Contents

Series list
Introduction

xiii
xix

Part 1 Exploiting genetic diversity
1

Alien introgression and breeding of synthetic wheat
Wei Zhang and Xiwen Cai, North Dakota State University, USA
1 Introduction

2 Alien introgression from wheat-related species into wheat

3

4

3 Chromosome engineering

13

5 Conclusion

28

4 Breeding of synthetic wheat
6 Where to look for further information
7 References

2

3

23
28
30

Use of the secondary gene pool of barley in breeding
improved varieties
55
Matthew Haas, Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), Germany; and Martin Mascher, Leibniz Institute of Plant
Genetics and Crop Plant Research (IPK) and German Center for
Integrative Biodiversity Research, Germany
1 Introduction

55

2 Doubled haploid production

56

4 Linkage mapping

61

3 Introgressions

5 Next-generation sequencing

6 Conclusion and future trends

7 Where to look for further information
8 References

57
64
67
68
68

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

vi
3

Contents
Marker-assisted trait introgression for wheat breeding and research
Miguel Sanchez-Garcia, International Center for Agricultural
Research in the Dry Areas (ICARDA), Morocco; and Alison
R. Bentley, The John Bingham Laboratory, NIAB, UK

75

1 Introduction

75

3 Marker-assisted DH for trait introgression

81

2 Backcross breeding

4 Combining backcross and DH introgression
5 Marker-assisted speed breeding
6 Conclusion

7 Where to look for further information
8 References

76
83
84
86
86
86

Part 2 Doubled haploids
4

Doubled haploid production in wheat
W. Tadesse, M. Sanchez-Garcia, S. Tawkaz and M. Baum, International
Center for Agricultural Research in the Dry Areas (ICARDA), Morocco
1 Introduction

2 Origin and production of doubled haploids

93

94

3 Comparison of induction methods

101

5 Factors to be considered in DH wheat breeding

107

4 Doubled haploid breeding
6 Conclusion

7 Where to look for further information
8 References

5

93

Doubled haploid (DH) production for barley
Benjamin Wittkop, Justus Liebig University Giessen, Germany;
László Csélènyi, Saatzucht W. von Borries-Eckendorf, Germany;
and Wolfgang Friedt and Timm Bernhard, Justus Liebig University
Giessen, Germany
1 Introduction

2	DH technology in plant breeding with special reference to barley
3 Wide hybridization: Hordeum bulbosum method

102
108
108
109
117

117
119

121

4 Anther culture and isolated microspore culture

123

6	Modern application of DH techniques in practical breeding

128

8 Where to look for further information

135

5 Parthenogenesis: hap Inducer
7 Conclusion
9 References

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

127

134
135

Contents
6

Production of doubled haploid lines for hybrid breeding in maize
Willem S. Molenaar and Albrecht E. Melchinger, University of
Hohenheim, Germany

vii
143

1 Introduction

143

3 Identification of haploids

149

2 Induction of haploids

4 Chromosome doubling

5 Deriving DH lines from D0 Seedlings

145
152

155

6 Economics of DH production

156

8 Case study: conservation of maize genetic resources

161

7 Applications of DHs

9 Future trends and conclusion

10 Where to look for further information
11 Acknowledgments
12 References

156
162
163
163
163

Part 3 Hybrid breeding
7

Prerequisites, procedures and potential of hybrid breeding in wheat 175
Philipp H. G. Boeven and C. Friedrich H. Longin, University of
Hohenheim, Germany
1 Introduction

175

3 Heterotic groups

179

2 Heterosis in wheat

176

4 Hybrid seed production

5 Hybrid versus line breeding

187

6 Conclusion

190

8 Where to look for further information

191

7 Acknowledgments
9 References

8

184

Challenges and developments in hybrid breeding of barley
Timm Bernhard, Wolfgang Friedt and Benjamin Wittkop, Justus
Liebig University Giessen, Germany

191
191
197

1 Introduction

197

3 The potential for hybrid breeding in winter barley

201

2	Heterosis in barley and its potential for yield enhancement
4	Broadening the genetic basis for heterosis in winter barley

5	The cytoplasmic male sterility system for hybrid seed production
in barley

199
204
205

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

viii

Contents
6	Environmental and genetic effects on the stability of cytoplasmic

207

7 Future trends and conclusion

210

9 References

215

male sterility

8 Where to look for further information

9

Selection strategies in hybrid rye with special consideration of
fungal disease resistances
Thomas Miedaner, University of Hohenheim, Germany; and
Peer Wilde, KWS Lochow GmbH, Germany

214

223

1 Introduction

223

3 Foot rot

226

2 Snow mold

4 Powdery mildew
5 Leaf rust

6 Stem rust

7 Fusarium head blight
8 Ergot

9 Strategies for resistance selection

10 Future trends and conclusions

11 Where to look for further information
12 References

225
227
228
229
230
232
234
239
240
242

Part 4 High-throughput phenotyping, genetic markers and QTL mapping
10

Non-invasive field phenotyping of cereal development
Andreas Hund, Lukas Kronenberg and Jonas Anderegg, ETH
Zurich, Switzerland; Kang Yu, KU Leuven, Belgium; and Achim
Walter, ETH Zurich, Switzerland

249

1 Introduction

249

3 Envirotyping

258

2 Carrier systems
4 Physiological breeding by means of high-throughput phenotyping
of plant development

253
260

5 Cereal development: the importance of the different phases and how

261

6 Genetic crop models

274

8 Where to look for further information

277

to phenotype them

7 Future trends and conclusion
9 References

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

277
279

Contents
11

Theory and application of phenotyping in wheat for different
target environments
Matthew Reynolds and Francisco Pinto, International Maize and
Wheat Improvement Centre (CIMMYT), Mexico

293

3 Challenges for reliable phenotyping

302

4 Applications of phenotyping in breeding

5	Case study: physiological breeding for yield potential and climate change
6 Conclusion

7 Future trends

8 Where to look for further information
9 References

Development of single nucleotide polymorphism (SNP) markers
for cereal breeding and crop research: current methods and
future prospects
Carly Schramm, Yuri Shavrukov and Peter Anderson, Flinders
University, Australia; and Akhylbek Kurishbaev and Satyvaldy
Jatayev, S. Seifullin Kazakh AgroTechnical University, Kazakhstan

295
306

311
315
316
317
318

327

1 Introduction

327

3	Array-based SNP genotyping and Genotyping-by-sequencing

329

2 SNP applications and challenges
4 Compatibility and accessibility

5 Specific methods for SNP detection and genotyping

6 SNP markers with and without Universal probes (UPs)
7 Practical remarks and conclusion

8 Where to look for further information
9 Acknowledgements

10 References

13

293

1 Introduction

2 Phenotyping for key traits and environments

12

ix

329
330
332
345
348
352
352
353

Mapping and isolation of major resistance genes in cereals
Jan Bettgenhaeuser and Simon G. Krattinger, King Abdullah
University of Science and Technology, Saudi Arabia
1 Introduction

2 Gene cloning: past, present and future

363

363

365

3	Cloning of Stb6: a case study for combining classical and novel resources 376
4 Conclusion

378

6 References

379

5 Where to look for further information

378

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

x
14

Contents
Leveraging the QTLome to enhance climate change resilience in cereals 383
Roberto Tuberosa, Marco Maccaferri and Silvio Salvi,
University of Bologna, Italy
1 Introduction

383

3 QTL for proxy traits influencing abiotic stress tolerance

389

2 Dissecting the QTLome for climate resilience

4 Marker-assisted breeding to improve climate resilience
5 Toward holistomics for enhancing climate resilience?
6 Future trends and conclusions

7 Where to look for further information
8 References

15

Advances in statistical methods to handle large data sets for
genome-wide association mapping in crop breeding
Boby Mathew, University of Bonn, Germany; Mikko J. Sillanpää,
University of Oulu, Finland; and Jens Léon, University of
Bonn, Germany

398
401
402
404
405
437

1 Introduction

437

3 Multilocus association model

439

2 Single-locus association model
4 High-dimensional data in GWAS

5 Significance threshold for association
6 Dimensionality reduction methods
7 Conclusion and future trends

8 Where to look for further information
9 References

16

386

438
440
443
444
444
445
445

Nested association mapping in barley to identify extractable trait genes 451
Andreas Maurer and Klaus Pillen, Martin-Luther-University
Halle-Wittenberg, Germany
1 Introduction

451

3 Nested association mapping (NAM)

452

2 QTL mapping

4 Sequencing the barley genome
5 Barley NAM case studies
6 Conclusions

7 Future trends

8 Where to look for further information
9 References

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

452
454
455
463
465
467
469

Contents

xi

Part 5 Genome-wide association studies and genomic selection
17

Genome-wide association studies (GWAS) in wheat
Susanne Dreisigacker, International Maize and Wheat
Improvement Center (CIMMYT), Mexico
1 Introduction

477

3 Phenotyping

481

2 High-density genotyping
4 Genome-wide association studies (GWAS) design

5	Controlling for population structure and familial relatedness
6 Estimates of linkage disequilibrium (LD)
7 Replication and validation
8 Future trends in research

9 Case study: genomic regions conferring increased grain weight in
CIMMYT spring bread wheat

482
483
484
484
485
489

492

12 References

494

Genome-wide association studies (GWAS) in barley
Ernesto Igartua, Carlos P. Cantalapiedra and Ana M. Casas,
Consejo Superior de Investigaciones Científicas (CSIC), Spain
1
2
3
4
5
6
7
8

9
10
11
12
13
14

Introduction
Studies using GWAS in barley
Marker number, marker platforms and marker types
Linkage disequilibrium in barley
Ascertainment bias
Genotypic panels
Genetic and physical distances
Resolution to single genes

Population structure hampers detection of major loci
Improvements in methods of analysis
GWAS enrichment
GWAS and environmental association
Future trends and conclusion
Where to look for further information

15 References

19

479

10 Conclusions

11 Where to look for further information

18

477

Genomic prediction in crops: advantages and drawbacks
Patrick Thorwarth, University of Hohenheim, Germany
1 Introduction
2 Genomic prediction models

492
503

503
504
508
510
511
513
514
515

518
518
522
524
525
526
526

537
537
539

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

xii

Contents
3
4
5
6
7
8

Factors influencing the training set composition
Application of genomic selection in plant breeding
Advantages of genomic selection
Drawbacks of genomic selection
Conclusion and future trends
Where to look for further information

9 References

20

541
544
550
551
552
552
553

Site-directed genome modification in barley and wheat
559
Jochen Kumlehn, Stefan Hiekel and Nagaveni Budhagatapalli, Leibniz
Institute of Plant Genetics and Crop Plant Research (IPK), Germany
1 Introduction

559

3 Delivery of customized endonucleases to cells

562

2	Major principles and formats of customizable endonucleases
4 Selection of target DNA motifs and validation of endonuclease
components

5 Genetic modifications

6 Functional validation of gene functions and improvement of crop
plant performance

560

564

565

566

7 Off-target mutations

567

9 Where to look for further information

570

8 Future trends and conclusion
10 References

Index		

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

568
570
577

Introduction
Cereal crops, such as wheat, maize and barley, are a global food staple and have
important uses as food and beverage ingredients, livestock feed and sources of
renewable energy. However, factors such as global population growth, climate
change and diseases have increased pressure on increasing crop productivity
in a sustainable way. Breeding programmes have resulted in agronomicallyadvanced and higher-yielding cultivars but the genetic gain of cereal crop
production has slowed in recent years. Biotechnology and genomics offer
unprecedented opportunities for improving selection and the elucidation of
gene functions resulting in the production of cereals with enhanced quality,
disease and stress resistance, yield and novel traits. These developments are
elucidated in Advances in breeding techniques for cereal crops.
This book discusses developments in conventional techniques such as
backcross breeding, the use of doubled haploids (DH) and hybrid breeding.
The book then reviews the latest advances in phenotyping to facilitate selection,
as well as improved methods to identify quantitative trait loci (QTL) linking phenotypic traits with genetic information for use in marker-assisted selection (MAS)
are then reviewed. This provides the foundation for summaries of advances in
MAS techniques such as genome-wide association studies (GWAS), nested
association mapping (NAM) and genomic selection (GS).

Part 1 Exploiting genetic diversity
The themes of chapters in Part 1 range from alien introgression and breeding
of synthetic wheat, using the secondary gene pool of barley in order to breed
improved varieties to marker-assisted trait introgression for wheat breeding and
research. Chapter 1 describes how genetic gain in wheat production has slowed
in recent years due to its narrow genetic variability and draining of the gene pool
in wheat breeding. This chapter explores both the contribution of wheat-related
species to wheat improvement through alien introgression and breeding of synthetic wheat. It discusses gene introgression from both annual and perennial
wheat-related wild species as well as wheat-related crop species. The chapter
includes a comprehensive review of chromosome engineering technologies
including: meiotic homologous recombination, irradiation, the gametocidal system, amphiploidization and chromosome engineering-based alien introgression.
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A summary of the breeding of synthetic hexaploid wheat and the issues of
genome instability and homologous gene expression are also discussed.
Chapter 2 provides an overview of using the secondary gene pool of barley
to breed improved varieties. This chapter describes how breeding efforts using
barley (Hordeum vulgare ssp. vulgare L.) have led to agronomically advanced
cultivars but have resulted in reduced genetic diversity of elite barley germ
plasm, hampering the ability of breeders to improve cultivars in the future,
especially with respect to new diseases and a changing climate. This chapter
details the use of Hordeum bulbosum to improve cultivated barley and surveys
developments in doubled haploid production, introgression, linkage mapping
and next-generation sequencing.
The theme of Chapter 3 is marker-assisted trait introgression for wheat
breeding and research. Trait introgression, the incorporation of a specific character, is a cornerstone of both wheat breeding and research allowing a specific
line or variety to be improved for that character. Varieties can be improved by
introgressing the trait of interest into their genetic background through backcrossing techniques especially when the underlying genetic control is relatively
simple. Moreover, the agronomic value of the variety can be easily and rapidly
recovered or improved by combining backcross and doubled haploid (DH)
approaches. This chapter describes the principles of backcross breeding and
explains the use of marker-assisted selection in DHs for trait introgression and
describes the results of combining backcross and DH introgression, as well as
outlining the principles of marker-assisted speed breeding.

Part 2 Doubled haploids
The chapters in Part 2 review doubled haploid (DH) production in wheat and
barley, as well as DH lines for hybrid breeding in maize. Chapter 4 highlights DH
production in wheat. A DH is a genotype formed from haploid (n) cells through
random chromosome doubling or artificially induced chromosome doubling
methods. In vitro haploid production followed by chromosome doubling considerably enhances the production of homozygous wheat lines in a single generation and increases the precision and efficiency of the selection process in
wheat breeding. This chapter reviews DH production techniques using anther
culture and the wide cross system using maize. The chapter also analyses the application of DHs in wheat breeding, the integration of DHs with marker-assisted
selection (MAS) and genomic selection (GS) schemes.
Chapter 5 builds upon Chapter 4 by focusing on doubled haploid (DH)
production in barley. Current European barley breeding programmes predominately rely on DH technology to deliver essential advantages, such as
accelerated development of homozygous genotypes and early recognition of
major recessive traits, which enables faster, more robust selection. This chapter
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.
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gives a general overview of the different methods involved in DH technology,
focusing on their relevance to the application in practical barley breeding
programmes. Chapter 5 also examines wide hybridization, anther culture (AC),
isolated microspore culture (MC) and parthenogenesis.
Chapter 6 complements the two previous chapters by detailing the production of doubled haploid (DH) lines for hybrid breeding in maize. The production
of genetically homozygous inbred lines is essential for hybrid maize breeding.
There is a strong interest in the use of DH lines in research and maize breeding
due to the many advantages over inbred lines produced using the traditional
method of recurrent self pollination. This chapter describes the major steps in
production of DH lines in maize and reviews current research, from the production of haploid seed to harvest of DH seed. In addition, a case study of the conservation of maize genetic resources is detailed. Chapter 6 also reviews recent
findings concerning the genetics behind haploid induction and new and more
efficient methods for the identification of haploids, and discusses chromosome
doubling protocols as well as recent research on spontaneous chromosome
doubling. Finally, the chapter considers practical aspects of the cultivation of
plants derived from haploid seeds as well as applications and advantages of
DH lines in maize breeding.

Part 3 Hybrid breeding
The chapters in Part 3 discuss the potential of hybrid breeding in wheat, the
challenges of hybrid breeding in barley and selection strategies in hybrid rye.
Chapter 7 argues that hybrid wheat breeding offers great potential in dealing
with increasing demands for food and feed. Wheat hybrids possess substantial
heterosis for grain yield and can combine disease resistance and quality traits
with higher yield compared with line cultivars. Moreover, hybrid wheat breeding
offers the smart stacking of major dominant genes. Challenges to be overcome
include the establishment of heterotic groups and the need to increase the
cross-pollination capability of wheat for more efficient hybrid seed production.
This chapter describes heterosis in wheat and heterotic groups, before moving
on to consider hybrid seed production, and the relative advantages of hybrid
versus line breeding.
Chapter 8 shifts the focus to the challenges and perspectives of hybrid
breeding in barley. For more than a century, breeding and improvements in
cropping systems have led to a constant increase in grain yield in barley. Due
to its autogamous propagation, commercial barley varieties are normally true
inbred lines or doubled haploid lines with completely homozygous genomes.
Hybrid breeding in autogamous cereals such as barley, however, is still in its
infancy. Chapter 8 describes the principles of heterosis in barley and its potential for yield enhancement, explains the potential of hybrid breeding in winter
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.
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barley and examines the challenges associated with broadening the genetic
basis for heterosis in winter barley. The chapter also describes the cytoplasmic
male sterility system for hybrid seed production in barley and looks at the environmental and genetic effects of hybrid breeding on the stability of cytoplasmic
male sterility.
Chapter 9 highlights selection strategies in hybrid rye focusing on fungal
disease resistance. Although winter rye is known for its high tolerance to biotic
stress factors, several diseases affect cultivation in most rye-growing countries:
snow mould, brown foot rot, powdery mildew, leaf rust, stem rust, Fusarium
head blight and ergot. For hybrid breeding, resistance selection is important
due to the restricted genetic variation within a cultivar. For powdery mildew and
the two rusts, race-specific qualitative resistances based on single resistance (R)
genes and quantitative resistances have been described. For other diseases
only quantitative resistances can be selected. This chapter describes the features of snow mould, foot rot, powdery mildew, leaf rust, stem rust, Fusarium
head blight and ergot. This chapter then examines and assesses strategies for
resistance selection and looks ahead to future trends in this area.

Part 4 High-throughput phenotyping, genetic markers
and QTL mapping
The chapters in the fourth part of the volume focus on high-throughput
phenotyping, genetic markers and QTL mapping with chapters ranging from
the tools and application of phenotyping in wheat and the mapping and
isolation of QTL in cereals to advances in statistical methods to handle large
data sets for genome wide association studies (GWAS) in crop breeding. The
topic of Chapter 10 is non-invasive field phenotyping of cereal development.
High-throughput field phenotyping (HTFP) allows the selection of crops
with unprecedented precision and plays an important role in understanding
genotype-by-environment interaction. This chapter describes carrier systems
for non-invasive field phenotyping including ground-based and aerial systems
as well as active and passive sensors. Chapter 10 also outlines the principles of
“envirotyping” and examines the challenge of physiological breeding by means
of HTFP of plant development. This chapter also describes the importance of
the different phases of cereal development and how to phenotype them, in
addition to analysing genetic crop models.
Chapter 11 highlights the tools and application of phenotyping in wheat
for both research and breeding purposes. For research, precise and often costly
procedures are employed to phenotype strategic traits in order to gain a better
understanding of how genotypes adapt to different environments. For breeding, both strategic and screening traits are considered, the latter typically being
measured at high throughput. This chapter describes phenotyping for key traits
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and environments, for instance heat and drought stress, as well as the challenges facing reliable phenotyping including the confounding effects of the
environment and growth stages. The chapter explains applications of phenotyping in breeding, offering a detailed case study of physiological breeding for
yield potential and climate change.
Chapter 12 focuses on modern technologies for single nucleotide polymorphism (SNP) markers for cereal breeding and crop research. Modern cereal
breeding and research increasingly relies upon the application of molecular
genetics. This chapter provides an overview of the development of SNP markers for use in such breeding and research. Fluorescence detection methods
are fully reviewed as this field is experiencing an explosion of interest among
plant biologists and crop breeders. More than 20 modern fluorescence-based
methods for SNP identification and discrimination are reviewed and the specific
advantages and disadvantages of each are covered. This variety of approaches
gives researchers and industry the freedom to adapt and improve upon existing methods and develop novel techniques to suit specific SNP analyses. The
majority of the described SNP methods are already widely used in plant biology
and crop breeding, whilst others are more popular in medical research yet have
potential applications in plant research.
Chapter 13 discusses the mapping and isolation of major resistance genes
in cereals. Diseases caused by pathogenic viruses, bacteria, oomycetes and
fungi are a major threat to cereal production worldwide. However, cereal plants
have evolved a plethora of disease resistance genes to combat such threats.
This genetic resistance forms an essential component of plant protection and
is exploited by breeders to develop crop cultivars with high levels of field
resistance. Despite the importance of disease resistance for crop improvement,
only a minority of disease resistance genes have been isolated from cereal
genomes and are molecularly studied so far. Here, we highlight the latest
advancements in cereal genomics that have facilitated the rapid isolation of
cereal resistance genes. A particular focus is given to barley and wheat, two
cereal species with particularly large and complex genomes. The chapter
includes a case study discussing the recent cloning of the wheat Stb6 resistance
gene, for which several new genomics approaches have been combined.
Chapter 14 focuses on mapping and isolation of quantitative trait loci (QTL)
to enhance climate change resilience in cereals. Global food security relies on
the release of cultivars more resilient to the negative effects of abiotic stress
caused by climate change. Attaining this daunting goal requires a substantial
increase in the selection gain achieved so far with conventional breeding. To this
end, the identification of molecular markers associated with major QTL for adaptive response to abiotic stress enables marker-assisted selection, boosts gain
from selection while promoting a better understanding of the functional basis of
abiotic stress resilience. This chapter reviews the literature on the dissection of
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

xxiv

Introduction

the QTLome in cereals and how this information is being leveraged to develop
climate-resilient cultivars.
Chapter 15 surveys the advances in statistical methods to handle large data
sets for genome-wide association studies (GWAS) in crop breeding. One of the
most important statistical methods for handling large data sets for GWAS is QTL
analysis. Two approaches to QTL analysis are linkage analysis (LA) and linkage
disequilibrium (LD) mapping. Even though association and linkage mapping are
viewed as fundamentally different approaches, both methods try to make use of
recombination events. This chapter discusses some of the main challenges for
GWAS studies with large data sets. It describes both single-locus and multilocus
association models, before going on to discuss high dimensional data space
in GWAS, including Bayesian and Frequentist regularization approaches, the
significance threshold for association and dimensionality reduction methods.
Nested association mapping (NAM) in barley to identify extractable trait
genes is the topic of Chapter 16. Wild germplasm contains a wealth of alleles
which are useful in modern agriculture. NAM makes use of wild germplasm by
developing multi-parental populations after crossing a single elite cultivar to
a number of exotic donors. The resulting NAM lines are subsequently characterized through SNP genotyping and quantitative trait phenotyping. Both data
sets are finally merged to conduct GWAS leading to the identification of QTL
involved in controlling these traits. This chapter describes the principles of QTL
and NAM mapping, and includes a number of detailed barley NAM case studies
from around the world.

Part 5 Genome-wide association studies
and genomic selection
The themes of chapters in Part 5 highlight genome-wide association studies
(GWAS) in wheat and barley, the advantages and disadvantages of genomic
selection (GS) in cereals and site-directed genome modification in barley and
wheat breeding. Chapter 17 highlights GWAS in wheat. GWAS have become
a very popular method for dissecting the genetic basis of complex traits in
plants such as wheat. The benefits of GWAS are a relatively detailed mapping
resolution with no population development required. The surge of interest in
GWAS has been fuelled by recent developments in genomics that allow the
rapid identification of genetic markers. This chapter describes the features of
GWAS, including high-density genotyping, phenotyping and GWAS design.
Chapter 17 also explains the use of GWAS for controlling population structure
and familial relatedness, considering the estimation of linkage disequilibrium
(LD) and issues of research replication and validation. A case study focusing on
genomic regions conferring increased grain weight in CIMMYT spring bread
wheat is also discussed.
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GWAS in barley is the topic of Chapter 18. In recent years, the limiting factors for GWAS in barley have shifted from the number of markers to the number
of individuals, and to the quality of phenotyping, particularly in field experiments of required size. Recent advances in methodology provide an increasing
number of models available for research. This chapter provides an up-to-date
review of issues relevant to GWAS in barley. The chapter provides an overview of key GWAS studies performed on barley and a summary of the results
achieved. The chapter describes such methodological challenges as linkage
disequilibrium, ascertainment bias, genetic and physical distances, resolution
to single genes and the impact of population structure on detecting major loci
in wheat. Finally, the chapter introduces several new developments that enrich
the outcome of GWAS studies, such as genotype-environmental association
suitable for landrace and wild materials, the inclusion of environmental effects
to explain QTL effects and the analysis of gene regulatory networks.
Chapter 19 reviews the advantages and drawbacks of genomic selection
in cereals. Genomic selection evolved as a promising new method to support
decision-making for plant breeders. This chapter provides an introduction
to genomic prediction and its usefulness as a selection tool. In addition, the
chapter highlights some of the most important factors to be considered when
implementing and applying genomic selection in research and plant breeding.
Site-directed genome modification in barley and wheat is highlighted in
Chapter 20. The principle of customized endonuclease-triggered genome
modification offers unprecedented opportunities for the elucidation of
gene functions and the improvement of crop plant performance. The advantage
of this technology lies in the possibility of defining the genomic site where a
modification is to be made. This chapter provides an overview of the principles
of targeted mutagenesis, the state of the art in the field, current limitations,
applications of the technology as well as future perspectives on the use of
customizable endonucleases in research and breeding devoted to wheat
and barley.
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1 Introduction
Wheat originated from the Fertile Crescent and was domesticated around
10 000 years ago (Dvorak et al., 1993; Dubcovsky and Dvorak, 2007). It has
been a major food crop for human beings, providing approximately 20% of
the total calorific and 25% of the protein input of the world’s population (www.
fao.org/faostat). Hexaploid wheat (Triticum aestivum, 2n = 6x = 42, AABBDD),
also known as bread wheat, accounts for 96% of wheat production and is used
to make bread, cakes, noodles and cookies. Tetraploid wheat (T. durum, 2n =
4x = 28, AABB), commonly known as durum wheat, accounts for 4% of wheat
production and is mainly used to make pasta and other semolina products (Gill
et al., 2004). It has been estimated that wheat yields need to increase by 50%
by 2050 to meet the needs of the world’s growing population demand (Grassini
et al., 2013). Improving wheat production is therefore a major global priority to
meet the growing demand for food.
Hexaploid wheat originated from spontaneous hybridization of three diploid ancestors: T. urartu (2n = 2x = 14, AA), Aegilops tauschii (2n = 2x = 14, DD)
and possibly Ae. speltoides (2n = 2x = 14, SS; Dubcovsky and Dvorak, 2007;

http://dx.doi.org/10.19103/AS.2019.0051.01
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Marcussen et al., 2014). The polyploid origin led to a narrow genetic variabi
lity in the wheat genome because only a few diploid ancestor accessions were
involved in the allopolyploid speciation events, making it vulnerable to various
biotic and abiotic threats (Feldman and Levy, 2012; Marcussen et al., 2014). On
a world scale, wheat is attacked by 200 pathogens and pests, causing significant
economic losses in commercial wheat production. Hybridization, domestication
and breeding selection pressure has eroded the genetic diversity of wheat and
resulted in stagnation in grain yield improvement during the last few decades.
Wheat breeding for better adaptability has become particularly important in
the light of climate change, especially with the increasing frequency of extreme
weather events (Bedő and Láng, 2015). Large genetic variation has been
observed within wheat-related wild and cultivated species, which was mostly left
out of the ancestry of wheat (Jiang et al., 1994; Rey et al., 2015). Gene introgression of favorable alleles and genes from wild relatives offers great opportunity
to enrich the wheat genome and expand the gene pool for wheat breeding.
Multiple strategies, such as chromosome engineering and synthetic wheat
breeding, have been taken to transfer specific disease and pest resistance
genes from annual (e.g. Aegilops and Secale) or perennial (e.g. Thinopyrum
and Lophopyrum) members of the tribe Triticeae into wheat (Oliver et al., 2006;
Anderson et al., 2010; Lukaszewski, 2015; Zhang et al., 2015). It has become
evident that the exploitation and utilization of alien genes responsible for
favorable properties is an effective approach of enhancing the adaptability
and grain yield of wheat. In this chapter, we review the major achievements and
latest advances in alien gene introgression and synthetic wheat development.
We will also discuss the technologies and resources useful in alien gene
introgression and synthetic wheat development, including genomics-enabled
chromosome engineering, high-throughput genotyping and use of molecular
markers.

2 Alien introgression from wheat-related species into wheat
2.1 Wheat species under the genus Triticum and related species in
the tribe Triticeae
The genus Triticum is classified into three sections: Monococcon Dumort., Dicoccoidea and Triticum Flaksb. It contains the diploid species T. monococcum and
T. urartu, tetraploid species T. turgidum and T. timopheevii and hexaploid species
T. aestivum and T. zhukovskyi (see Table 1; van Slageren, 1994). In addition
to Triticum species, the tribe Triticeae contains over 500 wild and cultivated
species under genera Aegilops, Agropyron, Ambylopyrum, Anthosachne,
Campeiostachys, Dasypyrum, Elymus, Hordeum, Leymus, Lophopyrum, Psathyrostachys, Pseudoroegneria, Secale, Thinopyrum and others (Dewey, 1984; van
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Table 1 The genus of Triticum and the genomes of its membersa.
Ploidy

Species and subspecies

Genome

Common name

Diploid (2x)

Triticum monococcum L. subsp.
aegilopoides
Triticum monococcum L. subsp.
monococcum
Triticum urartu

A

Wild einkorn

Am

Einkorn

A

Red wild einkorn

Triticum turgidum L. subsp. dicoccoides
Triticum turgidum L. subsp. dicoccum
Triticum turgidum L. subsp.
paleocolchicum
Triticum turgidum L. subsp. durum
Triticum turgidum L. subsp. turgidum
Triticum turgidum L. subsp. polonicum
Triticum turgidum L. subsp. turanicum
Triticum turgidum L. subsp. carthlicum
Triticum ispahanicum
Triticum timopheevii (Zhuk.) Zhuk. subsp.
armeniacum
Triticum timopheevii (Zhuk.) Zhuk. subsp.
timopheevii

BA
BA
BA

Wild emmer
Emmer
Georgian wheat

BA
BA
BA
BA
BA
BA
GAm

Durum
Rivet wheat
Polish wheat
Khorasan wheat
Persian wheat
/
Wild timopheevii

GAm

Timopheev’s wheat

Triticum aestivum L. subsp. spelta
Triticum aestivum L. subsp. macha
Triticum aestivum L. subsp. aestivum
Triticum aestivum L. subsp. compactum
Triticum aestivum L. subsp.
sphaerococcum
Triticum vavilovii
Triticum zhukovski

BAD
BAD
BAD
BAD
BAD

Spelt wheat
Macha wheat
Common wheat
Club wheat
Indian dwarf wheat

BAD
GAAm

Vavilov’s wheat
Zhukovsky’s wheat

Tetraploid (4x)

Hexaploid (6x)

m

Species designation after van Slageren (1994).

a

Slageren, 1994). The wheat-related species under the Triticeae carry genomes
homologous or homoeologous to the wheat genome, and have different crossability with wheat (Sharma and Gill, 1983; Sharma, 1995). The Triticeae species
exhibit a wide genetic diversity in agronomically-important traits, such as grain
yield (Reynolds et al., 2001), lodging resistance (Chen et al., 2005), early maturity
(Koba et al., 1997), resistance to pests and diseases (Friebe et al., 1996), drought
tolerance (Fatih, 1983), salt tolerance (Darkó et al., 2015), micronutrient content (Farkas et al., 2014), waterlogging resistance (Taeb et al., 1993), protein
content (de Pace et al., 2001) and β-glucan content (Cseh et al., 2011). Extensive efforts have been made to exploit the beneficial traits in the gene pool of
Triticeae. Many of the genes for the favorable traits have been incorporated into
the wheat genome.
According to Harlan and de Wet (1971), cultivated wheat and its relatives
under Triticeae can be classified into three gene pools. The primary gene pool
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of wheat includes cultivars, landraces and diploid wheat species with AA genome (i.e. T. monococcum), tetraploid subspecies with AABB genome (i.e.
T. turgidum subsp. carthlicum, dicoccum, dicoccoides, durum, paleocolchicum,
polonicum, turgidum and turanicum), hexaploid subspecies with AABBDD
genome (i.e. T. aestivum subsp. compactum, macha, spelta and sphaerococcum), the D-genome donor species Ae. tauschii and synthetic hexaploid wheat
derived from the cross of tetraploid wheat (AABB) with Ae. tauschii. Gene transfer from these species can be achieved by direct hybridization, homologous
recombination, backcross and selection (Friebe et al., 1996).
The secondary gene pool of wheat includes the species that have at least one
homologous genome in common with T. aestivum, such as T. timopheevii (2n =
4x = 28, AAGG), and T. zhukovskyi (2n = 6x = 42, AmAmAAGG). The diploid Aegilops
species with the S genome, such as Ae. speltoides, is placed into the secondary
gene pool because it has been considered the progenitor of the wheat B genome
(Jiang et al., 1994; Kilian et al., 2007). Gene transfer from these species has been
performed by direct cross and backcross with varying levels of homologous or
homoeologous recombination (Qi et al., 1997, 2007; Liu et al., 2011a, b).
The species in the tertiary gene pool are more distantly related to wheat,
such as Secale cereale (2n = 2x = 14, RR), Thinopyrum elongatum (2n = 2x = 14,
EE) and Th. intermedium (2n = 6x = 42, JJJsJsSS or EEEstEstStSt). Their genomes
are not homologous to those of wheat, making gene transfer from this gene
pool to wheat difficult and complex (Friebe et al., 1996; Rey et al., 2015; Zhang
et al., 2015). The strategies of inducing chromosome breakage, Robertsonian
translocation and homoeologous recombination have been used in gene transfer from the tertiary gene pool to wheat (Friebe et al., 2005; Qi et al., 2007; Liu
et al., 2011a; Niu et al., 2011; Zhang et al., 2017).

2.2 Gene introgression from annual wheat-related wild species
Wheat has many wild relatives with a genome homoeologous to the wheat
genome. Many of them contain unique genes that cultivated wheats do not have
and therefore represent an invaluable gene reservoir for wheat improvement.
Common wheat can take alien genes, chromosomes and genomes from its wild
relatives through chromosome translocation, substitution and addition because
of its genomic flexibility (Shepherd and Islam, 1988; Jiang et al., 1994). Various
wheat germplasm with desirable genes from wild species have been developed
through the pre-breeding process.
Among the wild species, Aegilops is the most closely related genus to
Triticum. Most Aegilops species are found in Mediterranean climates, being
indigenous from the Canary Islands to the western part of Asia, in Afghanistan
and West China (van Slageren, 1994; Schneider et al., 2008). The Aegilops genus
consists of 11 diploid, 10 tetraploid and 2 hexaploid species. It has extremely
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diverse genomes including D, S, U, C, N and M. Ae. tauschii is the D genome
donor of hexaploid wheat, and Ae. speltoides has been considered a possible
donor of the B genome in tetraploid and hexaploid wheat (see Table 2). The
close relationship of Aegilops to Triticum species makes it feasible to transfer
desirable genes from Aegilops species into the wheat genome. A number of
genes for resistance/tolerance to biotic and abiotic stresses have been incorporated into the wheat genome from the Aegilops species. Multiple genes for
resistance to stem, leaf and stripe rusts have been identified from Aegilops species and successfully deployed in wheat varieties. In addition, Aegilops species
have been found to contain genes for resistance to other wheat diseases such
as tan spot and powdery mildew, and insects (Hessian fly and greenbug). All the
Aegilops-derived biotic resistance genes are listed in Table 3.
Many other annual species in the primary gene pool of wheat have been
exploited for gene introgression. For instance, T. monococcum contributed
stem rust resistance genes Sr21 (Gerechter-Amitai et al., 1971), Sr22 (Kerber
and Dyck, 1973) and Sr35 (McIntosh et al., 1984; Zhang et al., 2010) to wheat.
Table 2 Genomic designations and classification of Aegilops speciesa.
Ploidy

Species

Diploid (2x)

Aegilops caudata auct.
Aegilops tauschii Coss.
Aegilops comosa Sm.
Aegilops uniaristata Vis.
Aegilops speltoides Tausch
Aegilops bicornis (Forssk.) Jaub. & Spach
Aegilops longissima Schweinf. & Muschl.
Aegilops searsii Feldman & Kislev ex K. Hammer
Aegilops sharonensis Eig
Aegilops mutica Boiss.
Aegilops umbellulata Zhuk.

Genome
C
D
M
N
S
Sb
Sl
Ss
Ssh
T
U

Tetraploid (4x)

Aegilops geniculata Roth
Aegilops peregrina (Hack.) Maire & Weiller
Aegilops kotschyi Boiss.
Aegilops triuncialis L.
Aegilops biuncialis Vis.
Aegilops columnaris Zhuk.
Aegilops neglecta Req. ex Bertol.
Aegilops cylindrica Host
Aegilops ventricosa Tausch
Aegilops crassa Boiss.

MU
SU
SU
UC
UM
UM
UM
CD
DN
DM

Hexaploid (6x)

Aegilops neglecta Req. ex Bertol.
Aegilops crassa Boiss.
Aegilops vavilovii (Zhuk.) Chennav.
Aegilops juvenalis (Thell.) Eig

UMN
DDM
DMS
DMU

Species designation after van Slageren (1994).

a
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