dwarf1 (NLD1) mutant. (A–C) The whole shoots (A), the 
leaf‐blades (B), and the lamina joints (C) in matured leaves of wild‐type (KN29) and NLD1.b mutant. The auricles are 
pointed by arrows in (C). Auricles are significantly diminished in NLD1.b due to the defective development of the lateral 
domain. (D) The epidermal cells of the leaf margin in NLD1.b leaf‐blade. Sawtooth hairs are rarely formed in the mutant 
unlike wild‐type (Figure 1E). Bars = 1 cm (B, C), 200 μm (D).
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reduction in leaf width together with the alteration of organ polarities. Recessive mutant rough 
sheath 2 (RS2) of maize exhibits narrow/bladeless leaves with a disruption of the blade‐sheath 
boundary [131]. In RS2 mutant, class I KNOX proteins are ectopically accumulated, and it was 
revealed that RS2 encodes an MYB‐domain protein, an ortholog of AS1 in Arabidopsis. Thus, 
it is likely that RS2 is involved in the proximal‐distal patterning by downregulating KNOX 
expression. Liguleless (LG) genes play pivotal role in the establishment of the boundary between 
leaf‐blade and leaf‐sheath in the proximal‐distal axis. Recently, another LG gene liguleless nar‐
row (LGN) was identified, and its semidominant mutant (LGN‐R) showed narrow leaves with 
greatly reduced auricle and ligule and indefinite blade‐sheath boundary [132]. LGN encodes 
a grass‐specific kinase, which is broadly expressed in maize organ but affects LG1 and LG2 
expression. The dominant mutant Wavy auricle in blade 1 (WAB1) shows narrow leaves with 

Figure 5. The narrow leaf phenotype of barley narrow leafed dwarf1 (NLD1) mutant. (A–C) The whole shoots (A), the 
leaf‐blades (B), and the lamina joints (C) in matured leaves of wild‐type (KN29) and NLD1.b mutant. The auricles are 
pointed by arrows in (C). Auricles are significantly diminished in NLD1.b due to the defective development of the lateral 
domain. (D) The epidermal cells of the leaf margin in NLD1.b leaf‐blade. Sawtooth hairs are rarely formed in the mutant 
unlike wild‐type (Figure 1E). Bars = 1 cm (B, C), 200 μm (D).
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ectopic auricle and extended sheath in leaf‐blade [112, 133]. In contrast to LGN‐R, LG1 was 
misexpressed in WAB1, and recently it was revealed that WAB1 encodes a teosinte‐branched1/
cycloidea/PCF (TCP) transcription factor, which is necessary for LG1 expression [134]. These 
genes play a pivotal role in the establishment of proximal‐distal polarity, but affect leaf width 
indirectly. Thus, it was considered that proximal‐distal patterning may link to medial‐lateral 
growth.

On the other hand, Rice SLL1/RL9 encodes KAN transcription factor as we mentioned above, 
and sll1/rl9 mutants show rolled leaf phenotypes due to the defective development of the 
sclerenchymatous cells on the abaxial side together with the reduction in leaf width [93, 94]. 
Similar defective development was observed in semi‐rolled leaf 2 (SRL2), which exhibits narrow 
incurved leaves due to the defective development of sclerenchymatous cells on the abaxial 
side [135]. SRL2 encodes a novel plant‐specific protein of unknown biochemical function, 
and highly expressed in the abaxial cell layer in the leaf sheath. However, SLL1/RL9 expres‐
sion was unaffected in SRL2, and SRL2 SLL1 double mutants showed more severe defective 
development of sclerenchymatous cells on the abaxial side together with the much narrower 
leaf phenotype than single mutants [135]. These results suggest that SLL1/RL9 and SRL2 func‐
tion in distinct pathways to regulate the abaxial development. Overexpression of OsHOX32, 
a member of class III HD‐Zip family, resulted in narrow and adaxially rolled leaves due to the 
reduction in bulliform cell number [136]. Among the six OsYAB genes, OsYAB1, OsYAB2, and 
OsYAB6 were upregulated while OsYAB3, OsYAB4, and OsYAB5 were downregulated in the 
overexpression plants, suggesting the direct or indirect interaction between OsHOX32 and 
OsYAB genes. Similar defective development was observed by the overexpression of OsLBD3‐7, 
which shows high similarity to AS2 of Arabidopsis. OsLBD3‐7 overexpression plants exhibit 
narrow and adaxially rolled leaves due to the reduction in bulliform cell size and number 
[137]. Since the negative regulators of bulliform cell development were upregulated in overex‐
pression plants, it was suggested that OsLBD3‐7 positively regulate these negative regulators 
in leaf development. The marginal expressions of NS genes are disappeared in maize ragged 
seedling 2 (RGD2) mutant, which exhibits thread‐like narrow leaves [138]. RGD2 encodes argo‐
naute7 (AGO7)‐like protein, which is involved in the synthesis of trans‐acting short‐interfering 
RNA (ta‐siRNA) derived from TAS3 in Arabidopsis. So far, several mutants for TAS3 ta‐siRNA 
pathway have been identified including AGO7‐related genes (RGD2 in maize; [138], shootless4 
(SHL4)/shoot organization2 (SHO2) in rice; [139]), SGS3‐related gene (leafbladeless1 [LBL1] in 
maize; [140, 141]), RDR6‐related gene (SHL2 in rice; [142, 143]), and DCL4‐related gene (SHO1 
in rice; [143, 144]). Although maize and rice leaves are different morphologically, the loss‐of‐
function of these genes commonly gave rise to thread‐like narrow leaves which showed defec‐
tive adaxial‐abaxial and medial‐lateral polarities. TAS3 ta‐siRNA is expressed on the adaxial 
side of developing leaf primordia and restricts the expression region of abaxial factor ARF3a 
and miR166 [141]. Since miR166 restricts the expression region of class III HD‐Zip genes, inac‐
tivation of TAS3 ta‐siRNA pathway results in the upregulation of ARF3a and miR166, and 
downregulation of class III HD‐Zip genes, leading to the abaxialization of leaf. Such a severe 
abaxialization might disturb the establishment of medial‐lateral polarity. In Arabidopsis, triple 
mutation of YAB genes (FIL YAB3 YAB5) has resulted in the thread‐like narrow leaves which 
showed defective adaxial‐abaxial and medial‐lateral polarities [145, 146]. These results suggest 
that the establishment and/or development of the medial‐lateral polarity is regulated down‐
stream of the adaxial‐abaxial polarity.
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Overall, polarity‐related narrow leaf mutants exhibit distinct reduction in leaf‐blade width 
together with the disruption of organ polarity. The loss‐of‐function of lateral identity is 
directly reflected in the reduction of leaf width, but the disruption of the proximal‐distal or 
adaxial‐abaxial polarities also affect the establishment or development along medial‐lateral 
axis, suggesting the interactive development between the three polarities.

5. Conclusion

The reduction in leaf width is a subtle morphological alteration, but the analyses of narrow leaf 
mutants have uncovered molecular functional diversity of the causal genes. Through a variety 
of genetic approaches, it has been demonstrated that NS‐related WOX3 genes are critical for 
the development of leaf lateral domains. Although NS‐related WOX3 transcripts are strictly 
limited within the marginal edges, the phenotypic alteration of loss‐of‐function mutants occurs 
in more broad area, suggesting the noncell‐autonomous nature of NS‐related WOX3 genes. 
This could be explained by the migration of either WOX3 protein itself or the secondary signals 
derived from the marginal cells. Recently, it was reported that barley NLD1 mutant exhibited 
malformation of commissural veins in the leaf lateral domain [123]. Since polar auxin trans‐
port plays an important role in determining vascular pattern in leaves, nld1 may include some 
abnormalities in auxin transport. Therefore, it is quite interesting whether auxin functions as 
the secondary signal of NS‐related WOX3 genes. Auxin plays pleiotropic role in plant devel‐
opment, and at the cellular level, auxin regulates cell division, cell elongation, and cell dif‐
ferentiation. In addition, it is suggested that auxin biosynthetic YUC genes are expressed in 
response to the juxtaposition of adaxial and abaxial domains [147]. Thus, auxin biosynthesis 
at the adaxial‐abaxial boundary partly contributes to leaf margin expansion, and this might 
explain the reduction in leaf width attributable to the disruption of the adaxial‐abaxial polar‐
ity. At the downstream of these mechanisms, cell proliferation activity is maintained by CSLD 
genes of the third clade. The details of plant cytokinesis are not fully understood, particularly 
as to the components of cell plate. All we covered here is just a part of well‐studied mutants, 
and there should be many hither‐to unidentified narrow leaf mutants. Further study will give 
us a novel and detailed mechanism of leaf development in the grass family.

6. Materials and methods

6.1. Plant materials

For morphological observation of barley shoot, a wild type line Kanto Nijo 29 (KN29), which 
has two‐rowed spike and covered caryopsis, and its gamma‐ray induced narrow leafed dwarf1 
(NLD1) mutant, NLD1.b, were used. To promote germination, seeds were kept at 15°C on wet 
paper for 3 days. Then, imbibed seeds were sown on soil and grown under natural conditions.

6.2. Paraffin sectioning and histological analysis

Plant samples were fixed with FAA (formaldehyde:glacial acetic acid:50% ethanol [2:1:17]) for 
24 h at 4°C for histological analysis. They were then dehydrated in a graded ethanol series, 
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substituted with 1‐butanol, and embedded in Paraplast® Plus (McCormick Scientific). The 
samples were sectioned at 8 μm thickness using a rotary microtome. For the histological analy‐
sis, sections were stained in hematoxylin or double‐stained in safranin and fast green. After 
staining, sections were mounted with Poly‐Mount® (Polysciences, Inc.) and observed with a 
light microscope.

6.3. Epidermal cell observation

The leaf‐blades were fixed with FAA (formaldehyde:glacial acetic acid:50% ethanol [2:1:17]) 
for 24h at 4°C. They were then dehydrated in a graded ethanol series. Dehydrated samples 
were incubated at 96°C in chloralhydrate dissolved in 100% ethanol until they were cleared, 
and observed with a light microscope.

6.4. Phylogenetic analysis

For the phylogenetic analysis of TAA‐, YUCCA‐, CSLD‐, and WOX3‐related genes, amino acid 
sequences were obtained from TIGR (http://rice.plantbiology.msu.edu) for rice, IPK Barley 
BLAST Server (http://webblast.ipk‐gatersleben.de/barley/) for barley, NCBI (https://www.
ncbi.nlm.nih.gov) for maize, sorghum, and Brachypodium distachyon, and TAIR (https://www.
arabidopsis.org) for Arabidopsis thaliana. As for YUCCA‐related maize proteins, amino acid 
sequences showing the highest similarity to YUCCA protein were searched using the protein 
blast in NCBI. The obtained sequences were analyzed with MEGA version 7 (available at http://
www.megasoftware.net, [148]) to create the phylogenetic trees.
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Abstract

Malted barley is an important beer‐brewing material that strongly affects brewing pro-
cesses, the aroma, and the taste of beer. In addition to imparting a good aroma, malt not 
only generates substrates and enzymes, such as starches and some amylase, for alcohol 
production but also generates beer‐quality‐degrading substances and enzymes. Four oxi-
dases are specifically addressed in this chapter. First, thiol oxidase in malt is described. 
The activity of thiol oxidase decreases during malt storage. Next, ascorbate peroxidase 
was investigated. It has been detected in the acrospires and aleurones of germinating 
barley. The enzyme has extremely high affinity for hydrogen peroxide. Also, ascorbic 
acid oxidase (AAO) was investigated. It is developed in the embryo tissues of barley 
during steeping and during the initial stages of germination. The addition of ascorbic 
acid to mash leads to the survival of higher levels of polyphenol and thiols into wort 
and a reduced color in that wort. Finally, oxalate oxidase in barley kernels is described. 
It is probably less important than other oxidases in scavenging oxygen from mashes, 
because the enzyme has low affinity for oxygen. Beer quality is expected to be improved 
by the regulation of oxidant enzymes, such as thiol oxidase or AAO, oxalate oxidase, or 
substrates, such as oxygen.

Keywords: malt, oxidation enzymes, thiol, ascorbic acid, hydrogen peroxide, oxalic acid

1. Introduction

1.1. Malt science

Malted barley is an important material used in producing beer. Maltose is made from starch 
by the enzyme developed during barley germination. Yeast ferments sugars to alcohol. 
Components and enzymes of malt are important for beer quality. This chapter presents an 
explanation of cell wall oxidase in malt and germinated barley.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Kernels of barley (Hordeum vulgare) are of two types: two‐row and six‐row. Two‐row barley is 
cultivated in Australia, Canada, and Europe and six‐row barley is cultivated in the USA. The 
barley grain covers a glume. The endosperm is protected by the husk, which is fractured by a 
mechanical shock during malting. Commercial barleys have the husk removed from the grain. 
The husk is largely insoluble, forming a filter bed for lautering in the brewing process. The peri-
carp is waxy and waterproof. The testa acts as a permeable membrane. Water readily penetrates 
into the embryo through the testa during steeping. The seed of the barley and the embryo and 
aleurone layer are living. After the kernel absorbs water, gibberellin is excreted as a phytohor-
mone from the germ. Furthermore, the signal of gibberellin leads to the production of enzymes, 
such as amylase, and to the synthesis of β‐glucanase to decompose starch. The reaction transi-
tions from endosperm verging of the aleurone or germ to internal endosperm for decomposition 
of starch [1].

Barley for brewing must meet six necessary conditions [1]:

1. Grains are large, with uniform size and shape.

2. Barley has a thin husk.

3. Grains contain uniform protein concentration and rich starch.

4. Grains have vigorous germination evenly.

5. Germinated grains have a high level of enzyme activity.

6. Germinated grains (malt) can saccharify easily and can ferment quickly for wort.

1.2. History of beer

Ancient beer called ‘SIKARU’ was brewed from Emmer wheat in Mesopotamia in 3000 BC. 
In Egypt, bread made from germinated barley was dissolved with water and fermented in 
a vase. It is not modern beer. At about that time, ‘GRUUT,’ a herbal mixture of Myrica gale, 
mugwort, or others, was used for beer production in Medieval Europe. Hops have been used 
for beer‐brewing since the twelfth to the fifteenth century. Modern beer, with its fresh aroma, 
bitterness, and rich foaming is developed from the use of hops. The purpose of using hops has 
been the subject of various theories. However, hops might be useful mainly in preventing the 
growth of lactic acid bacteria [1].

1.3. Consumption of beer

Beer is the most consumed alcoholic beverage in the world. Annual global consumption 
was 146 million kL in 2015. People in China, who consumed 43 million kL of beer in 2015, 
consume more beer than is consumed in any other country. The second leading country 
for consumption is the USA, with 22 million kL of beer consumed, followed in order by 
Brazil, Germany, and Mexico. These five countries collectively consume more than 60% 
of all the beer produced. Japan is ranked seventh, with 5 million kL of beer consumption 
(Kirin Co. Ltd.) [2].
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Japan has a unique system of liquor tax laws. Beer is categorized legally according to the ratio 
of malt and other starchy materials [1]. Beer is defined legally in Japan as described below:

(i) Beer is fermented from materials, such as malt, hops, and water.

(ii) Beer is fermented malt, hops, water, and other legally allowed materials, such as barley, 
rice, sorghum, corn, potato, starch, and sugars. However, the mass of the materials must 
be less than 50% of the mass of malt.

Before the law changed in 1996, legally allowed materials were less than one‐third of the 
malt quantity. Japanese brewery companies sold low‐malt, low‐tax, and low‐cost beer. After 
changing the law in 2006, beer or malt beverages came to be classified into three categories: 
first, the ratio of malt among all starch materials is greater than 50%; second, the ratio of malt 
among all starch materials is 25–50%; and third, the ratio of malt among all starch materials 
is less than 25%. Low‐malt, low‐tax, and low‐cost beer is known as ‘HAPPOUSHU,’ which is 
generally brewed from less than 25% malt among all starch materials [1].

2. Oxidative enzyme in malt

Generally, two types of oxidations occur in food: enzymic oxidation and nonenzymic oxi-
dation. By enzymic oxidation, an apple changes color because of the effects of polyphenol 
oxidase. By nonenzymic oxidation, auto‐oxidation of lipids occurs by the production of per-
oxide. Beer also has oxidants and two similar oxidation systems. Their oxidation types are 
important factors affecting beer quality. In this section, effects of oxidation enzymes in brew-
ing processes are presented in Table 1 [3–7].

2.1. Thiol oxidase

To avoid oxidation during germination, freshly kilned malt is typically not stored for more than 
2–4 weeks. This storage inability presents problems, notably reduced rates of wort separation [8]. 

Flavor:

 lipid oxidation; LOX or peroxidase [3]

 Higher alcohol oxidation [3]

Forming haze:

 Oxidation oxidized polyphenols tend to cross‐link with protein [4]

Dark color:

 Second source of coloring, oxidation of polyphenol or tannic material [4]

Difficult wort‐run off:

 Hordein protein‐containing cysteine having sulpide bond. After Mash oxidizes during mashing, wort runs off a 
filter slowly, because of Hordein protein undergo oxidative polymerization as disulfide bond [5–7]

Table 1. Effects of oxidation enzymes on beer quality.

Oxidative Enzyme Effects in Malt for Brewing
http://dx.doi.org/10.5772/intechopen.69803
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Freshly kilned malt is unsuitable for mashing [9]. Furthermore, saccharification also occurs less 
readily and the wort becomes turbid. It might also give rise to poor fermentation and haze in the 
beer. Therefore, storage for about three weeks before use is conducted as a precaution.

The oxidation of peptides having thiol‐amino residue as cysteine produces gel proteins, 
which impede wort separation [7]. Reduced protein‐containing thiol groups engenders accel-
eration of wort filtration [10]. Muller [11] reported the production of hydrogen peroxide in 
mashes attendant to the oxidation of thiol groups. Stephenson et al. [12] reported that some 
share of thiol oxidation occurring in mashes is enzyme‐catalyzed. Malt extracts oxidized the 
cysteine to the equivalent dithiol cysteine. When malt extract was denatured by boiling, the 
interchange did not cause enzymic oxidation, such as thiol oxidase. The enzyme has Enzyme 
Commission number EC 1.8.3.2.

   2 RSH + O  2   →  RSSR + H  2    O  2    (1)

Bamforth et al. [13] reported the isolation of such an enzyme from malt and discussed some of 
its salient properties. Barley was germinated as described in an earlier report by Hoy et al. [14]. 
The green malt was dried at 60°C for 16 h. Thereafter, the malt was stored in incubators at 10, 
20, or 30°C. Barley or germinated barley was ground in a coffee grinder. Then the crude extract 
was extracted by stirring on ice in buffer containing 0.25 M NaCl for 1 h. The slurry was then 
strained through cheesecloth. The resulting liquid was centrifuged at 13,000 rpm for 10 min. 
Denatured samples were the supernatants of crude extracts autoclaved using a laboratory auto-
clave switched to the “liquid” setting adjusted to sterilize for 15 min. Furthermore, thiol oxidation 
assay was conducted on extract of raw or malted barley that were incubated at 25°C in a potas-
sium phosphate buffer (pH 7.5)‐containing ethylenediaminetetraacetic acid (EDTA) together with 
cysteine or another reduced substrate (dithiothreitol, glutathione, or mercaptoethanol). Aliquots 
(0.15 mL) were removed at intervals for the determination of thiol using Ellman’s [15] reagent 
(5,5′‐dithiobis (2‐nitrobenzoic acid) [DTNB]) by measuring the light absorbance in a spectropho-
tometer at 412 nm. To purify thiol oxidase, malt milled as described earlier was extracted for 3 h 
at 4°C with borate buffer (pH 9.0)‐containing 2 mM EDTA and 0.5% NaCl. After centrifugation of 
the extract, thiol oxidase was purified by ammonium sulfate precipitation, a column of DEAE gel 
(Macro‐Prep DEAE, 25 mm × 300 mm, Bio‐Rad, Hercules, CA, USA), and a size‐exclusion column 
(10 mm × 350 mm, P‐100 gel, Bio‐Rad).

The enzyme had a molecular weight of 35,700 Da. Thiol oxidase had a pH optimum of 
approximately pH 8.0. During mashing, the pH of the enzymic activity was low. The pH in 
mash, such as pH 5.0 was too low for the thiol oxidase reaction. Storage at 20°C led to the 
virtual elimination of activity after 4 weeks, but at 30°C, the activity was lost completely after 
2 weeks. The enzyme decreased the rate of filtration of gel proteins because it promotes the 
cross‐linking of these molecules.

The extent of the reduction of filtration was also greatest under alkaline conditions. However, 
it did not agree with the optimum pH as determined in the enzyme assay. The very low activ-
ity of enzyme extract at pH 5.0 is worth exploring a little more. Bearing in mind this possibility, 
the presumed enzyme catalyzing the oxidation of thiols was observed to be resistant to more 
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modest degrees of heat. This enzyme has heat tolerance. The residual appearance enzyme 
activity at 100°C was approximately 50% of that of the nonheat enzyme. High thermal toler-
ance has been claimed for similar enzymes in other organisms [16–18].

In speculation of enzyme specificity, the enzyme was extremely active with cysteine as the sub-
strate. It had much less activity with reduced glutathione (a tripeptide of glutamate, cysteine, 
and glycine), mercaptoethanol, and dithiothreitol (thiol compound often used in biochemical 
systems). Malt contains a heat‐stable thiol oxidase. It is far from its optimum pH (pH 8.0) when 
at pH 5, which is its general mashing pH. It can be predicted that lowering the mashing pH 
would lessen the extent of its action. The activity of thiol oxidase lessens during malt storage, 
which suggests that this is part of the explanation for why stored malt displays better wort 
separation than newly kilned malt.

2.2. Ascorbate peroxidase

Kanauchi and Bamforth [19] examined ascorbate peroxidase in barley and germinated barley. 
The reaction of l‐ascorbate peroxidase (EC 1.11.1.11; APX), an enzyme that exists in plants 
and microorganisms [20], is shown below.

   Ascorbate + H  2    O  2   →  Dehydroascorbate + H  2   O  (2)

It plays a role in removing damaging reactive oxygen species. This enzyme in barley grain has 
attracted little study [21].

No attention of researchers has been devoted to the relative importance of this enzyme in 
malting and brewing. Kanauchi and Bamforth [19] reported the effects on malting and brew-
ing that are exerted by peroxidase functions.

Preparation of malt barley included its germination, as described by Hoy et al. [14]. The green 
malt was dried by lyophilization or by kilning at 60°C for 48 h. Barley or malt was ground in a 
food processor and was extracted by stirring on ice in 2.5 volumes of phosphate buffer (pH 7.0)‐
containing NaCl and EDTA. The slurry was then strained through cheesecloth. The resulting liq-
uid was centrifuged at 4000× g to prepare a crude enzyme solution. Barley or malt was steeped in 
a hydrogen peroxide/ascorbic acid solution in phosphate buffer at 30°C for 1–4 h. After reaction, 
residual peroxide was detected using ferricyanide/ferric chloride or using a 3,35′‐diaminobenzi-
dine solution‐containing peroxidase [22]. APX was assayed according to a procedure described 
by Nakano and Asada [23]. Ascorbic acid was assayed using an F‐kit (Roche Diagnostics Corp.).

The development of APX in germinating barley started steeping immediately. It is extensive 
between the second and third days of germination. Thereafter, the levels start to decline. 
The enzyme level was raised considerably by the accompanying increased level of ascorbic 
acid (Figure 1). The enzyme is located primarily in the acrospire and the starchy endosperm 
(Figure 2A–C). Actually, the enzyme is abundant in the starchy endosperm. The enzyme 
survives light kilning (Figure 3). The activity of ascorbate peroxidase in germinated barley 
was 239.4 (U/g dry malt). After kilning, it was 159.6 (U/g dry malt) after 16 h; after 48 h, it was 
136.5 (U/g dry malt). The enzyme reduces to 57.0–66.7% (data not shown).
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A

B

C

Figure 2. Detection of ascorbate peroxidase in sprouting barley (A) using 3,35′‐diaminobenzidine as stain, (B) using 
potassium ferricyanide plus ferric chloride as stain, and (C) using potassium ferricyanide plus ferric chloride as stain on 
grain heated at 100°C for 10 min.

To show the location of APX in kernels, endosperm was cut from sterile, dehusked barley at a 
distance of 2 mm. The slices were incubated at room temperature in sterilized gibberellic acid 
(10–5 M). After incubation, 5 mL of phosphate buffer (pH 7.0)‐containing NaCl was added. Then 
the tissues were ground with a mortar and pestle. The extraction was prepared by centrifuga-
tion. A quantitative analysis of the distribution of the enzyme and also of ascorbic acid in the 
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Figure 1. Levels of ascorbate peroxidase (●) and ascorbic acid (○) during the malting of barley.
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Figure 1. Levels of ascorbate peroxidase (●) and ascorbic acid (○) during the malting of barley.
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embryo, mid‐grain, and distal regions of germinating barley is shown in Figure 4A and B. Each 
of the enzyme and ascorbic acid was detected in all three segments of the kernels after 2 days 
of germination. It is noteworthy that the mid‐region has the highest levels of the enzyme and 
ascorbic acid. Kanauchi and Bamforth [19] inferred that these high levels reflect the develop-
ment of enzyme in the acrospire growing under the husk, together with the development of 
the enzyme in the endosperm, presumably as a function of synthesis in the aleurone and rapid 
distribution into the cells of the starchy endosperm.

Synthesis of enzyme was attempted using inhibitors of RNA and protein and induction of 
a substrate. Inhibitors of RNA and protein synthesis, such as actinomycin D (80 µg/mL),  
6‐methylpurine (0.1 mM), puromycin (250 µg/mL), or cycloheximide (20 µg/mL), were 
added to barley during the development of ascorbate peroxidase. Actinomycin D and 
6‐methylpurine inhibited RNA synthesis. Furthermore, puromycin and cycloheximide 

Row material Steeping water Germina�ng Kilning (60 oC)

0 day 1 day 3 day 5 day 16 hr 48 hr

Figure 3. Detection of ascorbate peroxidase using potassium ferricyanide plus ferric chloride in half kernels of barley (A) 
sprouted for 1–6 days (B) in barley, during steeping, during germination, and after light kilning.

Figure 4. Incubation of barley slices (see Figure 1) in 10–5 M gibberellic acid solution: (A) levels of ascorbic acid; and (B) 
levels of ascorbate peroxidase. Embryo (●), endosperm 1 (○), endosperm 1 (□), and whole corn (■).
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inhibited protein synthesis. Actinomycin D inhibited the development of new messen-
ger RNA [24]. Puromycin did not inhibit enzyme development, but cycloheximide was a 
potent inhibitor. Kanauchi and Bamforth [19] concluded that the development of APX is a 
requirement for RNA and protein synthesis in the endosperm tissue.

The enzyme can also be induced by ascorbic acid and especially hydrogen peroxide and by a 
combination of the two. Results show that these are the active factors triggering the develop-
ment of this enzyme (Table 2).

APX of crude extraction from malt was conducted by ammonium sulfate precipitate, chroma-
tography using DEAE gel in column (25 mm × 300 mm), and size‐exclusion column (10 mm 
× 350 mm, P‐100 gel, Bio‐Rad). It is apparently a monomer with relative molecular weight of 
approximately 26 kDa according to SDS‐polyacrylamide gel electrophoresis. APX has an opti-
mum pH of 5.5, with substantial activity at pH 5–7. Because the lower range pH encompasses 
the range of mash pH, the enzyme is reacted in mashing. However, it has very low capability 
to catalyze the removal of peroxide at pH 4–4.5, this condition meant that the enzyme reaction 
using an ascorbate for protection of beer against oxidation is extremely limited. Less than 50% 
of the activity survives heating at 50°C for 30 min. The enzyme is fundamentally destroyed in 
less than 10 min at 60°C (Figure 5).

Susceptibility of the enzyme to the chelating agents ethylenediaminetetraacetic acid (EDTA) 
and ethylene glycol tetraacetic acid (EGTA) suggests the necessity of a cation(s) for its full 
activity; but of the metal ions tested, only manganese exhibits any marked enhancement.

The enzyme is certainly inhibited by iron and copper, suggesting that the enzyme is inacti-
vated by reactive oxygen species. Inhibition by azide suggests the presence of a functional 
heme group in the enzyme; indeed, heme has been shown to be the cofactor in this enzyme 
in other plants [25, 26]. Inhibition by iodoacetate indicates the functional presence of thiol 
groups, agreeing with others [25, 27]. Inhibition by N‐bromosuccinimide (NBS) suggests a 
role for tryptophan and inhibition by benzenesulfonyl fluoride (BSF) would be consistent 
with a role for a serine group.

Two substrate kinetic analyses were conducted according to Dalziel (Table 3) [28], revealing that 
the Km values for ascorbic acid (φ1/φ0) and hydrogen peroxide (φ2/φ0) were 1.09 mM and 24.8 µM, 
respectively. Moreover, Vmax (1/φ0) was 769 mM min-1. The enzyme also had higher affinity for 
peroxide as opposed to ascorbate, which was true also for some other APX enzymes [26, 27].

mU/10 slices Error (mU)

Non 0.0 (+18.7)

Ultrafiltered extract 121.3 (+0.0)

5 mM H2O2 261.3 (+23.3)

5 mM ascorbic acid 46.7 (+39.7)

5 mM H2O2 + 5 mM ascorbic acid 280.0 (+14.0)

Table 2. Effects of hydrogen peroxide and ascorbic acid on the development of ascorbate peroxidase in barley slices.
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Ascorbate peroxidase was found in the acrospires and aleurones of germinating barley. 
Ascorbic acid and hydrogen peroxide induced the enzyme, which has a molecular weight of 
23 kDa and a broad pH optimum, but which is sensitive to heat. Ascorbate peroxidase has 
very high affinity for hydrogen peroxide.

2.3. Ascorbic oxidase

Kanauchi et al. [29] reported the presence of ascorbic acid oxidase (AAO) and showed its 
properties.

Ascorbic acid oxidase (AAO EC 1.10.3.3) was found as “hexoxidase” in cabbage leaves in 1931 
[30]. It catalyzes the following reaction.

   2 L‐ascorbate + O  2   →  2 Dehydroascorbate + 2 H  2   O  (3)
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Figure 5. Heat tolerance of ascorbate peroxidase. Purified enzyme was heated at the temperatures indicated for 30 min before 
rapid cooling and subsequent assay. Symbols are 4°C (●), 40°C (○), 50°C (■), 60°C (□), 70°C (▲), 80°C (▵), and 90°C (⬥).

ϕ0
(S)

ϕ1
(μM·S)

ϕ2
(μM·S)

ϕ12
(μM2·S)

ϕ1/ϕ0
(μM)

ϕ2/ϕ0
(μM)

ϕ12/ϕ2
(μM)

ϕ1ϕ2/ϕ12

0.0013 1.46 0.03 57.93 1089.8 24.76 1744.7 0.000837

The ϕ parameters are calculated from the secondary plots that are developed as described in the Materials and methods 
section. ϕ0 is the intercept on the ordinate of the secondary plot of ordinate intercepts of the primary plot against the 
reciprocal of the second substrate concentration. ϕ2 is the slope of this line. ϕ1 is the ordinate intercept of the plot 
of primary plot slopes against the reciprocal of the second substrate concentration. ϕ12 is the slope of this line. 1/ϕ0 
represents the true maximum velocity (Vmax). ϕ1/ϕ0 equals the Km for the primary substrate (ascorbate). ϕ2/ϕ0 is the 
Km for the secondary substrate (hydrogen peroxide).

Table 3. Kinetic parameters of ascorbate peroxidase.
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AAO has been widely observed in various plant and fungal tissues [31–36]. Tamas et al. [37] 
reported AAO in germinating barley seed with the agent causing substantial inhibition of root-
let growth. Honda [38] reported the enzyme’s presence in barley roots and found it to be asso-
ciated with cell walls. Kanauchi et al. [29] reported the existence in malt of a related enzyme: 
ascorbate peroxidase. Results show that this peroxidase has very high affinity for hydrogen 
peroxide and that the enzyme might have a valuable role in removing reactive oxygen species. 
However, the enzyme is heat‐sensitive and therefore would not survive well during mashing.

Barley was germinated according to Hoy et al. [14]. AAO activity was assayed based on the mea-
surement of the oxidation of ascorbate by the decrease in absorbance at 265 nm (e = 14 mM cm-1) 
at 25°C [39]. One unit of enzyme catalyzes the oxidation of 1 mM ascorbic acid (AA) per minute.

AAO is not present in ungerminated barley, but starts to be synthesized immediately upon 
steeping (Figure 6). It reaches a maximum level of activity early in germination, thereafter 
decreasing to a low but finite level at the end of germination. AAO was purified as follows. 
Crude extract was applied to a column of CM support gels. The protein was eluted using a  
0–1 M linear gradient of sodium chloride flowing at 1.5 mL min-1. Fractions containing AAO 
were collected and precipitated using 80% saturation of ammonium sulfate. The precipitate 
was redissolved in citrate‐phosphate (pH 7.0) and was then applied to the size‐exclusion 
column. The eluent was citrate‐phosphate.

After fractionation, crude extracts of malt by cation exchange chromatography revealed two 
peaks of AAO activity (data not shown). They are designated as AAO I and AAO II. Further 
chromatography of these peaks on Bio‐Gel P100 (Bio‐Rad) indicated that AAO I was of higher 
molecular size than AAO II. This characteristic was confirmed using polyacrylamide gel electro-
phoresis. Molecular weight estimates for the two enzymes are, respectively, 25–27 and 6–9 kDa. 
Two AAO enzymes were isolated from barley grains that are extremely different from any pre-
viously reported AAO [32–36]. Both enzymes are of much lower molecular size than previously 
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Figure 6. Levels of ascorbic acid oxidase and ascorbate peroxidase during steeping and germination of barley. Malt 
prepared at 15°C. Barley was sterilized using 1% calcium hypochlorite.
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Figure 6. Levels of ascorbic acid oxidase and ascorbate peroxidase during steeping and germination of barley. Malt 
prepared at 15°C. Barley was sterilized using 1% calcium hypochlorite.
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reported activities. AAO I had weakly cationic enzyme, with molecular weight of approximately 
25 kDa. Furthermore, AAO II, which had a strongly cationic enzyme, had extremely low molec-
ular weight of <10 kDa. The latter is one of the smallest enzymes ever reported: it is classifiable 
as a microenzyme [40, 41].

Optimum pH of AAO I and AAO II was pH 7.0. Furthermore, both activity pH had a broad 
pH range: AAO I has 66% relative activity; AAO II has 45% relative activity at pH 5.0. 
Furthermore, the optimum temperature of AAO I was 40°C, that of AAO II was 50°C. The 
enzyme displays slight activation by manganese and zinc. However, it is inhibited by copper, 
although AAO in most plants is generally described as an enzyme that is rich in copper. Iron, 
magnesium, and mercury inhibit them, especially AAO II. Furthermore, inhibition by chelat-
ing agents, such as EDTA and EGTA, is consistent with the need for a metal ion in the action 
of the enzymes. Inhibition by azide suggests the presence of a functional heme group in the 
enzyme. Inhibition by iodoacetate indicates the functional presence of thiol groups. Inhibition 
by N‐bromosuccinimide suggests a role for tryptophan. Inhibition by benzenesulfonyl fluo-
ride is consistent with a role for a serine group.

Kinetic parameters were calculated according to Dalziel [28] using the system shown in 
Figure 7. Substrate solutions (1 mL, 40°C) containing 0.0625–1.0 mM AA were introduced into 

N2 Gas

O2 Gas

Sample vial
(in substrate within stirrer bar

A
B

C
Vacuum

saturated NaCl

OD Meter

Magne�c 
S�rrer

Water bath
at 40 oC

Figure 7. Apparatus for determining kinetic parameters for ascorbic acid oxidase. Air is removed from the vial using 
vacuum with stopcock C open. To adjust the oxygen concentration, a mixture of oxygen and nitrogen (e.g. 10 mL of 
O2 and 90 mL of N2) is transferred to the measuring cylinder filled with saturated NaCl solution via stopcock B. Upon 
closing B and opening stopcock A, the gas mixture is drawn vigorously to the vial from the cylinder. The operation 
is repeated three times to achieve a stable oxygen content, as measured using the dissolved oxygen meter. Enzyme is 
added to the substrate mixture by microsyringe. After reaction, 10 µL of the vial contents are transferred by microsyringe 
for measurement of absorbance at 265 nm.
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a vial containing an electrode for measuring dissolved oxygen, which was then sealed with a 
rubber seal. A vacuum was applied in the vial. Then nitrogen gas, oxygen gas, and nitrogen‐
oxygen gas mixture (20–80% oxygen in nitrogen gas) were flushed successively through the 
vial. The operation was repeated three times. The enzyme solution was then added through 
the seal using a microsyringe. Decreased absorbance at 265 nm of the solutions was measured 
(Nano‐Drop 2000; thermo Fisher Scientific Inc.).

Two substrate kinetic analyses (Table 4) revealed that AAO I can operate faster than [Vmax] of 
AAO II. However, AAO II has much greater affinity for both substrates (lower Km values). 
The enzyme level declines as germination is prolonged. Actually, AAO II has much greater 
affinity (lower Km) for both substrates than AAO I does, although the latter displays a higher 
Vmax value. The Km value for AA displayed by AAO II is comparable with that reported for 
AAO from other organisms [32–38]. Few other papers report a Km value for oxygen, but the 
value we have measured for AAO II is comparable to that reported for Acremonium spp. [36].

Impact of AA addition during mashing was conducted as follows. Milled pale malt (50 g) 
was mashed at 65°C in a water bath with 150 mg of AA and 150 mL of deionized water. The 
mashes designated for 0 min were filtered immediately upon mixing. Subsequent mashes 
were sampled periodically at 10, 20, 40, and 60 min. Mashes were filtered through cone filters 
into an ice bath. Wort samples were cooled to 4°C and analyzed as soon as possible. Density, 
pH, color, total polyphenols, and free thiols in wort samples were determined. Mashes were 
performed at 65°C in the presence of 5.7 mM ascorbic acid (AA).

This value is well more than the km value for AAO II. Furthermore, the enzyme would be 
expected to operate at a maximum rate at the start of mashing (Table 5). Adding AA had 
little impact on the specific gravity of the recovered wort. Although the pH of the mash 
was lowered by AA initially, it rose progressively during mashing. The pH of the control 
mash decreased.

The addition of AA led to markedly higher levels of polyphenol and thiols being measurable 
in the wort.

This result is consistent with reports of AA functioning: AAO consumed oxygen, which was 
used to oxidize polyphenols and thiols. There is generally also a lower color observed in 

Ф0
(s)

Ф1
(mM s)

Ф2
(mM s)

Ф12
(mM2 s)

1/Ф0
(s−1)

Ф1/Ф0
 (mM)

Ф2/Ф0
(mM)

AAO I 0.0012 0.0039 0.0129 0.0102 833 3.25 10.8

AAO II 0.0144 0.0051 0.0056 0.0105 69 0.35 0.39

The Φ parameters are calculated from secondary plots that are developed as described in the Materials and methods 
section. Φ0 is the intercept on the ordinate of the secondary plot of ordinate intercepts of the primary plot against the 
reciprocal of the second substrate concentration. Φ2 is the slope of this line. Φ1 is the ordinate intercept of the plot 
of primary plot slopes against the reciprocal of the second substrate concentration. Φ12 is the slope of this line. 1/Φ0 
represents the true maximum velocity (Vmax). Φ1/Φ0 equals the Km for the primary substrate. Φ2/Φ0 is the Km for the 
secondary substrate. Ascorbic acid is the primary substrate and oxygen is the secondary substrate.

Table 4. Kinetic parameters of ascorbic acid oxidase (AAO).
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in the wort.

This result is consistent with reports of AA functioning: AAO consumed oxygen, which was 
used to oxidize polyphenols and thiols. There is generally also a lower color observed in 

Ф0
(s)

Ф1
(mM s)

Ф2
(mM s)

Ф12
(mM2 s)

1/Ф0
(s−1)

Ф1/Ф0
 (mM)

Ф2/Ф0
(mM)

AAO I 0.0012 0.0039 0.0129 0.0102 833 3.25 10.8

AAO II 0.0144 0.0051 0.0056 0.0105 69 0.35 0.39

The Φ parameters are calculated from secondary plots that are developed as described in the Materials and methods 
section. Φ0 is the intercept on the ordinate of the secondary plot of ordinate intercepts of the primary plot against the 
reciprocal of the second substrate concentration. Φ2 is the slope of this line. Φ1 is the ordinate intercept of the plot 
of primary plot slopes against the reciprocal of the second substrate concentration. Φ12 is the slope of this line. 1/Φ0 
represents the true maximum velocity (Vmax). Φ1/Φ0 equals the Km for the primary substrate. Φ2/Φ0 is the Km for the 
secondary substrate. Ascorbic acid is the primary substrate and oxygen is the secondary substrate.

Table 4. Kinetic parameters of ascorbic acid oxidase (AAO).
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small‐scale laboratory mashes (with the exception of the 60 min measurement, which was 
perhaps a spuriously high value). This result is regarded as consistent with less polyphenol 
oxidation in the mashes in view of the extremely high affinity of AAO II for AA and oxygen, 
coupled with its thermotolerance.

There are some consequences to oxygen ingress in a mash, including possibilities of oxidation 
of unsaturated fatty acids, cross‐linking of thiol‐rich proteins, and oxidation of polyphenols 
with the production of color [12]. The addition of AA to mashes is expected to engender 
diminution in such effects. Bamforth et al. [4] anticipated increased measurable levels of such 
groups in mashes containing AA. An increased level of polyphenol surviving into wort and a 
decrease in the amount of color produced would be expected.

2.4. Oxalate oxidase

Oxalic acid can engender a range of problems in beer, including the blockage of dispensing 
pipes by beer stones, as well as turbidity and gushing [42, 43]. Importance of sufficient cal-
cium to precipitate the material as calcium oxalate is notable. Few investigations have exam-
ined the origin of oxalic acid or of the enzymes that might produce or eliminate it during 
malting and brewing.

Oxalate oxidase (EC1.2.3.4) catalyses the conversion of oxalate into carbon dioxide and 
hydrogen peroxide. The hydrogen peroxide produced might serve some role in peroxidative 
cross‐linking as part of cell wall restructuring [44]. The enzyme might also serve some role 
in countering the oxalate secreted by plant pathogens [45]. Oxalate oxidase is also known as 
germin [45, 46].

Time (min) pH Specific gravity Polyphenol (mg/L) Thiols (A430) Color

Plus ascorbic acid

0 5.145 ± 0.015 1.0267 ± 0.0038 177 ± 3 0.315 ± 0.032 1.97 ± 0.18

10 5.28 ± 0.01 1.082 ± 0.0014 294 ± 2 0.483 ± 0.009 4.9 ± 0.43

20 5.335 ± 0.005 1.0852 ± 0.0015 321 ± 3 0.476 ± 0.025 6.66 ± 2.63

40 5.385 ± 0.015 1.0978 ± 0.0005 347 ± 14 0.478 ± 0.004 7.47 ± 1.25

60 5.385 ± 0.015 1.1061 ± 0.0011 384 ± 1 0.471 ± 0.048 9.5

Control

0 5.58 ± 0 1.055 ± 0.006 177 ± 2 0.071 ± 0.003 5.42 ± 0.04

10 5.575 ± 0.005 1.081 ± 0.012 189 ± 2 0.06 ± 0.023 8.31 ± 0.83

20 5.5 ± 0.006 1.087 ± 0.009 198 ± 1 0.07 ± 0.007 7.44 ± 0.51

40 5.49 ± 0.02 1.093 ± 0.003 212 ± 3 0.059 ± 0.012 9.45 ± 0.37

60 5.485 ± 0.005 1.103 ± 0.002 236 ± 2 0.054 ± 0.009 9.68 ± 0.81

Table 5. Effect of ascorbic acid addition during mashing.
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Kanauchi et al. [47] investigated oxalate oxidase of barley seed during malting and assessed 
its possible relevance in mashing. Barley was germinated according to Hoy [14]. The barley 
was germinated at 16°C for 6 days. The green malt was dried at 60°C for 16 h to approximately 
5% moisture. The rootlets were not removed.

Oxalate oxidase was assayed according to the following principle [48].

   Oxalate + O  2   →  2CO  2    + H  2    O  2    (  catalyzed by oxalate oxidase )     (4)

  MBTH + H  2    O  2   + DMA → Indamine dye   (  purple color )     + 2H  2   O  
   (  catalyzed by added peroxidases )     (5)

where MBTH is 3‐methyl‐2‐benzothiazolinone hydrazone; DMA is N,N‐dimethylaniline.

Enzyme solution was mixed with oxalic acid solution (pH 4.0), MBTH solution, N,N‐dimeth-
ylaniline, 3‐methyl‐2‐benzothiazolinone hydrazone, ethylenediaminetetraacetic acid (EDTA) 
solution, and peroxidase enzyme solution. The standard curve was produced using hydrogen 
peroxide. One unit (1 U) of enzyme activity is defined as the amount of enzyme that catalyzes 
the oxidation of 1 µmol of substrate per minute under assaying conditions.

Its location in the grain remains as a matter for speculation. Oxalate oxidase was present in 
unmalted grain. Its activity increased slightly during germination (Figure 8). In germinated 
grain, 61% of the oxalic acid was in the rootlets, 32% in the acrospires, and the balance in the 
bran (husk/pericarp‐testa/aleurone). Oxalic acid was not found in the starchy endosperm. It 
is noteworthy that more than half of the oxalate is located in the rootlets, which are removed 

Steeping

Air rest

Germination

Figure 8. Oxalate oxidase activity of Starling barley during malting.
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during malt production. Oxalic acid was not detectable in barley. Concentrations of oxalate in 
kernels increased during germination, although the amounts decreased near the end of ger-
mination. According to activity dyeing, the enzyme is present in the aleurone and the embryo, 
but not in the endosperm (Figure 9).

Ground‐germinated grain was extracted in two volumes of citrate‐phosphate buffer. After 
centrifugation of slurry, the extract was purified by precipitation using ammonium sulfate, a 
DEAE column, and a size‐exclusion column. Consequently, the enzyme was partially purified 
using ammonium sulfate precipitation, ion exchange chromatography, and gel permeation 
chromatography, with a finishing specific activity of 44.6 U/mg protein (19.6‐fold purified). 
The molecular weight of the enzyme was 58.5 kDa as determined from SDS‐PAGE. Others 
reported an oxalate oxidase of rootlets of barley, which is a pentamer with subunit molecular 
weight of 25 kDa [49].

The enzyme has a pH optimum of approximately 4.0, but it displayed 90% of the maximum 
activity at pH 3 and 40% of the maximum activity at pH 8.0. Two substrate kinetic analyses, 
which showed km values for the oxalate was 0.1 mM, km values for oxygen was 0.46 mM. 
Vmax value for oxalic acid were 18.2 mM/min and its value for oxygen was 285.7 mM/min.

Several metal ions influenced the activity of oxalate oxidase (data not shown), such as manganese 
which slightly activated the enzyme. Generally, a manganese‐claiming enzyme is a manganese‐
containing enzyme [50]. However, zinc and copper activated the enzyme to a greater degree. 
The enzyme was inhibited by cobalt, by iron, and to a lesser extent by magnesium. Inhibition by 
mercury, dithiothreitol, and iodoacetamide suggests that the enzyme needed free thiol groups 
for activity. This result was confounded by the observation that N‐ethylmaleimide did not inhibit 
its activity. The enzyme was inhibited by azide. It was activated by flavin adenine dinucleotide 
(FAD), and reportedly might be a flavoprotein.

Kanauchi et al. [47] reported that barley kernels contain oxalate oxidase located in the living 
tissues of roots, but not in the starchy endosperm. Because the enzyme is active in a broad 
pH range, and because it has high heat tolerance, it was active during mashing, but it was 
less important than other oxidases for scavenging oxygen from mashes because of its low 
affinity for oxygen.

Before barley germinationGermination of barley

Figure 9. Location of oxalate oxidase in grain. Blue coloration denotes enzymic activity. The top photographs show 
germinated grain, whereas the bottom photograph shows unmalted grain.
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3. Conclusion

Malt contains some enzymes or characteristics that degrade beer quality. This chapter pres-
ents descriptions of them. Four oxidations were investigated. The enzymes in malt have heat 
stability. Its optimum pH (pH 8.0) shows that the enzyme limits the reaction in the mash at pH 
5.0. The activity of thiol oxidase lessens during malt storage. Results suggest that this is part of 
the explanation for why stored malt displays better wort separation than newly kilned malt.

Ascorbate peroxidase was identified in the acrospires and aleurones of germinating barley. Its 
synthesis was induced by the presence of ascorbic acid and hydrogen peroxide. It was found to 
have a molecular weight of 26 kDa and a broad pH optimum: pH 5–7. However, the enzyme lost 
50% of its activity in 30 min at 40°C. The enzyme has very high affinity for hydrogen peroxide.

Ascorbic acid oxidase(AAO), which is an antioxidant agent as ascorbic acid, is developed in 
embryo tissues of barley during steeping and during the initial stages of germination. The 
molecular weights of the two AAO enzymes in malt are 27.4 and 6.4 kDa, respectively; their 
optimum pH is 7.0 and their optimum temperature is 40–50°C. Both enzymes are extremely 
heat tolerant and are capable of acting over a broad pH range. These two enzymes are expected 
to function during conversion temperatures of mashing.

Addition of ascorbic acid to mashes results in the survival of higher levels of polyphenol 
and thiols into wort and reduced color in that wort, commensurate with AAO preferentially 
consuming oxygen. Consequently, in adding ascorbic acid, oxygen is less available for other 
reactions, such as thiol oxidation and polyphenol oxidation in mashes.

Oxalate oxidase in barley kernels is located in living tissues of roots. The enzyme had active in a 
broad pH range, and it has high thermal tolerance. However, it is probably less important than 
other oxidases in scavenging oxygen from mash, because of its affinity for oxygen was low.

As explained herein, beer quality can be improved by the regulation of dissolved oxygen and 
oxidation enzymes, such as thiol oxidase, AAO of the endosperm cell walls in malt.
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Abstract

Barley has been cultivated for more than 10,000 years. Barley improvement studies always 
have the privilege of the breeders and scientists. This review is expected to provide a 
resource for researchers interested in barley improvement research in terms of mutation 
breeding, tissue culture, gene transfers, gene editing, molecular markers, transposons, epi-
genetic, genomic studies and system biology. We aimed to discuss some important and/or 
recent studies and improvements about barley for understanding the factors responsible 
for converting barley plants into the superior cereals, which occurred through gene trans-
fers, gene editing and molecular breeding, which is important and could help us enhance 
the current pool of cultivated barley species to provide enough material for the future.

Keywords: barley improvement, Hordeum vulgare L., genetic research, genomics 
research, complex trait

1. Introduction

Cultivated barley (Hordeum vulgare L.) is the fourth important annual cereal crop from the 
family of Poaceae after wheat, rice, maize and is consumed as feed for livestock and, food—
either pure or combined with other cereals in the form of porridge, sattu (roasted barley), 
breakfast foods and chapattis [1] and, most importantly, is also used for brewing malts. 
Barley, which is also an excellent model plant for biochemists, physiologists, geneticists and 
molecular biologists, is one of the world’s earliest domesticated and most important crop 
plants [2]. According to world statistics, its production in 2015 was 148.78 million tons, where 
Turkey’s contribution was 4,750,000 metric tons [3]. Barley is a self-pollinating diploid with 
2n = 2x = 14 chromosomes. Moreover, it has two-rowed and six-rowed types, according to 
spike morphology [4]. The barley genome project is completed by the International Barley 
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Genome Sequencing Consortium [5]. It has 26,159 genes and large haploid genome of 5.1 
gigabases (Gb), approximately 84% of the genome is comprised of mobile elements or other 
repeated structures. Ease of growth under laboratory conditions, and tissue cultures facilitate 
the development of gene transfer and gene editing technologies, although research on barley 
genome and system biology is progressing.

Barley has been cultivated for more than 10,000 years [6]. In former times, the Sumerian and 
Babylonian cultures utilized barley grains as currency. Barley improvement studies always 
have the privilege of the breeders and scientists. Barley is a short season, early maturing grain 
with a high-yield potential, and may be found on the fringes of agriculture in widely varying 
environments, often on the fringes of deserts and steppes or at high elevations in the tropics, 
receiving modest or no inputs [7]. Wide genetic variation of barley has generated cultivars 
that are tolerant to stress environments such as cold, salinity, drought and alkaline soil [8]. 
It is possible to cultivate barley in extensive ecological range. This adaptive genetic diversity 
against abiotic and biotic stresses indicates the potential of barley to develop stress resistant 
cultivars. The main objective of barley breeding programmes is enriching yield and grain qual-
ity. Improvement studies are also based on producing varieties resistant to biotic (pathogens, 
fungal, viral and other organisms) and abiotic stresses (e.g. drought, salt, cold and heat) [9]. 
Identifying and understanding the genetics basis of stress tolerance mechanisms in crops is 
fundamental to develop new varieties with more stress tolerant characters [10].

Barley is an economically important crop plant, the fourth cereal worldwide in terms of the 
planting area, utilized almost 60% as animal feed, around 30% for malt production, 7% for seed 
production and only 3% for human food [11, 12]. In recent years, the malt derived from the 
germinated barley is the key material for the malting which represents the most economically 
favourable application for beer brewing [13]. However, to enhance the germination and malting 
quality of barley, addition of malting additivives during the malting is strictly  controlled cause 
of food safety and environmenal pollution. Improvement of barley cultivars for the malting 
may be the most economical approach to improve malt quality. As a result, identifying and 
understanding the genetics basis of barley is fundamental to develop new varieties with more 
properties [14]. Also nowadays, barley has numerous advantages in food industry due to its 
high content of bioactive compounds such as β-d-glucan, tocopherols, tocotrienols and phe-
nolics such as benzoic and cinnamic acid derivatives, proanthocyanidins, quinones, flavonols, 
chalcones and flavones [15, 16]. The studies showed that β-d-glucan is regarded as a significant 
function of preventing various diseases such as diabetes, cardiovascular diseases, hypertension 
and others [17].

Barley is one of the most genetically diverse cereals which is categorized as spring or win-
ter types, two-rowed six row, hulled or hulless by the presence or absence of hull tightly 
adhering to the grain, and malting or feed by end-use type. Therefore, breeding programmes 
depend on high level of genetic diversity which provides a significant opportunity for 
achieving progress. Specific traits may be introgressed in back-crossing studies by hybridisa-
tions between high-yielding cultivars and wild barley in conventional breeding programmes 
[18]. However, mutation breeding is also important for widening variation to develop new 
cultivars. Herman Nilsson-Ehle and Ake Gustafsson, and even L. J. Stadler have performed 
induced mutation studies on barley, and then Stadler have published his data in 1928. In 1953, 
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the ‘Group for theoretical and applied mutation research’ was established by the Swedish 
Government. The aim of their study was the investigation of basic research problems in 
order to effect and improve methods for breeding programmes [19]. Both radiation and 
chemical mutagenesis have been separately used to increase the numbers of barley cultivars 
which may have desirable traits. ‘Golden promise’, which is the most popular malting bar-
ley, was produced by radiation mutagenesis [20]. In Turkey, mutation breeding programme 
has been started by Bilge et al. with collaboration of Agricultural Research Institutes [21, 22]. 
They treated barley seeds with radiations (X and gamma rays) and chemical (ethyl alcohol, 
streptomycin, terramycin, penicillin G, sodium cyanide and ethyl methane sulfonate solu-
tions) mutagens and observed different traits such as chlorophyll deficiency, large-eared, 
high-yielding, thick-stemmed, dwarf and early-heading in M1. Today, use of mutation breed-
ing generally continuing at targeted level will be discussed by new technologies.

In this review, we summarize the history of barley improvement research in terms of muta-
tion breeding, tissue culture, gene transfers, gene editing, molecular markers, transposons, 
epigenetic, genomic studies and system biology. We aimed to discuss some important and/
or recent studies and improvements about barley for understanding the factors responsible 
for converting barley plants into the superior cereals, which occurred through gene transfers, 
gene editing and molecular breeding, which is important and could help us enhance the cur-
rent pool of cultivated barley species to provide enough material for the future.

2. Barley molecular markers

Plant breeders have been used with phenotypic traits for selection of desirable traits due to 
habits, disease resistance, yield or quality to develop new cultivars. Two major strategies have 
been utilized to select desirable traits which are classical breeding and molecular breeding. 
The development and use of molecular markers for the detection and exploitation of poly-
morphism have been playing a significant role in plant breeding studies. Molecular plant 
breeding utilizes two major approaches, marker-assisted selection (MAS) and genetic trans-
formation, to produce new varieties with desirable characteristics [23, 24]. MAS is a process 
that uses molecular markers to increase crop yield, quality and tolerance to biotic or abiotic 
stresses [25]. The choice of marker systems is a significant part of plant breeding cause of the 
requirements according to the conditions and resources. In the last two decades, molecu-
lar markers such as restricted fragment length polymorphism (RFLP), randomly amplified 
polymorphic DNA (RAPD), amplified fragment length polymorphisms (AFLPs), simple 
sequence repeats(SSR), inter-simple sequence repeats (ISSR), expressed sequence tags (ESTs) 
and single-nucleotide polymorphisms (SNPs), transposon-based markers (IRAP, iPBS) have 
been used as genetic markers for measuring the genetic differences existing in the genomes 
[26–30]. Development of next-generation sequencing technologies opened new opportunities 
for the development of sequence-based markers. Today, we have new markers which are not 
fragment-based but are sequence-based. Medium and high density arrays are available for 
barley. The choice of utilized marker methods has shifted from the first and second genera-
tion markers such as RFLPs, RAPDs, microsatellite and AFLPs to third and fourth generation 
markers including DArTs, TAMs, RADs and CNVs/PAVs which are demonstrated in Table 1 
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Marker types 
used

Aim Results Reference

RFLP Construction of an RFLP map of barley Genetic and physical mapping achieved [37, 38]

RAPD Analyses genetic variations in barley Cultivar certification achieved [56]

Cultivar discrimination Cultivar and hybrid certification achieved [57]

AFLP AFLP markers linked to water stress 
tolerant and sensitive bulbs of barley

AFLP markers was identified in two barley 
genotypes (tolerant and sensitive)

[41]

SSR Construction of a SSR consensus map 
of barley

149 mapped SSR markers on Australian varieties 
are presented in the form of a consensus 
map, SSRs proved to be adaptable to several 
technologies

[44, 45]

IRAP and 
iPBS

Callus age and retrotransposon Tissue culture conditions and callus age affected 
Sukkula retrotransposon movements, and all 
individuals did not present the same effect

[51]

SNP Utilization of the BOPA1 assay to 
explore SNPs in geographically 
matched landraces and wild accessions 
collected

Of the 1536 SNPs represented on BOPA1, 1301 
mapped SNPs

[58]

CAPS Comparison of SNP and CAPS markers 
application in genetic research in 
wheat and barley

Results supporting the development of different 
strategies for the application of effective SNP 
and CAPS markers in wheat and barley

[59]

CNV The prevalence of copy number 
variation (CNV) and its role in 
phenotypic variation in domesticated 
barley cultivars and wild barleys

Levels of CNV in the wild accessions were 
found to be higher than cultivated barley. CNVs 
are enriched near the ends of all chromosomes 
except 4H. CNV affects 9.5% of the coding 
sequences represented on the array and the 
genes affected by CNV

[55]

cDNA-AFLP Development of molecular markers 
linked to barley heterosis

Five transcript-derived fragments (TDFs) 
showed significant effects on heterosis

[60]

DArT 94 Czech malting barley cultivars 
identification

DArT-based dendrogram was established [61]

Genome-wide association studies of 
agronomic and quality traits in a set of 
German winter barley (Hordeum vulgare 
L.) cultivars using DArT

A set of about 100 winter barley (Hordeum 
vulgare L.) cultivars, comprising diverse and 
economically important German barley elite 
germplasm was analysed

[62]

QTL loci effecting kernel length LEN-3H and LEN-4H could be used for 
improve kernel length

[63]

SLAF-seq 
and whole-
genome 
shotgun

semi-dwarf gene ari-e from Golden 
Promise

Specific-length amplified fragment sequencing 
(SLAF-seq) with bulked Segregant analysis 
(BSA) to develop SNP markers, and (2) the 
whole-genome shotgun sequence to develop 
InDels. Both SNP and InDel markers were 
developed in the target region

[64]

Restriction 
site 
associated 
DNA (RAD) 
sequencing

SNP-based high density genetic map 
and mapping of btwd1 dwarfing gene 
in barley

The SNP-based high-density genetic map 
developed and the dwarfing gene btwd1 
mapped

[65]
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[31–34]. Next-generation breeding technologies are now effectively used for the establishment 
of genotypic and phenotypic relations [35]. Future barley varieties are designed with crop 
model ensemble [36].

Restriction fragment length polymorphism (RFLP) marker system has been used as a mea-
sure of genetic diversity for mapping studies in barley [37, 38]. Genetic relationships among 
21  barley accessions (17 of H. bulbosum L. and 4 of H. vulgare L.) have been investigated 
by Okumus and Uzun [39] have successfully produced 111 RAPD markers. Combination of 
bulked segregant analysis and RAPD primers has been used to identify molecular markers 
linked to crown rust resistance gene Rpc1 in barley [40]. Another molecular marker tech-
nique AFLP has been utilized for linkage studies and evolution of barley [41–43]. 149 simple 
sequence repeats (SSRs) or microsatellite markers have been constructed in the form of a 
consensus map by using 12 barley populations [44, 45]. SSR markers have been utilized for 
the selection of Rym4/Rym5 locus conferring resistance to the barley mosaic virus complex 
in barley. The polymorphic SSR marker QLB1 was found to be co-segregated with Rym4/
Rym5 locus which also used to develop for the high-resolution map [46]. Other marker meth-
ods used in plant breeding are transposable elements-based marker systems such as inter-
retrotransposon amplified polymorphism (IRAP), retrotransposon-microsatellite amplified 
polymorphism (REMAP) and inter-primer binding site amplification (iPBS) to identify ret-
rotransposon markers linked to traits. Our group has been using IRAP and iPBS marker 
techniques to determine retrotransposon insertion patterns, movements of transposons, 
somaclonal variations, and callus aging. Our results showed that callus culture conditions 
have activated BARE-1 and Nikita elements [47–50]. Movements of the non-autonomous ret-
rotransposon Sukkula were investigated by Kartal-Alacam et al. [51] in barley. Recently, IRAP 
technique is also utilized to assess the genotoxicity of some drugs such as epirubicin [52] and 
amiprophos-methyl [53].

Genome- and chromosomal-level genetic structures are really important for the investigation 
of the evolution, adaptation and spread of the crops. Therefore, single-nucleotide polymor-
phism (SNP) platforms, which are used to assess the evolution of barley, are a key tool in the 
development of farming. Russell et al. [54] utilized the barley oligonucleotide pool assay 1 
platform (BOPA1, composed of 1536 SNPs) to compare 448 accessions genome-level genetic 
structures, 317 of landrace material and 131 of wild barley, and observed that significant chro-
mosome-level differences diversity between landrace and wild barley types was around genes 
known to be involved in the evolution of cultivars. Fourteen barley genotypes (eight cultivars 

Marker types 
used

Aim Results Reference

InDel 
markers

Development of InDel markers High-density InDel markers with specific 
genome locations were developed with 6976 
molecular markers (SSRs, DArTs, SNPs and 
InDels) integrated into single barley genetic 
map

[66]

Table 1. Molecular markers used in barley research.
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and six wild barleys) have been utilized to explore copy number variations (CNV) by using 
comparative genomic hybridization. The study showed that CNVs were enriched near the ends 
of all chromosomes except 4H and affected 9.5% of the coding sequences represented on the 
array [55].

3. Barley tissue cultures and gene transfers systems

Plant tissue culture, which provides convenience for plant propagation and manipulation, is 
based on growing plant cells, tissues or organs isolated from the mother plant, on artificial 
media [67]. It is required to regenerate in vitro whole transgenic plants by using cells, tissues 
or a single cell cultured on a nutrient medium in a sterile environment [68]. Regeneration abil-
ity in barley depends on the donor plant material, genotype, media and environment [69–71]. 
One significant limitation of barley transformation is still the poor regeneration potential of 
modern cultivars. However, several studies have been conducted to improve tissue culture 
techniques to increase regeneration rates [72]. From past to today, various tissue culture pro-
tocols have been developed by using immature embryos [73–80], mature embryos [81–87], 
apical meristems [88–90], anthers [91–94], microspores [95–97], ovaries [98, 99], cell suspen-
sions [100–104], protoplasts [105], coleoptile tissue [106] and leaf base segments [90, 107].

The improvement of barley through genetic transformation and in vitro methods requires 
the development of reliable, efficient and reproducible plant regeneration systems (Table 2) 
[70, 108, 109]. The plant regeneration capacity is affected by the genotype of donor plants, 
growth characteristics of induced calluses, the composition of the media, including growth 
regulators [110, 111]. Tissue cultures of barley are mainly based on the optimization of cal-
lus induction [112], regeneration [71, 113] and transformation [99], understanding of tissue 
culture response [114], detection, evaluation and elimination of somaclonal variation [81, 94, 
115–118]. The use of mature embryos has a great advantage compared to other systems such 
as protoplast and cell suspensions. For barley tissue culture, mature embryos represent ideal 
system because of higher germination and regeneration rates by somatic embryogenesis from 
cultured mature embryos of barley [87]. Phytohormones are also crucial to setting optimal 
tissue culture conditions to produce undifferentiated callus tissue from differentiated tissues 
such as an embryo [119].

Callus formation, which is a dedifferentiation of single cells or tissue explants, offers the 
great opportunity for investigation of in vitro selection production of genetic variations 
[120–124]. The regeneration of plants from callus of barley has a great potential to produce 
new lines in breeding improved barley cultivars [125, 126]. The type of auxin, 2,4-dichlo-
rophenoxyacetic acid (2,4-D), is the most used growth regulator for callus induction [123, 
127, 128]. 2,4-D have been utilized to induce embryogenic callus together with or with-
out cytokinins such as zeatin or 6-benzylaminopurine (6-BAP). Moreover, the influences 
of 2,4-D, Dicamba (3,6-dichloro-O-anisic acid), Picloram (4-amino-3,5,6-trichloropicolinic 
acid) or 2,4,5-T (2,4,5-trichlorophenoxyacetic acid) have been investigated on the induc-
tion of embryogenic callus. It was found that Dicamba significantly increased the regenera-
tion through somatic embryogenesis [78, 111, 129–131]. However, callus quality depends 
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on barley genotypes [125, 132]. And also, it has been reported that the most barley cultivars 
produced friable and translucent callus [122, 125].

Somatic embryogenesis, which is defined as a process by which haploid or diploid somatic cells 
develop into structure that resembles zygotic embryo, is an important tool for large scale veg-
etative propagation. Somatic embryos are bipolar structures without any vascular connection 
with the parental tissue and these structures can differentiate either directly from the explants 
without an intervening callus phase or indirectly after a callus phase. Immature embryos have 
a great potential to produce somatic embryos through embryogenic callus [133]. Marthe et al. 
[134] have investigated transformation efficiency for more than 20 barley cultivars by using 
immature barley embryos, and they found that the transformation efficiency of cv ‘Golden 
Promise’ was still higher than any other cultivar tested. Another study conducted by Hisano 
et al. [135] showed that callus derived from immature embryos of ‘Golden Promise’ had the 
highest ratio of regeneration of green shoots comparing with ‘Haruna Nijo’ and ‘Morex’.

Since 1990s, genetic engineering of plants is a powerful research tool for gene discovery and 
function to investigate genetically that controlled traits have provided great opportunities to 
introduce agronomically useful traits. The first report on stable barley transformation via direct 
DNA-transfer methods has been established by Lazzeri et al. [105]. Tingay et al. [142] were 

Culture type Aim Results Reference

Immature embryos Tissue culture and plant 
regeneration from immature 
embryo explants

Regeneration of plantlets was obtained for 19 
of the 20 genotypes approximately 4 months 
after culture initiation

[75]

Evaluation 9 barley cultivar for in 
vitro culture response

For each character, there were significant 
differences between genotypes, between 2,4-D 
concentrations and also significant genotype × 
medium interactions

[136]

Evaluation of 10 Canadian barley 
genotypes for in vitro culture 
response

Fertile plants were regenerated [137]

Callus induction and regeneration 
at Czech cultivars

The callus formation frequency and number 
of green regenerants were influenced 
significantly both by genotype and auxin

[123]

Callus induction and regeneration 
at Nordic cultivars

Regeneration of many plants from the same 
callus over long periods of time and makes 
available highly efficient regeneration protocols

[138]

Mature embryos Tissue culture establishment and 
plantlet regeneration

Plantlets regenerated both via organogenesis 
and somatic embryogenesis

[139]

Tissue culture and plant 
regeneration at Indian cultivars

Multiple shoot induction and plantlet 
regeneration in Indian cultivar of barley

[140]

Anther culture Possible effect of copper during 
anther culture in barley

The positive influence of copper sulphate was 
characterized by an increase of microspore 
survival during anther culture

[141]

Table 2. Tissue culture and plant regeneration studies in barley.
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Gene transfer type Aim Results References

Biolistic transformation 
system

Target tissues such as immature 
embryos, embryos derived callus and 
microspore derived callus

Successful transformation [156]

Immature embryos and microspore-
derived cultures

Successful transformation [157]

Transformation of recalcitrant species Successful transformation [158]

Pre cultured immature embryos Molecular analysis of T1 
generation plantlets revealed the 
amplification of selectable marker 
hptII gene in the progeny

[159]

Agrobacterium-mediated 
transformation

Immature embryos Successful transformation [142]

Shoot apices Successful transformation [160]

Optimization of gene transfer 
immature embryos

Transformation efficiencies 
2.6–6.7%

[145]

Young ovules Successful transformation [161]

Microspores Successful transformation [147]

Optimization of gene transfer 
immature embryos

25 % transformation efficiency [148]

Mature scutellum Successful transformation [162]

Immature embryo-derived callus 
cultures

Improve T-DNA transfer in 
monocotyledon transformation 
procedures

[163]

Mature embryos Successful transformation [164]

Tissue electroporation DNA transfer into mature embryos of 
barley via electroporation

Successful transformation [147]

Table 3. Gene transfer research on barley.

first reported Agrobacterium-mediated gene transfer protocol to barley using immature embryos 
(IEs). Since then, numerous protocols for barley transformation have been developed with the 
contribution of technical improvements based on immature embryos or androgenetic pollen 
cultures or isolated ovules as gene transfer targets [99, 143–146]. Gurel and Gozukirmizi [147] 
optimized the transformation parameters for efficient and successful genetic transformation 
of mature barley embryos. They defined the optimal combination of electroporation and elec-
troporated mature embryos with β-glucuronidase (Gus) and neomycin phosphotransferase II 
(nptII) genes. The frequency of transformants was generally not very high between 1.7 and 7.0% 
of the immature embryos infected via Agrobacterium. On the other hand, it has been recently 
reported that the frequency is around 25% or higher [148–150]. Although the transformation 
frequency is lower, immature embryos still remain the target tissue of choice in barley [148, 151].

The most of barley transformation studies have been performed to confer biotic (fungal 
and viral resistance) and abiotic (herbicide, drought and salinity, etc.) resistance, to facili-
tate brewing and digestibility, to alter protein composition and for molecular pharming 
[152]. Some of those methods have been established in Table 3. Yeo et al. [153] developed 
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'Golden SusPtrit' which is a barley line combining SusPtrit's high susceptibility to non-
adapted rust fungi with the high amenability of Golden Promise. They generated a double 
haploid (DH) mapping population (n=122) by crossing SusPtrit with Golden Promise to 
develop the ‘Golden SusPtrit’. SG062N was found the most efficiently transformed DH line 
with 11–17 transformants per 100 immature embryos. To protect barley from the effects of 
stress-produced reactive carbonyls, which is accumulated by reactive oxygen species in the 
plant cells, an Agrobacterium-mediated transformation was carried out using the Medicago 
sativa al dose reductase (MsALR) gene by Nagy et al. [154]. Their results demonstrated 
that this technique could be applied for the detection of cellular stress, and also found that 
targeting of MsALR into the chloroplast has also resulted in increased stress tolerance. In 
addition to these studies, Han et al. [155] reported that a construct containing full-length of 
HvGlb2 cDNA encoding barley (1,3;1,4)-β-glucanase isoenzymes EII under the control of 
a promoter of barley D-Hordein gene Hor3-1 was introduced into barley cultivar Golden 
Promise via Agrobacterium-mediated transformation. High content of (1,3;1,4)-β-D-glucan 
of barley grains is considered as an undesirable factor effecting malting potential, brew-
ing yield and feed utilization. They showed that over-expression of (1,3;1,4)-β-glucanase 
led to an increase in the thousand grain weight. Also, manipulating expression of 
(1,3;1,4)-β-glucanase EII could control the β-glucan content in grain with no apparent harm-
ful effects on grain quality.

4. Genomic studies on barley

The genetic revolution of the past decade has greatly improved our understanding of the rela-
tionships between genetic and phenotypic diversity with a resolution that has never been reached 
before. The development of next generation sequencing (NGS) technologies has increased accu-
racy and decreased costs. Sequencing or re-sequencing of reference genomes and also new variet-
ies allow the identification of numerous numbers of markers, allelic diversities and have changed 
our insight of genome organization and evolution. The sequencing of crop genomes provided 
evidences for plant origin and evolution; genome duplications, re-arrangements; adaptations 
and functional modulations [165]. The full genome sequence is essential to provide knowledge 
for understanding natural genetic variations and development for breeding programs.

Recently, novel high-throughput sequencing strategies have revealed the structure of barley 
genome [166, 167]. Existence of 26,159 barley genes was confirmed by a systematic synteny 
analysis with model species from the Poaceae family (rice, maize, sorghum and Brachypodium) 
which have already had annotation of their genomes. Also, up to 80% of the 5.1 Gb genome of 
barley contains repetitive DNA, making the fully sequencing complicated [5]. Full annotations 
and a sequence-rich physical map of the barley genome, which is based on the genomic infor-
mation contained in bacterial artificial chromosomes (BACs) developed for the Morex variety 
[168, 169], are available on public databases (http://webblast.ipk-gatersleben.de/barley/index.
php) [167]. The first single nucleotide polymorphisms (SNPs) genotyping approach, based on 
the illumina oligo pool assays (OPAs), allowed the examination of 4596 markers in sets of 1536 
SNPs [58]. Although declining cost of NGS technologies, thousands to million SNPs have been 
discovered via re-sequencing, providing greater detail for high density genetic maps [170]. 
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Currently, array-based genotyping platform Infinium iSelect allows the simultaneous testing 
of 7842 SNPs [171]. Takahagi et al. [172], performed deep transcriptome sequencing, identi-
fied 38,729–79,949 SNPs in the 19 domesticated accessions and 55,403 SNPs in the wild barley. 
However, the complete sequences of the 525,599 bp mitochondrial genomes of wild and culti-
vated barley have been determined by Hisano et al. [135]. The mitochondrial genome of barley 
consists of 33 protein-coding genes, three ribosomal RNAs, 16 transfer RNAs, 188 new ORFs, six 
major repeat sequences and several types of transposable elements. The mitochondrial genomes 
of these wild and cultivated barley lines have been found to be almost identical in terms of both 
nucleotide sequence and genome structure, only three SNPs detected between haplotypes [135].

Several techniques, including linkage (or QTL mapping) mapping, association mapping 
(GWAS) and high-throughput omic techniques, such as transcriptomics, ionomics, proteomics 
and metabolomics analysis, have been used to identify a single gene or multi-genes correspond-
ing to gene regulation networks of development, flowering, vernalization and biotic and abiotic 
stress conditions [173]. Next generation sequencing approaches (e.g. RNA-Seq) were carried 
out within 5 years and enlarged our knowledge about gene regulation networks of stress con-
ditions. Especially, RNA-seq approach has been widely utilized due to low background noise, 
high sensitivity and reproducibility, great dynamic range of expression and base-pair resolu-
tion for transcription profiling [174]. Transcriptomic analyses of more than 28 plant species 
have revealed thousands of genes that are differentially regulated under drought stress condi-
tions [175]. During last few years, an increasing number of these genes have been characterized 
and their function under drought conditions has been shown by the analysis of loss-of-function 
mutants or over expressing lines. Most of these functional characterization studies have been 
performed in the model species Arabidopsis thaliana and in the grass Oryza sativa. However, pro-
duction of desired drought-tolerant crop species has required the identification of orthologous 
genes in each species. Transcriptome and whole-genome sequencing of different plant species 
lead to identify orthologous genes across several model and crop species [176].

Transcriptome profiling of barley under low nitrogen (LN) conditions have been determined by 
using RNA-seq approach. 1469 differentially expressed genes were identified between tolerant 
and sensitive barley varieties under LN. Differences between tolerant and sensitive genotypes 
involved transporters, transcription factors, kinases, antioxidant stress and hormone signalling 
related genes. However, DEGs were classified in amino acid metabolism, starch and sucrose 
metabolism, secondary metabolism [177]. Up to today, transcription dynamic of hulless barley 
grain development was not well understood. Tang et al. [178] have conducted comparative tran-
scriptome approach to investigate changes during grain development. 38 DEGs were determined 
co-modulated in two barley landraces with the differential seed starch synthesis traits. The results 
showed that these 38 DEGs encoded proteins such as alpha-amylase-related proteins, lipid-trans-
fer protein, homeodomain leucine zipper (HD-Zip), Nuclear Factor-Y, subunit B (NFYBs), as well 
as MYB transcription factors. Also, they found that two genes Hvulgare_GLEAN_10012370 and 
Hvulgare_GLEAN_10021199 encoding SuSy, AGPase (Hvulgare_GLEAN_10033640 and Hvulgare_
GLEAN_10056301), as well as SBE2b (Hvulgare_GLEAN_10018352) were significantly contrib-
uted to the regulatory mechanism during grain development in both genotypes.

Numerous numbers of studies have been performed to understand biotic and abiotic stress 
tolerance mechanisms. For this purpose, RNA-seq approach or microarray have a valuable 
potential to define stress mechanisms. One of the studies has been conducted by Tombuloglu 
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et al. [179] to discover the properties underlying the boron tolerance mechanism. By using tran-
scriptome-wide approach, 256,847 unigenes were generated and, 16 and 17% of the transcripts 
were found to be differentially regulated in root and leaf tissues, respectively, according to 
gene expression analysis. Most of these unigenes were found to be involved in cell wall, stress 
response, membrane, protein kinase and transporter mechanisms [179]. Also, physiological and 
biochemical analysis have provided valuable insights towards a novel integrated molecular 
mechanism of stress tolerance mechanisms in barley. A genome-wide transcriptome analysis 
was performed to identify the mechanisms of cadmium (Cd) tolerance in two barley genotypes 
with distinct Cd tolerance by using microarray approach. Microarray expression profiling 
revealed that novel genes may play important roles in Cd tolerance which were mainly via pro-
ducing protectants such as catalase against reactive oxygen species, Cd compartmentalization 
(e.g. phytochelatin-synthase and vacuolar ATPase) and defence response and DNA replication 
(e.g. chitinase and histones) [180]. Another study to understand abiotic stress was the sequenc-
ing of young leaves RNAs of wild barley treated with salt (500 mM NaCl) at four different 
time intervals. Differential expression profiles have been classified into nine clusters by two-
dimensional hierarchical clustering. The most important groups were assigned to ‘response to 
external stimulus’ and ‘electron-carrier activity’ which means that the highly expressed tran-
scripts are involved in several biological processes, including electron transport and exchanger 
mechanisms, flavonoid biosynthesis and reactive oxygen species (ROS) scavenging, ethylene 
production, signalling network and protein refolding [181]. Hulless barley, also called naked 
barley, often suffered from drought stress during growth and development. Therefore, Zeng 
et al. [182] have investigated co-regulated mRNAs expression patterns under early well water, 
later water deficit and finally water recovery treatments, and to identify mRNAs specific to 
water limiting conditions. The results showed that 853 DEGs were determined and categorized 
into nine clusters. The up-regulated genes were found to be relevant to abiotic stress responses 
in abscisic acid (ABA) dependent and independent signalling pathway, including NCED, PYR/
PYL/RCAR, SnRK2, ABF, MYB/MYC, AP2/ERF family, LEA and DHN under low relative soil 
moisture content (RSMC) level. However, the transcriptome analysis revealed that the most 
affected genes were related to tetrapyrrole binding, photosystem and photosynthetic mem-
brane under drought stress conditions.

The proteomic approach also plays significant roles to understand alterations in the context 
of physiological and morphological responses to biotic and abiotic stresses in barley. Rollins 
et al. [183] have investigated the proteins differentially regulated in response to drought, 
high temperature or a combination of both treatments by using differential gel electropho-
resis and mass spectrometry. The study showed that the drought treatment induced strong 
reductions of biomass and yield, but not causing significant alterations in photosynthetic 
performance and the proteome. In contrast, the heat treatment and the combination of heat 
and drought caused the reduction of photosynthetic performance and changes of the leaf 
proteome. 14 proteins among 99 protein spots were identified as a genotype-specific man-
ner in response to heat treatment. The analysis indicated that the differentially regulated 
proteins were related to photosynthesis, detoxification, energy metabolism and protein bio-
synthesis. Barley, also, used to identify the quantitative proteome changes under different 
drought conditions by Vítámvás et al. [184]. They cultivated plants for 10 days under differ-
ent drought conditions that the soil water content was held at 65, 35 and 30% of soil water 
capacity (SWC), respectively. The proteomic alterations of barley crowns grown under 
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different drought conditions were determined utilizing two-dimensional difference gel 
electrophoresis (2D-DIGE). Analysis of 2D-DIGE revealed that 105 differentially abundant 
spots were detected between the controls and drought-treated plants. The identified pro-
teins were classified into stress-associated proteins, amino acid metabolism, carbohydrate 
metabolism, as well as DNA and RNA regulation and processing.

5. Genome editing

Genome editing has recently emerged as a novel transgenic method to improve crop plants 
has great opportunities over conventional gene targeted techniques. The most important 
advantage of gene editing is the modification of the targeting specific genes in situ. Genome 
editing, uses ‘programmable’ nucleases such as zinc finger nucleases (ZFNs), TAL effectors 
nucleases (TALENs) or clustered regularly inter-spaced short palindromic repeat (CRISPR)-
associated endonucleases, may also be used to introduce gene insertions, gene replacements, 
insertions or deletions at specific genomic locations [185]. These proteins have a recognition 
domain, is provided by the FokI domain in both ZFNs and TALENs, and Cas9 in CRISPR 
systems, can be engineered to target specific sequences. Genome editing is based on double-
strand break (DSB) induction [186], and subsequent repaired by the cell’s own non-homol-
ogous end-joining (NHEJ) or homologous recombination (HR) mechanisms [185]. Genome 
editing is a key tool for advancing knowledge of gene function as well as allowing targeted 
mutagenesis with high efficiency in plants, including barley [187, 188].

Wendt et al. [187] reported the assembly of several TALENs for a specific genomic locus in 
barley. They tested the cleavage activity of individual TALENs in vivo using a yeast-based, 
single-strand annealing assay, and then the most efficient TALEN have been selected for 
barley transformation. Cleavage of the non-specific target was not observed, but analysis of 
the resulting transformants demonstrated that TALEN-induced double strand breaks led to 
the introduction of short deletions at the target site. Another study with TALENs has been 
reported by Gurushidze et al. [188] that they used TALENs in pollen-derived, regenerable cells 
to establish the generation of instantly true-breeding mutant plants. A gfp-specific TALEN 
pair was expressed via Agrobacterium-mediated transformation in embryogenic pollen with 
22% of the TALEN transgenics. During gene replacement, desired DNA could integrate into 
the genome by homologous recombination that provides great promise to the introduction 
of mutations at pre-determined positions in the genome. Watanabe et al. [189] used a model 
system based on double-strand break induction by the mega nuclease I-SceI to target specific 
position in the genome. They obtained two transformants that were stably inherited as a sin-
gle Mendelian trait. They suggested that stable gene replacement could be achieved in barley 
for routine applications by targeted double-strand break induction. The RNA-guided Cas9 
system also represents a flexible approach for gene editing in barley and provides a valuable 
tool to create specific mutations that knock-out or alters target gene function. Lawrenson et al. 
[190] investigated the use and target specificity of RNA-guided Cas9 genome editing in bar-
ley. They demonstrated Cas9-induced mutations in the first generation of 23% for barley line. 
And also, they observed that stable Cas9-induced mutations were transmitted to T2 plants 
independently of the T-DNA construct thus establishing the potential for rapid characterisa-
tion of gene function in barley.
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6. Transposons, epigenetic studies and non-coding RNAs

Transposons, is a segment of DNA moves to new location in a chromosome or to another 
chromosome or cell, were first identified in maize by McClintock [191]. Several studies have 
been revealed that transposons affect gene structure, epigenetic regulations and genome 
dynamics of almost all living organisms [30]. Transposons alter the existing genome struc-
ture that can lead to significant changes such as deletions and/or insertions. Percentages and 
types of transposons can vary among species [192] that prokaryotic genomes contain 1–3% 
transposons. However, their percentage may reach 85% or more in eukaryotic genomes, espe-
cially plants [193]. Due to having larger genome, barley has larger transposon-derived DNA 
content with up to 85% [194]. Also, it was demonstrated that Copia retrotransposons remained 
intact and active for much longer time periods in the larger genomes such as barley than the 
smaller genomes [195].

Our group has been studying barley transposon effects on somaclonal variation, stability 
of aging barley calli and callus regeneration by using IRAP markers derived from BARE-1 
[47, 50] and Nikita [48]. In addition, mature embryo, leaf, root tissues were investigated for 
BARE-1 and BAGY2 movements by Marakli et al. [49] and Sukkula movement in barley, 
which is a non-autonomous retrotransposon, have been investigated by our group [51]. 
We demonstrated that BAGY2 was more stable than BARE-1. Another study on transpo-
son movements of retrotransposons and methylation alteration was performed by Temel 
and Gozukirmizi [196]. We found that not all callus induction conditions increased the ret-
rotransposon activity. However, increase in cytosine methylation has been observed during 
callus formation using Sensitive Restriction Fingerprinting. Yilmaz et al. [197] also inves-
tigated the stability of aging barley calli and regenerated plantlets from those calli. We 
used the BAGY2 retrotransposon-specific IRAP technique to determine level of variations 
of DNA. We found that the culture conditions caused genetic variations, and also copy 
numbers of internal domains of BAGY2 have increased. Moreover, IRAP technique has been 
utilized to assess the genotoxicity of some drugs such as epirubicin [52] and amiprophos-
methyl [53]. Recently, Yuzbasioglu et al. [198] used IRAP markers to identify variation in 
single seed derived leaves and roots in rice.

Epigenetic chromatin modification is defined as heritable changes in gene expression which 
are not occurred by alterations in the nucleotide sequences of DNA. DNA methylation and 
modifications of covalent histone N-terminal tail are mainly regarded as chromatin modi-
fications that can be changed in plants during the cell cycle [199, 200], plant development 
[201, 202] or in stress response [203]. The epigenetic mechanisms keep gene or genes active 
or repressive states [204, 205]. Braszewska-Zalewska and Hasterok [206] investigated the 
differences of epigenetic modification between root meristematic tissues of barley. Their 
study indicated that levels of epigenetic modifications varied between RAM tissues. Studies 
on environmental stresses showed that both DNA methylation and histone modifications 
are involved in DNA damage response. Also, Braszewska-Zalewska et al. [207] observed 
that chemical (maleic acid hydrazide; MH) and physical (gamma rays) mutagens strongly 
affected the level of histone methylation and acetylation. One of the major components of 
epigenetic variations is the combinations of histones carrying different covalent modifi-
cations that Baker et al. [208] have mapped nine modified histones in the barley seedling 
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epigenome using chromatin immune precipitation next-generation sequencing (ChIP-seq) 
technique. They defined 10 chromatin states (five states to genes and five states to inter-
genic regions) representing local epigenetic environments in the barley genome. Moreover, 
it was found that H3K36me3-containing two genic states were related to constitutive gene 
expression. However, one genic state involving an H3K27me3 was related to differentially 
expressed genes.

The recent wide applications of whole-genome tilling array and RNA-sequencing (RNA-seq) 
approaches have revealed that the transcription landscape in eukaryotes is much more complex 
than had been expected [209]. These approaches have facilitated the identification of thousands of 
novel ncRNAs (or npcRNAs) in many organisms, such as humans, animals and plants [210–214]. 
ncRNAs are classified as short (<200 nt) and long ncRNAs (lncRNAs; >200 nt). Transcriptional 
and post-transcriptional regulation of gene expression of short ncRNAs, including siRNAs, miR-
NAs and piRNAs, has been well recognized and the molecular mechanisms of short ncRNA-
mediated regulation have been well understood [215, 216]. On the contrary, the regulatory roles 
of lncRNAs are only beginning to be recognized and the molecular basis of lncRNA-mediated 
gene regulation is still poorly understood [217]. Our group has been investigating the associa-
tion between salinity stress metabolism and barley lncRNAs (unpublished data). Identification 
of novel lncRNAs is likely to provide new insight into the complicated gene regulatory network 
involving lncRNAs, provide novel diagnostic opportunities, and pinpoint novel therapeutically 
targets.

7. Conclusion
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Abstract

This chapter describes the importance of yeast in beer fermentation. Initially, the differ-
ences between Saccharomyces cerevisiae and Saccharomyces pastorianus in the production 
of “ale” and “lager” beers are analyzed. Then, the relationships between beer nutrients 
and yeast growth are discussed, with special emphasis on the production of the fla-
vor compounds. The impact of the wort composition on flocculation is also discussed. 
Furthermore, conventional approaches to starter yeast selection and the development 
of genetically modified microorganisms are analyzed. Recent discoveries relating to the 
use of S. cerevisiae strains isolated from different food matrices (i.e., bread and wine) and 
the potential for the use of non-Saccharomyces starter strains in beer production are dis-
cussed. A detailed review of the selection of starter strains for the production of specialty 
beers then follows, such as for gluten-free beers and biologically aged beers. Yeast recov-
ery from top-cropping and bottom-cropping systems and the methodologies and issues 
in yeast propagation in the laboratory and brewery (i.e., re-pitching) are also analyzed. 
Finally, the available commercial preparations of starter yeast and the methods to evalu-
ate yeast viability prior to inoculation of the must are analyzed.

Keywords: yeast, Saccharomyces, non-Saccharomyces, fermentation, aroma

1. Introduction

Beer is a very old biotechnology, with its origins dating back to around 10,000 years ago [1]. 
Due to this ancient history, this alcoholic beverage has undergone three particularly impor-
tant revolutions: (i) the practice of the inoculum of a selected yeast culture; (ii) the craft and 
home brewing movement from Europe to USA; and (iii) the influence of the genomic era and 
“big data” that now allow comparative genomic analyses that have provided new knowledge 
about yeast. The interest in comparative genomics of the yeast genome is in part motivated 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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by the rationale of “beer du terroir”: beers produced with local raw materials and local yeast. 
In this context, yeast appear to be a relatively unexplored tool for the diversification of local 
beers, as much of the characteristics of such beers are due to the yeast strains used. Indeed, 
the transformation of wort into beer essentially represents the yeast-driven conversion of sug-
ars into ethanol, CO2, and many other secondary products that provide specific aromas and 
flavors.

All brewers know that during the fermentation of the wort, the yeast have to complete two 
major tasks. The primary task is, as indicated, to convert the sugar into ethanol, CO2, and the 
aromas for the production of quality beer, while they also need growth to produce biomass 
that will be re-pitchable into new brews. Thus, it is imperative to satisfy the physical and 
nutritional requirements of the yeast. The growth rate of yeast can be modulated by manipu-
lation of some of the fermentation parameters, such as the supply of nutrients, the dissolved 
oxygen, and the temperature. Furthermore, to end up with a high quality beer, there must be 
a balance between the nutrients absorbed and the products released.

Beer production is essentially a two-phase process: primary fermentation and secondary fer-
mentation (or maturation). Primary fermentation is a short and vigorous step, during which 
almost all of the sugars are fermented, accompanied by the production of the secondary com-
pounds that result from the yeast metabolism, most of which are associated with the final 
beer aroma. At the end of this stage, most of the yeast biomass is collected and separated from 
the “green” beer, which then undergoes secondary fermentation. During this second phase, 
the yeast completes the fermentation of the residual sugar, with undesirable compounds 
removed, and the final taste of beer defined. Among the fermentative yeast, Saccharomyces 
cerevisiae and Saccharomyces pastorianus are the most frequently used in starter cultures in 
breweries. As the species of the genus Saccharomyces—and particularly S. cerevisiae—domi-
nated during spontaneous fermentation, they were selected over the years across different 
cultures and from distinct environments. In particular, in the beer industry, the goal of the 
use of inoculated yeast is to increase the fermentation efficiency, to develop new beers, and 
especially to enhance the sensory complexity of the beer that is produced.

2. Yeast in beer

2.1. Physical and nutritional requirements of brewing yeast

Brewing yeast are mainly classified as the top-fermenting or ale yeast of S. cerevisiae, and the 
bottom-fermenting or lager yeast of S. pastorianus. These two yeast species can be differentiated 
in terms of their temperature of fermentation, sugar assimilation, genomic organization, evo-
lutionary domestication, and phylogenesis. S. cerevisiae ferments between 18 and 24°C, with a 
maximum growth temperature of 37°C or higher; in contrast, S. pastorianus often ferments at 
lower temperatures, of between 8 and 14°C, although with a maximum growth temperature 
of 34°C. In general, brewing yeast requires high water activity, and in high sugar-containing 
wort they can overcome this stress condition through the overproduction of osmolytes, such 
as glycerol and trehalose, to protect their cell membranes. These osmolytes can replace water, 
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pounds that result from the yeast metabolism, most of which are associated with the final 
beer aroma. At the end of this stage, most of the yeast biomass is collected and separated from 
the “green” beer, which then undergoes secondary fermentation. During this second phase, 
the yeast completes the fermentation of the residual sugar, with undesirable compounds 
removed, and the final taste of beer defined. Among the fermentative yeast, Saccharomyces 
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breweries. As the species of the genus Saccharomyces—and particularly S. cerevisiae—domi-
nated during spontaneous fermentation, they were selected over the years across different 
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bottom-fermenting or lager yeast of S. pastorianus. These two yeast species can be differentiated 
in terms of their temperature of fermentation, sugar assimilation, genomic organization, evo-
lutionary domestication, and phylogenesis. S. cerevisiae ferments between 18 and 24°C, with a 
maximum growth temperature of 37°C or higher; in contrast, S. pastorianus often ferments at 
lower temperatures, of between 8 and 14°C, although with a maximum growth temperature 
of 34°C. In general, brewing yeast requires high water activity, and in high sugar-containing 
wort they can overcome this stress condition through the overproduction of osmolytes, such 
as glycerol and trehalose, to protect their cell membranes. These osmolytes can replace water, 
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to restore cell volume and osmotic pressure, and thus to allow regular yeast metabolism. For 
their pH requirements, yeast cells grow well between pH 4.5 and 6.5. During nutrient trans-
port, yeast cells acidify their environment through a combination of proton secretion, direct 
secretion of organic acids, and CO2 dissolution. Oxygen is required as a growth factor for the 
biosynthesis of their membrane fatty acids and sterols. As well as oxygen, yeast cells require 
the macronutrients (i.e., those needed at millimolar concentrations in the medium) of sulfur, 
free amino nitrogen, phosphorous, potassium, and magnesium. The micronutrients required 
by yeast cells (i.e., those needed at micromolar concentrations in the medium) are calcium, 
copper, iron, manganese, and zinc. S. cerevisiae requires low concentrations of growth fac-
tors, such as vitamins (e.g., biotin can be limiting), pyrimidines, purines, nucleotides, nucleo-
sides, amino acids, sterols, and fatty acids. Generally, the malt wort provides growth factors, 
although in certain cases it can be necessary to supplement the wort with commercial yeast 
growth factors, as a mix of yeast extract, ammonium sulfate, and minerals (e.g., magnesium 
and zinc in particular). Barley malt wort is rich in maltose (50–60% total sugars), maltotriose 
(15–20%), glucose (10–15%), fructose and sucrose (1–2%, each), and dextrins (20–30%). These 
are derived from the hydrolysis of the starch by malt amylases during malting. However,  
S. cerevisiae cannot ferment dextrins, while S. cerevisiae and S. pastorianus show differences 
in terms of their melibiose fermentation, as only S. pastorianus can use this sugar (Figure 1).

The uptake of nutrients by yeast depends on the nutrient type, the yeast species, and the 
fermentation conditions. Generally, glucose is transported through the cell membrane into 
the cell by facilitated diffusion, and maltose by active transport. A high glucose concentration 

Figure 1. Carbohydrate uptake during wort fermentation (adapted from Ref. [2]).
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in the wort can suppress the assimilation of maltose and other sugars (i.e., sugar catabolite 
repression). As a source of nitrogen, brewing yeast require assimilable organic (e.g., amino 
acids) and inorganic (e.g., ammonium salts) nitrogen for growth and fermentation. Again, 
high levels of ammonium ions in the wort can suppress the uptake of amino acids (i.e., nitro-
gen catabolite repression). Amino acid uptake occurs through two transport systems: general 
amino acid permease (GAP) and specific transporters for the different amino acids. The dis-
similation of amino acids (i.e., decarboxylation, transamination, and fermentation) produces 
ammonium, glutamate, and higher alcohols (i.e., the fuel oils).

2.2. Genomic features of S. cerevisiae and S. pastorianus brewing strains

Over time, there was gradual domestication and selection of yeasts [3]. Moreover, there are 
two counteracting forces that act on yeast selection: yeast research needs to homogenize bio-
logical systems and to refer different yeast strains to species, while brewers need to differ-
entiate and select yeast strains based on their fermentation characteristics. S. cerevisiae and 
S. pastorianus have followed different paths in their domestication that can now be read in 
their genome.

Ale strains of S. cerevisiae show wide heterogeneity, with differences in ploidy, genomic struc-
ture, and phenotypic behavior. S. cerevisiae has 5780 protein-encoding genes on 16 chromo-
somes (i.e., in haploids cells). However, the strains of S. cerevisiae that have been sequenced 
since 1996 represent laboratory yeast strains, and although these represent a well-character-
ized cell system, most of the known data are not adequate to understand and analyze the 
differences that characterize the diverse strains of ale yeast. S. cerevisiae ale strains can have 
different levels of ploidy, with some being aneuploid (i.e., with an abnormal chromosome 
number), and others being polyploid (i.e., with multiple complete genomes). Brewers have 
selected yeast strains over the centuries for the stability of their traits, and this has resulted in 
low spore viability and yeast that are deficient in sexual recombination.

Brewing strains belonging to S. pastorianus have been strictly linked to lager beer produc-
tion for centuries, as seen by the fermenters and barrels of the central European brewers 
(e.g., Germany, Denmark, and Czech Republic). The origin of these strains has only recently 
been discovered through comparative genomic analysis, which revealed that S. pastorianus is 
a hybrid between S. cerevisiae cool-adapted strains and Saccharomyces eubayanus strains that 
have only been isolated from two possible wild reservoirs in Patagonia and Tibet. The pro-
duction of lager beers started in central Europe around the end of the fourteenth century.

Recently, it was shown that on the basis of the sequence of different isolates of lager beer 
strains, S. pastorianus can be divided into two lineages [4]. One of these is associated with 
breweries in Denmark (i.e., Saaz-type, formerly Saccharomyces carlsbergensis triploid), which 
is characterized by a genome that is composed of most of the S. eubayanus genome (2n) and 
a partial S. cerevisiae genome (1n). The other lineage is from Germany (i.e., Frohberg-type, 
tetraploid) and is composed of equal genomes from S. eubayanus (2n) and S. cerevisiae (2n). 
Furthermore, the present-day S. eubayanus strains can also be hybrids themselves, with their 
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genomes including portions of the genomes from Saccharomyces uvarum, the old S. eubayanus, 
and S. cerevisiae. In European wild environments, S. eubayanus has never been isolated, and 
this supports the hypothesis that S. eubayanus is a product of the lager-brewing environment, 
where these different species can be found growing together. Cold-tolerant yeast hybrids 
adapted well through serial passages during lager production, and these have become the 
dominant strains. Indeed, S. pastorianus, Saccharomyces bayanus, and S. uvarum have only been 
isolated from human-associated fermentation environments (Figure 2).

2.3. Brettanomyces species

Other species can contribute to wort fermentation and beer quality, including wild strains 
and species in open and uncontrolled fermentations. Brettanomyces bruxellensis is characteris-
tic of the fermentation of Belgian lambic and geuze beers. Recently, genomic differences were 
reported for the B. bruxellensis contaminant yeast in wine (i.e., spoilage yeast) and the B. bruxel-
lensis isolated from Belgian beers (i.e., brewing yeast). This study revealed that 20 genes in 
the spoilage strain genomes have been deleted in the brewing strains, many of which are 
involved in carbon and nitrogen metabolism. DNA fingerprinting has revealed that brewing 
strains have a unique profile, which means that they can be distinguish from spoilage strains. 
Thus, as for Saccharomyces strains, the selection undergone by Brettanomyces spp. also appears 
to have been influenced by adaptive modifications to brewing processes.

Figure 2. Source and selection of brewing yeast species (adapted from Ref. [5]).
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3. Yeast management for aroma production

Generally, at the end of the boiling, the wort contains all of the nutrients that are required for 
yeast growth and fermentation. Thus, from a microbiological perspective, the main aspects 
to consider are not whether the wort is suitable for yeast growth, but rather what is the bal-
ance of the flavor compounds that will be produced by the yeast. Mathematical models have 
been developed to predict the final concentrations of some of these volatile compounds from 
the (known) quantities of their precursor(s) in the wort [6]. However, the application of these 
methods requires particularly deep knowledge of the wort composition, while brewers usu-
ally conduct very basic measurements in their evaluation of wort quality. For example, there 
are indications that small changes in the spectrum of the wort amino acid composition can 
result in dramatic changes in the final beer aroma. The most important metabolites synthe-
sized by yeast and related to beer quality are sulfur compounds, organic and fatty acids, 
carbonyl compounds, higher alcohols, and esters.

3.1. Sulfur compounds

Sulfur compounds, such as hydrogen sulfide, methional, and dimethyl sulfide (DMS), are 
active flavor components of the beer that is generated during mashing and fermentation. 
During fermentation, through the metabolizing of amino acids and vitamins, and through 
the use of the inorganic components of the wort (e.g., sulfates), S. cerevisiae produces sulfur 
compounds, which include hydrogen sulfide. Sulfur compounds impart specific flavors to the 
beer, which have been defined as onion, rotted vegetables, or cabbage flavors, among others. 
While the over accumulation of these sulfur compounds is often undesirable, under specific 
circumstances, sufficient sulfite levels are necessary in the beer, to maintain flavor stability. 
Moreover, the sulfidic taste of dimethyl sulfide (below 100 µg/l) is an essential part of the flavor 
of lager beers and some ale beers. The major source of DMS in beer is the enzymatic conver-
sion of dimethyl sulfoxide (DMSO) by yeast reductases. In particular, it has been shown that 
the disruption of the genes coding for methionine sulfoxide reductase abolished formation of 
DMS from DMSO in both S. cerevisiae and S. pastorianus [7, 8]. Methionine has a key role in the 
production of sulfur compounds by yeast. Indeed, when there are sufficient levels of methio-
nine in the wort, this can cause inhibition of sulfite uptake, and the production of hydrogen 
sulfide [9].

3.2. Organic and fatty acids

The organic acids in beer are derived mainly from the yeast, as they are produced during the 
tricarboxylic acid, or Kreb’s cycle (e.g., succinate and malate), from the catabolism of amino 
acids, and from redox reactions. Other organic acids, such as citrate and pyroglutamate, 
derive directly from the wort, and the yeast do not affect their concentrations in the beer. 
Overall, more than 100 organic acids have been identified in beers. These contribute to the 
reduction in pH during fermentation, and to the “sour” or “salty” taste of the beers. Fatty 
acids are of particular interest here, because of their involvement in the synthesis of esters. 
Yeast can incorporate saturated fatty acids and unsaturated fatty acids (UFAs) from the wort, 
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or they can synthesize these from acetyl-CoA. However, the lack of sufficient oxygen in the 
later phases of fermentation makes the synthesis of UFAs impossible, and as a consequence, 
medium-chain fatty acids (MCFAs) are released into the medium [10]. These MCFAs are pow-
erful detergents, and they can influence yeast vitality, beer taste, and foam stability. In par-
ticular, the typical flavor that is characteristic of MCFAs is defined as a “rancid goaty” flavor, 
and hence is often described as a “caprylic” flavor.

3.3. Carbonyl compounds

The presence of aldehydes and vicinal diketones is considered undesirable for beer quality. 
Acetaldehydes have unpleasant “grassy” flavors that are reminiscent of green apples and 
dry cider. In some circumstances, such as when there is excessive wort oxygenation and high 
pitching rates, aldehydes can accumulate in concentrations above the flavor threshold [11]. 
The vicinal diketones are important off-flavors of lager beers, which include diacetyl. During 
fermentation, yeast cells excrete an intermediate of valine biosynthesis, α-acetolactate, that 
is, spontaneously decarboxylated to diacetyl. Diacetyl has a strong aroma of toffee and but-
terscotch, and at concentrations above 0.05 ppm, it is considered as undesirable in lager beers. 
During conditioning, diacetyl is assimilated by yeast, and thus reduced to acetoin and 2-3 
butandiol, which have much lower impact on beer quality. Traditionally, the rate-determining 
step of diacetyl accumulation in beer has been considered as the spontaneous decarboxylation 
of acetolactate, with yeast assimilation left with a marginal role. However, the physiologi-
cal conditions of yeast are essential for diacetyl production and the time necessary for its 
reduction. High concentrations of valine and isoleucine in the wort inhibit vicinal diketone 
production by yeast. High assimilation rates have been observed at higher fermentation tem-
peratures and when yeast is grown under aerobic de-repressed conditions. On the contrary, 
at higher pitching rates, the elevated concentrations of vicinal diketones produced by yeast 
require longer standing times [12].

3.4. Higher alcohols

The higher alcohols are also known as “fusel alcohols”, and these are the most abundant 
organoleptic compounds in beer. Isoamyl alcohol, n-propanol, isobutanol, 2-phenyl-ethanol, 
and triptothol are important flavor and aroma components in terms of their concentrations. 
Below 300 mg/L, these compounds add complexity to the beer, by conferring refreshing, 
flower, and pleasant notes, and imparting a desirable warming character. On the contrary, 
above these concentrations, these compounds can have unpleasant heavy solvent-like odors. 
The formation of higher alcohols by brewing yeast involves different complex pathways, and 
a lot of progress has been made in the determination of the roles of the key genes involved 
in their biosynthesis [13]. The predominant idea for many years was that the higher alcohols 
are produced via the Ehrlich pathway. In this scheme, the yeast absorbs and deaminates the 
amino acids in the wort, with the resulting α-keto acids decarboxylated to aldehydes, and 
then reduced to higher alcohols. While this pathway can correctly explain the relationships 
between leucine and the corresponding isoamyl alcohol, it fails to explain why some fusel 
alcohols (e.g., n-propanol) do not correspond to any known amino acid, and that in wort 

Saccharomyces and Non-Saccharomyces Starter Yeasts
http://dx.doi.org/10.5772/intechopen.68792

87



containing low amino acid levels, there is no significant correlation between amino acids and 
higher alcohol composition of the beer. Indeed, in complex media such as the wort, most 
higher alcohols are formed following the glycolytic pathway. By fermenting the wort sugars, 
yeast not only produce ethanol, but also a number of long-chain alpha-acids that can subse-
quently be transformed into amino acids such as aspartate and glutamate. Finally, the choice 
of yeast strain can have great impact on higher alcohol production, and ale strains are consid-
ered to be higher producers than lager strains [13].

3.5. Esters

Esters are chemical compounds derived from a carboxylic acid and an alcohol, and they are of 
major industrial interest because they have very low thresholds and define the fruity aroma 
of the beer. Two main classes of esters are of particular interest for brewers: acetate esters and 
MCFA esters. Acetate esters have concentrations above threshold levels in most lager beers 
(e.g., isoamyl acetate is responsible for the banana-like aroma) and ale beers (e.g., ethyl acetate 
gives a solvent-like aroma). It is generally believed that the acetyl-CoA that is necessary for 
formation of acetate esters derives from oxidation of acetaldehyde. The acyl-CoAs required 
for the synthesis of MCFA esters originate from intermediates in the synthesis of fatty acids. 
Among the MCFA esters, ethyl hexanoate (i.e., an apple-like aroma) is an important flavor-
ing compound, with levels above threshold in ale beers. The biosynthesis of esters requires 
acetyl-CoA or acyl-CoAs esterification with ethanol or higher alcohols by the specific alcohol 
acetyltransferase enzymes ATF1 and ATF2. Different studies have focused on the manipula-
tion of fermentation conditions and the wort composition in ways that favor the availability of 
these factors and that lead to increased production of higher alcohols and esters.

4. Fermentation conditions

It is generally accepted that any condition that stimulates yeast growth will increase the 
production of higher alcohols and their acetate esters during fermentation. In this respect, 
increasing fermentation temperatures leads to an accumulation of acetate esters, with no sig-
nificant differences in the levels of the MCFA esters. In particular, increasing the temperature 
from 10 to 12°C, increases ester production by up to 75% [14]. This phenomenon is depen-
dent on increased alcohol acetyltransferase activity and stimulation of higher alcohol synthe-
sis, which results from greater amino acid turnover. In addition, it has been suggested that 
higher fermentation temperatures increase the synthesis of a specific permease, Bap2p, that is, 
involved in import of the branched-chain amino acids valine, leucine, and isoleucine, which 
are known precursors of the higher alcohols [15].

Oxygen has an ambiguous role here. Indeed, oxygenation of the wort provides for better yeast 
growth, and consequently increased higher alcohol production. However, it is well-known 
that oxygenation leads to lower levels of esters in the beer. Oxygen acts in two different ways. 
First, availability of oxygen allows the biosynthesis of UFAs that is required to sustain yeast 
growth during fermentation. UFAs are esterified to glycerol to form membrane lipids, and 
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thus, less acyl-CoA is available for synthesis of MCFA esters. Second, oxygen inhibits tran-
scription of the alcohol-acetyltransferase-encoding gene ATF1, and consequently it reduces 
synthesis of acetate esters [13]. Thus, correct management of wort oxygenation at the time of 
pitching is essential to produce quality beers.

Another fermentation parameter that can affect ester synthesis is the hydrostatic pressure on 
the yeast cells. While in small craft breweries this is not a problem, the use of big cylindro-
conical reactors in industrial beer production substantially increases the concentration of car-
bon dioxide dissolved in the beer. This has a double effect on ester synthesis. First, it inhibits 
yeast growth by lowering intracellular pH, and second, it directly reduces decarboxylation 
reactions, such as acetyl-CoA synthesis from pyruvate. As a consequence, large fermenters 
have been successfully used for the reduction of esters in beer, in particular during the fer-
mentation of high gravity wort.

Stirring of the medium modulates the effects of the oxygen and carbon dioxide that are dis-
solved in the beer, to provide better oxygen distribution and decrease carbon dioxide super-
saturation. Consequently, the synthesis of higher alcohols is stimulated, while that of MCFA 
esters is reduced, and the beer will have a less fruity aroma.

5. Wort composition

The amounts and types of sugars in the wort can influence the aromatic profile of the beer. Beers 
obtained from worts with higher percentages of glucose and fructose have higher ester levels 
than those obtained from maltose-rich worts. It has been suggested that glucose and fructose 
stimulate the glycolytic pathway and eventually lead to high levels of cytoplasmic acetyl-CoA, 
while maltose-rich wort only weakly induces acetyl-CoA formation [16]. Moreover, glucose 
induces ATF1 and ATF2 expression [13]. Similarly, high gravity brewing leads to the production 
of disproportionate amounts of ethyl acetate and isoamyl acetate, which give the beer over-fruity 
and solvent-like aromas, even after dilution to the standard ethanol content (i.e., 5% vol/vol).

It has been suggested that high nitrogen wort induces the transcription of BAT1 and ATF1, 
thus, increasing both higher alcohols and acetate ester synthesis [16]. This effect is even more 
pronounced in the presence of elevated concentrations of valine, isoleucine, and leucine, 
which are known precursors of higher alcohol synthesis via the Ehrlich pathway.

The effects of free UFAs on beer aroma have been well documented. Similar to oxygen, low 
UFA levels in the wort increase ester synthesis, by recovering optimal yeast growth. However, 
at higher concentrations, UFAs relieve the need for the yeast to produce acetyl-CoA for lipid 
biosynthesis. This in turn induces lower MCFAs production, and lower production of their 
respective esters. Moreover, UFAs can directly repress ATF1 transcription through the low 
oxygen response element [13]. Considering these effects, addition of UFAs has been proposed 
to modulate the final aroma of the beer obtained from a high gravity wort.

Finally, zinc stimulates the breakdown of α-keto acids to higher alcohols, thus, increasing 
their concentrations, and those of their corresponding esters.

Saccharomyces and Non-Saccharomyces Starter Yeasts
http://dx.doi.org/10.5772/intechopen.68792

89



5.1. Flocculation

At the end of the primary fermentation, yeast cells must be removed from the “green”, or 
immature, beer. Flocculation is the process by which yeast cells aggregate and form “flocs” 
consisting of thousands of cells. S. cerevisiae ale strains rapidly separate from the beer by 
rising to the surface of the fermenter, probably adsorbed to carbon dioxide bubbles. On the 
contrary, S. pastorianus lager strains form flocs that sediment in the bottom of the fermenter. 
Yeast flocculation is an off-cost process of cell separation that does not require energy input. 
Given the importance of flocculation for the brewing industry, and to increase the efficiency 
of this process while avoiding premature flocculation, several mechanisms have been pro-
posed to explain the physiological mechanisms involved in flocculation. In particular, the 
lectin-like mechanism is that generally accepted [17]. In this model, flocculent cells express 
lectin-like proteins that once activated by calcium ions, can recognize and bind to mannans 
in the cell wall of adjacent cells. This interaction is further stabilized by hydrogen bonds and 
hydrophobic interactions. In particular, positive correlation between cell hydrophobicity and 
flocculation has been demonstrated [18]. Transcriptional regulation and structural charac-
teristics of the flocculation (FLO) genes that encode for lectin-like proteins are essential to 
produce yeast cells that can undergo flocculation. In particular, FLO1 causes flocculation of a 
Flo1 phenotype, while a FLO1 homolog, called Lg-FLO1, is responsible for the NewFlo pheno-
type observed in lager and ale brewing strains [19]. The NewFlo phenotype is modulated by 
sugars (i.e., maltose, glucose, mannose, and sucrose), extreme pH, oxygen availability, cations 
(e.g., Ba2+, Sr2+, and Pb2+), and temperature. Sugars inhibit flocculation by competing with the 
binding sites of lectins, and by affecting the expression of the FLO genes. A pH outside the 
optimal range of pH 3–5 can affect yeast flocculation by interfering with the lectin conforma-
tion, by antagonizing the calcium activity, and by modifying the net electrical charge of the 
cell. Oxygenation of the medium represses expression of the anerobic cell wall mannoproteins 
and flocculation lectins [20].

Thus, on this basis, the nutritional and physiochemical conditions of sweet wort inhibit yeast 
flocculation. Indeed, the FLO genes are repressed and the yeast cell wall has a net negative 
charge that prevents cells from interacting with each other, and thus from aggregating. During 
fermentation, the decrease in pH, the prolonged anerobiosis, and the reduced availability of 
nutrients induce the NewFlo phenotype. In particular, lack of sugars (i.e., glucose, fructose, 
and maltose), or of nitrogen sources and lipids, can trigger flocculation of ale and lager yeast 
strains, respectively [21]. In addition, the increased ethanol concentration has a positive effect 
on yeast flocculation, by acting on the expression of the FLO genes and causing decreased 
cell–cell electrostatic repulsion. Finally, at the end of fermentation, triggering of the NewFlo 
phenotype strains occurs, because strains at the end of their exponential phase of growth are 
more flocculent [21].

As well as sugars, lipids, metal ions, and nitrogenous compounds, other minor wort compo-
nents can influence the flocculation of yeast. In particular, complex polysaccharides that can 
induce premature flocculation have been identified. These polysaccharides can act as a bridge 
between cells by interacting with yeast lectin-like proteins. It has been suggested that the 
binding between these polysaccharides and yeast cells is mediated by cationic antimicrobial 

Brewing Technology90



5.1. Flocculation

At the end of the primary fermentation, yeast cells must be removed from the “green”, or 
immature, beer. Flocculation is the process by which yeast cells aggregate and form “flocs” 
consisting of thousands of cells. S. cerevisiae ale strains rapidly separate from the beer by 
rising to the surface of the fermenter, probably adsorbed to carbon dioxide bubbles. On the 
contrary, S. pastorianus lager strains form flocs that sediment in the bottom of the fermenter. 
Yeast flocculation is an off-cost process of cell separation that does not require energy input. 
Given the importance of flocculation for the brewing industry, and to increase the efficiency 
of this process while avoiding premature flocculation, several mechanisms have been pro-
posed to explain the physiological mechanisms involved in flocculation. In particular, the 
lectin-like mechanism is that generally accepted [17]. In this model, flocculent cells express 
lectin-like proteins that once activated by calcium ions, can recognize and bind to mannans 
in the cell wall of adjacent cells. This interaction is further stabilized by hydrogen bonds and 
hydrophobic interactions. In particular, positive correlation between cell hydrophobicity and 
flocculation has been demonstrated [18]. Transcriptional regulation and structural charac-
teristics of the flocculation (FLO) genes that encode for lectin-like proteins are essential to 
produce yeast cells that can undergo flocculation. In particular, FLO1 causes flocculation of a 
Flo1 phenotype, while a FLO1 homolog, called Lg-FLO1, is responsible for the NewFlo pheno-
type observed in lager and ale brewing strains [19]. The NewFlo phenotype is modulated by 
sugars (i.e., maltose, glucose, mannose, and sucrose), extreme pH, oxygen availability, cations 
(e.g., Ba2+, Sr2+, and Pb2+), and temperature. Sugars inhibit flocculation by competing with the 
binding sites of lectins, and by affecting the expression of the FLO genes. A pH outside the 
optimal range of pH 3–5 can affect yeast flocculation by interfering with the lectin conforma-
tion, by antagonizing the calcium activity, and by modifying the net electrical charge of the 
cell. Oxygenation of the medium represses expression of the anerobic cell wall mannoproteins 
and flocculation lectins [20].

Thus, on this basis, the nutritional and physiochemical conditions of sweet wort inhibit yeast 
flocculation. Indeed, the FLO genes are repressed and the yeast cell wall has a net negative 
charge that prevents cells from interacting with each other, and thus from aggregating. During 
fermentation, the decrease in pH, the prolonged anerobiosis, and the reduced availability of 
nutrients induce the NewFlo phenotype. In particular, lack of sugars (i.e., glucose, fructose, 
and maltose), or of nitrogen sources and lipids, can trigger flocculation of ale and lager yeast 
strains, respectively [21]. In addition, the increased ethanol concentration has a positive effect 
on yeast flocculation, by acting on the expression of the FLO genes and causing decreased 
cell–cell electrostatic repulsion. Finally, at the end of fermentation, triggering of the NewFlo 
phenotype strains occurs, because strains at the end of their exponential phase of growth are 
more flocculent [21].

As well as sugars, lipids, metal ions, and nitrogenous compounds, other minor wort compo-
nents can influence the flocculation of yeast. In particular, complex polysaccharides that can 
induce premature flocculation have been identified. These polysaccharides can act as a bridge 
between cells by interacting with yeast lectin-like proteins. It has been suggested that the 
binding between these polysaccharides and yeast cells is mediated by cationic antimicrobial 

Brewing Technology90

peptides [22]. These compounds are produced by barley to protect against microbial attack, 
or in response to fungal contamination during the malting process. Premature flocculation 
leads to incomplete attenuation of the wort, as aggregated cells cannot ferment the residual 
sugars of the wort.

Another major industrial problem is that flocculent strains can gradually lose their ability to 
flocculate, and thus eventually they will not form aggregates. It has been suggested that this 
phenomenon can be ascribed to genetic alterations during yeast multiplication and subsequent 
re-pitching [20]. In the case of insufficient flocculation, the yeast cells need to be removed at 
the end of fermentation by centrifugation or other separation techniques. However, yeast cells 
exposed to the stress associated with centrifugation have lower viability and vitality. This, in 
turn, can negatively affect beer quality and stability.

6. Novel starters for novel beer

The use of Saccharomyces strains in controlled fermentations over decades is essentially based 
on three main features: (a) high and efficient ethanol production; (b) use of fermentation as 
the preferential metabolic pathway, combined with the positive Crabtree effect (i.e., repres-
sion of respiration by glucose); and (c) higher tolerance to ethanol and other environmental 
stresses. The domination of the fermentation processes by the inoculated yeast (i.e., first fer-
mentation and re-fermentation in craft beers) is fundamental to the aromatic profile of the 
final beer produced.

Over time, there has been gradual domestication and selection of yeasts [3]. Selected Saccharomyces 
strains are used for various purposes because of their plasticity for the assimilation of different 
substrates, which are usually not incorporated by S. cerevisiae. Indeed, choice of the yeast strain 
to use in the brewing process is also crucial to achieve a product that is valued by consumers and 
that has the required distinctive features and flavors. Also, yeast strains isolated from fermented 
foods other than beer can produce distinctive fermentative aroma profiles in beer [23, 24]. They 
can transform flavor precursors of the raw materials into more flavor-active compounds, which 
thus contribute to the final aroma of the beer [13, 25]. In this context, genetic strain-improvement 
strategies to enhance the fermentation efficiency and aromatic profiles of S. cerevisiae have been 
proposed [26].

6.1. Genetic improvement of brewing strains

High quality sequencing, de-novo assembly, and extensive phenotyping of 157 S. cerevisiae 
strains used for industrial production of beer and other fermented beverages (in their natural 
ploidy) have revealed that industrial yeast are genetically and phenotypically distinct from 
wild strains [27]. On this basis, there are many genetic approaches to the design of a superior 
yeast that can ferment and provide a particular style of beer. To obtain this, genetic modifica-
tion approaches have mainly been applied to S. cerevisiae, such as rational metabolic engi-
neering and inverse metabolic engineering. The aims here have been to increase the favored 
aromatic compounds or reduce undesired molecules. The nongenetic modification technique 
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of hybridization can be used to increase the yeast fermentation fitness, ethanol tolerance, 
flocculation, and dextran degradation. Evolutionary engineering methods have mainly been 
applied to S. pastorianus, to improve fermentation capacity and flavor formation [28].

The positive role of S. eubayanus in the brewing process was only recently discovered through the 
use of hybridization tools [29]. Indeed, the natural interspecies S. pastorianus (i.e., S. cerevisiae × 
S. eubayanus) hybrid yeast is responsible for global lager beer production and is one of the most 
important industrial microorganisms [30]. Its success in the lager-brewing environment is due 
to a combination of traits that are not commonly found in S. cerevisiae yeast, as mainly the low 
temperature tolerance and maltotriose use. However, the hybrid origin of S. pastorianus and the 
presence of more genomes in one strain might affect the genetic improvement of these strains. 
To overcome this inconvenience, de-novo S. cerevisiae × S. eubayanus hybrids have been shown to 
outperform their parent strains in a number of respects, including, but not restricted to, fermenta-
tion rate, sugar use, stress tolerance, and aroma formation.

6.2. Non-Saccharomyces yeast

In the last few years, the selection of starter strains has also been carried out within non-
Saccharomyces species that have been isolated and characterized as having distinctive aromatic 
and flavor components [11]. Indeed, the production of quality beer depends on the activity 
of the fermenting yeast that are selected not only for their good fermentation efficiency, but 
also for the characteristic aroma and flavors that they can give to the final product. In par-
ticular, the worldwide growth of craft beer has reinforced and encouraged the selection and 
use of different yeast genera, with pronounced impacts on aroma and flavor [31]. Indeed, 
non-Saccharomyces yeast represents a large source of biodiversity for the production of new 
beer styles, and they have the potential for wider application to other beverages and for other 
industrial applications. Within non-Saccharomyces yeast that can be used as pure starter cul-
tures for the wort fermentation, different genera and species have been proposed, including 
B. bruxellensis, Torulaspora delbrueckii, Candida shehatae, Candida tropicalis, Zygosaccharomyces 
rouxii, Lachancea thermotolerans, Saccharomycodes ludwigii, and Pichia kluyveri.

7. Spontaneous fermentation

It is already known that some of the above mentioned yeast take part in the spontaneous fer-
mentation processes of specialty beers. A typical example of this spontaneous process is the 
lambic beers. The fermentation of these beers is driven by brewery-resident microorganisms 
that are self-inoculated by exposing the wort in open tanks during the overnight cooling, before 
transferring it to wooden barrels for fermentation and aging. The fermentation of such Belgian 
lambic beers involves Saccharomyce spp. and Brettanomyces spp., with contributions from lactic 
acid bacteria and acetic acid bacteria [32]. Natural mixed fermentations are also used in the 
production of some German style “weiss” beers. Different yeast have been isolated during the 
maturation of acidic ale beers, including those that belong to the Candida, Torulopsis, Pichia, 
Hansenula, and Criptococcus genera, although their contributions to the aroma composition 
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have not been well investigated. American coolship ale beer is another example of spontane-
ous fermentation, where the process can be divided into various steps: Enterobacteriaceae and 
oxidative yeast in the first phase, which are replaced by Saccharomyces spp. and Lactobacillales, 
and then Dekkera bruxellensis, which prevails through the final process [33]. Other noncon-
ventional beers, such as Tchapalo, are brewed using C. tropicalis and S. cerevisiae cultures that 
have been selected for their fermenting of sorghum wort. In Africa, different types of beers 
are made, and one of these is known as “Tchoukoutou”, which is a Beninese sorghum beer. The 
microbial ecology of the starter used to produce this beer demonstrated the presence of dif-
ferent species of non-Saccharomyces yeast, including Pichia kudriavzevii, Candida ethanolica, and 
Debaryomyces hansenii [34].

8. Nonconventional yeast

Recently, growing attention has been given to the possible contributions of nonconventional 
yeast to beer production. The success of craft beers has induced brewers to look for new 
alternatives for fermentation, such as nonconventional yeast, to impact on the aroma and fla-
vor, and thus to generate differentiated products. The production and increase in the aroma 
compounds through biological methods exploits the metabolic pathways of the yeast for the 
promotion of the so-called bioflavor. This approach includes microbial bioconversion of the 
flavor precursors, use of strains that produce the required compounds, and genetic modifica-
tion of the yeast [35]. In this regard, although still poorly investigated in the brewing sector, 
the use of nonconventional yeast might enhance the analytical and aromatic profiles of the 
final product and reduce the alcohol content [36].

Among the nonconventional yeast that can potentially be used in brewing, T. delbrueckii 
has received attention due to its fermenting of maltose, to produce ester compounds, and 
its biotransformation of the monoterpenoid flavor compounds of hops [25, 31, 36, 37]. More 
recently, it was studied the involvement of T. delbrueckii strains in the production of wheat 
style (“weiss”) beers. In this investigation, it was demonstrated that T. delbrueckii can consume 
maltose more slowly than the S. cerevisiae commercial starter strain, while on the other hand, 
the nonconventional yeast give more intensity and complexity to the product [37]. In a recent 
study of the use of T. delbrueckii in wort fermentation Canonico and colleagues [36] looked at 
its influence on the analytical and aromatic profile of the beer, and the potential to produce 
low alcohol beer. These authors, after a preliminary screening among 28 strains, evaluated the 
use of a strain of T. delbrueckii in wort fermentation in pure and mixed cultures. The influence 
on the analytical and aromatic profile of beer, as well as the potential of producing a low alco-
hol beer using this strain of T. delbrueckii was evaluated. Results indicated that T. delbrueckii in 
mixed fermentation with a S. cerevisiae commercial starter can fully convert the fermentable 
sugars exhibiting distinctive analytical and aromatic profiles.

Moreover, Michel and colleagues [31] screened 10 T. delbrueckii strains on several brewing 
features, such us sugar use, hops, ethanol resistance, propagation, amino acid metabolism, 
and phenolic off-flavor-forming production, which revealed overall good fermentation of the 

Saccharomyces and Non-Saccharomyces Starter Yeasts
http://dx.doi.org/10.5772/intechopen.68792

93



wort and the production of a desirable fruity aroma. L. thermotolerans was also investigated 
for fermentation of the wort. Domizio and colleagues [38] tested three L. thermotolerans strains 
for important traits for beer production, including pitching rate, generational capacity, foam 
stability, hop tolerance, vicinal diketone production, oxygen requirement and flocculation, 
suggesting that L. thermotolerans may be a good choice for producing sour beers in a single 
fermentation step without the use of lactic acid bacteria.

8.1. Specialty beers

In response to increased consumer demand, the brewing industry has devoted much research 
effort to the development of new technologies and innovations for expansion of the assort-
ment of specialty beers. Five types of specialty beers of particular interest have been described: 
low calorie beer, low alcohol or nonalcohol beer, novel-flavored beer, gluten-free beer, and 
functional beer [39]. Beers with a low calorie content have achieved great interest due to the 
problem of obesity, especially in Western populations, which accounts for a growing market 
segment.

This type of beer can be made by special mashing and collection of the wort with large 
amounts of fermentable sugars, or by inoculating microorganisms that can hydrolyze the 
more complex sugars, to reduce the concentrations of residual sugars in the final product. 
This is the case for Brettanomyces/Dekkera, the use of which leads to low calorie, but slightly 
more alcoholic, beers. Concerning this last aspect, new methods have been studied to pro-
duce beverages with lower alcohol contents, while providing superior sensory quality [40]. 
In this sense, non-Saccharomyces yeast represent a very attractive alternative, both for null 
processing of extra costs, and for the advantage of avoiding involuntary extraction of flavor 
compounds. Wickerhamomyces subpelliculosus (formerly Pichia subpelliculosa) and Cyberlindnera 
saturnus (formerly Williopsis saturnus), for example, have shown interesting results in the pro-
duction of low alcohol beers with acceptable flavor profiles. S. ludwigii and the osmotic toler-
ant Z. rouxii are good examples of the novel use of non-Saccharomyces yeast to produce low 
alcohol or alcohol-free beers. Pichia kluivery was also recently proposed to produce positive 
flavor compounds from different hop varieties, thus indicating its potential application to the 
production of alcohol-free beer. Also, the use of T. delbrueckii strains that cannot degrade malt-
ose, maltotriose, and other complex carbohydrates might be an interesting way to produce 
lower alcohol content in beers. The alcohol content here is usually close to 0.9% (v/v), with 
the advantage that many of these strains impart rich fruity flavor and aroma to the beer. The 
concept of low alcohol beer is necessarily linked to a functional product, and to a matrix with 
substantial amounts of fiber, vitamins, minerals, and polyphenols.

9. Functional beers

Functional beers are defined as beers with health benefits for those who consume them moder-
ately. These are based on the use of nonconventional yeast that can produce or transform some 
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beneficial compounds. This is the case for melatonin, which is a sleep-regulating hormone in 
mammals that has antioxidant properties and that can be produced in beer during alcoholic fer-
mentation by the appropriate yeast [41]. Within functional beers, there are gluten-free beers for 
consumers with the condition known as coeliac disease, which is a gluten-sensitive and immune-
mediated enteropathy. Recently, there has been increased demand and consumer interest to 
develop gluten-free beers from alternative cereals, such as sorghum and maize. In addition to 
those mentioned above, other yeast are promising candidates for the production of specialty 
beers. Indeed, yeast from the genera Hanseniaspora, Pichia, Torulaspora, Wickerhamomyces, and 
others, can offer diversified enzymatic and bioconversion, which are allowing brewers to work 
with new concepts that include bioflavoring and beers with reduced calorie and alcohol con-
tents, or even functional beers.

10. Yeast handling in the brewery

One of the common and efficient cost-reduction measures in beer production is serial re-
pitching of the yeast at the end of the fermentation. The type of fermenter and yeast used 
define the procedures needed for the recovery of the yeast biomass. Generally, by the time a 
crop has formed, the yeast should be removed as soon as possible, as it has no further posi-
tive role in the fermentation. The optimum time for yeast removal is usually decided by the 
brewers, by considering the different parameters, such as full attenuation of the wort, or the 
reduction of vicinal diketones to optimal levels.

Top-fermenting (ale) yeast are removed using specific skimming systems in the fermenters. 
Not all of the yeast heads that are cropped are retained for re-pitching. Only a fraction of the 
yeast head is used, as that composed of middle to young yeast cells and relatively free from 
trub. When using bottom-fermenting (lager) yeast, the yeast slurry on the base of the ferment-
ing vessel is obtained by simply removing the overlying beer. As in the case of top-fermenting 
yeast, for subsequent use it is necessary to retain the yeast cells that are less enriched in trub 
and are of a middle age. This fraction can be identified in the middle of the sediment, as the 
lowest layers are enriched in trub. Furthermore, some authors have suggested that the more 
flocculent portion of the cells settle in the middle, while the less flocculent cells are in the top 
portion of the cone. In the majority of breweries, pitching yeast is usually converted to a liquid 
slurry by adding water or by leaving enough entrained beer to facilitate yeast transport to 
the storage vessels via pumping. Alternatively, yeast cakes can be obtained by recovering the 
yeast from the entrained beer through filtering.

10.1. Yeast storage

During storage, yeast quality decreases as a function of storage conditions and procedures. 
This can lead to aberrant fermentation, which can be seen as slow attenuation rates, poor floc-
culation performance, and undesired flavor development. In particular, it is necessary to avoid 
yeast contamination with bacteria, wild yeast, or other starter yeast (cross-contamination). A 
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common procedure to reduce the bacterial load is to treat the yeast slurry with a chemical 
disinfectant at low pH (i.e., acid washing). Usually citric and phosphoric acids are used at 
low temperatures (2–4°C) with continuous gentle stirring [42]. The correct procedures during 
acid washing allow the removal of bacteria without affecting the yeast performances in the 
subsequent fermentation.

Another aspect of primary importance is the avoidance of excessive stress to the yeast cells 
during cropping and storage, to minimize any changes in their physiological conditions. In 
particular, the intracellular concentrations of storage carbohydrates (i.e., glycogen and tre-
halose) and sterols and other lipids are of primary importance for the duration of storage 
[43]. Indeed, the storage phase is a period of starvation, and the yeast need to rely on nutri-
tional reserves that were accumulated during fermentation. Glycogen is synthesized during 
mid-fermentation, and its dissimulation is directly correlated with the storage temperatures. 
Furthermore, supplementation of cropped yeast with linoleic acid before pitching has been 
suggested as a convenient way to improve the yeast physiology without affecting the yeast 
growth, fermentation rate, and production of volatile compounds during the subsequent beer 
production [44].

10.2. Continuous re-pitching

The influence of serial cropping and re-pitching on the consistency of fermentation perfor-
mance and beer composition poses technological questions about the number of generations 
that can be allowed to elapse before introducing new yeast. This decision is usually made by 
the individual brewers, as there are no pre-determined rules. In breweries with high hygiene 
standards, serial re-pitching can continue for 15–20 generations, while in microbreweries, 
even 5–10 generations is considered excessive. Continued serial re-pitching of yeast can be 
associated with gradual deterioration in the yeast conditions, which can result in decline in 
fermentation performance. Indeed, the aging process in yeast is associated with gradual dis-
ruption of many of their metabolic processes. On the other hand, there is an economic cost to 
propagation, and if a re-pitched yeast is performing satisfactorily, there is less need to intro-
duce a newly propagated yeast. Indeed, the first generation fermentation using new yeast 
lines is atypical, as the yeast cells are less adapted to the wort and fermentation conditions, 
particularly for high gravity brewing. To assist brewers in the decision of when to introduce 
a new yeast line, several methodologies have been developed. The most widely used assay 
to evaluate yeast viability involves microscopic observation of the yeast cells stained with 
methylene blue. While this method is economic and simple to perform, it is also subject to 
operator error and known to overestimate viability [45]. Recently, flow-cytometric methods 
have been developed to assist brewers in the evaluation of their yeast viability and vitality. 
In particular, analysis of the yeast cells stained with the fluorescent dye oxonol allows auto-
matic detection of yeast viability without interference from the wort trub [46]. Moreover, 
flow cytometry assays are not limited to viability tests, but can also be used for vitality tests 
that are related to the yeast fermentation performance, which can be implemented using 
specific fluorophores.
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acid washing allow the removal of bacteria without affecting the yeast performances in the 
subsequent fermentation.

Another aspect of primary importance is the avoidance of excessive stress to the yeast cells 
during cropping and storage, to minimize any changes in their physiological conditions. In 
particular, the intracellular concentrations of storage carbohydrates (i.e., glycogen and tre-
halose) and sterols and other lipids are of primary importance for the duration of storage 
[43]. Indeed, the storage phase is a period of starvation, and the yeast need to rely on nutri-
tional reserves that were accumulated during fermentation. Glycogen is synthesized during 
mid-fermentation, and its dissimulation is directly correlated with the storage temperatures. 
Furthermore, supplementation of cropped yeast with linoleic acid before pitching has been 
suggested as a convenient way to improve the yeast physiology without affecting the yeast 
growth, fermentation rate, and production of volatile compounds during the subsequent beer 
production [44].

10.2. Continuous re-pitching

The influence of serial cropping and re-pitching on the consistency of fermentation perfor-
mance and beer composition poses technological questions about the number of generations 
that can be allowed to elapse before introducing new yeast. This decision is usually made by 
the individual brewers, as there are no pre-determined rules. In breweries with high hygiene 
standards, serial re-pitching can continue for 15–20 generations, while in microbreweries, 
even 5–10 generations is considered excessive. Continued serial re-pitching of yeast can be 
associated with gradual deterioration in the yeast conditions, which can result in decline in 
fermentation performance. Indeed, the aging process in yeast is associated with gradual dis-
ruption of many of their metabolic processes. On the other hand, there is an economic cost to 
propagation, and if a re-pitched yeast is performing satisfactorily, there is less need to intro-
duce a newly propagated yeast. Indeed, the first generation fermentation using new yeast 
lines is atypical, as the yeast cells are less adapted to the wort and fermentation conditions, 
particularly for high gravity brewing. To assist brewers in the decision of when to introduce 
a new yeast line, several methodologies have been developed. The most widely used assay 
to evaluate yeast viability involves microscopic observation of the yeast cells stained with 
methylene blue. While this method is economic and simple to perform, it is also subject to 
operator error and known to overestimate viability [45]. Recently, flow-cytometric methods 
have been developed to assist brewers in the evaluation of their yeast viability and vitality. 
In particular, analysis of the yeast cells stained with the fluorescent dye oxonol allows auto-
matic detection of yeast viability without interference from the wort trub [46]. Moreover, 
flow cytometry assays are not limited to viability tests, but can also be used for vitality tests 
that are related to the yeast fermentation performance, which can be implemented using 
specific fluorophores.
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Abstract

Bottle fermented and brewed beers are reaching more recognition in present days 
due to their high sensory complexity. These beers normally are produced by an initial 
tank fermentation to metabolize the sugars obtaining the typical alcoholic degree, 
and later the foam and CO2 pressure is produced by subsequent bottle fermenta-
tion. The  sensory profile is improved by the formation of some fermentative vola-
tiles, but also by the ageing on lees, because beers are brewed during several months 
with the yeast cells that performed the fermentation. The use of non-Saccharomyces 
yeast is a trending topic in many fermentative food industries (wines, beer, bread, 
etc.). They open new possibilities to modulate flavor and other sensory properties 
during fermentation and biological ageing. This chapter review the effect of some 
non-Saccharomyces yeasts such as Schizosaccharomyces pombe, Torulaspora delbrueckii, 
Lachancea thermotolerans, Saccharomycodes ludwigii, and Brettanomyces bruxellensis in 
the bottle fermentation and brewing of beers analyzing their metabolic specificities 
and sensory contribution on beer taste.

Keywords: non-Saccharomyces yeasts, beer, bottle fermentation, Schizosaccharomyces pombe, 
Torulaspora delbrueckii, Lachancea thermotolerans, Saccharomycodes ludwigii, Brettanomyces 
bruxellensis

1. Introduction

The beer-like beverages were already produced in the regions of Mesopotamia and Ancient 
Egypt since 5500 BC [1]. Home-made or small-scale trade brewing supplied an essential part 
of diet to a primarily agrarian population. The historical development of brewing and the 
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brewing industry is, however, linked with northern Europe where cold conditions inhibited 
the development of viticulture.

Although the main malted cereal for brewing is barley, other cereals such as oats, maize, 
rice, rye, sorghum, and wheat are malted for specific purposes, mainly for the production of 
peculiar beers. From the tenth century, adding of hops became usual from Germany across 
Europe to replace, or at least supplement, the variety of plants, herbs, and spices popular at 
that time. Not only the pleasing flavor and aroma of hop but perhaps, more importantly, their 
action in protecting the beer from being spoiled by the then unknown microbes, eventually 
led to their wide-scale adoption.

According with Anderson [2], in the medieval and early modern period the scale of brewing 
ranged from a few hectoliters annually in the average home to hundreds, or occasionally, 
thousands of hectoliters in the largest monasteries and country houses. Domestic brewing 
still accounted for well over half of the beer produced at the end of the seventeenth century. 
On the eighteenth and nineteenth centuries, the population of Europe’s cities growth was 
accompanied by an increase in beer consumption. The leading European beer-drinking coun-
tries of nineteenth century were the United Kingdom, Germany, and Belgium. Large-scale 
production began on the nineteenth century with improvements of technology and scientific 
research on microbiology. First, little meaningful scientific research in brewing was carried 
out by Louis Pasteur whose investigations on wine and beer fermentations in the 1860s and 
1870s showed the importance of eliminating deleterious bacteria [3]. Emil Christian Hansen 
became the first to isolate a pure yeast culture at Carlsberg in 1883.

The twentieth century saw the expansion in the beer industry. The industrial cooling allowed 
the introduction into the market of lager beers. Currently, there is a resurgence in craft or 
microbrewers [4], the market of craft beers in the United States grew 12.8% in 2015, and a 
significant strengthening of the sector has also been detected in several European countries, 
where growth from 2009 to 2014 outstripped 90–145% in Switzerland, the United Kingdom, 
France, Italy, and Slovenia; 333–400% in Slovakia, Czech Republic, Sweden, and Norway; and 
more than 1000% in Spain [5].

Brewing can be defined as the making of beer or related beverages by infusion, boiling, and 
fermentation. The various processes, inputs, and products of a brew house are shown in 
Figure 1. First part of the brewing process consist in converting the raw materials—water, 
malt, adjuncts, and hops—into a fermentable wort. Malt enzymes assist in the conversion of 
starch to fermentable sugars by mashing. For that reason, prior to the brewing process the 
malting process activates the natural enzyme systems of barley by controlled steeping, ger-
mination, and kilning. Mashing was simply the process of mixing warm water with ground 
malt, and cereal adjuncts if used, and after a period of standing, as much of the liquid as 
possible was recovered. The mash is then transferred to a mash filter (lauter tun) to produce 
bright wort and to collect the maximum amount of sugars (extract) from the residual solid 
materials (“spent” grain). Wort boiling satisfies a number of important objectives such as 
sterilization of the wort, extraction of the bittering compounds from hops, coagulation of 
excess proteins and tannins to form solid particles (hot trub) that can be removed later in 
the whirlpool, color and flavor formation, removal of undesirable volatiles such as dimethyl 
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sulfide (DMS), by evaporation, and the concentration of the sugars by evaporation of water. 
Hot trub does need to be removed if the beer stability is not to suffer. The wort is then cooled 
from almost boiling point to fermentation temperature through a heat exchanger using water 
as the main cooling medium. The temperature for fermentation (Figure 2) is different for ale 

Figure 1. Malting and brewing process. First steps mashing and wort preparation.

Figure 2. Brewing process: fermentation and bottle fermentation.
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or lager fermentation (typically 8–14°C for lager and 15–20°C for ale). Yeast is pitched into 
the cooled wort in the fermentation vessel. Once the fermentation of the wort is completed, 
it is important to remove the bulk of the excess yeast before maturation, generally by remov-
ing the beer from the settled yeast. Then green beer must be conditioned to produce a stable, 
quality product suitable for filtration, and packaging. This process is called aging (lagering in 
lager beers). The objectives of beer aging are chill haze formation, clarification, carbonation 
(to a limited extent), and flavor maturation (again to a limited extent).

Fermentations performed in closed cylindro-conicals vessels may be of either ale or lager 
type. At the end of primary fermentation, the bulk of the yeast is collected by the applica-
tion of rapid chilling and we have a green beer. Maturation of green beer is needed to obtain 
flavor adjustment (diacetyl, SO2, and DMS), yeast sedimentation, carbonation, and colloidal 
stability.

Typically, ale fermentations are fully attenuated and subjected to a short low-temperature 
conditioning in a separate tank to adjust carbonation, precipitate chill haze, and allow some 
loss of undesirable flavor volatiles trough gas purging. As lager beers ferment at much lower 
temperatures than ale yeasts (and therefore much slower), they also require an extended 
period of cellaring for maturation and development of the beer flavor. Conditioning is carried 
out at low temperature for no longer than a few days. As with chilled and filtered ales, this 
part of the process serves simply to adjust carbonation, develop chill haze protection, and 
clarify the beer. After conditioning the beers are filtered and packaged.

Other recovering old production methods for innovation are the production of cask- and 
bottle-conditioned beers. With bottle-conditioned beers a base beer is used. This base beer 
are as nearly as possible completely attenuated. This allows accurate control of addition of 
priming sugars. After bottling, beers are held in the brewery for a period from a few weeks 
to a few months depending on the temperature. Products of yeast metabolism are excreted 
into the beer providing distinctive flavor [4]. It is possible to apply this technique by adding 
pure cultures of different non-Saccharomyces yeast strains to increase the complexity of the 
final product.

2. Fermentation

From ancient times the elaboration of beer was carried out by spontaneous fermentations 
with exposure to ambient to air of the cereal slurry to induce “contamination.” Bit-by-bit 
species of the genus Saccharomyces were intuitively selected from different raw materials. 
Nowadays, in most beers, the microorganisms that carry out fermentation belong to different 
Saccharomyces species and strains [6]. For 99% of the worldwide beers, Saccharomyces is the 
sole microbial inoculum.

According to Ref. [4], the use of Saccharomyces strains in controlled fermentations over decades 
is essentially based on three main features: (a) efficient production of high ethanol amounts; 
(b) the use of fermentation as the preferential metabolic pathway, combined to the positive 
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Crabtree effect (repression of respiration by glucose); and (c) higher tolerance to ethanol and 
other environmental stresses [7].

In brewing most of the strains of Saccharomyces are classified into the categories such as 
ale and lager yeasts. Although there are many different styles of beer, the main brew-
ing classification criterion particularly relies on the selection of the yeast strain and type 
of fermentation. Ale yeasts or top-fermenting yeasts, which are Saccharomyces cerevisiae 
strains, rise up to the surface of the vessel with the escaping carbon dioxide gas bubbles 
and become entangled in the fermentation head, facilitating their collection by skimming. 
Fermentation temperature ranges between 15 and 20°C. Lager yeasts or bottom-ferment-
ing yeast, do not rise and become entrapped in the foam but settle out at the end of the fer-
mentation. The nomenclature of lager yeast has evolved as research has been developed. 
Successively, they have received different names such as Saccharomyces carlsbergensis, 
Saccharomyces uvarum, and S. cereviseae lager type. Now they are termed S. pastorianus [6]. 
Lager worts often ferment at lower temperatures (8–14°C) than ale yeasts and are therefore 
much slower.

The occurrence of other species different to Saccharomyces species and strains is commonly 
reported in some peculiar beer styles produced by spontaneous fermentations, as the Belgian 
acid beers (Lambic, Gueuze, and rodenbach), and the American Coolship Ales, an American 
descendant of the Belgian lambic style. In these processes, wort is spontaneously fermented 
by microbes present in the air and surfaces of the brewery. These microorganisms are intro-
duced by exposing the wort in shallow tanks during the overnight cooling, before transfer-
ring it to wooden barrels for fermentation, and aging.

The non-Saccharomyces species can be used in the production of low-alcohol beer (0.5–1.2%, 
v/v) and alcohol-free beer (<0.5%, v/v) [8]. The suitability of yeast strains of Saccharomycodes 
ludwigii and Zygosaccharomyces rouxii for low-alcohol beer production has been analyzed by 
De Francesco et al. [9]. Most of the Z. rouxii strains were found unsuitable because of the 
production of high concentration of ethanol. The most successful genus used for the indus-
trial production of alcohol-free beer is S. ludwigii due to its disability to ferment maltose and 
maltotriose, the prevailing fermentable sugars of all malt [10, 11].

Other application of non-Saccharomyces recently emerged is its use in controlled fermenta-
tions. This practice has been gaining popularity among brewers in order to obtain distinctive 
products, with distinctive aromatic and flavor components [12].

Although there are different options of innovation in the brewing process (using special 
malts or adjuncts, hop varieties, water quality, etc.), new and novel brewing yeasts strains 
can be discovered to enhance the aroma and flavor characteristics of beer and provide 
opportunities for developing new beers. The production of most aroma-active compounds 
is strictly dependent on the yeast strain chosen for the fermentation [13, 14]. This makes 
the selection of suitable strains the most important task to make good beer and opens new 
innovation opportunities to gain market especially in the market of craft-beer, to improve 
aroma profile after inoculation of non-Saccharomyces yeasts during bottle conditioning 
and ageing.
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3. Use of non-Saccharomyces in beer fermentation and ageing

The use of non-Saccharomyces yeasts allows new possibilities in the improvement and innova-
tion in sensory profile of beers but also technological advantages and new ways of ageing. 
Several articles review the importance of non-Saccharomyces yeasts in beer [4, 15] and other 
fermented beverages [16, 17].

The typical yeast species used in beer fermentation, and in most of food fermentations, 
is S. cerevisiae which is able to ferment monosaccharides like glucose, fructose, galactose, and 
mannose, and some disaccharides such as maltose and sucrose and also is able to use the 
trisaccharide rafinosse [18]. Some strains can metabolize more than 300 g/L of sugars by fer-
mentation reaching 18% (v/v) of ethanol in some alcoholic beverages like wines. As nitrogen 
source one can use urea, ammonia, and several amino acids. Also phosphate, biotine, and 
other cofactors and micronutrients are also needed. S. cerevisiae has globous shape with mul-
tipolar budding and is teleomorphic yeast with tetrahedral sporulation that can be promoted 
in acetate agar.

Beer yeast can be classified in top and bottom-fermenting yeasts even when both belong to 
S. cerevisiae species. Ale strains ferment better at 15–20°C, a relatively warm temperature, and 
during fermentation they form a thick film on the surface formed by yeast cells. They are con-
sidered top-fermenting yeasts which forms high amounts of esters that produce the distinc-
tive sensory profile of ale beers such as ales, porters, stouts, Altbier, Kölsch, and wheat beers. 
Lager strains works better at 8–14°C growing slowly and settling at the bottom of the tank, 
they are known as bottom-fermenting yeasts. Sensory profile depends a lot in the strain used, 
some famous lagers are Pilsners, Dortmunders, Märzen, Bocks, and American malt liquors.

The use of non-Saccharomyces yeasts open new possibilities compared with the traditional S. 
cerevisiae strains. In fact some traditional beers such as Lambic, are produced by spontaneous 
fermentations with the development of non-Saccharomyces yeasts specifically Brettanomyces 
bruxellensis. Their distinctive sensory profile is due to its metabolomic impact by the produc-
tion and release of several esters with fruity smells such as ethyl acetate, ethyl caprate, ethyl 
caprylate, and ethyl lactate [4, 7, 15]. Moreover, the volatile acidity produces a sour taste typi-
cal in Lambic beer [19].

The main fermentative properties of interesting non-Saccharomyces yeasts reported as use-
ful for beer and other fermented beverages are described in Table 1. Torulaspora delbrueckii, 
Lachancea thermotolerans, and Schizosaccharomyces pombe are currently produced at industrial 
level as dry yeast or liquid refrigerated starters by international biotechnological companies 
such as Chr. Hansen, Lallemand, Laffort, and Erbslöh [17].

One of the most studied non-Saccharomyces in modern food fermentations is T. delbrueckii, 
formerly known as Saccharomyces delbrueckii or Saccharomyces rosei. It is now being used to 
improve fermentation or technological properties in beer [4], wine [20], bread [21], and other 
food products, and it is possible to find commercial cultures as dry yeasts [17]. The morphol-
ogy is ellipsoidal similar to S. cerevisiae (Figure 3A). T. delbrueckii is teleomorph yeast cor-
responding to the anamorph species Candida colliculosa. Typical sporulation form one or two 
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spherical spores per ascus [22]. It has a low fermentative power reaching most of the strains a 
maximum of 6–9% (v/v) in ethanol. It has been described as osmotolerant [21] yeast with pure 
fermentation, with low production of volatile acidity and ethyl acetate.

It has also been described as a low producer of several volatile metabolites such as acetalde-
hyde, acetoin, and H2S that can be unpleasant at high concentration [17, 25, 32]. Sequential 
fermentations with S. cerevisiae can be used to reduce volatile acidity [23]. T. delbrueckii also 
affects acidity balance by production of appreciable amounts of lactic and succinic acids [32]. 
Production of aromatic esters like ethyl lactate and 2-phenylethyl acetate is enhanced regard-
ing single-culture S. cerevisiae fermentations. Some strains of T. delbrueckii have been described 
as stronger producers of 2-phenylethyl acetate in beers [33]. Ethyl lactate produces a cof-
fee or strawberry smell that increases complexity also 2-phenylethyl acetate is the aromatic 
impact molecule of rose petals. 3-Ethoxy has been reported in sequential fermentations of 
T. delbrueckii and S. cerevisiae [24] with sensory repercussions for its either solvent of fruity 
(black currant) when combined with other flavors [34].

L. thermotolerans is getting attention in fermented beverages for its repercussion in sensory 
profile and the production of organic acids. Formerly it was known as Kluyveromyces ther-
motolerans. L. thermotolerans appearance is quite similar in both shape and size, to S. cerevi-
siae with an ellipsoidal morphology and impossible to be distinguish by optical microscopy. 
Asexual reproduction by multipolar budding also enables to sporulate with 1–4 spores in a 
dehiscent ascus. Its fermentation performance is medium and it can reach from 4 to 9% (v/v) 
in ethanol depending on the strain [25], but is unable to grow at higher contents than 9% [17]. 
Similar to T. delbrueckii, it shows good fermentation purity with low production of volatile 
acidity [35].

L. thermotolerans can be used to increase acidity during fermentation by production of 
 lactic acid (Table 1). Concentrations of 9.6 g/L has been reported after fermentation [35]. 

Figure 3. Optical microscopy of non-Saccharomyces yeasts: (A) Torulaspora delbrueckii, (B) Schizosaccharomyces pombe, 
(C) Saccharomycodes ludwigii, (D) Dekkera (Brettanomyces) bruxelensis.
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This  acidification is enough to decrease pH significantly [25] and to affect sourness taste [36]. 
Moreover, the ability to ferment from malt sugars producing significant amounts of lactic 
acid make L. thermotolerans suitable to be used in the production of acidic beers without the 
involvement of lactic bacteria and in a single-stage fermentation [37].

Enhance the production of 2-phenylethanol and glycerol during fermentation [25, 36], 
L.  thermotolerans has been described as an osmophilic yeast probably with higher production 
of glycerol, which is a tool to balance osmotic pressure. The levels of acetaldehyde and higher 
alcohols can be controlled using L. thermotolerans [38].

S. pombe is peculiar yeast traditionally used in some areas from Africa in the production of mijo 
beer. Pombe means beer in Swahili language. This yeast was isolated initially by Lindner on 
1893 in East Africa. S. pombe has a rod-shaped structure with 3–4 μm in diameter and 7–20 μm in 
length. Asexual reproduction is performed by fission being a main difference with S.  cerevisiae. 
It forms an intermediate septum at the center of the cell that is clearly visible by optical micros-
copy (Figure 3B). It is also teleomorph species having spherical spores in a linear organization 
with a typical amount of four per ascus (Figure 3B). The fermentative power is high being able 
to reach depending on the strain, 10–13% (v/v) in ethanol under anaerobiosis and 13–15 with 
slight aeration [39]. The production of acetic acid during fermentation is quite high (Table 1) 
being a main drawback in enology [20]; however, this parameter can be improved by selection, 
and also as the production depends on the amount of sugars metabolized in beer, the final lev-
els are less conflictive. Other technological advantage is the resistance to sulfur dioxide.

Metabolism of organic acids is peculiar in S. pombe and different of its relative S. cerevisiae. 
S. pombe is a yeast that is able to degrade malic acid using the metabolic pathway call malo-
alcoholic fermentation which yields as main products ethanol and CO2. And the typical 
malic acid degradation done by lactic bacteria that also can be produced in beer or wine 
conditions uses other metabolic pathway call malolactic fermentation and produces lactic 
acid as main product. In the maloalcoholic fermentation, malate is decarboxylated to pyru-
vate by malic enzyme and later it is decarboxylated to acetaldehyde and finally reduced to 
ethanol [40]. Under anaerobiosis the fermentation of 2.3 g/L of malic acid produces 0.1% 
(v/v) of ethanol [41]. Degradation of malic acid can be higher than 8 g/L [39]. The sen-
sory effect of this process is a softening of the sourness when substrates rich in malic acid 
are metabolized by S. pombe. The levels of pyruvate released during fermentation are also 
higher than the average of S. cerevisiae probably because of an intermediate in MA fermen-
tation. The production of pyruvate affects the formation of pyranoanthocyanin pigments 
(vitisin A-type) during red wine fermentation by S. pombe [42]. Also, it has been reported 
that S. pombe can metabolize gluconic acid contents [43]. The unusual metabolism of organic 
acids in S. pombe can help to get other sourness balance in beers.

S. pombe is an osmophilic yeast with a double-layered cell wall composed of glucose, galac-
tose, and mannose polysaccharides. Ageing on lees is a biological ageing in which fermented 
beverages remains together with the fermentation lees for a long time, more than 9 months. 
After yeast autolysis, cell wall polysaccharides are released and affect the sensory perception 
normally softening the mouth fell of the fermented beverages [27]. The thickness of the cell 
wall in S. pombe facilitates and increases the release of polysaccharides during ageing on lees. 
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Concentrations of 10 times higher in S. pombe regarding S. cerevisiae has been measured after 
2 months of ageing of lees [27].

Some repercussions of S. pombe in food security of fermented beverages have been reported. 
The urease activity of S. pombe can facilitate the reduction of urea levels in musts reducing 
the risks of ethyl carbamate formation [39]. Also, the consumption of yeast assimilable nitro-
gen (YAN) by S. pombe is lower than in S. cerevisiae. So, it can be fermented substrates with 
low contents of YAN [44], minimizing the risk of production of nitrogen metabolites like 
biogenic amines.

S. ludwigii is an apiculated yeast lemon shaped with bipolar budding (Figure 3C). The cells 
are rather large in size 3–5 μm in diameter and 10–20 μm in length. It is a teleomorph yeast 
showing a typical rhomboid distribution with 4 spherical spores per ascus.

S. ludwigii has a strong resistance to sulfur dioxide due to the formation of electrophilic 
adducts with acetaldehyde [45]. The production and release of acetaldehyde during fermen-
tation increases according to the concentration of free SO2. Some strains produce high volatile 
acidity [46] but most of them are moderated; however, the production of ethyl acetate is fre-
quently high (400 mg/L in average) [28].

The influence in aromatic profile is because of the production of esters giving a fruity taste. S. lud-
wigii expresses an extracellular β-glicosidase that can affect the release of free terpenes. Production 
of acetoin and diacetyl are also enhanced in S. ludwigii [47], many strains are able to produce more 
than 100 mg/L of acetoin and also some of them can reach 300 mg/L during fermentation [48].

Also, it has being described as an osmophilic yeast with thick cell wall and is able to release 
higher amounts of polysaccharides from the external covering during autolysis. The release of 
polysaccharides is quite similar to S. pombe and about 10-fold higher than Saccharomyces after 
2 months of over lees ageing [27].

Traditionally, it is considered as spoilage yeast in enology because of the production of 
 off-flavors, especially excessive amounts of acetoin and diacetyl. However, new applications 
are open currently in beer fermentation because of the lower amount of fermentable sugars. 
S. ludwigii is unable or a weak fermenter of either maltose or maltotriose from wort, and is 
being useful to produce alcohol-free and low-alcohol (0.5–1.2%, v/v ethanol) beers [8, 9, 49].

Dekkera bruxellensis and its anamorph form B. bruxellensis are ogival in shape with elongated 
cells that in old cultures can be highly branched because of the incomplete separation of the 
cells (Figure 3D). Its characteristics are multipolar budding, hat-shaped spores, film forma-
tion in liquid surface, and ethanol tolerance of 13–15% (v/v) [50].

The production of acetic acid by Brettanomyces is high (Table 1) and strongly dependent on 
the aeration conditions and oxygen availability [51]. Traditionally used in the production of 
sour beers (Belgian Lambics and Gueuze). Lambic beers are produced by a heterogeneous 
mixture of bacteria and yeasts in several phases. Acidification starts with the activity of lactic 
bacteria and even acetic bacteria, and is followed by the prevalence of Brettanomyces, mainly 
bruxellensis replacing the yeasts Saccharomyces at the end, when alcoholic degree is 5–6% 
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(v/v) [15]. Brettanomyces overferment the wort and degrades complex carbohydrates. At this 
time the population of lactic bacteria decreases and the flavor is enriched in the “Brett” taste.

In wines it has been described as producer of several off-flavors “Brett taint” [29, 52], most 
important are ethylpehnols. Brettanomyces is able to transform hydroxycinnamic acids in eth-
ylphenols by mean of two enzymatic activities hydroxycinnamate decarboxylase that produce 
and intermediate vinylphenol and later vinylphenol reductase yielding the later ethylphenol. 
Descriptors of 4-ethylphenol are band-aid, leather, and horse sweat.

Brettanomyces release high amount of cell wall polysaccharides in ageing on lees [31] and could 
be an interesting parameter to modulate beer taste during bottle fermentation and ageing.

Selection, isolation, and counting of non-Saccharomyces can be done using selective media. 
Most non-Saccharomyces yeast can be separated of S. cerevisiae by culture in synthetic lysine 
phosphate media. S. cerevisiae can be differentiated from most of the non-Saccharomyces 
 species because it is able to grow at 39°C [24].

4. Sensory effects of the use of non-Saccharomyces in beer conditioning 
and ageing

There are several hundreds of flavor-active compounds in beer. The main fermentation 
products of the brewing yeast are ethanol and carbon dioxide. Other molecules produced in 
smaller concentrations by yeasts during fermentation as metabolic intermediates or byprod-
ucts have great impact on beer flavor and determine the final quality of beer.

Although non-Saccharomyces yeasts have been widely disregarded due to their possible over-
production of acetic acid and other flavor compounds, they can potentially exert positive 
influences on beer flavor through the synthesis of secondary metabolites and excretion of 
enzymes responsible for the bioconversion of nonvolatile precursors into desirable aroma 
compounds. Using pure culture of a specific yeast species it is possible to modulate beer fla-
vor by a natural biological method. These bioflavoring processes allows obtaining beer with 
enhanced and differentiated sensory profiles.

Several factors affect yeast fermentation with considerable influence on sensory profile of 
beer, some of the most relevant are pitching rate, temperature, duration, aeration, and C/N 
ratio [6, 15]. Also important is the specific species or yeast strain used [15]. Some of the most 
important descriptors in sensory analysis of beers are described in Figure 4.

Secondary metabolites can be divided in several groups including fusel alcohols, esters sul-
fur-containing flavor compounds, undesirable carbonyl compounds, volatile phenols, organic 
acids, and monoterpene alcohols [8]. Higher (fusel) alcohols and esters are the most important 
flavor-active substances in beer. Higher alcohols contribute to alcoholic taste, spicy, vinous, 
pungent aroma, and esters to fruity aroma of beer. Isoamyl acetate is considered a major con-
tributor to the fruitiness of beer. However, it is possible that the presence of different esters 
below their threshold levels can exert a synergistic effect and play a role in beer flavor [53].
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The synthesis of fusel alcohols in beer fermentation is linked to the assimilation of the nitrogen 
sources by yeast and, therefore, typically the consumption and production of amino acids. 
Esters are formed later via reactions of alcohols (ethanol and fusels) and acids (AcylCoA 
compounds). These reactions are catalyzed by specific enzymes called acyl-alcohol transfer-
ases or esterases. When some non-Saccharomyces species fruity or floral ester production can 
be strongly enhanced, this biotechnology can be applied during main fermentation but also 
during second fermentation in the beers that are brewed and matured in bottle. T. delbrueckii 
and L. thermotolerans with medium fermentative power can be used to increase ester forma-
tion (Table 1).

Sulfur compounds are also produced by yeasts during fermentation, some of them behave 
as off-flavors and they have low sensory thresholds but others help to improve and modu-
late sensory profile of beers. Sulfur dioxide and hydrogen sulfide are included in these com-
pounds [8], and they also have antioxidant properties and influence in flavor stability and 
increases shelf life. Hydrogen sulfide can be considered as a typical off-flavor in lager beers; 
however, at low concentrations it can be considered a typical aroma in some ale beers [54]. 
Generally, Saccharomyces strains used in ale fermentations are more prone to reduce sulfur 
dioxide to hydrogen sulfide than those used in lager beers.

Among carbonyl compounds the presence of diacetyl above the threshold levels is responsible 
of a buttery odor generally undesirable in lager beer but can be an interesting attribute in some 
beer styles such as English pale ales [53]. Diacetyl is reduced initially to acetoin and later to 
2,3-butanediol, both with lower flavoring activity [54]. Malolactic fermentation by lactic acid 
bacteria (LAB) is a strategy widely used in wine making to enhance the production of diacetyl. 
In beer brewing, LABs are sensitive to hop bitter acids [53]. Increasing of temperature at the end 
of fermentation promotes the removal of diacetyl [54]. The levels of acetoin and diacetyl can 

Figure 4. Spider net diagram for sensory profiling of beers.
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also be enhanced by using non-Saccharomyces yeasts like S. ludwigii during main or alternatively 
bottle fermentation (Table 1). Yeast-produced phenols are responsible of desirable flavors with 
descriptors like clove, smoky, spicy, medicinal, and burnt aromas traditionally noticeable in 
wheat beer styles such as Belgian White beers, German Rauch beers, and Weizen beers. Typical 
non-Saccharomyces yeasts with strong formation of ethylphenols from hydroxycinnamates are 
Brettanomyces and Dekkera genera by their specific enzymatic activities (Table 1).

The main volatile organic acids that occur in beer are acetic, propionic, isobutyric, butyric, 
isovaleric, valeric, caproic, caprylic, capric, and lauric acid. If they are present at high concen-
trations they contribute to sour and salty flavor to beer and can also contribute to off-flavors 
such as cheesy and sweaty [8].

Lastly, some terpenic compounds from hops and with positive repercussion on beer flavor 
can be released and enhanced by some enzymes expressed by yeasts [8]. Pichia anomala and 
Kloeckera apiculata species frequently express β-glucosidase activities.

5. Sensory aspects related with engineering and brewing process

Beer-making process with inputs, byproducts, and residues can be seen in Figure 5. Wort 
boiling is the most energy-consuming operation and different alternatives to reduce the con-
sumption of thermal energy have been implemented. High-gravity brewing has been a com-
mon practice in many commercial breweries, especially in lager beers [13]. Worts with a very 
high specific gravity (HSG; >16°P) are fermented to obtain a very high ethanol content beer. 
This beer is then diluted to reach the normal ethanol content.

According to Lodolo et al. [55] elevated osmotic pressure and the dilution of other essen-
tial nutritional factors such as amino acids contributes toward poor fermentation perfor-
mance. The use of worts with high specific gravity (HSG) results in an unbalanced flavor 
profile [13, 14] and severe overproduction of acetate esters [13].

Another aspect related with brewing process is the use of large lager fermentation vessels 
in big-scale production. Fementor design can lead great pressures inside and excessive top 
pressure leads to poor yeast growth [13, 14]. The higher hydrostatic pressure in tall fermen-
ters increases the concentration of carbon dioxide dissolved in beer and affects the stratifi-
cation and irregular distribution of CO2 during fermentation. The excess in dissolved CO2 
inhibits yeast growth and metabolism [13, 14]: poor diacetyl reduction and, most importantly, 
low ester production. However, according to Verstrepen et al. [13], in high gravity brew-
ing (HGW) or when high fermentation temperatures are applied, the excessive formation of 
esters could be reduced by the use of tall fermenters.

On the other hand, some innovative brewer rooms are equipped by horizontal tanks that can 
be refrigerated by cooling jackets. Horizontal geometry leads to control yeast growth, modu-
lates the ratio between higher alcohols and esters, and affects the flocculation, being possible 
to keep more suspended yeasts at the end of fermentation. Moreover, this geometry improves 
cleaning by CIP systems, and promotes the formation of aromatic esters.
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Figure 5. Inputs, byproducts, effluents, and residues in brewing process.
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6. Conclusions and future trends

Non-Saccharomyces yeasts are a growing trend in new brewing biotechnology because of the 
improvements they can produce in sensory quality and differentiation, especially in craft beers. 
But also allows improved products as low-alcohol beers or implement new brewing processes. 
Probably in the future we will see new yeast species opening new possibilities of sensory and 
technological improvement. Bottle-conditioned beers are a good tool to obtain non-Saccharomyces 
bioflavored beers. Inoculation of new yeast species on a base beer completely attenuated with the 
addition of priming sugars allows creating optimal conditions to these yeasts.
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Abstract

Nuruk is a traditional Korean fermentation starter that is used to produce starch-based 
alcoholic beverages using various cereals as raw material. As a determinant factor for 
flavor, taste, and color of alcoholic beverages, Nuruk is an indispensable ingredient for 
brewing alcoholic beverages in Korea. Nuruk shows significant variation in the shape, 
and in the brewing and fermentation methods, which are dependent on the unique 
climate in each area. Therefore, it is worthy to note that the characteristics of Korean 
traditional Nuruk are based on its diversity. Thus, this chapter is aimed to scientifically 
identify the characteristics of traditional Nuruk on brewing technology. In this chapter, 
the concept of Nuruk will be discussed in terms of its history, production, microorganism 
diversity, and enzymatic function.

Keywords: fungi, microorganisms, Nuruk, saccharification power, yeast

1. Introduction

Nuruk, a fermentation starter used for brewing alcoholic beverages from grains, is a dough 
made from grains, such as wheat, barley, or rice that are germinated by enzyme-releasing 
microorganisms. In Asian countries, starch is the main ingredient for alcohol fermentation, 
which is first hydrolyzed to glucose through the saccharification process by fungi. Nuruk, also 
called ”Gokja” in Korea, contains naturally occurring and multiplying microorganisms such 
as wild fungi, yeast, and lactic acid bacteria. Traditionally, Nuruk has been made from several 
grains such as wheat, barley, rice, and millet etc., and grains are used as the main raw material 
for Nuruk and alcohol beverages processing.

In Korea, Nuruk shows significant variation in the shape, and in the brewing and fermenta-
tion methods, which are dependent on the unique climate in each area. It has been shown 
that Nuruk production can be adapted to suit the geographical area and climate. With the 
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 development of molded Nuruk in China and the dispersed Koji in Japan, Korean traditional 
Nuruk has been developed with a wide variety of materials and shapes. For its development, 
the humidity and the amount of sunshine strongly influences the width and thickness of 
Nuruk originating from different areas in Korea from the wide and thin Nuruk in the moun-
tainous areas, to the thick and small Nuruk in the flat areas. In addition, the main raw materials 
used to produce Nuruk vary widely according to the production area. Therefore, it is worthy 
to note that the characteristics of Korean traditional Nuruk depend on the geographical and 
climatic diversities of their production area. However, the use of traditional Nuruk, in a vari-
ety of traditional brewing method is dwindling due to the recent increase in the use of indus-
trial commercial fermentation starter [1]. In Korea, research on traditional Nuruk was started 
in the early 1900s by the Japanese, but had not actively progressed until recently. Currently, 
research on the production of certain traditional Nuruk [2–4], Nuruk-derived microorganisms 
[5–9], traditional Nuruk-derived Korean alcoholic beverages [10–13], and their physiological 
functions [14–17] are being performed. In addition, investigation on the Nuruk microbial com-
munities [18–20] as well as the metabolite analysis of Nuruk [20] was recently performed.

In this chapter, the use of Nuruk in brewing technology will be discussed in terms of its his-
tory, production, microorganism diversity, and enzyme function.

2. History of Nuruk

Nuruk was first made in Asia in the fifth century BC. It is believed that Nuruk was first used 
in Korea before the “three kingdoms period,” and records show Nuruk being used for Korean 
alcohol production in the 1123 CE book Goryeo Dogyeong (Chi.: Gaolitujing) by Xu Jing. 
Hallimbyeolgok from the Goryeo period mentions an alcohol brewed with a special type of 
Nuruk, indicating the existence of several types of Nuruk in Korea at that time. Gyugonsiuibang 
(1670), a classic text about food in the mid-Joseon period, records the names and detailed 
manufacturing methods for different types of Nuruk, highlighting that a diverse range of tra-
ditional Nuruks were manufactured during that period. In classic texts, Nuruk was called Guk, 
and after 1918, it was called Gokja; however, currently the term “Nuruk” is more common 
than Gokja.

During the reign of the Joseon dynasty, Nuruk was classified into two categories: the ddeok-
Nuruk was made of a lump of grain powder and the Heuchim-Nuruk was made of cereal grains. 
The appearances of ddeok-and Heuchim-Nuruk are presented in Figure 1. The ddeok-Nuruk con-
tained a variety of microorganisms such as fungi, lactic acid bacteria, and yeasts deep inside 
the lump, which imparted rich and complex flavor to alcohol. In contrast, fungi germinating 
only on the surface of the heuchim-Nuruk, provided simple and light tastes.

The dry climate of China favored the development of the shaped Nuruk from wheat, whereas 
the humidity of the Japanese climate promoted the development of dispersed Nuruk from 
rice. Meanwhile, Korea developed both the types of Nuruk. Thus, Nuruks differ in particle 
shape, manufacturing methods, and fermentation time, depending on the unique climate and 
environment of the manufacturing country, thereby exemplifying the adaptation ability of 
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Nuruk to climatic and geographical conditions. In contrast to the shaped and dispersed Nuruk 
developed by China and Japan, respectively, Korea developed Nuruks with diverse ingredi-
ents and appearances. For example, Nuruk grain particles of mountainous regions tend to be 
broad and flat, whereas Nuruk particles of the plains are thick and small, and those in the Jeju 
region are small and flat. These regional differences occur due to variations in the content 
of the main ingredients and the environment, such as the levels of humidity and sunlight. 
Several kinds of representative traditional Korean Nuruk are displayed in Figure 2. As shown 
in Figure 2, this diversity is the characteristic of the traditional Korean Nuruk, which has been 
promoted by the development of a unique and varied traditional home brewing culture.

Figure 1. Dispersed heuchim-Nuruk (A) and shaped ddeok-Nuruk (B and C).

Figure 2. Appearance of various traditional Korean Nuruk [21].
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3. Nuruk production

To ferment Nuruk, fungi or bacteria are germinated on a culture medium which is made of 
starchy grains such as rice, wheat, and barley. Wheat and barley are the most popular materi-
als for Nuruk fermentation as they impart quality taste and flavor to Nuruk.

The Nuruk manufacture method is summarized in Figure 3. Traditionally, ground wheat 
is mixed with water, put in a mold, and pressed into the desired shape (Figure 4). Whole 
grains are thoroughly ground and finely sifted, mixed with other supplemental materials, 
and pressed into a frame to shape Nuruk. The shaped Nuruk is germinated with microorgan-
isms for 2–3 days buried under supplementary materials such as straw or wormwood at a 
temperature of 30–35°C. The growth of yellowish fungi in the center of the pressed mass 
indicates that the Nuruk should be dried under the sun, thoroughly crushed, and finely sifted. 
Favorable temperature and humidity are critical to the culture of fungi on Nuruk. Nuruk can 
be globe-shaped, flat round disk-shaped, or rectangular with a hole in the center. Nuruk must 
be made in just the right size and thickness. Small and thin Nuruk loses moisture easily, which 
causes incomplete germination of fungi and defective fermentation, resulting in undesirable 
flavor, and low alcohol yield. In contrast, a thick Nuruk limits moisture loss and increases the 
temperature inside the fermentation jar. A well-cultured Nuruk is critical for the clear color 
and fresh flavor of fermented grain.

Figure 4. Nuruk is put in a mold and pressed into the desired shape. (A) traditional molding method, (B) mechanization 
for mass produce Nuruks.

Figure 3. Nuruk production.
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4. Microorganisms in Nuruk

Various types of microbes exist in Nuruk because of the coexistence of raw material (raw starch)-
derived microorganisms and environment-derived microorganisms that were acquired during 
the fermentation. Since Nuruk mainly consists of starch, microorganisms that are capable of 
degrading beta-starch are predominant in Nuruk. Specifically, various types of yeast, lactic acid 
bacteria, and aerobic bacteria that cause alcoholic fermentation are present in Nuruk. Some kinds 
of Nuruk derived microorganisms that were found by Kim et al. [14] are shown in Figure 5.

In general, the fungus that grows in yeast has high starch decomposition activity, and thus 
hydrolysis of starch during alcoholic fermentation produces fermentable saccharides. In addi-
tion, fungi also produce alcohol from fermentable sugars. Lactic acid bacteria are involved in 
maintaining the acidity of the fermentation environment, which enables progression of alco-
holic fermentation by acid-producing fungi. Mold, a group of mesophilic fungi that grows 
well at 25–30°C and in weakly acidic conditions, plays an important role in brewing because it 
secretes glycosylation enzymes required for hydrolyzing starch into fermentable saccharides. 
Therefore, fermentative molds in low pH environment exhibit high liquefaction and glycation 

Figure 5. The filamentous fungi and yeasts isolated from various Nuruk samples (scale bar = 5 μm) [14].
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abilities. The most common molds found in Nuruk are Absidia sp, Aspergillus oryzae, Rhizopus 
sp., Penicillium sp., and Muco sp., which secrete various amylases such as α-amylase and glu-
coamylase that act on stored starch of cereals. The molds most frequently isolated from Nuruk 
are R. oryzae and A. oryzae. In Asia, these two strains are important fungi in the food industry 
because they are used in the manufacture of traditional fermented foods. R. oryzae is a patho-
genic fungus that causes zygomycosis [22] and, is a pioneer saprotroph that initially infects 
dead plants and rapidly penetrates inside degradable substrates. Recent genomic studies 
showed that R. oryzae does not contain the genes necessary for exo-cellulose degradation and 
is an auxotroph for degradation of pectin, xyloglucan, xylan, and inulin. Thus, the ability 
to degrade simple polysaccharides, such as monosaccharides and starches, underscores the 
dominance of R. oryzae over other fungi [23].

Among yeasts, R. oryzae acts as a primary colonizer in the early stages of fermentation and 
participates in the decomposition of yeast constituents. However, as the internal temperature of 
the mold increases with progression of fermentation, the temperature-sensitive R. oryzae gradu-
ally falls out of competition with the high temperature-resistant fungi such as A. oryzae [24]. A. 
oryzae possesses high glycation ability and secretes α-amylase [25], and is therefore important 
for glycosylation and liquefaction [8, 24]. However, it is difficult to distinguish A. oryzae from 
aflatoxin-producing A. flavus using conventional taxonomic criteria because of its close relation-
ship with A. flavus; thus, A. oryzae should be tested for its ability to produce aflatoxin [26, 27].  
The members of the aflatoxin biosynthetic pathway are encoded by a cluster of 25 genes  
[28], the expression levels of which are primarily regulated by aflR, a transcriptional activator [29].  
Therefore, polymorphism, deletion, and the presence of aflR binding sites have been used as 
important indicators to determine aflatoxin biosynthesis [26]. Particularly, the aflR binding sites 
of norB and cypA are critical for the expression of the entire aflatoxin biosynthesis-associated 
gene group. In general, A. oryzae and A. flavus are divided into type I deletion (0.3 kb) and type 
II deletion (0.8 kb) groups based on the partial deletion pattern of norB-cypA (1.8 kb), and it was 
found that the type I deletion group does not produce aflatoxin [27, 30, 31].

5. Enzymatic activity of Nuruk

There are a variety of microorganisms in fermented Nuruk and enzymes secreted by these 
microorganisms differ depending on the type of wild microorganism. Enzymatic activity of 
Nuruk can mainly be estimated by the index of saccharification power (sp). This saccharifica-
tion power represents the index of how much soluble starch can be enzymatically converted 
to simpler sugars by diastatic enzymes in Nuruk. Previous studies on the enzymatic activity of 
early Nuruk showed that the saccharification power (sp) of Korean Nuruk was 1.39, which was 
slightly lower than the saccharification power of malt (1.5 sp), and significantly lower than 
that of Chinese Nuruk (11.1 sp) [32]. According to previous study [33], it has been reported 
that the saccharification power of Backguk produced by Aspergillus kawachii and Hwangguk pro-
duced by Asp. oryzae were being used in all areas of Korea in the mid-1900s. The saccharifica-
tion power values were the highest in Bungok (791 sp), followed by Gokja (421 sp), Hwangguk 
(226 sp), and Backguk (195 sp).
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The members of the aflatoxin biosynthetic pathway are encoded by a cluster of 25 genes  
[28], the expression levels of which are primarily regulated by aflR, a transcriptional activator [29].  
Therefore, polymorphism, deletion, and the presence of aflR binding sites have been used as 
important indicators to determine aflatoxin biosynthesis [26]. Particularly, the aflR binding sites 
of norB and cypA are critical for the expression of the entire aflatoxin biosynthesis-associated 
gene group. In general, A. oryzae and A. flavus are divided into type I deletion (0.3 kb) and type 
II deletion (0.8 kb) groups based on the partial deletion pattern of norB-cypA (1.8 kb), and it was 
found that the type I deletion group does not produce aflatoxin [27, 30, 31].

5. Enzymatic activity of Nuruk

There are a variety of microorganisms in fermented Nuruk and enzymes secreted by these 
microorganisms differ depending on the type of wild microorganism. Enzymatic activity of 
Nuruk can mainly be estimated by the index of saccharification power (sp). This saccharifica-
tion power represents the index of how much soluble starch can be enzymatically converted 
to simpler sugars by diastatic enzymes in Nuruk. Previous studies on the enzymatic activity of 
early Nuruk showed that the saccharification power (sp) of Korean Nuruk was 1.39, which was 
slightly lower than the saccharification power of malt (1.5 sp), and significantly lower than 
that of Chinese Nuruk (11.1 sp) [32]. According to previous study [33], it has been reported 
that the saccharification power of Backguk produced by Aspergillus kawachii and Hwangguk pro-
duced by Asp. oryzae were being used in all areas of Korea in the mid-1900s. The saccharifica-
tion power values were the highest in Bungok (791 sp), followed by Gokja (421 sp), Hwangguk 
(226 sp), and Backguk (195 sp).
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In Lee et al.’s study [21], 58 different kinds of traditional Nuruk were prepared, including 46 
types of restored Nuruk mentioned in ancient documents. The saccharification power and 
glucoamylase, α-amylase, β-amylase, protease, and β-glucanase activities of each Nuruks 
were reported. Among the 46 different kinds of restored and 12 types of collected Nuruk, 
the saccharification power values were the highest in Bungok (791 sp), followed by Gokja 
(421 sp), Hwangguk (226 sp), and Backguk (195 sp). The saccharification power of 12 kinds of 
commercial and self-produced Nuruk and their measured enzymeatic activities have been 
reported through Lee’s study [21] that can be shown in Table 1. The range of saccharifica-
tion power of the restored Nuruk was 85–565 sp. Nuruk with the highest saccharification 
power was shown in Bungok (565.5 sp), Naebubijeon (565.2 sp), and Migok (547.9 sp). This 
indicate that some restored Nuruk has a significantly higher saccharification power value 
than Jinjugokja (Keumkang wheat, 460.1 sp), which is a commercial Nuruk, and ShinDaRi 
Nuruk (477.2 sp), which is a self-produced Nuruk. The higher α-amylase activities of restored 
Nuruk were recorded in Bungok (65.53 U/g) and Byunggok (53.2 U/g), which was higher than 
JinjuGokja (26–38 U/g) showing a high activity among collected Nuruk. Bungok had higher 
α-amylase activity than self-manufactured Nuruk, Igasubul (55.49 U/g). Also, the β-amylase 
activity was the highest in Jinjugokja which is commercially available, and protease activity 
was highest in the self-manufactured Igasubul (10.32 μg/mL), followed by restored Omegigok 
(9.9 μg/mL). The α-amylase and β-amylase activities correlated significantly with the sac-
charification power value (p < 0.001). The correlation between the glucoamylase activity 
and saccharification power was also confirmed (p < 0.05). On the other hand, the activities 
of β-glucanase and protease in traditional Nuruk were not correlated with saccharification 
power value.
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Abstract

Nowadays, the consumers’ global demand for healthier diets is steadily increasing, and 
the development of novel functional ingredients has become a focus of the food industry. 
On the other hand, the accumulation of huge amounts of food wastes every year has 
led to environmental degradation and especially to significant loss of valuable material 
that could otherwise be exploited as new health‐promoting ingredients, fuels and a great 
variety of additives. In this respect, the biggest challenge of the current scientific world is 
to convert the underutilised by‐products generated by the food and beverage industries 
into more profitable and marketable added value products which would also contribute 
significantly to meet the nowadays society needs. This chapter gives an overview regard‐
ing the possibility of exploiting the brewing industry wastes as sources of bioactive com‐
pounds in order to produce functional ingredients and products with added value.

Keywords: brewing wastes, bioactive compounds, innovative functional ingredients, 
waste management, complete valorisation

1. Introduction

The research on the recovery of new functional ingredients from natural sources is one of the most 
important challenges in food science and technology [1, 2]. In recent years, it has been noticed a 
significant increase in the number of research providing scientific evidence to  support the hypoth‐
eses that phytochemicals recovered from agro‐industrial wastes can provide a range of health 
benefits to the consumers. This fact has impacted the food and pharmaceutical industries, among 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



others. The phytochemical extracts can be used either for their biological properties as ingredients 
for nutraceutical preparations or functional foods or for their food‐quality‐related properties [3].

In the food industry, the traditional significance of “processing” is associated with trans‐
formation of the initial raw material into a safe, nutritious and high‐quality food product. 
However, in a modern bio‐based society, food processing should also provide viable alterna‐
tive models that combine food production with valorisation of waste and by‐product, mini‐
misation of energy consumption and environmental protection [4].

The brewing industries produce millions of tons of residues, which represent a management 
issue from both ecological and economical point of view. The accumulation of huge amounts 
of this biomass every year leads to environmental degradation and especially to significant 
loss of valuable material that could otherwise be exploited as food, fuels and a great variety 
of additives. The valorisation of brewing by‐products can be achieved through the extrac‐
tion of high‐value components such as proteins, polysaccharides, fibres, flavour compounds 
and phytochemicals, which can be reused as nutritionally and pharmacologically functional 
ingredients [5–9]. Nowadays, the advances in scientific research support the idea that diet may 
fulfil nutritional needs and at the same time exert a beneficial role in protecting the human 
body of some diseases. The idea of health‐promoting foods is not new: Hippocrates wrote 
2400 years ago, “Let food be thy medicine and medicine be thy food.” Thus, the production 
and consumption of functional foods have gained much importance as they provide a health 
benefit beyond the basic nutritional functions [10, 11]. The innovative approach in developing 
a new generation of functional ingredient and foods is focused on finding unconventional 
sources of bioactive compounds and optimising the most appropriate recovery system.

In this chapter, we will address the exploitation of brewing‐derived by‐products as sources of 
bioactive compounds and functional ingredients.

2. Bioactive compounds recovered from brewing wastes and their 
potential applications as functional ingredients

2.1. General overview

The recovery and reuse of the brewing industry by‐products to extract functional compounds 
and develop new innovative products are a research direction of great interest and actuality 
from the perspective of food—health relation as well as from the environment protection and 
waste management perspective.

During production, beer alternately goes through three chemical and biochemical reactions: 
mashing, boiling and fermentation. In the mashing stage, malt starch is converted to fermentable 
sugars (mainly maltose and maltotriose) and non‐fermentable sugars (dextrins), and proteins are 
partially degraded to polypeptides and amino acids. This enzymatic conversion stage produces 
sweet liquid called wort and a residual solid fraction called spent grains. After filtration, the 
wort is transferred to the brewing kettle where it is boiled with the addition of hops. During this 
process, the bitter and aromatic hop components will confer typical beer qualities, such as bitter 
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taste, flavour and foam stability. At the boiling end, the liquid extract is separated from the spent 
hops to be further processed. A fraction of the hop components end up in the trub (a precipitation 
product of the wort boiling process that may include insoluble hop materials, condensation prod‐
ucts of hop polyphenols and wort proteins, and isomerised hop acids). During fermentation, the 
yeast cells will convert the fermentable sugars to ethanol and carbon dioxide. At the end of this 
stage, most of the cells are collected as spent yeast [7, 12, 13]. According to the technological pro‐
cess shown schematically in Figure 1, the main by‐products generated in the brewing process are 
spent grain, spent hops and trub and spent yeast.

There is a wide range of extraction techniques used for the isolation and purification of the 
bioactive compounds from brewing wastes, some of them based on new emerging techniques. 
The extraction of the high‐value components must be economically feasible to perform. This 
objective can be achieved by separating the components of interests through individual and/
or combined physical and biochemical approaches in order to provide a range of compo‐
nents, all of which would contribute to achieving whole‐waste exploitation [6, 9]. The extrac‐
tion conditions are extremely important, due to their effects on the release of compounds 
from the matrix into the medium and also due to structural changes that may occur and alter 
the expected properties. Thus, the optimisation of the existing methodologies and develop‐
ment of new extraction methods to increase the extraction yield, the selectivity for a certain 
compound, to protect their functionality or to extend the applicability in the food industry 
are of utmost importance. Also, in order to increase the overall sustainability of the reuse 

Figure 1. Schematic representation of the brewing process and points where the main by‐products are generated.
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of  components of by‐products in food life cycle, it will be necessary to apply and promote 
novel eco‐friendly extraction technologies capable of reducing the solvent consumption and 
to ensure the environmental protection [6, 14, 15].

2.2. Brewers’ spent grain

The brewers’ spent grain (BSG) is the main solid waste produced in large quantities by the 
beer industry, resulted after mashing and filtration stage. This insoluble material basically 
consists of the barley grain husk in the greatest proportion, minor fractions of pericarp and 
fragments of endosperm and other residual compounds not converted into fermentable sug‐
ars by the mashing process [8, 16, 17].

2.2.1. General characterisation of BSG

In the brewery, the malted barley is milled and mixed with water in the mash tun, and the 
temperature of mash is slowly increased from 37 to 78°C in order to promote the enzymatic 
conversion of malt constituents. After the saccharification process, the clear sweet wort is 
separated from the solid components—the spent grain. The wort is then transferred to the 
wort kettle, whereas the spent grain is removed from the lauter tun [18].

As described in the literature, the chemical composition of BSG is variable according to 
the barley variety and harvest time, malting and mashing conditions, type and quality of 
secondary raw materials added in the brewing process. A major influence is that different 
barley cultivars are used as the malt source for lager and ale beer. In general, ale malt is 
kilned at a higher temperature, whereas lager malts are derived from barley with higher 
protein content [8, 12, 19, 20]. Recent research on the evaluation of the BSG biomass showed 
surprising results both in terms of the variety of classes of compounds and the quantity of 
the functional part. Even if BSG chemical composition is dependent on the intrinsic and 
extrinsic factors mentioned above, it contains appreciable amounts of valuable compounds 
(proteins, lipids, carbohydrates, polyphenols, minerals) that remain unexploited in the 
brewing process [5, 7, 8, 17].

BSG is an important by‐product from the brewing process, representing up to 30% (w/w) of 
the starting malted grain. It is estimated that worldwide the annual output is around 30 mil‐
lion tons, about 200 tons of wet BSG (70–80% water content) being produced per 10.000 hl of 
beer. Traditionally, this material is sold as animal feed or discarded [8, 16, 21, 22]. Due to the 
significant amount produced annually, the low market value, environmental awareness and 
the recognition that BSG may represent a nutritionally valuable co‐product, efforts should be 
increasingly focused on its valorisation [17, 23, 24].

The high initial water content of fresh BSG (75–80%) and the presence of considerable levels 
of polysaccharide, residual fermentable sugars and proteins make BSG very susceptible to 
microbial degradation within a few days [25]. Microbiological stabilisation is an imperative 
that should be designed into BSG processing systems in order to avoid the growth of micro‐
organisms. The implications for microbiological spoilage by a resident microflora might affect 
also the potential to use BSG as a reliable food‐grade industrial feedstock for value‐added 
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downstream processing [20]. One of the most common and economically feasible methods 
used for preservation is the drying of BSG, thus reducing the water content and lowering the 
microbiological activity. This preservation method is also interesting in terms of reducing the 
volume of the product and, therefore, decreasing transport and storage costs (Figure 2) [19].

2.2.2. Bioactive compounds and potential applications

2.2.2.1. Proteins and amino acids

The protein content of barley varies from 8 to 15%. During malting, barley proteins are 
partially degraded to amino acids and small peptides by the endogenous barley pepti‐
dases. However, most of malt proteins are not dissolved in mashing but 74–78% of protein 
remains insoluble in the spent grains. As a result, BSG has a high content (18–35.4%, w/w) 
of quality protein [16, 26–28]. For a by‐product to be considered as a source of quality 
protein, it must contain a well‐balanced essential amino acid composition [9, 29]. In BSG, 
the essential amino acids represent approximately 30% of the total protein content. Lysine, 
known to be the limiting amino acid in cereal derived foods, accounts for 14.3% of the total 
BSG protein content. Other amino acids in significant quantity are: leucine, phenylalanine, 
isoleucine, threonine and tryptophan [21]. Depending on the raw materials used in brewing 
process (unmalted grain, corn, barley, wheat, rice), protein composition can vary signifi‐
cantly thereby modifying the essential amino acids profile of BSG. Owing to its protein‐rich 
composition, BSG has the potential to be utilised in a manner similar to whey protein, pro‐
viding health benefits for consumers [7, 21, 30, 31]. Essential amino acids of BSG derived 
from 100% barley malt expressed as a percentage of total protein [21] are listed in Table 1.

The lack of solubility of BSG proteins presents a barrier for their more extensive use in food 
processes and products. Protein hydrolysates from agricultural crops have already demon‐
strated bioactive effects which support their potential use as functional food ingredients. In 
addition, these products can have numerous properties indispensable for the food industry 
such as emulsifying agents, film forming properties, flavour binding, viscosity increase by 

Figure 2. Fresh (left) and dried (right) BSG.
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binding the water and gelation properties. To expand the potential applications of insoluble 
proteins, chemical and enzymatic hydrolysis can be applied [16, 27, 32]. However, BSG pro‐
tein fraction can be a valuable substrate for enzymatic hydrolysis to produce hydrolysates 
with biological properties. BSG protein hydrolysates are also of high importance when con‐
sidering incorporation into food products, particularly with respect to their techno‐functional 
properties, of which solubility, emulsifying properties, immune‐modulatory effects and 
antimicrobial activity are very important. Protein hydrolysis changes the molecular weight, 
charge and exposure of hydrophobic groups and amino acid side chains, which alters solubil‐
ity, viscosity, sensory properties and emulsifying and foaming behaviour [17, 21, 27, 33–35].

In the present, studies have already demonstrated that food with incorporated protein hydro‐
lysates derived from BSG possesses anti‐inflammatory activity [32, 36]. Moreover, the incor‐
poration of chitosan into the brewers’ spent grain protein had as result a composite film with 
antimicrobial and antioxidant activities which can be used in packaging materials [34].

2.2.2.2. Polysaccharides

The main constituents of BSG include fibres and proteins, which are staple nutritional compo‐
nents in the human diet and thus make this material very attractive for improving the nutri‐
tional value of foods. In addition, several components that are constituents of BSG, such as 
arabinoxylans, β‐glucans and phenolic compounds (e.g. hydroxycinnamic acid), have gained 
increasing attention due to their potential health benefits. The determination of the benefi‐
cial implications of dietary fibre in a wide variety of food products has resulted in fibre being 
regarded as a “functional” ingredient. The physiological responses to fibre consumption have 
been well documented in relation to reduced risks of chronic diseases [37]. BSG contains the 
husk and the outer layers of the barley kernel thus being a heterogeneous material rich in ara‐
binoxylan (22 − 28%), cellulose (17 − 25%) and lignin (12−28%). This lignocellulosic material is 
constituted by several polysaccharides, which can be degraded into their corresponding con‐
stituents by hydrolytic procedures (hydrothermal, enzymatic or acidic). On hydrolysis, cellu‐
lose yields glucose, whereas the hemicellulose yields xylose, arabinose, mannose, galactose and 
the acids, acetic and hydroxycinnamic (ferulic and p‐coumaric) [13, 22, 38]. The released mono‐
saccharides can be further subjected to a fermentation process to generate valuable products 

Essential amino acids (% of  
total protein)

Barley Malt BSG

Lysine 2.52 3.69 14.31

Leucine 0.30 0.29 6.12

Phenylalanine 0.20 0.21 4.64

Isoleucine 0.17 0.17 3.31

Threonine 0.01 0.02 0.71

Tryptophan 0.01 nd 0.14

Table 1. Essential amino acids content of BSG derived from 100% barley malt.
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(e.g. xylitol, a healthy sweetener used in food industry) [39]. Also, the arabinoxylans are consid‐
ered dietary fibres with a broad range of potential uses as functional ingredients in food prod‐
ucts. In addition, for maximising the valorisation efficiency of BSG, an innovative integrated 
process that sequentially extracts the proteins and arabinoxylans was recently developed [16].

An alternative of reuse of dried BSG is as flour incorporated in food products [19, 28]. Fibre is 
suitable in meat products because it retains water, decreases cooking losses and has a neutral 
flavour. Therefore, having a high potential as a source of dietary fibre BSG can be used as a fat 
substitute for producing high‐dietary fibre and low‐fat meat products, reduces the number of 
synthetic antioxidants needed to be added and increases the health‐promoting properties of 
the frankfurters [37]. Also, BSG was successfully used in smoked sausages meat products to 
partially replace the animal protein [40]. Processing BSG into flour represents a viable alterna‐
tive for its use as a functional ingredient in bakery products. Different percent of BSG flour 
added to bakery products resulted in increase of total dietary fibre, total protein content, 
lipids, minerals and water holding capacity of the final product. The substitution of wheat 
flour with 5–20% BSG resulted in bread prototypes with enhance nutritional value and with  
pleasant flavour characteristics imparted by the specific volatile compounds [19, 21, 28, 41–43].

Recently, BSG was investigated as potential raw material for cellulose nanofibre production. 
Anticipated applications of nanocellulose range from food (e.g. emulsion/dispersion) to med‐
ical, cosmetic, pharmaceutical, hygiene/absorbent products and even usage in various nano‐
composites and paper applications [44–46].

Due to the composition rich in sugars and nutritional factors, hydrolysates produced from 
BSG can be used in fermentative processes to produce several compounds of industrial inter‐
est. The BSG biomass can also be exploited by microbial‐processing in order to obtain valu‐
able enzymes and organic acids. These valuable chemicals can be further exploited as raw 
materials for other processes or as functional ingredients for development of new generations 
of added‐value food products and not only. Some examples include the use of the sugar rich 
hydrolysate as fermentation medium for the production of ethanol by Saccharomyces cerevisiae, 
xylitol by Candida guilliermondii, xylitol, arabitol, ethanol and glycerol by Debaryomyces hanse-
nii, and lactic acid by Lactobacillus delbrueckii, Lactobacillus pentosus or Lactobacillus rhamnosus 
[13, 47, 48].

2.2.2.3. Phenolic compounds

The recent worldwide tendency to avoid or at least decrease the use of synthetic additives has 
created a need for alternative cheap, renewable, natural and possibly safer sources of natural 
compounds with antioxidant and antimicrobial activities to stabilise foods against oxidative 
rancidity and microbial spoilage [49]. Having strong antioxidant activity, when ingested, the 
antioxidants protect the human body from the damaging actions of the reactive oxygen species 
and thus lowering the risk of several chronic diseases (cardiovascular diseases, diabetes, cancer) 
[7, 9, 33, 50, 51].

Beer contains a large variety of phenolic components derived from the biotechnological fer‐
mentation of barley malt (70%) and hops (30%) that are responsible for the overall antioxidant 
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activity of the beverage. These compounds play an important role in flavour, colour and shelf 
life of beer [52]. Since most of the phenolic compounds of the barley grain are contained in 
the husk and hydroxycinnamic acids accumulate in the cell walls, BSG is a potentially valu‐
able and inexpensive source of phenolic acids. Ferulic acid (1860–1948 mg/g) and p‐ coumaric 
(565–794 mg g−1) are the most abundant phenolic acids in BSG, followed by sinapic, caffeic and 
syringic acids [7, 9, 17, 33]. The content in polyphenols is influenced not only by the  extraction 
technique but also by factors such as barley cultivar, malting conditions and the presence 
or absence of the hull. Depending on the solvent used for extraction, studies reported for 
total phenols in BSG values ranging from 2.14 to 9.90 mg GAE/g and a flavonoid content 
 varying between 0.02 and 4.61 mg QE/g [50]. Table 2 overviews the results of the authors’ 
own research regarding the total phenols, flavonoids and radical scavenging activity values 
for barley, malt and BSG samples.

However, the application of BSG to food is still limited, since it can impart unpleasant fla‐
vours and aromas. This negative effect was associated with high quantities of compounds 
such as 2‐butyl‐1‐octanol, 3‐methyl‐butanal, 2‐heptane, butanal, benzene and 2, 3‐butanedi‐
one, responsible for its characteristic unpleasant odour [53]. In a recent study, the polyphenols 
and flavonoids compounds extracted by supercritical CO2 from BSG were microencapsulated 
to mask their unpleasant and bitter taste and simultaneously to preserve the stability of poly‐
phenols or other bioactive compounds. The tests on fish‐burger formulation with microen‐
capsulated polyphenols showed to have about 30% of phenolic and about 50% of flavonoid 
content more than the control sample and a better antioxidant activity [53].

2.2.2.4. Lipids and fatty acids

Another important BSG macro‐nutrient includes lipids and fatty acids. The high amounts of 
lipids in BSG make this material an interesting feedstock for the production of high value‐
added lipids in the context of the so‐called lignocellulose biorefinery [5]. The lipids in barley 
are located in the endosperm and embryo, as their role is to provide nutrients and energy 
for the new, germinating barley plant. Although the endosperm is almost completely solu‐
bilised in mashing, most of the lipids remain with spent grains and are not transferred to 
wort [54–56]. According to recent studies [5, 8, 55, 57], the total lipid contents (TLs) of BSG 

Sample Total phenols (mg 
GAE/100 g fw)

Flavonoids (mg QE/100 g fw) DPPH inhibition (%)

Barley 133.93 6.17 43.17

Pilsner malt 148.42 5.28 46.36

Caramunich malt 256.42 10.72 57.87

Carafa malt 335.88 8.97 42.07

Dried BSG 284.20 13.16 55.95

Lyophilised BSG 291.47 10.35 53.78

Table 2. Total phenols, flavonoids and radical scavenging activity values for barley, malt and BSG.
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varied between 5.40 and 11.00% (dry‐mass). Only minor changes in fatty acid composition 
occur during malting and mashing, and therefore, the fatty acid composition of BSG is simi‐
lar to that of barley [8, 54].The predominant lipid classes identified in the total lipids of BSG 
were triacylglycerols (TAG) (55–67% total lipids), followed by free fatty acids (FFA) (18–30%), 
diacylglycerols (DAG) (7.7–5.7%), monoacylglycerols (MAG) (1.7%), phospholipids (PL) 
(9.1%) and steroid compounds (SC) (hydrocarbons, ketones, free sterols, sterol esters and 
sterol glycosides) (5%) [5, 55]. The high amount of free fatty acids in BSG can be attributed 
to the endogenous lipase that is able to release the free fatty acids from triacylglycerols and 
polar lipids during malting and mashing [5, 55]. Table 3 contains the results of the authors’ 
own research regarding the fatty acids profile of barley, malt and BSG [8].

Regarding the fatty acids composition (GC‐MS analysis) of lipids from BSG, the studies showed 
that the most abundant was linoleic acid (18:2, n−6) that accounted for 50–51.50% of all identi‐
fied fatty acids, followed by palmitic (16:0) (25–26% of total fatty acids) and oleic acids (18:1, n−9) 
(12–13% of total fatty acids). Small amounts of other fatty acids, such as stearic (18:0) and linole‐
nic (18:3, n−3) acids, were also reported [8, 55]. The elevated level of linoleic acid (18:2, n−6) from 
the BSG lipids is comparable to those of “linoleic acid‐rich” vegetable oils, such as grape seed, 
hemp seed and wheat germ oils [58]. This acid is an n−6 essential fatty acid, which can be used in 
pharmaceutical and cosmetic products, and is considered to influence the metabolic processes 
in the skin and to promote the activity of different lipophilic vitamins, such as A and E [5].

2.3. Brewers’ spent yeast

The brewers’ spent yeast (BSY) is another brewing by‐product that merits considerable atten‐
tion, due to the large quantity produced (is the second largest by‐product from breweries) 
and its rich chemical composition.

Fatty acids (% of total  
fatty acids)

Barley Pilsner malt Caramunich malt Carafa malt Dried BSG

∑SFAs 24.57 25.87 23.68 25.90 29.78

∑MUFAs 17.36 14.26 17.25 18.23 14.53

∑PUFAs 58.07 59.86 59.07 55.87 55.69

∑n−3 PUFAs 4.82 5.11 5.78 4.37 5.18

∑n−6 PUFAs 53.25 54.75 53.29 51.50 50.51

n−6/n−3 11.04 10.71 9.22 11.78 9.75

PUFAs/SFAs 2.36 2.31 2.49 2.16 1.87

∑VLCSFA (≥20 C) 0.89 1.01 0.63 0.62 0.96

Total lipids (% of dw) 2.96 2.55 2.31 2.74 6.61

SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids and VLCSFAs, 
very long‐chain saturated fatty acids.

Table 3. Total lipids composition and the major lipid fractions from barley, malt and BSG samples analysed by GC‐MS.
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2.3.1. General characterisation of BSY

Brewing yeast Saccharomyces cerevisiae is the technological biocatalyst, which produces 
beer from fermentable substrate by alcoholic fermentation. After 10–15 successive fermen‐
tation batches, the yeast, due to increasing contamination, loses its viability and vitality 
and is no longer proper for making beer [59]. BSY is the second major by‐product of the 
brewing industry with environmental impact due to the disposal of a large quantity of bio‐
mass (1 hl of beer generates 2.0–4.0 kg of BSY) [60, 61]. BSYS can be collected from fermen‐
tation and storage tanks, the yeast storage plant and from the filter line. The quantity and 
quality of biomass harvest at the end of brewing production depend on the pitching rate, 
the yeast viability, the yeast strain, the purity of the yeast culture, the wort composition, 
the particulate content of the wort, the timing and extent of wort aeration/oxygenation, 
the fermentation conditions and the plant capability [62]. Management of BSY is one of the 
most important concerns of breweries. BSY contains liquids in large quantities (85–90%), 
which makes handling and disposal difficult and expensive. As a good practice, the brew‐
ers concentrate the waste yeast (to 22–25% dry matter) and also recover the beer to reduce 
losses [25, 63, 64].

2.3.2. Bioactive compounds and potential applications of BSY

The major chemical compounds of BSY are represented by carbohydrates, proteins, free amino 
acids, ash, vitamins and fatty acids. The predominant amino acids found in brewer’s spent 
yeast proteins are leucine, lysine, tyrosine, arginine, cysteine, histidine, isoleucine, methio‐
nine, phenylalanine, threonine, tryptophan and valine. Thus, BSY is an excellent source of 
high‐quality protein, comparable in value with soy protein. Also, reported high values of 
glutamic acid and glutamine contents, increase the potential use of BSY extract in food indus‐
try as a “hidden ingredient” of natural monosodium glutamate, which is known to provide 
the typical”umami” aroma, very similar to meat aroma [25, 65, 66]. The inner layer of the BSY 
cell wall contains β‐glucans 8% (w/w dry weight), and the external layer is formed by man‐
noproteins [67]. These two classes of compounds have immunomodulatory, antimutagenic 
and anticarcinogenic activities, being also utilised in cosmetic products, and lately in food 
industry as natural emulsifiers [68–70]. The physicochemical properties of β‐glucans depend 
on the characteristics of their primary structure, including linkage type, degree of branching, 
molecular weight and conformation. β‐glucans from yeast, which consist of a (1, 3)‐β‐linked 
backbone with small numbers of (1, 6)‐β‐linked side chains, are essentially known for their 
immune‐modulating effects [71, 72]. They also stimulate the skin cell response to combat 
free radicals thus significantly delaying ageing process. The European Food Safety Authority 
(EFSA) has already approved the use of Saccharomyces β‐glucans as a new food ingredient 
and suggests a use ranging between 50 and 200 mg per serving [73]. β‐glucans from BSY 
have potential applications in food industry as food thickeners, fat replacer, dietary fibres, 
viscosity imparting agents, emulsifiers and films [74]. For example, due to its lower calories 
content, BSY can be a valuable source of cheap easily assailable fibre, with recently proved 
prebiotic effect, which makes it of interest for pastry industry, in order to develop value 
added products [66, 75].
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Nevertheless, BSY has a strong antioxidant activity, comparable with that of teas, due to phe‐
nolic compounds adsorbed from malt and hop in the brewing process. BSY contain a high 
level of phenolic compounds in both the free and bounded forms: gallic acid, protocatechuic 
acid, (±) catechin, p‐coumaric, ferulic and cinnamic acids, which makes BSY a potential func‐
tional ingredient [76, 77].

Other compounds derived from hops include α‐ and β‐ acids, which have a strong antimi‐
crobial activity [78]. The α‐acid content ranges between 167 and 2074 µg/g, with an average 
related to the total hop acid between 487 and 2557 µg/g. When centrifugation is used for 
yeast separation, the amount of hop acids is higher, demonstrating the BSY affinity for these 
compounds [79].

The lipid fraction of the BSY accounted for 4.4% of dry biomass, 58% of which were neu‐
tral lipids. Mono‐, di‐ and triacylglycerols, squalene, lanosterol, ergosterol, steryl esters and 
free fatty acids were identified in the neutral lipid fraction. Although brewers’ yeast does not 
belong to the so‐called lipid yeasts, the high content of squalene gives reason for additional 
exploitation of this by‐product [80].

BSY consumption as protein source for human nutrition is limited by the high level of 
nucleic acids (6–15%) which can cause increase in the level of uric acid in the blood and 
tissues. This restricts the use of BSY to the status of a dietary supplement as powders, 
flakes, tablets or in liquid form, rich in bioactive compounds: vitamins, especially B vita‐
mins and minerals (calcium, phosphorus, potassium, magnesium, copper, iron, zinc, man‐
ganese, selenium and chromium). In order to be used as dietary supplement, BSY has to 
be subjected to a debittering process that can conventionally be achieved by washing with 
an alkaline aqueous solution or by water vapour distillation with or without an organic 
solvent treatment [81, 82].

Autolysed BSY extract occurs by the natural action of endogenous enzymes when cells 
complete their growth cycle. The cell wall gets disrupted as the yeast’s enzymes break 
down proteins, releasing amino acids, salts and carbohydrates. The soluble portions are 
separated from the insoluble components by centrifugation and several filtration steps, 
including ultrafiltration. The final product is either stored in liquid or paste form or may 
be spray‐dried to a powder [25, 63]. BSY hydrolysates are obtained by acidic or enzy‐
matic (proteolytic enzymes) hydrolysis. The BSY extracts manufactured by autolysis and 
hydrolysis are used as a functional ingredient in a variety of processed foods: meat paste, 
soups, sauces, snacks and vegetarian foods, but due to the high salt content, it may have 
limited uses [83].

Yeast extract from BSY could be used in a large variety of food as flavour enhancers [63, 84]. The 
intracellular enzymes nucleases produce nucleotides and nucleosides, of which 5’‐guanosine  
monophosphate and 5’‐inosine monophosphate act as flavour enhancing—the so‐called 
umami effect proteases breakdown the proteins into smaller polypeptides and sulphur 
amino acids that provide komumi taste, continuity, mouthfulness and thick flavour. Several  
sulphur‐containing compounds, identified as S‐allyl‐cysteine sulphoxide (alliin) and glutathione  
(GSH, γ‐Glu‐Cys‐Gly), were responsible for this effect [85].
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2.4. Brewers’ spent hops and trub

Only 15% of the hops constituents will be retrieved in the beer, whereas 85% will become 
spent hop material. A fraction of the hop components will end up in the trub, mainly when 
hop powdered pellets or extracts are used in the brewing process. The hot trub is a precipita‐
tion product of the wort boiling process that includes: insoluble hop materials, condensation 
products of hop polyphenols and wort proteins and isomerised hop acids adsorbed on the 
trub solids [12, 13]. Compared to BSG, the direct use of spent hops as feed supplement is not 
desirable due to the presence of 2‐methyl‐3‐buten‐2‐ol, which is the product of bitter acid deg‐
radation and has hypnotic‐sedative properties. Traditionally, spent hops have been used as a 
fertiliser and soil conditioner, due to the high nitrogen content or mixed with spent grain and 
sent to animal feeding. However, there are several compounds can be recovered from spent 
hops, such as flavours, saccharides and organic acids, which can be obtained after oxidation 
or hydrolysis of this material. Among these compounds, the hop acids, particularly, have 
antibacterial potential being a safe alternative to control bacteria in ethanol fermentations and 
able to efficiently replace antibiotics in ethanol production [12, 13, 86].

3. Concluding remarks and future trends

The idea of converting the brewing waste into functional ingredients is an area of research 
with huge potential and opportunities. Recent advances in biotechnology ensure that brew‐
ing industry by‐products are no longer regarded as a waste but rather a feedstock for produc‐
ing a new generation of added‐value products. Based on this, it is an undeniable fact that 
brewing residues have their own potential for sustainable reuse through biotechnological 
processes. The recent findings highlighted the potential reuse of brewery by‐product and 
led to the idea that multidisciplinary approaches should be implemented in order to develop 
integrated biorefineries. Despite the continuous progress in the recent years in this area, there 
are still the need and a priority to develop/adapt modern and efficient methods for extraction 
of these bioactive compounds.

As economic impact, using the BSG by‐product, which has a low monetary value, as a high‐
nutrient biomass, will enhance the economic potential of breweries and improve the dietary 
attributes of food formulations. The recovered bioactive compounds and functional ingredi‐
ents are also of great interest for food, pharmaceutical industry (e.g. antimicrobial activity, 
carrier agents, controlled release, immune‐modulatory effects), cosmetics, agriculture, chemi‐
cal industry and not only. The social impact of these actions refers to the fact that the complex 
recovery of bioactive compounds and new functional ingredients is aimed to be an efficient 
and at the same time affordable alternative, for all social categories, to complete their diet with 
an appreciable number of nutrients.

Taking into consideration all the above, the future trend in exploitation dewaste generated 
in the beer making process is represented by the development and optimisation of different 
integrated extraction system of biologically active compounds, thus maximising the valorisa‐
tion efficiency of brewing waste, insufficiently exploited until now.
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Abstract

This study was propose to elucidate the traditional process production, biochemical, and 
microbiological parameters of the “red kapsiki” beer locally called “Te.” Direct interviews 
are conducted on the basis of questionnaires in four localities of the Far‐North region of 
Cameroon. At each site, beer samples are collected, labeled, and undergo physicochemi‐
cal and microbiological analyses using standardized methods. The results show that the 
traditional “red kapsiki” beer process incorporates a malting step, a large brewing stage, 
and a final fermentation step which requires a starter. The biochemical parameters of 
the beer samples show a pH value ranging from 2.40 ± 0.19 to 3.26 ± 0.03 (pH < 4.5), an 
alcohol content between 3.85 ± 0.58 and 4.28 ± 0.78% (v/v), a soluble extract which var‐
ies from 6.30 ± 1.09 to 7.29 ± 0.26 °P, a total sugar content which fluctuates between 41.8 
± 0.39 and 72.9 ± 0.40 g/L. In addition, the “red kapsiki” beer shows a total polyphenol 
content between 843 ± 27 and 1150 ± 27 mg/L and a flavonol level fluctuating between 750 
± 23 and 1300 ± 27 mg/L. Microbial analyses show a poor hygienic quality according to 
Cameroon standards referenced on the French Agency Norms.

Keywords: Cameroon, beer, homemade, processing, biochemistry, microbial, quality

1. Introduction

The artisanal fermentation of cereals into beers and wine‐like alcoholic drink is not recent 
in Africa. The traces of the first artisanal fermentation were found by archaeologists in the 
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Blue Nile region of Sudan [1, 2]. In mountainous area of central African savannah, cereals, 
mainly millet and sorghum, are the most important crops used for fermented beverage 
[3]. One of these drinks is an opaque alcoholic beer‐like beverage made from fermented 
sorghum gritz and malted maize, mainly used for rituals and festivities [4]. Two types of 
this beverage are produce in “Kapsiki land.” They are “tè” and “mpedli.” The first one, 
“tè,” also called “red kapsiki,” is the ritual beer. And the second, “mpedli,” is the “white 
kapsiki” beer which is mainly brewed by women for commercial purpose and has no ritual 
significance. “Mpedli” is made by a quick process for immediate consumption [5, 6]. The 
red “tè” beer in which we focus our study is traditionally a man’s brew. Its processing fol‐
lows a strict procedure, with numerous prohibitions, and “red kapsiki” was for long time 
mainly used for ritual purposes than festivities. Symbolism was more focused on this beer 
rather than commercial and technical [6]. However, “red kapsiki” has increasingly become 
a sales commodity for women both at the village markets and in the cities as it is generally 
preferred by the population over “mpedli” [7, 8]. Though most of the symbolism around 
beer is a male‐dominated discourse which concentrates on bonding and power, the sym‐
bolism is less straight forward and more hidden [6]. Despite the importance of the “red 
kapsiki” beer among this tribe, the beer itself remains unknown in scientific community 
and little is known on it processing and quality. This chapter thus aims at valorizing this 
opaque beer by describing its processing technique and provides some data in regard with 
its quality.

2. Materials and methods

2.1. Field work and sampling

In order to describe and follow the process production, a survey was conducted in three 
“kapsiki” rural villages of Cameroon, namely, Rhumsiki, Rhumzu, and Mogodé. Later on, 
some samples from one urban town close to the area Mokolo were also collected for com‐
parison purpose. The choice of this urban area is justified by the fact that Mokolo is the 
immediate administrative area populated in majority by “kapsiki” populations. The sam‐
pling method used for processing description was cluster sampling [9] with two degrees 
of units. At the primary level, we have considered the cities surveyed, production sites and 
markets. At the secondary level, we have interviewed individuals and groups of individual 
respondents. Two layers were formed: rural area and urban area. As urban area, Mokolo was 
chosen because of the possibility of finding markets as well as production sites. In moun‐
tainous “Kapsiki” land, three villages were selected: Rhumsiki, Rhumzu, and Mogodé. As 
for the surveyed markets, we conducted a random choice in Mokolo. In the rural areas, 
Rhumsiki, Rhumzu, and Mogodé, all markets were taken into account because of the very 
limited number of markets and their periodical characters. Producers and women retailers 
were also randomly chosen in the areas and markets selected for the survey. A total of 15 
production sites and 7 markets were visited, and 50 producers and 23 women retailers were 
interviewed. The interviews were conducted on the basis of a questionnaire, and collected 
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data were processed using the software Winstat through a counting sheet constructed from 
the questionnaire.

2.2. On‐site experiment

For characterization, 40 samples of the “red kapsiki” were collected from production sites 
and sales points. The sample pH was measured directly onsite using a portable pH meter. 
The conductivity, density, and brix were also recorded onsite using portables devices con‐
ductometer, densitometer, and brix meter, respectively. Around 10 ml of each sample was 
introduced into test tubes and gently shaken. The probe of designated apparatus (pH meter, 
conductometer, and densitometer) was then deepening into the test tube, and the values 
were read directly on the screen of the device. The experiment was repeated four times for 
each sample. The mean of each read result was considered. For total soluble solids (% Brix), 
the refractometric method was used to determine the soluble solids in beer samples [10]. 
The portable refractometer was first thermostated at 20°C using boiled water and regularly 
calibrated with cooled distilled water until the screen of the device showed 20°C. Soluble 
solids were then obtained from read refractive index on device screen, by reference to a 
standard table.

2.3. Laboratory experiment

2.3.1. Physicochemical analysis

2.3.1.1. Titrable acidity

Titrable acidity (as percentage (w/w) tartaric acid) was determined according to the 
Association of Analytical Chemists’ method [11]. Acidity was evaluated by the alkali‐poten‐
tiometric method using a 0.1‐N sodium hydroxide solution in the presence of 0.4% bromothy‐
mol blue used as an indicator.

2.3.1.2. Total polyphenols

Total polyphenols were assayed by calorimeter using the Folin‐Dennis Ciocalteau reagent as 
described by Mangas et al. [12], and the results were expressed as mg/l of gallic acid.

2.3.1.3. Total ethanol

Total ethanol content was preceded by a Spectrophotometric micro‐method for the determi‐
nation of ethanol after distillation of beer that was made alkaline by a suspension of calcium 
hydroxide [13].

2.3.1.4. Specific density at 15°C

Specific density at 15°C was evaluated as described by Nanda et al. [14]. The specific gravity 
determination was done as follows: 20 ml of sample was poured into the specific gravity test 
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tube to overflow, then the stopper was inserted, and the whole was incubated in water bath 
at 200°C for 30 minutes. The test tube was removed from the water bath, wiped, and then 
weighed. Thereafter, the sample was boiled. The specific gravity was calculated as the ratio of 
weight of ash over the weight of fresh sample time 100.

2.3.1.5. Volatile acidity

The volatile acidity was determined using the Mathieu method by titration of the volatile 
acids separated from wine by steam distillation and titration of the distillate [15].

2.3.2. Microbial analysis

Around 10 ml of “red kapsiki” samples from each site was mixed with 90‐ml sterile peptone 
physiological saline solution (1 g Peptone, 8.5 g NaCl, and 1000‐ml distilled water). Decimal 
dilutions were prepared up to 106 from initial sample as described by Loyer and Hamilton 
[16]. All enumeration in solid media was carried out in triplicate, and the plates containing 
between 33 and 333 colonies were considered. The enumeration in liquid media was evalu‐
ated according to deMan most probable number.

2.3.2.1. Total aerobic mesophilic bacteria

Total aerobic mesophilic bacteria were enumerated on Plate Count Agar (PCA‐OXOID) sup‐
plemented with cycloheximide 0.5% [17]. The plates were incubated at 28°C for 48–72 hours.

2.3.2.2. Total coliforms and Escherichia coli

Total coliforms and Escherichia coli were accessed on Bubble Lactose Bile with Brilliant green 
(BLBVB‐ DIFCO). The tubes containing the Durham bells were incubated at 30°C during 
24–48 hours. The positives tubes were used to inoculate another test tube containing water 
peptone without indole and were incubated at 44°C for 24 hours for E. coli determination, 
which was revealed using Kovac’s reagent [18].

2.3.2.3. Streptococcus

Fecal Streptococcus was enumerated on Slant Agar (SL‐Merck) supplemented with cyclohexi‐
mide at 0.5% after 48 hours of incubation at 37°C [19].

2.3.2.4. Salmonella and Shigella, yeasts and molds, sulfite-reducing

• Salmonella and Shigella were analyzed as described by Ribot et al. [20].

• Yeasts and molds were enumerated on PDA‐Chloramphenicol (200 g potatoes extract, 10 g 
peptone, 20 g glucose, 15 g agar, 0.5 g chloramphenicol, and 1000 ml distilled water, pH 
was adjusted to 5.2) after 48–72 hours of incubation at 30°C [18].

• Enumeration of sulfite-reducing clostridia was done according to Mossel [21] method in 
anaerobic jar.
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2.3.2.5. Total spore-forming bacteria

Total spore‐forming bacteria were evaluated on GPB agar medium (10‐g peptone, 2‐g starch, 
5‐g glucose, 15‐g agar, 40‐mg bromocresol purple, and 1000‐ml distilled water) after 10 min‐
utes of pre‐heating of the samples at 80°C [22]. Colony counts were performed after 48 hours 
of incubation at 35°C.

2.4. Statistical analysis

Comparison of the means was performed by the ANOVA associated with Tukey’s honest 
significant difference (HSD) test to discriminate significantly different pairs of means values. 
Means values were considered statistically different at P ≤ 0.05 significance level.

3. Results and discussion

3.1. Traditional processing of the “red kapsiki”

Sorghum beer is generally made from grain and water, sometimes a gelatinous or mucilagi‐
nous agent [23]. In Cameroon, most of non‐Islamized ethnic groups process it even in dif‐
ferent forms. The obtained beer is named according to ethnic groups and countries. Names 
of beer are as follows: “Tchoukoutou” in Togo and Benin, “Pito” and “Burukutu” in Ghana 
and Nigeria, “Dolo” in Burkina‐Faso, “Tchapalo” in Ivory Coast, “Busaa” and “Bushera” in 
Kenya, “Ikigage” in Rwanda, Kaffir in South Africa, “Mahewu” in Zimbabwe, “Malwa” in 
Uganda, “Munkoyo” in DR Congo, and “Bili‐Bili” in Cameroon. Figure 1 describes the tradi‐
tional processing of “red kapsiki” beer which commonly includes the following:

3.1.1. Malting

In the case of “red kapsiki,” as most of beers, the process production starts by the selection of 
grains. The “red kapsiki” being a noble beer, only good quality grains are considered. Mostly, 
the sorghum variety “mouskwari” is selected for the “red kapsiki” production. However, in 
raining season, “Djigari” variety can also be chosen.

3.1.1.1. Quenching

After being washed, the grains are immersed in water for 12–24 hours so as to obtain a mois‐
ture content of 35–40% for germination. The temperature of water is very important: at high 
temperature, the quenching is rapid. The immersion temperature is close to that of room 
temperature (around 40–45°C in the region). The grains are first drained on tissue and then 
stabled in double layer on cotton cloth bags or on woven mats.

3.1.1.2. Germination

The soft grains are covered and placed in dark area for 2–3 days for germination. Water is 
sprayed sometimes, when the ambient air is dry or when the temperature is hot. Alternatively, 
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Figure 1. Technological diagram of homemade “red kapsiki” beer.
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the grains are left on the ground and sprayed until the germination process starts and root‐
lets appear. The high temperature facilitates the beginning of germination. In this case, the 
germination time can last for 4 days. It should be noted that the same technique is used at the 
household level to improve the energy density of slurries [24]. During germination, amylo‐
lytic enzymes are produced and protein digestibility of sorghum, which is generally low, is 
improved [25]. It was also demonstrated that after 3 days of malting, there was production of 
amylolytic enzymes, including α-amylase, β-amylase, and dextrinase, which are all essential 
for good quality of malt [26].

3.1.1.3. Drying

This corresponds to the “Kilning” and brings moisture to malt to keep 15–20% without mold. 
The malt is dried in sun for one or more days, sometimes less if the process goes straight to 
the brewing stage. In case of the production of special “red kapsiki,” it was noticed that after 
malting, grains are roasted in firewood and ground coarsely. The obtained powder is kept in 
dark for 2 days before brewing.

3.1.2. Brewing

3.1.2.1. Milling

The previously malt is crushed in a mortar/pestle in rural sites or in a wen in urban area.

In fact, the malt is brought to a motorized milling machine sets to crushing mode, to obtain a 
coarse flour.

3.1.2.2. Pasting

The grind is mixed with water and a gelatinous or mucilaginous agent (okra or sap of vari‐
ous trees that improve flocculation and filtration of insoluble in suspension). After an hour of 
storage at temperature of 25 to 35°C, the mixture was separated into two phases, the upper 
liquid phase which is collected. The upper liquid phase already contains a soluble portion of 
malt sugar.

3.1.2.3. The decoction

The lower phase containing malt flour is cooked slowly to boiling so as to obtain a starch 
paste (slurry consistency). The upper liquid base is then mixed with a water to be more eas‐
ily saccharified than if it was not being cooked, and the diastatic actions being more effective 
on cooked starch than on raw starch. Alternatively, like for other sorghum beer processing, 
where the raw grain is added [27, 28, 29], in the case of the “red kapsiki,” production may con‐
tinue with malted sorghum powder. In fact, ground malted sorghum is dissolved in water at 
the ratio of 1/9 (w/v). After 1–3 hours of soaking, supernatant is removed and kept for a later 
use. The remaining mealy material at the bottom of the soaking container is then removed and 
cooked for 3–5 hours. It must be noticed here that some enzymes produced  during the malting 
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stage seem not digested. This may be due to the soaking temperature, which is not optimal 
for enzymes. The mealy deposit is constituted by 80% raw starch. This starch is cooked and 
lightly cooled before previously removed soaking water probably containing starch‐digest‐
ing enzymes is added. The mixture is then kept warm for 1–5 hours or let stand overnight at 
room temperature.

3.1.2.4. Filtration

After the decoction phase, the paste‐like mixture previously removed becomes liquid and 
is filtrated. The dry matter is discarded, while the sour mash obtained is kept for the next 
step of the process. The filtration is mostly done through polypropylene bags, and the slurry 
obtained after decoction is passed through this polypropylene bag. The filtrate now called 
“liquid must” is kept for further processing when the drench is used as animal feed.

3.1.3. Cooking

The liquid must be concentrated and clarified by skimming. This operation is stopped by 
several criteria: clarity, color of the must, cold consistency (syrupy appearance) and also the 
flavor of the must. This operation consisted of two cooking steps. The first step is a precook‐
ing of mealy deposit during 3–5 hours to produce a “sour liquid must.” The second one is a 
cooking of the “sour liquid must” 5–10 hours to produce a “sweetish liquid must” which is 
called “tè kwarhèni” in the local Kapsiki dialect.

3.1.4. Fermentation

The sweetish must is cooled either spontaneously or by successive decanting and then 
starter culture is added. Fermentation lasts 12–24 hours at room temperature. This last step 
is stopped when supernatant liquid foam. The beverage obtained at the end is called “tè” or 
“red kapsiki.”

3.2. Biochemical profile of the “red kapsiki”

As presented in Table 1 and compared to other African beer as described by Lyumugabe et al. 
[29], the “red kapsiki” presents a greater alcohol content (3.85–4.28% v/v). This beer seems more 
alcoholic than “Bushera” 0.27% [30], “Burukutu” 1.63% [31], “Munkoyo” 2.1% [32], “Dolo” 
2.3% [33], “white Kapsiki” beer (2.48 ± 0.14%) [34], and “Pito” (3.09%) [35]. However, the “red 
kapsiki” would be less alcoholic than “Tchapalo” (5.03–5.22%) [28]. We noticed a pH between 
2.40 ± 0.19 and 3.26 ± 0.03. With an average pH below 4.5, the “red kapsiki” beer samples would 
be of satisfactory quality according to the CODEX STAN 243. Soluble extract varies from 6.30 to 
7.29 °P,Brix from 7.0 to 7.46 °B, and total sugar from 41.8 to 72.9 g/l. Compared with the litera‐
ture, this beer seems to be sweeter than “Tchapalo” 5.3 g/l [28], “Dolo” 7.7 g/l [33], and “Pito” 
34 g/l [35]. This beer has a conductivity from 1919 to 1990 (μS/cm) and a specific density (g/
cm) at 15°C of about 1.33. The color of the “red kapsiki” varies from a pinky brown to reddish 
according the variety of sorghum used. As most of African sorghum beers, the “red kapsiki” 
presents a touch of fruitiness added to their fermentation odor. This beer is mainly consumed 
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in an actively fermenting state leading to a short shelf life as mentioned for other African beer 
in literature [20, 29, 36, 37]. Statistical analyses carried out on the physicochemical composi‐
tion of “kapsiki red” beers show generally that there is no significant difference between the 
samples from the different sites. Indeed, the physicochemical parameters of this beer are sub‐
stantially the same from one site to another. Despite a difference in the manufacturing process, 
the results obtained with this beer are similar to those of Yao et al. [38], which showed a con‐
sistency in the physicochemical properties of “Tchapalo” taken from nine different sites in the 
city of Abidjan. At first glance, this regularity seems surprising since the artisanal production 
of “kapsiki red” beer is made without measuring and precision equipment. The operations 
are done by simple visual and sensorial appreciation [28]. This apparent invariability could be 
explained by the fact that manufacturing being empirical, brewers have kept the same reflexes 
and habits. This allows them to obtain more or less identical finished products.

As present in Table 2, the “red kapsiki” contains a quite good amount of polyphenols. The 
recorded amount varies from 843 ± 27 mg/l in Mogodé samples to 1150 ± 27 mg/l in Rhumzu 
samples. It must be noticed that some of these polyphenols are too low or absent in other 
“industrial” beer. As indicated by Bröhan et al. [39], when barley malt is used for mashing, 
around 30% of total beer polyphenols are issued from hop, although added in 100 times lesser 
quantity than malt. In the case of the “te” or “red kapsiki,” the sorghum contribution to beer 
polyphenols could be much higher. In fact, sorghum phenolic acids include hydroxybenzoic 
(mainly protocatechuic acid) and hydroxycinnamic acids [40, 41] both free and bound as 
esters. Most of them are found in usual lager beers brewed either from barley malt or from 
hop [42]. Sorghum anthocyanins are unique, as they lack the hydroxyl group at the 3‐posi‐
tion of the C ring. These 3‐deoxyanthocyanins such as luteolinidin and apigeninidin are used 
as natural food colorings because they are more stable than anthocyanidins in both organic 
solvents and acidic solutions. Amount of 1500 mg/l of flavonol was recorded in “red kapsiki.” 
Bröhan et al. [39] indicate that flavonols such as apiforol (leucoapigeninidin) and luteoforol 
(leucoluteolinidin) are sorghum polyphenols as precursors of sorghum 3‐deoxyanthocyanins. 

Mogodé Mokolo Rhumsiki Rhumzu

pH 2.46 ± 0.08a 2.42 ± 0.12a 2.40 ± 0.19a 3.26 ± 0.03a

Total titrable acidity 
(mg/l)

6.7 ± 0.4a 8.1 ± 0.5b 7.7 ± 0.1b,c 7.2 ± 0.6a,c

Soluble extract (°P) 7.28 ± 1.29a 7.29 ± 0.26a 7.29 ± 0.26a 6.30 ± 1.09a

Brix (°B) 7.0 ± 1.06b 7.46 ± 0.83b 7.42 ± 0.84b 7.0 ± 0.16b

Total ethanol (% vol) 3.85 ± 0.58a 4.10 ± 0.46a 4.08 ± 0.46a 4.28 ± 0.78a

Total sugars (g/l) 72.8 ± 1.29a 72.9 ± 0.30a 72.9 ± 0.40a 41.8 ± 0.39a

Conductivity (μS/cm) 1919.23 ± 8.12a 1990.0 ± 4.08b 1990.0 ± 3.53b 1929.00 ± 4.02a

Specific density (g/
cm) 15°C

1.03 ± 0.00 a 1.33 ± 0.00a 1.00 ± 0.00a 1.62 ± 0.00a

NOTE: Mean values preceded by at least one common letter (a, b, c) in the same line are not significantly different (P 
<0.05) according to the ANOVA and Tukey comparison test.

Table 1. Biochemical profile of the “red kapsiki” beer.
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Never reported in beer, they have been found at concentrations up to 4200 mg/kg in sorghum 
[43]. Other sorghum flavonoids include the flavones apigenin and luteolin [44], the flava‐
nones naringenin and eriodictyol [45], the flavonol kaempferol, the dihydroflavonol taxifolin, 
and the flavan-3-ols (þcatechin and epicatechin. Hop brings similar flavonols and flavan-3-ols 
to wort, in industrial brewing.

3.3. Microbial profile of the “red kapsiki”

The results of the microbiological analysis of beers obtained are shown in Table 3. Analysis 
of these results shows that the parameters sought in the produced beers are not in accordance 
with international microbiological criteria [46]. The presence of pathogens as Coliforms, 
Salmonella and Shigella, and yeasts and molds in these beverages indicates that the “red kap‐
siki” is of bad hygienic quality. In fact, it’s said that one of the main factors limiting the use 
of the “red kapsiki” like most of African opaque beers is that they spoil rapidly due to extra 
bacterial action. Despite its low acidity and pH, the load of microorganisms is important 
(Table 3). Total aerobic microflora is up to 6.2 107 cfu/ml. This may be explained by the fact 
that the “red kapsiki” is still actively fermenting when sold and consumed. This means that 
the process is not optimal yet when the beverage is consumed. The total coliform, total spore‐
forming bacteria, and clostridia loads are higher in Mokolo sample than in other samples, 
with values of (2.4 ±0.7) 105cfu/ml, (7.7 ±0.3) 103 cfu/ml, and (3.9 ± 0.6)103 cfu/ml, respectively. 
The presence of coliforms and fecal Streptococcus genera is obvious as the “red kapsiki” 
presents a too low acidity level and presence of alcohol even in insufficient amount. It was 
expected to have a synergetic effect of acid and alcohol against microorganisms. Among the 
pathogenic microorganisms could be isolated in craft beers, we can mentioned coliforms as 
Escherichia coli and spore‐forming bacteria species. Their presence and persistence in these 
beverages would not only be linked to a simple contamination but also to their adaptation 
ability. Indeed, several studies have shown that some environmental parameters such as low 
temperatures like those that are observed during processing have the capacity to induce the 
resistance of these microorganisms to high temperatures [47] and strongly acidic pH [22, 48]. 
Bayoï et al. [22] showed that spores of Bacillus subtilis and Geobacillus stearothermophilus pre‐
treated at 45, 50, and 60°C during 1–3 hours before treatment with acetic acid at pH 4.5 were 
significantly more resistant to this acid compared to the spores of the same bacterial spe‐
cies non‐pretreated and subjected under the identical acid conditions. Etoa and Adegoke [47] 

Sample Volatile acidity (g/l) Total polyphenols (mg/l) Flavonol (mg/l)

Rhumzu 0.3 ± 0.00a 1150 ± 27a 1300 ± 27a

Rhumsiki 0.2 ± 0.00b,c 911 ± 22b 1000 ± 32c

Mogodé 0.1 ± 0.00c 843 ± 27b,a 834 ± 16a,d

Mokolo 0.2 ± 0.00b,c 1111 ± 32c,a 750 ± 23e,a

NOTE: Mean values preceded by at least one common letter (a, b, c, d, e) in the same line are not significantly different 
(P <0.05) according to the ANOVA and Tukey comparison test.

Table 2. Some essential biochemical compounds of the “red kapsiki”.
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and Bayoï et al. [22] explained this phenomenon during which there was a slight increase in 
resistances in the spore following their stay at sublethal temperatures (heat‐induced resis‐
tance), by the structural modifications of the spores molecules, mainly those of the differ‐
ent tunics and of the inner membrane. According to these authors, these molecules would 
undergo changes in conformation in presence of sublethal temperatures, which would result 
in the reduction of the permeability with respect to chemicals. Wang and Doyle [48] showed 
that survival in a minimum glucose medium at pH 2.5 of certain strains of E. coli pretreated 
at 48°C for 10 minutes was 10–100 greater compared to strains nonpretreated. According to 
Small et al. [49], this difference in acid resistance of pretreated E. coli strains could be the result 
of either the difference in the expression of the rpoS gene or the amount of synthesized heat 
shock proteins. Wang and Doyle [48] have clearly shown that the induction of acid resistance 
by thermal shock implies the synthesis of new proteins. According to these authors, two pro‐
teins, namely one of 22 KDa and another of 15 kDa, were synthesized at the outer membrane 
during the heat shock (48°C/10 minutes). Indeed, these two proteins would be subunits of an 
alkyl hydroperoxide reductase involved probably in the transport of protons out of the cell 
[48].This phenomenon was called “heat‐induced acid resistance” [22]. The presence of E. coli 
would also probably be related to the induction of other mechanisms associated with acid 
resistance in E. coli. Indeed, in E. coli more specific systems neutralize the protons entering the 
cell which contributes to increase the internal pH (pHi). Four systems, known as AR or “Acid 
Resistance,” have been identified. The first, AR1 inhibited in the presence of glucose, is able 

Mogodé Mokolo Rhumsiki Rhumzu Standards

Total count (cfu/
ml)

(6.1 ± 0.2) 105 b (6.2 ± 0.5) 107 a (5.1 ± 0.3) 105 b (7.4 ± 0.1) 104 b <106

Total coliform 
(cfu/ml)

(7.2 ± 0.5) 104 b (2.4 ± 0.7) 105 a (4.2 ± 0.4) 103 b (1.4 ± 0.3) 104 b <103

Total thermo‐
tolerant coliforms 
(cfu/ml)

(9.2 ± 0.4) 101 a (3.1 ± 0.4) 103 b (5.2 ± 0.7) 101 a (3.1 ± 0.5) 102 a,c <102

Fecal 
Streptococcus 
(cfu/ml)

(2.2 ± 0.2) 102 c (3.7 ± 0.4) 104 a (3.2 ± 0.3) 103 c (2.2 ± 0.2) 104 b <103

Salmonella and 
Shigella (cfu/20 g)

(8.1 ± 0.7) 101 b (4.5 ± 0.2) 103 a (9.2 ± 0.7) 102 b (7.2 ± 0.5) 103 c Absence/20g

Sulfite-reducing 
clostridia (cfu/ml)

(5.0 ± 0.4) 101 b (7.7 ± 0.3) 103 a (7.2 ± 0.9) 101 b (2.5 ± 0.6) 102 b Not known

Total fungi (cfu/
ml)

(3.5 ± 0.8) 103 b (3.2 ± 0.7) 105 a (4.5 ± 0.4) 104 b (6.1 ± 0.2) 104 b <105

Total spore‐
forming bacteria 
(cfu/ml)

(2.7 ± 0.2) 102 a (3.9 ± 0.6) 103 b (2.4 ± 0.2) 102 a (9.7 ± 0.2) 102 a <104

NOTE: Mean values preceded by at least one common letter (a, b, c) in the same line are not significantly different (P < 
0.05) according to the ANOVA and Tukey comparison test.

Table 3. Microbial profile of the “red kapsiki”.
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to protect the cell in stationary phase, and it is dependent on RpoS and the CRP‐cAMP com‐
plex [50]. The presence of glucose in the medium reveals three other systems, AR2 (Arginine 
decarboxylase), AR3 (Lysine decarboxylase), and AR4 (Glutamate decarboxylase). These sys‐
tems respectively decarboxylate arginine, lysine, and glutamate in agmatine, cadaverine, and 
g‐aminobutyrate (GABA), which are expelled into the outside environment. This allows the 
consumption of a proton (H+) and the release of CO2. Thus, when the external pH is 2.5, these 
decarboxylations allow the increase of the internal pH of 3.6 to 4.2–4.7, and the inversion of 
the membrane potential, essential for the survival of E. coli [51].

Indeed, studies on traditional sorghum beer in West Africa show that these drinks are a com‐
plex biotope composed of several genera and species of microorganisms dominated by yeast 
[29, 52, 53]. Their prevalence is probably because they are added by inoculation of the tradi‐
tional starter in the sweet wort to ensure alcoholic fermentation [38, 54]. During fermenta‐
tion, we initially have a yeast growth which is accompanied by the production of ethanol 
after the logarithmic growth phase, and which continues during the stationary phase. It has 
been observed that during this time, very little or no increase in the number of contaminat‐
ing organisms seems to occur [18]. However, the presence of yeast in beer would also be due 
to adaptation in response to the accumulation of ethanol produced. According to Dombek 
and Ingram [55], this adaptation was accompanied by a change in the composition of mem‐
brane lipids after accumulation of ethanol. This changes in the composition and structure 
membrane would allow the yeasts to escape at the solubilizing action of ethanol. The surviv‐
ing yeasts can readily begin another post‐adaptation growth cycle. The isolated pathogenic 
bacteria can originate from the environment, the raw material, and the equipment used. The 
hygienic quality of beer produced depends closely on the conditions of fermentation of the 
must. Indeed, the levels of total sugar and vitamin C are relatively high in beers obtained from 
the fermented mash. The recorded values for the “red kapsiki” are higher than those in the 
“Tchapalo” [28, 54] where the fermentation is carried out at a room temperature with a starter 
culture based on previous productions. It must also be noticed, to explain the prevalence of 
pathogens, that after few days of fermentation, the amount of yeasts decreases because of 
autolysis. With little or no competition from yeasts for the readily available nutrients, con‐
taminating microorganisms increase rapidly in number and their metabolites may change 
and spoil the beer. Because of the relatively high temperature of the “red kapsiki” fermenta‐
tion, these sequential events occur within a short‐time period. This period does not usually 
exceed more than 3 days in summer or 5 days in winter before this spoilage occurs. The 
metabolic activities of mesophilic bacteria are primarily responsible for the spoilage. These 
bacteria, along with other undesirable bacteria, may produce acetic acid, volatile off-flavors, 
fruity odors, and pellicles which render the taste, odor, and texture of the beer unacceptable 
to consumers.

4. Conclusion

The color of the “red kapsiki” is pink brown to reddish according the variety of sorghum used. 
This artisanal beverage requires steps of malting, quenching, germination and “ kilning,” 
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decoction, filtration, boiling and sterilizing, cooling, sowing, and fermentation for its produc‐
tion. The “red kapsiki” presents an interesting physicochemical profile, but has a high degree 
of microbial contamination for consumption, and we noticed the presence of pathogens such 
as coliforms, Salmonella, Shigella, as well as some alteration flora as yeasts and molds. The 
potential of the beverage for sales and income adds to the fact that this beverage has symbolic 
value for local population and there is a need to improve its entire process production and 
hygienic quality. Thus, for the advanced knowledge about certain characteristics of this local 
beer, it appears necessary to include in future studies a hazard analysis critical control point 
(HACCP) in order to propose a better manufacturing technology to ensure the production of 
a good hygienic “red kapsiki” beer.
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Abstract

This chapter describes and explains in detail the electronic noses (e-noses) as devices 
composed of an array of sensors that measure chemical volatile compounds and apply 
classification or regression algorithms. Then, it reviews the most significant applications 
of such devices in beer technology, with examples about defect detection, hop classifica-
tion, or beer classification, among others. After the review, the chapter illustrates two 
applications from the authors, one about beer classification and another about beer defect 
detection. Finally, after a comparison with other analytical techniques, the chapter ends 
with a summary, conclusions, and the compelling future of the e-noses applied to beer 
technology.

Keywords: beer, electronic noses, gas sensor, pattern recognition, beer discrimination, 
defect detection

1. Introduction

Among the alcoholic beverages, beer is one of the most consumed in the world [1]. Because 
of such a big market, beer safety and the repeatability of its organoleptic qualities are very 
important for the manufacturers. For this reason, several techniques are used in the beer 
industry; they assess these aspects by analyzing the chemical composition or by human pan-
els. One of the most difficult analyses is the chemical species of the beer headspace (HS). 
The headspace contains multitude of volatile organic compounds (VOC) that determine the 
organoleptic qualities or VOCs that are markers of spoilage, toxins, or flavor instability. For 
example, beer evolution can be marked by the presence of oxidative species such as alde-
hydes produced from alcohol oxidation [2]; contamination by bacteria can be marked by the 
presence of diketones such as diacetyl [3]; or toxic species such as nitrosamines [4] that can 
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be generated during the malt production. Furthermore, the analysis is hindered by the high 
amount of CO2 in the beer so usually, there is a required degasification process. The analysis 
of the volatile chemical species not only applies to the final product but also to the ingredients 
(hops, malt, etc) as the quality and characteristics of the components have a determinant effect 
on the final product. All these analyses (human and chemical) are complex so they are done in 
batches and are costly in time and money. However, an early detection or continuous moni-
toring by means of a fast analysis can avoid wastage and save money and time. An e-nose is a 
technology that could able to analyze and extract the chemical information of the beer organic 
volatile compounds and correlate their organoleptic qualities. The aim of this chapter is to 
bring in the innovative and promising technology of e-noses in the traditional beer industry. 
With this intention, there is, first, an introduction to e-nose technology where the different 
parts are described in detail. Then, several examples of its use are enumerated and some of 
them are explained. In addition, there is a brief comparison with other techniques to highlight 
the advantages and the scope of its use. Finally, there are the conclusions and future trends.

2. Electronic noses

An e-nose is a device that tries to imitate the structure and functionality of the human nose, 
and both of them are intended to be used in similar applications. Figure 1 shows this similar-
ity in the way they work: the first step in both is the interaction between volatile compounds 
(usually a complex mixture) with the appropriate receptors: olfactory receptors in the biologi-
cal nose and a sensor array in the case of the e-nose. There is an overlapping in sensitivities 
so one odorant receptor responds to multiple odorants and one odorant can be detected by 

Figure 1. Similarity between the biological olfactory system and an e-nose.
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several odorant receptors. The next step in both is the storage of these signals in the brain or 
in a database of a pattern recognition machine (learning stage) for further identification of one 
of the odors that is learned (classification stage).

Pre-1920 work on machine olfaction was prevented by the absence of any suitable electronic 
instrumentation. In 1920, Zwaardemaker and Hogewind suggested that odors could be 
detected by measuring the electrical charge developed on a fine spray of water that contained 
the odorant in solution, but they were unable to develop this into a useful instrument [5].

The first real report of an experimental instrument was published by Hartman and colleagues 
who described an electrochemical sensor consisting of a polished metal wire microelectrode in 
contact with the surface of a porous rod saturated with a dilute electrolyte [6, 7]. By using var-
ious combinations of metal electrodes, electrolytes, and applied potentials, a system of several 
sensors was made to operate simultaneously. In essence, the sensors used in this work were 
examples of amperometric electrochemical gas sensors. The instrument they developed com-
prised an array of eight different electrochemical cells and gave different patterns of response 
for different odorant samples, although in this work, they made no serious attempt to process 
the patterns which they generated even though computers were becoming available.

At about the same time, Moncrieff was working on the same problem but using a different 
approach. He employed a single thermistor (temperature-sensitive resistor) coated with a 
number of different materials, including poly(vinyl chloride), gelatin, and vegetable fat, to 
monitor odors [8]. He recognized that the coatings he used were non-specific, and he pos-
tulated that if an array of six thermistors with six different coatings were constructed, then 
the resulting instrument would be able to discriminate between a large number of different 
smells. In 1965, two other groups published early studies of e-noses: Buck et al. made use of the 
modulation of conductivity [9], while Drawnieks and Trotter used the modulation of the con-
tact potential to monitor odors [10]. However, the concept of an e-nose as an intelligent system 
composed of an array of chemical sensors for odor identification did not emerge until nearly 
20 years later, following publications by Persaud and Dodd in 1982 at Warwick University, UK 
[11] and by Ikegami in 1985 and 1987 at the Hitachi Research Laboratory in Japan [12, 13]. By 
this time, developments in electronics, sensors, and computing came together to reach a stage 
where an e-nose had become a genuine possibility. The term “e-nose” first appeared in the 
literature around the late 1980s [14]. Then, in 1991, a session of a NATO advanced workshop 
on chemosensory information processing was dedicated to the topic of artificial olfaction.

An accepted definition of an e-nose given by Gardner in 1994 is “an instrument which com-
prises an array of electronic chemical sensors with partial specificity and an appropriate 
pattern recognition system, capable of recognizing simple or complex odours” [15]. This 
definition restricts the term e-nose to those types of sensor array systems that are specifically 
used to sense odorous molecules in an analogous manner to the human nose. However, the 
architecture of an e-nose has much in common with multi-sensor systems designed for the 
detection and quantification of individual components in a simple gas or vapor mixture [16]. 
An e-nose generally consists of an aroma extraction system, a sensor array, a control and 
measurement system, and a pattern recognition method [17]. A block diagram of the typical 
structure of an e-nose can be observed in Figure 2.

Electronic Noses Applications in Beer Technology
http://dx.doi.org/10.5772/intechopen.68822

179



The sampling method or aroma extraction system carries the aromatic volatile compounds 
from the samples to the sensor cell. Different sampling techniques can be used in e-noses [18]: 
static or dynamic HS, purge and trap (P&T), and solid-phase micro-extraction (SPME) are the 
most common techniques.

A gas sensor is a device that is capable of converting the concentration of chemical com-
pounds into electric signals and responds to the concentration of specific particles in gases or 
liquids [19]. Chemical sensors can be based on electrical, thermal, mass, or optical transducer 
principles. Several examples of chemical sensors used in e-noses are conducting polymers 
[20], quartz resonators [21], and surface acoustic wave (SAW) [22] and semiconductor devices 
[23]. The e-nose device has the advantage of low cost and portability for making in situ and 
online measurements.

The instrumentation and control system includes the electronic circuits needed for the mea-
surements of sensors signals (e.g., interface circuits, signal conditioning, and analog-to-digital 
(A/D) or digital-to-analog (D/A) converters).

The goal of an e-nose is to identify an odorant sample and perhaps to estimate its concentra-
tion by means of a signal processing and pattern recognition system. However, those two 
steps may be subdivided into the following steps [24]: preprocessing, feature extraction, pre-
diction or classification, and decision-making.

It is necessary to create a database of expected odorants by presenting the samples to the sen-
sors. Preprocessing techniques try to compensate sensor drift, compress the transient response 
of the sensors, and reduce variations from sample to sample. Typical techniques include 
manipulation of baselines, response normalization, and compression of sensor transients.

Feature extraction has two different purposes: first, to reduce the dimensionality of the mea-
surement space and second, to extract information relevant for pattern recognition. It is gener-
ally performed with linear transformations such as the classical principal component analysis 
(PCA) and linear discriminant analysis (LDA). PCA is a powerful, linear, unsupervised, and 
non-parametric pattern recognition technique that has been used by many researchers to 

Figure 2. Block diagram of an e-nose system.
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reduce the dimensionality of the pattern space leading to better visualization of data cluster-
ing. This method expresses the response vectors by using linear combinations of orthogonal 
vectors along a new set of axes and is sometimes referred to as vector decomposition, and it 
usually helps to display multivariate data in a plot of two or three dimensions. PCA finds 
projection of maximum variance and is the most widely used linear feature-extraction tech-
nique [24]. But it is not optimized for classification tasks since it ignores the identity (class 
label) of the odor examples in the database. LDA, on the contrary, tries to find projections that 
maximize the distance between examples from different odorants and minimize the distance 
between examples of the same class [25, 26].

Finally, the classification task is usually performed by artificial neural networks (ANNs). An 
ANN is a mathematical algorithm that has the same function as that of the human brain in 
the biological sense of smell. The typical structure of an ANN is a network with two or more 
layers of neurons that are connected with synaptic weights—real number multipliers that 
connect the output of neurons to the inputs of neurons in the next layer [25–27]. During train-
ing, the ANN tries to learn the patterns of the different odorants by adapting the weights in 
order to obtain the desired output. After training, when an unidentified sample is presented, 
the ANN calculates the output of each layer and assigns the class label that provides the best 
response. In some cases, an undetermined class is used to determine the unknown sample 
that does not belong to any of the learned classes in the database [28].

The application of the human sense of smell as an odorant instrument is limited for different 
reasons: it is strongly subjective, gets tired easily, and in some cases, it is difficult to inter-
pret. Consequently, there is considerable need for an instrument that could mimic the human 
sense of smell but without those limitations in order to be used as industrial applications. 
In this sense, e-noses could be used in areas like food, automobile, environmental industry, 
and medicine for different tasks like: pollution control and air-quality monitoring, control of 
industrial processes, detection of illnesses by exhaled breath, and safety aspects.

E-nose instruments are attractive in different fields due to several reasons: the fast assessment 
of samples, a qualitative and quantitative representation, and the use of low-cost and small-
size sensors, appropriate for production processes. A considerable number of applications 
of e-noses have been reported for sensing applications. A broad list of e-nose reviews can be 
found in the literature that are structured and focused on mass spectrometry-based e-noses 
[29], biomedical and health care applications [30], agriculture and forestry applications [31], 
microbial quality control of food products [32] and food industry [33], pharmaceutical appli-
cations [34] developing chemical sensor arrays [35], etc.

3. E-nose applications in beer

E-noses have been applied to the whole production chain of beer, from the main ingredients 
(barley, hops, and yeasts) going through the different processes (mainly fermentation) to the 
final product. In this sense, the discrimination between beers and other beverages is the one 
that has more applications with enoses. In the following lines, an overview of the different 
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applications of e-noses in breweries is given although it does not pretend to be exhaustive. A 
brief review of the applications of e-nose technology in breweries can be found in Ref. [36].

A classification of beer ingredients has been studied with these systems. Hops classification 
was performed in Ref. [37]. Using a commercial e-nose (FOX 2000), discrimination of different 
malt types could be done [38].

Fermentation monitoring, usually by measuring alcohol content, has been addressed by some 
authors [39, 40]. A recent review of e-nose applications on alcoholic beverage fermentation is 
found in Ref. [40].

Other common applications are detection of defects such as dimethyl sulfide detection [41] 
and 1-hexanol, ethyl acetate, oct-1-en-3-ol and diacetyl [42]. Related to this is the work in 
Ref. [43] that studies the influence of the fungicide triadimefon on the quality of beer using 
an e-nose, e-tongue, high-performance liquid chromatography (HPLC), and a sensory panel. 
Other authors [44] used a hand-held e-nose to detect different amounts of intentionally added 
ethyl acetate and acetaldehyde to commercial beer. In Ref. [45], discrimination among beers 
with some defects (diacetyl or dimethylsulfide) was performed using an MOS-based e-nose.

But by far the most common application is beer discrimination among other beers or among 
other alcoholic beverages. The first work about e-nose applied to beer is the paper by Aishima 
[46]. He used an e-nose composed of six Taguchi metal-oxide (MOX) gas sensors to discrimi-
nate among several alcoholic beverages. Also, in the 1990s, an e-nose based on conducting 
polymers was used to classify different types of beers and identify certain off-flavors [47]. In 
Ref. [48], an e-nose based on quartz crystal balance (QCB) and MOSX sensors was used in con-
junction with a chromatographic column to discriminate among eight brands of beer. Other 
authors used an MOX-based e-nose to classify several alcoholic beverages and studied the eth-
anol influence in the response to the system [49]. In Ref. [50], an MOX-based e-nose was also 
used to differentiate among beverages, including beer, and in Refs. [51, 52], an MOX-based 
e-nose was used to classify commercial beers. Li [53] used an MS-based e-nose to discriminate 
among beers with different characteristics. Zhou discriminated among 12 commercial beers 
and other products with a 3 MOX sensor-based e-nose [54]. Siadat used an MOX-based e-nose 
to differentiate among alcoholic and non-alcoholic beer [55]. Vera [56] used an MS e-nose to 
discriminate among several beers from different breweries. Recently, Liu used a combined 
e-nose and electronic tongue system to correlate the information with a sensory panel for five 
commercial beers [57]. A SAW-based e-nose to discriminate volatile compounds, liquors, and 
perfumes can be found in [58].

Beer-aging experiments in commercial (lager and ale beers) industries under different storage 
conditions are shown in Refs. [59, 63, 64]. A review of e-noses with some information for beer 
classification and ageing is shown in Ref. [60].

Another application, far from the above cited, is the example of Thepudom et al. [61], who 
employed an optical e-nose to investigate alcohol decay in breath after drinking beer.

Table 1 summarizes the applications of e-noses in beer with information about the technol-
ogy, number of sensors, and data processing algorithms.
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4. Detailed examples of applications in the beer field

In this part of the chapter, the development of a portable e-nose designed and optimized for 
beer discrimination is presented. The device is validated by doing two different measurements: 
draft beer discrimination and off-odor detection. The main features of the designed e-nose [65] 
are portable, low size, autonomous, low cost, and easy to use. The designed e-nose (Figure 3a) is 
equipped with wireless communication capable of forming a network of e-noses for distributed 
measurements [66] (Figure 3b). It has been designed to work with resistive sensors, headspace as 
the sampling method, and a portable instrumentation and control system; it includes recharge-
able batteries, touch screen, and IEEE 802.11 transceiver for wireless communication (Figure 4).

It consists of two gas inlets that are switched through a three-way electrovalve whose output is 
connected to the sensors cell that contains the micro-sensor array. One of the gas inlets has a car-
bon filter and is intended to provide clean air as the reference baseline. Downstream are located 

Application Sensor technology Number of sensors Data processing 
algorithm

References

Malt classification MOX 6 PCA, CLA [38]

Hops classification MOX 6 PCA, SOM [37]

Classification CP
SAW
GC-MOS
MOX
MOX
QCB, MOX
MOX
MS
MOX
MOX
MOX
MS

12
8
14
3
8
8,8
5
1
5
3
5
1

CLA
PCA
PCA
ANN
PCA
PCA
PCA, LDA, PNN, 
PLS-DA, SIMCA
PCA
PCA
PCA, ANN
PCA, ANN
PCA, LDA

[47]
[58]
[49]
[50]
[46]
[48]
[51]
[53]
[52]
[54]
[55]
[56]

Off defects CP
MS
GC-MOS
MOS

?
1
14
4

ANN
?
PCA, DFA
ANN

[45]
[41]
[42]
[44]

Fermentation Catalytic
MOX

1
7

?
PCA

[39]
[62]

Flavor assessment MOS 8 ANN [57]

Aging MS
MOX
MOX

1
12
5

PCA, LDA, PLS
PCA
PCA, LDA, ANN

[59]
[63]
[64]

Other (pesticides) MOX 10 PCA [43]

Breath OPT 2 PCA [61]

Table 1. E-noses and their beer applications.
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Figure 4. Schematics of the e-nose and measurement system.

Figure 3. Portable e-nose (left) and configuration of the e-nose in the network (right).
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the temperature sensor and the pump. The whole system is controlled by a digital signal con-
troller (Figure 5). The sensor resistances are measured by A/D circuits, and their heating con-
sists of pulse width modulation (PWM) outputs. An LCD touchscreen shows the measurements 
that allow the manual control of parameters such as pump, heater, power, or the electrovalve. 
Rechargeable batteries give about 8 h of autonomy to the e-nose. Wireless communications are 
provided by a Wifi transceiver. A network could be established with a host computer for remote 
operation. The sensors cell and board are designed for micro-sensors in a TO-5 or TO-8 12 leads 
package but it is easily adaptable to other packages and sensors. The system can measure up to 
four resistive sensors and provides independent heating for each one. The instrument is con-
trolled by a program developed in Labview™. The program displays and controls the measure-
ment parameters and generates the response database. Algorithms for both online and off-line 
pattern recognition techniques have been developed in Matlab™ and integrated in the program 
through Mathscripts. External classification using a web server can also be performed [67].

The control program displays and controls the main measurement parameters (temperature, 
sensor resistance, temperature, valve status, battery status, and pump power) and automati-
cally generates the response database. The program user interface is shown in Figure 6.

After measurements are made, data processing methods are applied to the data. PCA and 
ANN have been implemented in Matlab™ for data processing. PCA applies a linear transfor-
mation to the data, and this results in a new space of variables called principal components 
[24]. The number of variables is reduced from the number of sensors 4 to 2 or 3 variables in 
order to show it in a plot and see the discrimination capability of the array. Next, a classifier 
is used to give a response to a typical problem of prediction of unknown samples. The most 
used classifiers are based in ANN. In these experiments, two types of ANNs were used for 

Figure 5. Block diagram of the main components of the developed portable e-nose.
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classification purposes: feedforward network with backpropagation learning algorithm (FF-
BP) and probabilistic neural networks (PNN).

The FF-BP networks had three layers, an input layer with a number of neurons equal to the 
sensors of the e-nose (four), a hidden layer with a variable number of neurons that went from 
10 to 25, and finally an output layer with a neuron for each class of the classification problem.

The PNN were also composed of three layers [26], the input layer with a number of neurons 
equal to the sensors of the e-nose (four), a hidden layer of neurons with radial basis transfer 
functions that had neurons equal to the training set, and finally an output competitive layer 
with a neuron for each class of the classification problem. The structure of this type of neural 
network can be seen in Figure 7.

To validate the performance of the network [26], leave one out (LOO) cross-validation was 
applied to the networks. In LOO, the network is trained with all the data except one data 
point and then the data left out is used to evaluate the performance of the network. This is 
repeated for each data point, leaving, in each iteration, one data point out. The performance 
is the assembled errors that are made [68, 27].

4.1. Beer discrimination

The main aim of this experiment was to check the discrimination capability of the proposed 
system. In this sense, the task of classifying different draft beers was attempted. Different 

Figure 6. Control program user interface.
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 commercial draft beers (Blomberg Blanca, Blomberg Rubia, Blomberg Dubbel, Marwan, Cerex, 
Jacha Jigo Jiguera, Ballut Rubia, and Ballut Negra) were purchased in specialized shops and 
kept to the moment of measurements. Before that, a degasification process based on magnetic 
agitation for 20 min was performed. Next, 10 mL of each sample was taken and kept at 12°C 
with a thermal bath in order to generate a stable headspace for each sample. A total number of 
128 measurements (16 replicates per beer) were performed. The measurement cycle was for a 
duration of 10 min: 1 min of adsorption (air passes through the samples) and 9 min of desorp-
tion (air directly passes through the sensors). The air rate flow was 150 mL/min, constant 
in every measurement. Once a second, measurements of the parameters (sensors resistance, 
relative humidity, ambient temperature, air rate flow, and battery voltage) were taken and 
stored in a file. Commercial sensors of e2V SGX sensortech based on tin oxide MOS sensors 
were used. The operation temperatures of the sensors were optimized for beer discrimination, 
and its range was among 350 and 450°C. Once the measurements were performed, data were 
stored in a hard disk for data processing. A periodic calibration made with 10% of Ethanol 
in water is usually performed for compensating sensor drift. In this case, it is not necessary 
because of the short time spent doing the measurements. No variation in the sensors response 
to reference air is observed during the measurement period.

Data obtained from measurements were processed using PCA. The first three principal com-
ponents were shown in Figure 8. This plot shows an almost complete separation among the 
eight classes of beer. The ellipses show 80% of the variance of the classes, some partial over-
lapping between Marwan and Cerex, and other neighbor classes can be observed. The vari-
ance explained by each principal component is in brackets.

To confirm these results, a classification with three different classifiers based on artificial intel-
ligence was performed. Three different classifiers were used: feedforward neural network 
with backpropagation algorithm, probabilistic neural networks, and fuzzy logic (FL) classi-
fiers. Both FF-BP and PNN employed eight neurons at the output layer corresponding with 
the eight brands of craft beers. In the case of the fuzzy logic-based classifier, a total of eight 

Figure 7. Scheme of the probabilistic neural network classifier.
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fuzzy rules (corresponding with the eight brands of beers) is built over each sensor output 
on the 128-sample knowledge database. Each of these rules is optimized in the training stage 
to maximize both acceptance and rejection scores of the unknown samples. First-order cross-
validation (leave one out) was used for validation because a great number of measurements 
were not available.

The confusion matrix obtained in the validation of the classifiers is shown in Table 2, in which 
the system classifies (in columns) the real samples (rows). The success rate obtained in the 
classification, defined as the rate between the number of samples correctly classified over 
the total number of measurements, was 87.5% for FF-BP network, 92.96% for the PNN, and 
89.84% for FL-based classifier. Results confirm that the PNN classifier presents the best per-
formance in the classification of these beer samples.

4.2. Beer defects detection

Another experiment was made with the same prototype. In this case, two aromatic defects 
in beer (acetaldehyde and ethyl acetate), at a level between the organoleptic threshold and 
five times this quantity, were measured. Acetaldehyde threshold is 25 ppm and ethyl acetate 
is 21 ppm [69, 70]. The lager beer from cans was magnetically stirred (350 rpm, 20 min) to 
degas before the measurement procedure. Glass vials of 22 mL were filled with 10 mL of the 
sample and they were kept at 18 ± 1°C. A minimum of 10 replicates for each compound were 
measured.

Figure 8. PCA score plot of the measurements of different draft beers.

Brewing Technology188



fuzzy rules (corresponding with the eight brands of beers) is built over each sensor output 
on the 128-sample knowledge database. Each of these rules is optimized in the training stage 
to maximize both acceptance and rejection scores of the unknown samples. First-order cross-
validation (leave one out) was used for validation because a great number of measurements 
were not available.

The confusion matrix obtained in the validation of the classifiers is shown in Table 2, in which 
the system classifies (in columns) the real samples (rows). The success rate obtained in the 
classification, defined as the rate between the number of samples correctly classified over 
the total number of measurements, was 87.5% for FF-BP network, 92.96% for the PNN, and 
89.84% for FL-based classifier. Results confirm that the PNN classifier presents the best per-
formance in the classification of these beer samples.

4.2. Beer defects detection

Another experiment was made with the same prototype. In this case, two aromatic defects 
in beer (acetaldehyde and ethyl acetate), at a level between the organoleptic threshold and 
five times this quantity, were measured. Acetaldehyde threshold is 25 ppm and ethyl acetate 
is 21 ppm [69, 70]. The lager beer from cans was magnetically stirred (350 rpm, 20 min) to 
degas before the measurement procedure. Glass vials of 22 mL were filled with 10 mL of the 
sample and they were kept at 18 ± 1°C. A minimum of 10 replicates for each compound were 
measured.

Figure 8. PCA score plot of the measurements of different draft beers.

Brewing Technology188

Pr
ed

ic
te

d 
re

al
B

lo
m

be
rg

 B
la

nc
a

B
lo

m
be

rg
 R

ub
ia

B
lo

m
be

rg
 D

ub
be

l
M

ar
w

an
C

er
ex

Ja
ch

a 
Ji

go
 Ji

gu
er

a
B

al
lu

t R
ub

ia
B

al
lu

t N
eg

ra

Bl
om

be
rg

 
Bl

an
ca

16
16

15
1

Bl
om

be
rg

 
R

ub
ia

14
15

13
1

1
1

2
1

1

Bl
om

be
rg

 
D

ub
be

l
1

16
15

15
1

M
ar

w
an

15
11

13
1

6
2

1

C
er

ex
4

1
2

14
12

14
1

Ja
ch

a 
Jig

o 
Jig

ue
ra

2
2

1
14

14
15

Ba
llu

t 
R

ub
ia

1
1

1
15

15
15

Ba
llu

t 
N

eg
ra

1
1

1
2

15
14

15

Ta
bl

e 
2.

 C
on

fu
si

on
 m

at
ri

x 
w

ith
 th

re
e 

cl
as

si
fie

rs
: F

F-
BP

, P
N

N
, a

nd
 F

L.

Electronic Noses Applications in Beer Technology
http://dx.doi.org/10.5772/intechopen.68822

189



Once the measurements have been made and the raw data is stored, data processing is per-
formed. Figures 9 and 10 show the 3D plot of a PCA made to the measurements for the ethyl 
acetate and acetaldehyde samples. The blank samples are clearly separated from the samples 
with the two compounds but the two defective types of samples (with the different com-
pounds) seem to overlap a bit.

Results are confirmed with a non-linear classification method. PNN networks, which obtained 
the best performance in previous experiments, were trained to classify samples according to 
their defects. The percentages of cases correctly classified in the LOO validation were 83 and 
91% for ethyl acetate and acetaldehyde, respectively. While all the samples at five times the 
threshold concentration values were correctly classified, there were some errors in the lower 
concentration samples; for ethyl acetate, the network confounded some blank samples with 
concentration of 1 T and also concentrations of 1 T with concentrations of 2 T; for acetaldehyde, 
only 2 samples of T concentrations and 5 T concentrations were confounded by the PNN.

A qualitative classification of the beers according to the defect (at all the concentrations levels) 
can be seen in Figure 11. The PCA shows that the beer samples with ethyl acetate, the beer 
samples with acetaldehyde, and the beer samples without defects (blank) are separated with 
only a small overlap among the classes.

For this qualitative classification problem, the PNN analysis gave a 94% success rate in the 
validation, regardless of the overlap seen in the PCA plot.

Figure 9. PCA plot for the ethyl acetate measurements in beer.
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Figure 10. PCA plot for the acetaldehyde measurements in beer.

Figure 11. PCA plot for the defect measurements in beer.

Electronic Noses Applications in Beer Technology
http://dx.doi.org/10.5772/intechopen.68822

191



These classification results could be improved by several strategies. Better classification algo-
rithms could be applied to the data. Also, the data could be less noisy by using better systems 
that keep temperature or flows more controlled.

5. Comparison with other techniques

There are several traditional chemical methods like titration, gravimetric analysis, international 
bitterness units (IBUs), alcohol measurement, extract, calories, pH, high-performance liquid 
chromatography, or new methods like capillary electrophoretic method [70] to characterize the 
beer but few methods are used to analyze the volatile compounds of its headspace as the e-nose 
does. Techniques such as gas chromatography (GC), soft ionization techniques, or human sen-
sory panels are among them. Each one has its own characteristics and when deciding what 
method to use, one should select the one more appropriate for its interest and the task at hand.

Human panels record the experience of beer tasting by several senses, and they use the most 
complex of them, the scent, to detect the volatile organic compounds that emanate from beer 
[71]. However, human panels are subject to variability not only within different panels but 
also with itself over time. They need to be trained to become experts which is time-consuming 
and expensive. Due to VOCs matrix interaction and physiological singularities, the correla-
tion between the chemical analysis and the scents is not clear and not always straightforward 
[72] so human panelists are usually mandatory.

Traditional gas chromatography has been widely used for beer analysis, detecting singu-
lar VOCs. There are very different ways to gather, separate, and detect the volatile com-
pounds [73]. GC has been used successfully to detect diacetyl, pentanedione, acetoin, and 
acetaldehyde during the fermentation process, showing the evolution of these VOCs [74]. 
GC monitors the concentration of singular compounds and requires time-consuming analy-
sis to extend the analysis to the many volatile compounds that the beer headspace has. The 
process is slower, more expensive, and more complex, making it very difficult to operate in 
a continuous way.

GC-olfactometry combines both the human panel and gas chromatography by placing a 
human panel as a detector at the end of the chromatograph. In this way, the system can detect 
individual aromas and correlate them with the physiological sensation they provide. In [75], 
the compounds from Challenger and Saaz hops were analyzed and correlated with several 
olfactory descriptors in pellets and they analyzed the evolution after the brewing process. 
This technique allows the evaluation of the scent as perceived by humans but the analysis is 
costly and time-consuming.

Soft ionization techniques, selected ion flow tube mass spectrometry (SIFT-MS), or proton 
transfer reaction time-of-flight (PTR-ToF) allow fast analysis of the samples in a continuous 
fashion. For example, PTR-ToF has been used to monitor the fermentation process of different 
yeasts pointing to the different VOCs released [76], and SIFT-MS has been used to determine 
the aldehyde content of malt as a biomarker to identify each variety [77]. PTR-ToF usually 
lacks on precision in identifying the individual VOCs, and SIFT-MS has lower sensitivity. 
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Both methods are fast and can be used as online monitoring devices but they are cumbersome 
and expensive compared to the potential of e-noses.

6. Conclusions and future trends

Monitoring or fast analysis of the chemical composition of the beers in all steps of the produc-
tion and consumption chain is of capital importance for the beer industry. Rapid detection of 
problems like contamination, spoiled ingredients, or flavor instability can save time, money, 
or prevent health problems. The traditional chemical beer analyses are done in batches; in con-
trast, the e-noses are a good instrument to use in online analyses. Although e-noses are not as 
accurate as traditional analysis, they work very well in controlled environments like the ones 
of the beer industry or in laboratory. In these controlled environments, differential analysis can 
be easily made and interesting results can be obtained like the ones presented in this chapter.

For more complex applications or scenarios, there is still a need for better sensors with bet-
ter characteristics such as reproducibility, repeatability, and selectivity. There is also a need 
for the standardization of these sensors and methods to increase reproducibility of analysis 
so studies can easily be transferred from one device to another. But the sensor technology is 
blooming and multitude of research groups and enterprises are working on their improve-
ment. New materials like carbon nanotubes, nanostructured metal oxides, or graphene 
materials are offering very interesting and improved sensor capabilities. To complement the 
sensor, new algorithms are being developed in deep learning or semi-supervised learning 
that would reach soon the e-nose technology and take advantage of those improved sensor 
characteristics. New commercial sensors are being miniaturized more and more and will be 
able to be deployed in small power consumption devices as wearables or mobile devices that 
will integrate in the Internet of things.

There are a multitude of possible applications, from the analysis of the ingredients to mobile 
applications for the final consumer. To name a few, there are several interesting possibilities 
that could be used in the analysis of ingredients, to detect spoilage, or to store scent profiles 
year after year. They could be used for the online monitoring of the fermentation process and 
by applying closed loop control to it. They could be used as storage monitoring, ensuring that 
the product reaches the final consumer in optimal conditions. The final consumer could use 
these new small sensors in wearable devices and apply them in food safety, detecting con-
taminants before consuming them. The e-nose presents endless and very interesting potential 
applications.

Abbreviations

ANN Artificial neural network

CA Correlation analysis

CDA Canonical discriminant analysis
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CP Conducting polymers

CLA Cluster analysis

DA Discriminant analysis

DFA Discriminant factorial analysis

FL Fuzzy logic

GA Genetic algorithms

GC Gas chromatography

LR Linear regression

LDA Linear discriminant analysis

MOX Metal oxide semiconductor sensor

MS Mass spectrometry

OPT Optical projection tomography

PCA Principal component analysis

PLS Partial least squares

QCB Quartz crystal balance
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