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Preface

Barley is ranked second in the industrial use of grain and is projected to total
27.4 million tonnes in 2008. A significantly high value use of barley is for malt-
ing to produce malt as a raw material for the production of beer. Obviously,
malting quality is the primary objective of various barley research and breed-
ing programs around the world as there is a premium for malting quality in
many markets. Conventional approaches to the improvement of malting qual-
ity have been very successful in the last decade and this is especially true for
Australia. Recently, releases of new malting barley varieties Baudin, Hamelin
and Flagship resulted in a quantum leap in Australian malting barley quality.
Knowledge of the physiological processes, the biochemistry of the pathways
involved and the genetic control of these processes and their interaction with
the environment has made a great contribution to the development of new
malting barley varieties with excellent malting quality.

The world malting barley market keeps expanding constantly and it may
be expected that the global demand for malt will increase by 27% to reach 19
million tonnes by 2010. At the same time, brewing style tends to be diversified
significantly in order to meet different market requirements. As such, there
are different quality requirements for different brewing styles. In addition to
the traditional malting quality parameters, including malt extract, malt pro-
tein, soluble protein, Kolbach Index, free amino nitrogen, diastatic power,
apparent attenuation limit, wort viscosity, alpha-amylase, beta glucanase and
wort beta-glucan, new requirements for mouth-feel, flavor, haze, foam head
retention and antioxidants have increased the complexity of malting quality
improvement. It is one of the objectives for us in writing this book to address
these challenges based on current knowledge.

The improvement in malting quality appears to have peaked in some coun-
tries. Lack of genetic variation in the current germplasm presents a major
challenge for further quality improvement. Chapter 2 provides a comprehen-
sive overview of the genus Hordeum, the relationships of the species among
the genus, the origin and evolution of cultivated barley, and utilization of
barley germplasm in breeding, including some successful examples and the
potential for improvement of cultivated barley. The information about the
Qinghai-Tibetan Plateau barley should be interesting to some readers. Di-
astatic power (DP) has long been used as an indicator for starch degrading
enzymes and fermentability. Recently, a new DP enzyme analysis method was
developed and a better model for prediction of fermentability was proposed.
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In Chapter 6, a new malting paradigm was thus outlined where selection of
the appropriate barley variety, growing location and malting conditions was
described, providing the maltster sufficient latitude to produce malt within an
appropriate range of fermentability characteristics to satisfy brewers varying
requirements.

The endosperm cell wall can have direct and often detrimental effects on
various processes in the brewery and on the quality and shelf life of the final
beer. The same wall components can have indirect effects on other quality
characteristics, such as malt extract and fermentability. Chapter 7 provides
updated information on the chemical composition, the structures of individual
constituents, synthesis and metabolism of cell walls. Most of genes/QTLs con-
trolling malting quality have been mapped. Marker-assisted selection (MAS)
has evolved from selection of single gene/traits toward multiple traits/loci
and the whole genome. Simple and rapid DNA extraction methods as well as
high-throughput MAS systems make marker assisted selection more efficient
and cost-effective for malting barley breeding, as presented in Chapter 9.

Chapter 8 outlines how the new genomics data and approaches may en-
hance our understanding of malting quality. The chapter detailes two genomics
platforms and how these technologies can potentially be applied to address
malting quality traits. Both platforms are excellent examples of international
collaboration in barley research. China is the world’s largest and fastest grow-
ing beer market. It is also the largest malting barley importer. Australia is the
largest malting barley supplier for China. This book is a symbol of collabo-
ration between Australian and Chinese barley researchers. We deeply believe
such collaboration to be not only of benefit for both countries but also to
the whole barley industry around the world. We’d like to thank China’s Na-
tional Natural Science Foundation and the Australian Grain Research and
Corporation for their support on the specific projects.

This book is divided into nine chapters, including barley production and
consumption, germplasm and utilization, chemical composition, protein and
protein components, carbohydrates and sugars, starch degrading enzymes,
endosperm cell walls and malting quality, genomics and malting quality im-
provement, and marker-assisted selection for malting quality. We hope that
the information present here will be especially useful to barley breeders, mal-
sters, brewers, biochemists, barley quality specialists, molecular geneticists
and biotechnologists. This book may also serve as reference text for post-
graduate students and barley researchers. The authors for each chapter are
the experts and frontier researchers in the specific areas. We appreciate their
great efforts in providing updated information and sharing their specialist
knowledge. We would like thank the authors for their outstanding and timely
work in producing the chapters.

Guoping Zhang, Hangzhou, China
Chengdao Li, Perth, Australia
Feb. 28, 2009



Contents

1 Barley Production and Consumption ...................... 1
1.1 TofrodUetion .. ..:sicaessasimssnibsdnssedniasssmesn:@oe 1
1.2 World Barley Production . .......... ... ... ... ... .. ... .. 2
1.3 World Barley Trade.............. .. 6
1.4 World Barley Consumption . .............c.ouiuuiiuninnann.. 7

1.4.1 Feed Consumption. ............couiuuiiinanenennnn.. 10
1.4.2 Malting Barley Consumption ....................... 10
1.4.3 Food Consumption .............c.couiiimiunnnnnenn.. 13
1.4.4 Other Industrial UsSes ...c.vvimensenssnsmarssnsasans 14
RELErenees wuiwinmsvinminsmmioiss i men s asE@ess WaseiEeses s 16

2 Barley Germplasm and Utilization......................... 18

2.1 Origin and Evolution of Cultivated Barley .................. 19
2.1.1 The Taxonomy of Barley ........................... 19
2.1.2  Origin of the Cultivated Barley ..................... 22
2.1.3 Evolution and Domestication of Cultivated Barley . .. .. 25

2:2. Arnnual Wild Bafley .....co:msmmipvsnsessasmnrasmminsmusss 25
2.2.1 Annual Wild Barley in the Near East Fertile Crescent.. 26
2.2.2 The Annual Wild Barley in Qing-Tibetan Plateau ... .. 38
2.2.3 Other Annual Wild Barley Species. .................. 40
224 Prospective....c...iiiiiieioioinnnnnnenananneens 41

2.3 Perennial Wild Barley Germplasm ... ...................... 41
2.3.1 The Variation of Target Traits ...................... 42
2.3.2 Approaches for Utilization of Perennial Wild Barleys. .. 44

2.4 Cultivated Barleys........... ... i 46
2.4.1 Primitive Barleys or Landraces...................... 46
2.4.2 Commercial Varieties .................coviiniiunn.... 47
24.3 MULAIHE .« pmumsmmess emios 8 asmsEmemsEwi0aiasEmmnins 48

References . ... ... ... 51



Contents

Chemical Composition in Barley Grains and Malt Quality . 63

3.1 Introduction . ..........eiiii 63
3.2 Physical Structure ....... ... ... 64
3.2.1 Grain SizZe . ... ..ot 65
322 DOTTOBICY 5055 w5 e s 78 ms s as e em s oo aas©e s s o a6 @ s 5 66
32, Bwad S BOMRATOLARGES, - < oo cvvms s veros susmn smemmsnsmsse s 67
3.3 Tihe TRbetlialStIRCEUTE oo s s me s sesm s ses @i susmesasnss 68
331 The Embryge:c s cmssmmmnessanisssnsssiniossnssns 68
3.3.2 The Aleurone ......... TGS RE 5 ok a8 0 8 oy o 5 6 0 606 e 6 o 70
3.3.3 The Barley Husk .......... e 71
3.4 The Barley Endosperm . ... ....... ..., 71
3.4.1 Barley Carbohydrates.......... ... .. ... .. ........ 72
3.42 Grain Protein............ .. ... .. ... i 74
30 MAGIQUAIITT v ncsinnses savmen s e msmes s s e @ sme: s 78
3.0l  DISStatic POWEE ;o :xvsmsmnimssnsmssnsmuinsnasssgsss 78
352 FAMYIASE ininsiniawi T e R IR E AR A SR 6 78
3:5:3 D-2IYlaSe s usss swsiin i msn i8R i e v e 79
3.5.4 Limit Dextrinase ................o .. 79
3.5.5 a-glucosidase ......... ... ... .. 80
3.5.6 [B-glucanase ........... .. 80
3.5.7 Proteinase......... ... 81
3.5.8 Hot Water Extract .............. ... ... oo .. 82
3.6 Feed Barley Quality Traits. .. .............c.coiiiininn.... 83
3.7 Conclusion ............i.iii 84
References . ...... ... 85
Identification of Barley Varieties by Protein Profiling . .. ... 99
4.1 Introduction ........... ... ... 99
4.2 Extraction of Proteins for Protein Profiling ................. 100
4.3 Characteristics of Barley Protein Profiles ................... 101
431 Peak Size Calling.............oooiiiiiiiinn... 102
4.3.2 Location and Year..............c..iuiininininnnn... 102
4.33 PHYIOBERT .o vsmeiwssmsmmes s smms e o6 s 0 sas 6665500850 102
4.4 DISCUSSION &« ot vttt e e e 107
4.4.1 Specificity of Variety Identification .................. 107
442 Locationand Year...................uuuuuuninin... 107
4.4.3 Malting versus Feed ............................... 108
4.44 Peak Inheritance .......... .. ... .. .. .. .. .. .. .. ..... 108
4.4.5 Contamination ..................c..uuiuiuinen... 109
4.4.6 Automation .............. ... 110
4.5 Conclusion . ........... ... 111

References . ... ... ... 111



Contents XI

5 (B-glucans and Arabinoxylans .............................. 113
51 PB-glucan :s:imsisinsnsmanrainnivamar v amimi G areannmis 113
5.1.1 Structure of 8-glucan in Barley Grain and its Influence

on. Malting Quality ...::sisessnseninisnsasssinssnis 114
5.1.2 Environmental and Genotypic Variation of -glucan
Content in Barley Grain. ........................... 116
5.1.3 Genetic Improvement of 3-glucan Content in Barley
Graill ..ot 120
5.1.4 The Relationships between [-glucan and Malt Quality
and Some Agronomic Characters ................... 123
5.1.5 Measurement of #-glucan Content ................... 124
9.2 ArabInOXylans: u.ussesemsassssnsesssinss@oies@esmssngmegs 127
5.2.1 Structure of Arabinoxylans in Barley Grain and Its
Influence on Malt Quality .......................... 127
5.2.2 Environmental and Genotypic Variation of
Arabinoxylans Content in Barley Grain .............. 130
References ... ... 134
6 The Properties and Genetics of Barley Malt Starch
Degrading Enzymes ...............ciuiiiiniinineninnnnnnnn. 143
6:1 Introduction :wucsiws smimeismems smsme s essiseimonmis remnrme 143
6.2 The Substrate: Starch.......... ... ... ... ... ... ... ....... 145
6.2.1 Starch Structure ......... ... .. ... ... ... ... 145
6.2.2 Starch Gelatinisation .............................. 146
6.3 The Relationship between Malt DP Enzymes and
Fermentability ......... ... ... .. .. . .. 147
6.3.1 Measurement of DP Enzymes ...................... 147
6.3.2 Measurement of Fermentability/AAL ................ 148
6.3.3 Prediction of Fermentability ....................... 151
6.4 The DP Enzymes .............cooiiiniiniinniainnn... 154
6.4.1 [-amylase ...........ii 155
6.42 a-amylase ........... 168
6.4.3 Limit Dextrinase Biochemistry and Genetics .......... 171
6.4.4 a-glucosidase Biochemistry and Genetics ............. 175
6.5 SUMIMATY . ...t 177
References .. ...... .. 178
7 The Role of Endosperm Cell Walls in Barley Malting
QUBTIET o ccvw 5608 05 5555095, 5056 55,5 5055508 555 05 505 s e o i o 0 0 190
7.1 Introduction ........cciiiiimiieuninennreneeennneennas 190
7.2 Composition of Walls of Barley Endosperm Cells ........... 191
7.3 Properties of Major Wall Components ..................... 193
7.3.1 (1,3;1,4)-B-D-Glucans . ...........couuuuieeuinnnnn.. 193
7.3.2 Arabinoxylans .......... ... ... . . .. 194

7.3.3 Glucomannans . .............o.u e 196



XII

Contents
734 Xyloglucans :w:ssivswascisssimssssmssmaBeissmeswens 196
7.3.5 Pectic Polysaccharides ...............oooiiiiin., 197
788 Callos8 ., nciosnsssimisniassnidsass@iassusemiasiniys 197
T3T Cellulose ...ovonemeocimeomisissninssmenssssnsssans 197
7.4 Biosynthesis of Walls during Barley Grain Development ..... 198
7.4.1 Morphology of Barley Grain Development ............ 199
7.4.2 Enzymes Involved in Wall Polysaccharide Biosynthesis . 201
0.5 COriiNAtION e swmsesemsees s s mss s s s @ s e 6 s @ o5 ws s w5 206
7.5.1 Hydrolysis of (1,3;1,4)-8-D-glucan .................. 207
7.5.2 Hydrolysis of arabinoxylans......................... 210
7.5.3 Hydrolysis of Glucomannans ....................... 215
7.5.4 Hydrolysis of Callose. . ..........ccooiiiiiiiiaen... 215
7.6 Effects of Wall Components on Malting Quality ............. 216
7.6.1 Wall Components in Malting ....................... 216
7.6.2 Wall Components in Brewing ....................... 219
7.6.3 Effects of Wall Components on Other Malting Quality
Parameters . ..... ... ... 222
7.7 Enhancing Malting Quality through Manipulation of Cell
Wall MetabolisSin . sicvsuimsmscssamims smamesnaionsnsensass 223
7.7.1 Down-regulation of (1,3;1,4)-3-D-glucan Synthesis . . ... 223
7.7.2 Increasing (1,3;1,4)-3-D-glucanase Activity ........... 225
7.8 Future Prospects ...... ... 225
References .. ... i 227
Barley Genomics and Malting Quality Improvement ...... 238
8.1 Introduction ........... ...t 238
8.2 Platform Technologies for Barley ......................... 239
8.2.1 The Beadarray by lllumina ......................... 240
8.2.2 The GeneChip by Affymetrix ....................... 243
8.3 Linking Genotype and Phenotype via Component Traits .. ... 246
8.4 Identifying Genes Underpinning Malting Quality ............ 247
8.4.1 Malting QTLs ... 248
8.4.2 Starch Synthesis and Degradation ................... 250
8.4.3 Endosperm Cell Wall Degradation: Developmental
Variation Adds Complexity ........................ 254
8.5 Future Developments ...................ciiiiinininnn... 256
BEIETEUTET - novsmisins sm s mm s e m o6 m o5 @ s 8805 A% 8ok 15656 505 5508 8 6050 8 257
Genetic Improvement of Malting Quality through
Conventional Breeding and Marker-assisted Selection. ... .. 260
9.1 Conventional Approaches to Breeding for Malting Quality ... 260
9.1.1 Definition of Malting Quality ....................... 261
9.1.2 Breeding Methods for Malting Quality ............... 262
9.1.3 Genetic Advance under Selection .................... 264



Contents  XIII

9.2 Marker-assisted Selection for Malting Quality .............. 269
9.2.1 Marker and Mapping Technologies .................. 269
9.2.2 Mapping Quantitative Loci Controlling Malting

Quality smsme suisms cwrissusen sniesvReon iS5 niss cnin 274

9.3 Marker Assisted Selection for Major Genes Controlling
Malting Quality ............ .o 281

9.4 Marker-assisted Selection for QTLs Controlling Malting
Quality .. 284

9.5 SUIMMATY ..ottt ittt 286

REICTEHTES & v ipsmpsmenvimsmpemimnims Basnssesme (OiEs SHIRs SHiEE 288



1

Barley Production and Consumption

M. X. Zhou

Tasmanian Institute of Agricultural Research
University of Tasmania, P.O. Box 46, Kings Meadows
TAS 74249, Australia

Meixue.Zhou@dpiw.tas.gov.au

1.1 Introduction

Barley (Hordeum wvulgare) is a very important grain in the world today. It
ranks fourth in both quantity produced and in area of cultivation of cereal
crops in the world. The annual world harvest of barley in the late century was
approximately 140 million tonnes from about 55 million ha. It is very versatile
in every way and has well adapted through its evolution. In fact, it is the most
adaptable cereals. Much of the world’s barley is produced in the regions where
cereals such as maize and rice can not grow well. It extends into the arctic or
subarctic. Some species approach the subtropical Zone. Hordeum species are
found in most areas with Mediterranean climate. The genus is also represented
in zones with an oceanic as well as a continental climate (Rasmusson 1985).
Barley also has a very good resistance to dry heat compared to other small
grains. This feature allows it to grow near desert areas such as North Africa.

Barley is a cereal. It belongs to the grass family. There are three types of
barley: 1) Hordeum vulgare: a six-rowed type of barley that has a spike notched
on opposite sides with three spikelets on each notch. At each notch, there is
a flower or floret that later develops into a kernel. 2) Hordeum distichum:
a two-rowed type of barley that has central florets producing kernels and it
has lateral florets that are sterile. 3) Hordeum irregulare: the least cultivated,
with fertile central florets and varying proportions of fertile and sterile lateral
florets.

Barley has a very debatable origin. Egypt or China is most likely the cen-
tre for the origin of cultivated barley. Barley cultivation is also evident in
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other parts of the world at later times. For example, north-western Europe
is estimated to have been cultivated barley around 3000 BC. Since barley is
so old and records of trade were non-existent, the real answer for the origin
of barley will probably never be known. The pathways for the domestica-
tion of barley also have some points in doubt. The earliest known and most
probable ancestor of barley was the two-rowed variety. Most indications point
to spontaneum as the most probably immediate ancestor of cultivated bar-
ley, and all the six-rowed forms are the results of accumulated mutations and
hybridization. The ancestor of spontaneum was a form with more or less devel-
oped lateral spikelets, perhaps male-fertile like H. murinum and H. bulbosum.
Barley cultivation probably originated in the highlands of Ethiopia and in
Southeast Asia in prehistoric times. It is believed to extend back to 5000 BC
in Egypt, 3500 BC in Mesopotamia, 3000 BC in north-western Europe, and
2000 BC in China. Barley was the chief bread plant of the Hebrews, Greeks,
and Romans and most Europeans through the 16th century.

Barley has many economic uses today. Barley is produced primarily as
animal feed. For example, over half of the barley is used for livestock feed
in the United States. Barley as feed has the same nutritive value as corn.
Barley is high in carbohydrates, with moderate amounts of protein, calcium
and phosphorus. It also has small amounts of vitamin B. The entire barley
kernel is used as feed after it has been steam rolled or gone through a grinding
process. By products from the brewing process and malt sprouts are also used
in livestock feed. The two-rowed barley is most often used for animal feed
because it produces higher weight and superior kernel production. Barley
is also used in the production of beer and some wines. About 25% of the
cultivated barley in the United States is used for malting, with about 80%
used in beer production, 14% used in distilled alcohol production, and 6%
used for malt syrup, malted milk, and breakfast foods. A small amount of the
barley is used for human food in the form of pearl barley or flour for porridge.
Sometimes, barley is grown as a hay crop in some areas. Only the smooth
varieties and awnless varieties are used in hay production. Winter barley also
can be used for hay if pasteurized before the stems start to elongate. The
amount of barley used for ethanol has been increased significantly in the last
decade, especially in some EU countries (www.biofeulreview.com).

1.2 World Barley Production

Barley production traditionally has been important in the world. The total
area harvested each year is around 50~80 million ha and ranked 4th after
wheat (~200 million ha), rice (120~150 million ha) and corn (100~150 million
ha) (Fig. 1.1). In the recent two decades, the area has been declining from
more than 80 million ha to around 55 million ha. Among the major barley
production countries, Russia and other countries from former USSR, United
States, India, China are the major countries showing the significant decrease
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in barley cropping area (Fig. 1.2). The production area in the USSR has
decreased from around 30 million ha in the 1980s to around 17 million ha
recently with Russia being one of the major countries showing a significant
decrease (from more than 16 million ha in the 1980s to around 10 million ha
in the 2000s). In the United States, the production area has reduced from
around 5 million ha in the 1960s to around 1.4 million ha recently. Barley was
replaced by more commercially attractive corn and feed wheat in the feed mix.
The Chinese barley production area has reduced from more than 5 million ha
in the 1960s to less than 0.8 million ha today. India showed a similar trend
to China, from more than 3 million ha to less than 0.8 million ha, but the
decrease in the barley production area is mainly due to the significant increase
in the wheat production area (from 13 million ha to 28 million ha) while the
Chinese wheat production area has been relatively consistent or even reduced
slightly. In contrast to the above major barley production countries, Australia
showed a significant increase in production area, from 1 million ha in the 1960s
to 4 million ha in the 2000s, mainly due to the total increased cropping area.
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Fig. 1.1. World production of corn, rice, wheat and barley: area harvested

The average yield of the major cereal crops has been continuously increas-
ing since the 1960s (Fig. 1.3). The increasing rate in the average yield for
corn was much higher than that for other crops with the average yield of corn
being increased by nearly 1.5 times (from 2.0 tonnes/ha in the 1960s to nearly
5 tonnes/ha in the 2000s) in the last 45 years. Even though the average yield
of barley had increased from 1.4 tonnes/ha in the early 1960s to 2.4 tonnes/ha
in the 2000s, compared to other crops barley showed a lower increasing rate in
the average yield, mainly due to the fact that relatively less resource was allo-
cated to barley variety improvement. The EU has a consistently higher yield
than other countries. But China is closing the gap with the fastest increasing
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Fig. 1.2. World production of barley (including major barley production coun-
tries): area harvested

rate. The average yield of barley in China, increased by nearly 3 times in the
last 45 years, from 1 tonnes/ha in the 1960s to 4 tonnes/ha in the 2000s (Fig.
1.4). The slight decrease in world barley yield in the last couple of years was
caused by severe drought in some countries such as Australia with its yield
dropping from 2.15 tonnes/ha in 2005 to 0.95 tonnes/ha in 2006 (Fig. 1.4).
Of the other major barley production countries shown in Fig. 1.2, USA and
Canada showed a slightly higher yield and increasing rate than the world av-
erage, while USSR, Turkey, Iran and India had similar yields to Australia and
all below the world average.

World barley production increased from about 100 million tonnes in the
1960s to more than 170 million tonnes in the mid-1980s and decreased to 140
million tonnes in the 2000s. In contrast, the total production of wheat, rice
and corn has been increasing continuously with production in the recent years,
being nearly three times that in the early 1960s. For example, corn production
was 200 million tonnes in 1960 and it has increased to 768 million tonnes in
2007 (Fig. 1.5). The increase in the total production of barley is mainly due to
the increase in yield (Fig. 1.4) since the production area was relatively steady
or even decreased in recent years (Figs. 1.1, 1.2). Among the major barley
production countries, USSR, USA, India and China all showed a significant
decrease in total barley production due to decreased production area (Fig.
1.2). In contrast, the total production in the EU, Turkey, Iran and Australia
has been increasing and was quite steady in recent decades. The decreased



