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v

Cereals are the most important food crops of the world and make an important 
component of daily diet of a major section of human population. Cereals are also 
an important source of fat-soluble vitamin E (an essential antioxidant), and con-
tribute 20–30 % of the daily requirement of minerals. Cereals provide >60 % of 
food requirement of growing human population. In view of this, it is necessary 
that the plant breeders continue to work toward increased crop productivity of 
cereals using the latest knowledge and genomics-based technologies that are 
becoming available at an accelerated and unprecedented pace.

Cereal production witnessed a significant and steady progress during the last 
few decades. This has been possible partly through the development of high-yield-
ing and input-responsive cultivars during the so-called green revolution period. 
Introgression of alien genetic variation from related wild species also contributed 
to this revolution. During the last two decades, starting in mid-1990s, genom-
ics approaches (including molecular marker technology) have been extensively 
used not only for understanding the structure and function of cereal genomes, but 
also for accelerated improvement of available cultivars in all major cereals. In 
our earlier edited volume “Cereal Genomics” published in 2004, we tried to col-
lect information generated till then in the subject area of cereal genomics. That 
volume served a useful purpose and was well received by cereal workers glob-
ally. However, major advances in the field of cereal genomics have been made 
during the last 8 years (2004–2012), thus making our earlier 2004 volume out-
of-date. This made it necessary for us to have a fresh look on the present sta-
tus and future possibilities of cereal genomics research and hence this volume, 
“Cereal Genomics II”. For instance, in 2004, except rice, no other cereal genome 
was sequenced, while now whole genome high quality or draft sequences of rice, 
maize, sorghum, barley, and that of the model grass species Brachypodium dis-
tachyon have become available and that of bread wheat should become avail-
able within the next 2–3 years. These genome sequences have become valuable 
resource for detailed analysis and improvement of cereals.

“Cereal Genomics II” has updated chapters on molecular markers, next gen-
eration sequencing platform and their use for QTL analysis, domestication studies, 
functional genomics, and molecular breeding. In addition, there are also chapters 
on computational genomics, whole genome sequencing and comparative genomics 
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of cereals. We believe that this book should prove useful to the students, teachers, 
and young research workers as a ready reference to the latest information on cereal 
genomics.

The editors are grateful to the authors of different chapters (Appendix I), who 
not only summarized the published research work in their area of expertize but also 
shared their unpublished results to make the articles up-to-date. We also appreci-
ate their cooperation in meeting the deadlines and in revising their manuscripts, 
whenever required. While editing this book, the editors also received strong sup-
port from some colleagues (Appendix II), who willingly reviewed the manuscripts 
for their inclination toward the science of cereal genomics. Their constructive and 
critical suggestions have been very useful for improvement of the manuscripts.

The editors would like to extend their sincere thanks to colleagues and staff 
from their respective laboratories, who helped them to complete this important 
assignment. In particular, Manish Roorkiwal, B. Manjula, and Reyazul Rouf Mir 
helped RKV with the editorial work. The editors also recognize that the edito-
rial work for this book has been quite demanding and snatched away from them 
some of the precious moments, which they should have spent together with their 
respective families. PKG is thankful to his wife Sudha Gupta and to the families 
of his son (Ankur) and daughter (Ritu) and RKV is thankful to his wife Monika 
Varshney and two kids (Prakhar and Preksha) for their support and help. RKV is 
also grateful to Dr. William Dar, Director General, ICRISAT for his guidance and 
support to complete the “Cereal Genomics II” volume. The cooperation and help 
received from Ineke Ravesloot and Jacco Flipsen of Springer during various stages 
of the development and completion of this project is duly acknowledged.

The book was edited during the tenure of PKG as NASI Senior Scientist at CCS 
University, Meerut (India) and that of RKV as Director, Center of Excellence in 
Genomics (CEG), ICRISAT, Hyderabad (India) and Theme Leader—Comparative 
and Applied Genomics (CAG), Generation Challenge Programme (GCP). The edi-
tors hope that the book will prove useful for the targeted audience and that the 
errors, omissions, and suggestions, if any, will be brought to their notice, so that a 
future revised and updated edition, if planned, may prove more useful.

Meerut, India P. K. Gupta
Hyderabad, India  R. K. Varshney
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1

1.1  Introduction

Cereals constitute the most important food crops of the world, occupying ~680 mil-
lion hectares of land and producing ~2,295 million tonnes of food grain globally 
(October 4, 2012; http://www.fao.org/worldfoodsituation/wfs-home/csdb/en/), even 
though this production is lower than that for the year 2011 (2,340 million tonnes). 
Cereals are also an excellent source of fat-soluble vitamin E (an essential antioxi-
dant) and contain 20–30 % of our daily mineral requirement (including selenium, 
calcium, zinc, and copper). Among all crops, cereals also provide 60 % of calo-
ries and proteins for the growing human population, which is estimated to reach 
9.2 billion level in the year 2050. The projected need for annual cereal produc-
tion in 2050 is ~3,000 million tonnes, so that at least a 30 % increase in the annual 
cereal grain production would be needed to meet this demand; this translates into an 
annual growth rate of ~0.70 %, which should not be difficult to achieve if the pre-
sent growth rate of ~1.0 % is maintained. It has also been noticed that although dur-
ing the last 4–5 decades the annual production of cereals (sum of wheat, milled rice 
and coarse grains) has been steadily increasing, the rate of growth in this production 
has shown a fatigue, with the growth rate falling from 3.7 % p.a. in the 1960s, to 
2.5 % in 1970s, 1.4 % in 1980s and 1.1 % in 1990s, this growth rate sometimes also 
being negative (years 2006–2007, 2010–2011; see Fig. 1.1). The rate of growth in 
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yield (production per unit area) has also slowed down in recent years, so that there 
is a need to improve further the yield per unit area also. While total annual produc-
tion of leading cereal crops such as rice, maize, and wheat has increased, the annual 
production of other cereal crops like barley, oats and rye has declined (Table 1.1). 
Since the productivity and production of cereals are not stable and may even decrease, 
depending on weather condition, and because the demand will increase in future due 
to population pressure, cereal workers can not be complacent and will need to keep on 
working for enhancing both, yield and production. It is anticipated that this may not 
be possible with the conventional plant breeding, and genomics-based technologies 
will have to supplement to meet this challenge. With the shrinking land area, water 
shortage and the projected climate change, the task is certainly not going to be easy.

The volume ‘Cereal Genomics’ that was edited by the authors and published 
in 2004 contained useful articles written by eminent scientists in different areas 
of cereal genomics research. It served a useful purpose of making available all 
information on cereal genomics at one place (Gupta and Varshney 2004), and was 
well received by cereal workers globally. However, this volume has become out-
of-date, since during the last eight years, cereal genomics research progressed at 
unprecedented pace (Table 1.1). Sufficient additional information has become 
available making it necessary to have another fresh look on the present status 
and future possibilities of cereal genomics research. For instance, whole genome 
sequences became available not only for rice (Goff et al. 2002; Yu et al. 2002), 
maize (Schnable et al. 2009) and sorghum (Paterson et al. 2009), the three major 
cereal crops, but also for Brachypodium distichum (TIBI 2010), a newly identi-
fied model grass species. Significant progress has also been made in sequencing 

Fig. 1.1  Production, utilization and stocks of cereal grains globally (source http://www.fao.org/
worldfoodsituation/wfs-home/csdb/en/)

http://www.fao.org/worldfoodsituation/wfs-home/csdb/en/
http://www.fao.org/worldfoodsituation/wfs-home/csdb/en/
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genome or gene space in wheat (Paux et al. 2008; Berkman et al. 2011) and barley 
(Mayer et al. 2011; IBGSC 2012).

During recent years, another major technology development is the availability of 
next generation sequencing (NGS), which included the second and third generation 
high throughput and cost-effective sequencing systems (Thudi et al. 2012). These 
NGS platforms revolutionized genomics research not only in cereals, but in all liv-
ing systems including humans, and other higher animals/plants and the microorgan-
isms. By using NGS technologies, genomes of hundreds or thousands of accessions 
of an individual crop like rice have been generated, thus providing estimates of 
genome wide diversity and making genome wide association studies (GWAS) more 
meaningful (Huang et al. 2010; Tian et al. 2011; Zhao et al. 2011; Chia et al. 2012; 
Hufford et al. 2012). All these developments also created a demand for computa-
tional tools to analyse the massive data that was generated at an unprecedented pace. 
This challenge was met successfully by parallel growth in the field of bioinformat-
ics. These developments have been briefly described in this volume, which is appro-
priately titled as “Cereal Genomics II”, so that it supplements our earlier edited 
volume “Cereal Genomics” (Gupta and Varshney 2004). The different aspects cov-
ered in this volume are briefly summarized in this introductory chapter.

1.2  Molecular Markers in Cereal Genomics

Although cereal genomics had its birth during 1980s with the development and use 
of restriction fragment length polymorphism (RFLP) markers, it gained momen-
tum with the development and use of simple sequence repeat (SSR) and amplified 
fragment length polymorphism (AFLP) markers during 1990s and single nucleo-
tide polymorphism (SNP) and diversity array technology (DArT) markers during 
the first decade of the present century. However, wide-spread use of these markers 
in crop breeding programs was not possible due to low throughput and expensive 
genotyping involved in using these markers. With the availability of microarray 
technology, during 1990s and early years of the present century, an increased use of 
microarray-based marker genotyping (particularly for SNPs) was witnessed (Gupta 
et al. 2008). An updated account of these array-based markers for cereal genomics 
research is presented by Pushpendra K Gupta (CCS University, Meerut,  India) and 
his former students by (Sachin Rustgi and Reyaz Mir) in Chap. 2 of this volume.

In parallel and following the development of microarray technology, another 
major development has been the availability of a number of NGS platforms (as 
mentioned above), which facilitated development and use of high throughput 
and cost-effective markers like SNPs, SSRs, Insertion Site-Based Polymorphism 
(ISBPs), Restriction-site Associated DNAs (RADs), Copy-Number Variations 
(CNVs)/Presence-Absence Variations (PAVs), etc. Dave Edward of the University 
of Queensland, Australia and Pushpendra Gupta of CCS University, Meerut, India 
discussed these aspects in Chap. 3 of this volume. The different NGS technologies 
and their use for study of genetic diversity in cereals are discussed in Chap. 4 by 

http://dx.doi.org/10.1007/978-94-007-6401-9_2
http://dx.doi.org/10.1007/978-94-007-6401-9_3
http://dx.doi.org/10.1007/978-94-007-6401-9_4
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Eduard Akhunov and colleagues from Kansas State University, USA. This chapter 
partly overlaps the contents of Chap. 3 in dealing with markers developed using 
NGS, this overlap being unavoidable in an edited volume.

1.3  Organization and Evolution of Cereal Genomes

In true sense, plant genomics research had its beginning in December 2000, with the 
publication of the whole genome sequence of the model plant species Arabidopsis 
thaliana (AGI 2000). This was followed by publication of the whole genome 
sequences of more than a dozen plant species, which included some cereals such as 
rice (Yu et al. 2002; Goff et al. 2002; IRGSP 2005), maize (Schnable et al. 2009), 
sorghum (Paterson et al. 2009) and foxtail millet (Bennetzen et al. 2012; Zhang et 
al. 2012) and a model grass species, Brachypodium distichum (TIBI 2010). Available 
genome sequences of several other plant species (http://genomevolution.org/wiki/
index.php/Sequenced_plant_genomes; Plant GDB), which also became available in 
parallel, were also compared with available cereal genome sequences, thus facilitat-
ing further progress in cereal genomics research. In Chap. 5 of this volume, Xi-Yin 
Wang and Andrew H. Paterson from University of Georgia, USA utilize this infor-
mation and discuss comparative genomics in cereals. During the study of genomic 
sequences of cereals, in particular those of corn, it has been recognized that trans-
posable elements constitute a major part of cereal genomes. In Chap. 6 of this vol-
ume, Beat Keller and his coworkers from University of Zurich, Switzerland, have 
discussed the role of transposable elements in shaping cereal genomes.

1.4  Functional Genomics of Cereals

Cereal have also been subjected to functional genomics research, which dur-
ing the last two decades covered both basic and applied aspects. As a result, not 
only we understand better the genomes of major cereals and the mechanisms 
involved in the function of different cereal genes, but we have also utilized infor-
mation generated from genomics research in producing better transgenic crops, 
which will give higher yields, sometimes with value addition. In Chap. 7 of 
this volume, Pankaj Jaiswal and colleagues from Oregon State University, USA 
have discussed the techniques and bioinformatics involved in functional annota-
tion of cereal genomes. In Chap. 8, Nese Sreenivasulu and his coworkers from 
IPK, Gatersleben, Germany discussed the different ‘omics’ approaches involved 
in functional genomics and their implications for developing a system biology 
approach for study of the mechanism involved in tolerance against abiotic stress. 
In Chap. 9, Peter Langridge and his coworkers from Australian Centre for Plant 
Functional Genomics (ACPFG), Australia discuss the functional genomics of seed 
development and in Chap. 10, Bikram Gill and his coworkers from Kansas State 
University, USA discuss the genomics of cereal based functional foods.

http://dx.doi.org/10.1007/978-94-007-6401-9_3
http://genomevolution.org/wiki/index.php/Sequenced_plant_genomes
http://genomevolution.org/wiki/index.php/Sequenced_plant_genomes
http://dx.doi.org/10.1007/978-94-007-6401-9_5
http://dx.doi.org/10.1007/978-94-007-6401-9_6
http://dx.doi.org/10.1007/978-94-007-6401-9_7
http://dx.doi.org/10.1007/978-94-007-6401-9_8
http://dx.doi.org/10.1007/978-94-007-6401-9_9
http://dx.doi.org/10.1007/978-94-007-6401-9_10
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1.5  QTL Analysis, Domestication and Molecular Breeding

Another important development in cereal genetics and genomics during the last two 
decades is the availability of approaches for genetic dissection of complex quanti-
tative traits. This became possible due to the availability of DNA-based molecular 
markers and statistical tools for analysis of complex traits. These aspects have been 
discussed in Chap. 11 by Pushpendra K Gupta and his two former students (Pawan 
Kulwal and Reyaz Mir). QTL analysis also facilitated the study of domestication 
process, so that domestication syndromes involving the selection of a set of genes 
have been discovered in all major cereals. These aspects have been discussed in 
Chap. 12 by Tao Sang from Key Laboratory of Plant Resources, China and Beijing 
Botanical Garden, China and Jiayang Li from National Center for Plant Gene 
Research, China. It has also been recognized that precision in phenotyping has been 
a limitation in studying the genetic architecture of cereal crops, and is absolutely nec-
essary in order to improve the power and resolution of genetic approaches available 
for genetic dissection of complex traits. This has led to the development of a new 
discipline called phenomics, which is gaining momentum, so that phenotyping plat-
forms are being established in several countries to facilitate precision in phenotyping. 
BM Prasanna and his coworkers from International Maize and Wheat Improvement 
Center (CIMMYT), Mexico discussed the subject of high throughput precision phe-
notyping for cereal breeding in Chap. 13 of this volume. Chapter 14 of this volume is 
devoted to molecular breeding written by Yunbi Xu from CIMMYT and his co work-
ers from Chinese Academy of Agricultural Sciences, China and CIMMYT.

1.6  Summary and Outlook

In summary, this volume Cereal Genomics II with 14 chapters (including this intro-
ductory chapter) provides a glimpse of the advances in cereals genomics research 
made during the last eight years, that elapsed between now and the year 2004, when 
our earlier volume, Cereal Genomics was published. This volume presents state-of-
art of cereal genomics and its utilization in both basic studies such as comparative 
genomics and functional genomics as well as applied aspects like QTL mapping and 
molecular breeding. Keeping in view the information that became available during the 
last one decade, one can certainly foresee an exciting period that lies ahead for cereal 
researchers globally, particularly because the large and complex cereal genomes of 
barley and wheat will also be fully sequenced within the next 2–3 years. Molecular 
mapping and breeding approaches will be shifting from marker-based genotyping to 
sequencing-based genotyping. Comparative genomics will be moving from compari-
son of genomes of two or more species to comparison of genomes of hundreds to 
thousands accessions of the same species. While data generation for even complex 
genomes of cereal species is expected to become routine, analysis and interpretation 
of data will be a challenge for both cereal biologists as well as for those involved 
in applied cereal genomics research. This will be facilitated through advances in 

http://dx.doi.org/10.1007/978-94-007-6401-9_11
http://dx.doi.org/10.1007/978-94-007-6401-9_12
http://dx.doi.org/10.1007/978-94-007-6401-9_13
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bioinformatics including high-throughput data analysis and cloud computing, which 
will help make further advances in this fascinating area of cereal genomics.
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2.1  Introduction

During the last three decades, DNA-based molecular markers have become indis-
pensible tools for detailed genetic analysis and molecular breeding in crop plants. 
Newer marker systems have been developed at regular intervals during last more 
than 20 years, and have been discussed by us in a series of articles (Gupta et al. 
1996, 1999a, b; Gupta and Varshney 2000; Gupta et al. 2001, 2002; Gupta and 
Rustgi 2004; Gupta et al. 2008). For cereals, these marker systems and the corre-
sponding molecular maps developed until eight years ago were described in an arti-
cle included in our earlier edited volume ‘Cereal Genomics’ (Gupta and Varshney 
2004). A number of other reviews on molecular markers and their uses also 
appeared after the publication of our book ‘Cereal Genomics’. In particular, a book 
“Molecular Marker Systems in Plant Breeding and Crop Improvement” edited by 
Lörz and Wenzel (2005) contained a number of useful articles. Based on these ear-
lier reviews, it may be recalled that the marker systems used in 1980s, 1990s and in 
the early years of the present century were largely either hybridization-based (with-
out PCR; e.g., RFLPs) or PCR-based (involving slab-gel or capillary-electrophore-
sis based separation of PCR products). In most cases, genotyping was performed 
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for individual markers, although multiple loading, multiplexing and multi mixing 
did improve the speed of genotyping. But this status of molecular marker technol-
ogy was still far short of the kind of high-throughput that is required for genotyping 
of either thousands of plants with few markers or a limited number of plants with 
millions of individual markers. This level of high throughput is needed not only for 
high precision in the detection of QTLs/genes involving linkage-cum-association 
mapping, but also for their use in improving the efficiency of large plant breeding 
programs. Map-based cloning of genes/QTLs involving use of large segregating 
populations is another area of research, where this high-throughput is required.

During the last eight years, i.e. after the publication of the edited volume “Cereal 
Genomics” in 2004, there has actually been a revolution in the development of not 
only the new marker systems, but also in the development of corresponding high 
throughput-genotyping platforms. This led to the extensive use of molecular mark-
ers in gene discovery/cloning and molecular breeding studies in cost/time-effective 
fashion, thus making them routine in most laboratories around the world. Further, 
this has become possible particularly due to the adoption of microarrays/chips, 
real-time detection methods and next generation sequencing (NGS) technologies 
for discovery and detection of markers, which is a pre-requisite for identification of 
genes/QTLs associated with specific traits of interest. The marker-trait associations 
(MTAs) identified for a variety of simple and complex traits in a number of crops 
have also been effectively utilized for molecular breeding leading to the release of 
improved cultivars, particularly in cereals including wheat (Gupta et al. 2010a, b), 
rice (Singh et al. 2011) and maize (Prasanna and Hoisington 2003). The importance 
of molecular breeding in developing countries has also been repeatedly emphasized 
(Ribault et al. 2010; Anthony and Ferroni 2011).

The choice for marker systems that are now being increasingly utilized has also 
shifted from the first and second generation marker systems including RFLPs, 
RAPDs, SSRs and AFLPs to the third and the fourth generation marker systems, 
which include SNPs, DArT, TDMs (including SFPs), ISBP markers (Gupta et 
al. 2008; Potokina et al. 2008; Paux et al. 2008, 2010, 2012), and CNVs/PAVs 
(Springer et al. 2009; Belo et al. 2010). Most of these latest marker systems 
make use of microarrays, which is the subject of this brief review. In fact, with 
the availability of NGS technology, and due to the possible low-cost resequencing 
of whole genomes in crops like rice (with a small genome), it is now possible to 
resolve recombination breakpoints within an average length of 40 kb. It has been 
estimated thus that in comparison with the PCR-based markers, map construction 
using sequencing based methods is now 20 × faster in data collection and has 35 
× higher precision in determination of recombination breakpoints (Huang et al. 
2009; Wang et al. 2011; also see, Seifollah et al.2013 in this volume).

The array-based marker systems became available more than five years ago, and 
were discussed by us in an earlier review (Gupta et al. 2008). In this earlier review, 
we had briefly described four types of marker systems (SNPs, SFPs, DArT and 
RAD), the corresponding genotyping platforms and their effective use in a variety of 
plant species. However, during the last few years, after the publication of our above 
review, the array-based genotyping platforms have been increasingly used in plants 
including cereals, thus establishing their utility in molecular breeding programs. 
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Array-based comparative genomic hybridization (aCGH) has also been used for 
detection of structural variations (SVs) including copy number variations (CNVs), 
presence-absence variations (PAVs) and insertions/deletions (InDels). Newer and 
improved array-based genotyping platforms with enhanced throughput and reduced 
genotyping cost are also being regularly developed (Fig. 2.1). Thus, these array-
based platforms will perhaps continue to remain important for high-throughput 
marker discovery and genotyping, although low-cost NGS technologies are also 
being used now in parallel with the development of these array-based marker systems 
(see Seifollah et al.2013 in this volume). In this chapter, we wish to describe first the 
different array types and the principles/methods involved in these array-based marker 
systems, then discuss the results obtained in cereals during the last few years using 
the array-based marker genotyping platforms, and finally discuss the utility of these 
markers and the corresponding genotyping platforms in future molecular crop breed-
ing programs. In order to give a comprehensive picture of the array-based marker 
systems, some of the information available in our earlier review will also be included 
in this chapter, this repetition being unavoidable. The sequencing-based marker sys-
tems and the genotyping platforms involving NGS technologies will not be included 
in this chapter, since these are being covered in the next chapter of this book.

2.2  Array Types for Marker Development and Genotyping

As mentioned above, microarrays were initially developed to facilitate large-scale 
screening of whole genomes/transcriptomes or a few genes/proteins in any living 
system including crop plants like cereals. These microarrays have undergone a vari-
ety of modifications in the original design and concept depending upon the aims and 

Fig. 2.1  Different platforms for genotyping, showing their relative high-throughput in terms 
of number of samples and assays that can be used in a single run (modified from BioScience 
LifeSciences)
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objectives of using them, and also to achieve high throughput and cost-effectiveness. 
These microarrays were initially developed and continue to be used as planar arrays, 
where nucleic acid oligomers/probes or beads with oligonucleotides were immobi-
lized on a flat solid surface mostly represented by a glass slide, a silicon wafer or a 
patterned planar substrate (for reviews, see Gupta et al. 1999a, b; Venkatasubbarao 
2004). Later, microsphere-based suspension arrays were developed, where encoded 
microspheres (with tens of millions of particles per milliliter of suspension) with dis-
tinct optical properties were used as solid supports for biomolecules and the suspen-
sion arrays analyzed through flow cytometry; this also includes Luminex xMAP™ 
technology developed for rapid and high-throughput multiplexed genotyping (for 
reviews, see Nolan and Sklar 2002; Dunbar 2006).

Fluidigm Dynamic Arrays™ is another technology, where microfluidics with a 
miniaturized complex fluid-handling system is used on the chip, making it a ‘lab-
on-a-chip device’. This is actually a ‘reagent in-data out’ platform, where PCR 
reactions also take place on the chip, followed by identification of PCR products 
for genotyping. As a proof of concept, using Fluidigm’s new SNPtype™ system 
a genotyping panel each of 48 SNPs was designed and validated respectively on a 
set of 94 rice (Ilic et al. 2011) and 46 cocoa (Ilic et al. 2012) accessions. Similarly, 
a panel of 96 SNPs was validated on a set of 23 Bromus tectorum accessions using 
Fluidigm and KASPar SNP genotyping platforms (Merrill et al. 2011).

Ultra-high-throughput nano-arrays/nano-chips were also developed and used for 
screening human genomes (Chen and Li 2007). Biomolecule conjugated quantum 
dots (QDs), which are semiconductor fluorescent nanocrystals, were also used for the 
assembly of microarrays to improve sensitivity of these microarrays (Chan and Nie 
1998; Ioannou and Griffin 2010). Latest in the series are the Ion Torrent Chips, which 
employ a unique combination of fluidics, micromachining, and semiconductor tech-
nology to increase the high throughput further. For instance, recently an Ion Torrent 
Chip with a capacity to support up to 1.2 million DNA-testing wells was launched and 
used successfully to demonstrate sequencing of a bacterial genome in amazingly short 
period of time, within just two hours (Zakaib 2011). A next generation 11 million well 
Ion Torrent Chip was also under testing, which will allow the use of this ultra-high 
throughput technology in marker development and genotyping in foreseeable future.

However, not all of the above array technologies have been used in crop plants 
(particularly in cereals), so that we will restrict our discussion in this chapter to only 
those array technologies, which have been used for cereal genomes. However, a brief 
reference to other technologies will also be made, whenever possible and necessary.

2.2.1  DNA Chips/Microarrays/High-Density Oligonucleotide 
Arrays (Ordered Arrays)

The high-density oligonucleotide arrays (also described as DNA chips or micro-
arrays) differ either in their design (featured chips vs tiling arrays) or in their 
production (spotting vs in-situ synthesis). Therefore, these arrays could be 
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classified into following two types: (1) featured chips (carrying gene sequences, 
or other polymorphic sequences known for an organism), and (2) tiling arrays 
that virtually represent the whole genome of an organism.

Among featured chips, the gene chips carry either cDNA-PCR products or 
long/short oligonucleotide probes (70–100 mers or 25 mers) printed on coated 
glass slides or silicon wafers. In featured chips with short oligonucleotide probes, 
for each of a number of genes, 20 pairs of oligonucleotide probes are selected 
from the exons located near the 3′-ends. The number of features on a single fea-
tured chip can also vary from 10,000 to > 6 million (Liu 2007). The tiling arrays, 
on the other hand, virtually cover the entire genome.

Although the above DNA chips/microarrays have generally been extensively 
used for expression analysis, but emphasis of the current review is specifically on 
their use in the detection/genotyping of SNPs/InDels, TDMs (GEMs and SFPs), 
ELPs, and CNVs/PAVs at genome-wide scale. Other featured arrays (e.g., TAM, 
DArT, RAD, aCGH) were also used to identify DNA polymorphisms.

Whole Genome High Density Resequencing Microarrays  
for SNP Discovery

A variety of whole genome microarrays have been developed that are suitable for 
both discovery of markers (e.g., SNPs) and genotyping. These microarrays are 
often based on oligonucleotides, which may be (1) partially overlapping or non-
overlapping and tiled end to end, or (2) spaced at regular intervals to interrogate 
the entire genome without annotation bias. The whole genome microarrays also 
include biased expression arrays, splice-junction arrays, or exon-scanning arrays, 
when one wishes to scan specific regions at the whole genome level. Lastly, these 
microarrays include tiling resequencing arrays, where each nucleotide of the ref-
erence genomic DNA sequence is represented by a set of eight oligonucleotide 
probes (four possible nucleotide for each strand). Some of these whole genome 
microarrays are shown in Fig. 2.2.

High-density, oligonucleotide microarrays are often used for detection of 
genome-wide DNA polymorphisms (e.g., Chee et al. 1996; Patil et al. 2001; Hinds 
et al. 2005). These microarrays, follow a 1-bp tiling path to query each base of 
the genome relative to a known reference sequence, and are therefore, described 
as resequencing arrays. Each base is interrogated with eight features that consist 
of forward and reverse strand 25-mer oligonucleotide quartets. Within a quartet, 
oligonucleotides are identical to the reference sequence except at the central posi-
tion, where each of the four possible bases is represented in four oligonucleotides. 
When hybridized to labeled genomic DNA, the highest signal intensity is expected 
for the perfect match, thereby predicting the base in the corresponding target DNA 
sample. Large-scale polymorphism discovery using such resequencing arrays was 
first performed in humans, identifying a large fraction of common single nucle-
otide polymorphisms (SNPs) in the global population (Patil et al. 2001; Hinds 
et al. 2005). These resequencing arrays have also been used in plants including 
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Arabidopsis thaliana (Clark et al. 2007) and Oryza sativa (McNally et al. 2009). 
Re-sequencing arrays are now available for several plant systems, although high 
error rate (~ 50 %) makes them unreliable for identification of individual SNPs.

Gene-Based Microarrays (GeneChips) for TDMs (ELPs/GEM  
and SFPs)/CNVs

GeneChips have been developed by Affymetrix, Nimbelgen and Agilent in sev-
eral plant species. In Affymetrix chips, a large number of genes are each repre-
sented by 11 perfect match (PF) and 11 mismatch (MM) 25-mer oligonucleotides 
constituting a probe set, so that thousands of such probe sets are included in a 
GeneChip. In contrast, Nimbelgen and Agilent chips include two to seven of 
60-mer oligonucleotide probes representing each gene, although these chips have 
limited application in polymorphism survey in the form of markers like SFPs. The 
two oligonucleotides (PM and MM) in a pair differ in only one base. In wheat, 
as many as 55,052 transcripts (spanning all the 21 chromosomes) were used for 
this purpose (Bernardo et al. 2009). Genomic DNA is often hybridized to such 
GeneChip arrays, and a difference in hybridization intensity with two oligos (PM 
and MM) is recorded as a DNA polymorphism often described as an SFP. If cRNA 
is used for hybridization (in order to minimize the problem of large genome size 
and repetitive DNA), the polymorphisms recorded are described as transcript-
derived markers (TDMs). Such GeneChips have been developed and used in 
maize, barley, wheat and rice (see Gupta et al. 2008 for details).

Fig. 2.2  A comparison of different whole-genome array designs. Unbiased whole-genome tiling 
array designs (a and b) contain oligonucleotide probes representing the entire genomic sequence. 
Probes may be a partially overlapping or nonoverlapping and tiled end to end or may be (b) 
spaced at regular intervals to interrogate the entire genome without annotation bias. c Other 
biased whole-genome array designs such as typical expression arrays, splice-junction arrays, and 
exon-scanning arrays contain only oligonucleotide probes for the known and predicted features 
of a genome. d Tiling resequencing arrays represent each nucleotide of the reference genomic 
DNA sequence with a set of eight oligonucleotide probes



172 Array-Based High-Throughput DNA Markers and Genotyping

Microarrays for SNP Genotyping (SNP Chips)

SNP chips, sometimes also described as ‘variant detector arrays’ (VDAs) have 
been developed using different approaches. In one of these approaches, four oligos 
that differ only at the last position are used per SNP. To determine which alleles are 
present, genomic DNA from an individual is isolated, fragmented, tagged with a 
fluorescent dye, and applied to the chip. The genomic DNA fragments anneal only 
to those oligos to which they are perfectly complementary, which allows SNP gen-
otyping through computer-aided identification of the position of fluorescent tags.

In another approach, the oligonucleotide on the chip may stop one base before the 
variable site, and typing relies on allele-specific primer extension. A DNA sample is 
added, which gets stuck onto the chip through base-pairing and is used as a template 
for DNA synthesis, with the immobilized oligonucleotide being used as a primer. The 
four nucleotides, containing different fluorescent labels, are added along with DNA 
polymerase. The incorporated base, which is inserted opposite to the polymorphic 
site on the template, is identified by the nature of its fluorescent signal. In a variation 
of this technique, the added nucleotide is identified not by a fluorescent label but by 
mass spectrometry, as done in MassARRAY used in Sequenom platform, launched 
by SEQUENOM. This platform makes use of a 384 Spectro CHIP, where PCR prod-
ucts are automatically transferred and utilized for mass spectrometry. However, Mass 
Array technology has not been used for cereal genomics on any large scale.

Illumina’s SNP chip is based on Bead Array Technology (utilized in Illumina’s 
iScan System), where silica beads (3-micron in size) self assemble in micro wells 
on either fiber optic bundles or planar silica slides. Each silica bead is covered 
with hundreds of thousands of copies of a specific oligonucleotide acting as the 
capture sequences in one of the several available Illumina’s assays.

2.2.2  Diversity Arrays for DArT Markers

A diversity array is necessarily crop-specific and consists of a large number of 
diverse anonymous clones. It is prepared by a proprietary method used for selec-
tion of diverse clones of genomic DNA from a sample of pooled DNA derived 
from a number of diverse accessions of the crop under study. These clones are 
characterized through sequencing and are mapped on the genome. The arrays are 
used for development of markers, where polymorphic DArT fragments between 
any two or more genotypes can be identified and used for a variety of studies.

2.2.3  Arrays of PCR Products Spotted on a Slide to be 
Scanned by Probes: Tagged Array Markers  (TAMs)

In the approaches discussed above, the ‘target’ sequence is interrogated by each 
of a number of ‘probes’ arrayed on the chip. In tagged array markers (TAMs), 
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the situation is reversed, where the target sequences in the form of PCR prod-
ucts (obtained using one biotin labeled primer shared by both alleles, and 
two unique primers carrying allele-specific oligonucleotide tags) are spotted 
directly from 96 or 384-well PCR plates onto streptavidin-coated glass micro-
array slides. The tags attached to the primers remain single stranded due a C-18 
linker between the allele specific sequence and the tag. The target sequences 
(allele-specific PCR products carrying unique tags) are then hybridized with 
fluorescent-labeled detector probes to identify alleles represented by each of 
the targeted sequences that are arrayed. In this way, thousands of tagged sam-
ples that are arrayed can be genotyped for a few markers in a single experi-
ment, making it particularly useful for screening large populations for few 
important markers. The method was developed to score retrotransposon-based 
insertion polymorphism (RBIP) markers, but can also be used to score SNPs 
(Flavell et al. 2003).

2.2.4  Arrays for Comparative Genomic Hybridization (aCGH)

The technique of comparative genomic hybridization (CGH) was originally devel-
oped in early 1990s and involved competitive hybridization of two differentially 
labeled genomic DNA samples (a test and a control) on to metaphase chromo-
somes. The fluorescent signal intensity of the labeled test DNA relative to that of 
the reference DNA could then be linearly plotted across each chromosome, facili-
tating identification of copy number variations (Kallioniemi et al. 1992). However, 
the resolution of this CGH technology was limited to alterations of approximately 
5–10 Mb (Lichter et al. 2000; Kirchhoff et al. 1998), and could identify only 
microscopic structural and numerical alterations in chromosomes (including dupli-
cations/deletions and aneuploidy).

In order to improve resolution, microarrays were designed and used for the so-
called array comparative genomic hybridization (aCGH), which allowed resolu-
tion in the range of 1 Kb–3 Mb (Lucito et al. 2003). These microarrays resemble 
those generally designed for the detection of SFPs, except that the oligonucleo-
tides used for aCGH are longer (generally 50–85 bp, but could be hundreds of kb 
as in the BACs). The spotted oligos in microarrays used for aCGH generally rep-
resent the genomic regions of interest. Digital imaging systems are used to cap-
ture and quantify the relative fluorescence intensities of the labeled DNA that is 
hybridized to each target. The fluorescence ratio of the test and reference hybridi-
zation signals is determined at different positions along the genome, and it pro-
vides information on the relative copy number of sequences in the test genome as 
compared to the reference genome.

Currently, Roche NimbleGen and Agilent Technologies are the major suppliers 
of whole-genome array CGH platforms. The oligonucleotides in a CGH microar-
ray may number up to 2–4 million (2–4 M) in case of Roche/NimbleGen and up to 
1 M in case of Agilent Technologies (Alkan et al. 2011).
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2.3  Array-Based Molecular Markers: Classification

In our previous review on array-based markers, we grouped array-based marker 
systems into four classes including SNP, SFP, DArT and RAD markers (Gupta et 
al. 2008). To these four classes, we may add structural variations (SVs) includ-
ing copy number variations (CNVs), presence-absence variations (PAVs) 
and insertions/deletions (InDels). At the molecular level, each of these indi-
vidual array-based marker types represents either nucleotide substitutions or 
duplications/InDels. In view of the nature of genotyping/detection platforms 
developed during the last few years, and their throughput and suitability for vari-
ous applications, we classified array-based markers into two classes, (1) those 
based on genotyping procedure and (2) those based on the level of throughput. 
Later in this chapter, for a more detailed account of array-based markers, we will 
follow the classification based on the technique (procedure) involved.

In the first classification, which is based on the technology involved, the array-
based marker platforms are placed into the following three major groups: (1) 
hybridization-based platforms, where SNP-specific chips or microarrays, devel-
oped for CGH, are used for hybridization; (2) real-time detection-based plat-
forms, where an array of samples to be genotyped is used to provide templates for 
real-time PCR, and (3) the platforms involving both hybridization and real-time 
detection.

The markers involving hybridization based platforms for genotyping can be 
further classified as follows: (1) transcript derived markers [TDMs, including 
expression level polymorphisms (ELPs) or gene expression markers (GEMs) and 
single feature polymorphisms (SFPs)] (Potokina et al. 2008), (2) diversity array 
technology (DArT) markers (Jaccoud et al. 2001; Wenzl et al. 2004), (3) tagged 
microarray markers (TAMs) (Jing et al. 2007), (4) restriction site-associated DNA 
(RAD) markers (Miller et al. 2007a, b), (5) GoldenGate SNP genotyping assays 
(Steermers and Gunderson 2007); and (6) copy number variations (CNVs) and 
presence-absence variations (PAVs). Similarly, the real-time detection-based plat-
forms include (a) KASPar SNP genotyping system (http://www.kbioscience.co.uk/
reagents/KASP.html), and (b) high-resolution melting (HRM) curve analysis 
(Hoffmann et al. 2007). Illumina’s GoldenGate and Infinium assays, on the other 
hand, rely on a ‘hybrid technology’ involving both hybridization and real-time 
detection (Steermers and Gunderson 2007).

In the second classification that is based on the level of throughput and suitability 
for different applications, the assays involving array-based markers are placed into 
the following three groups: (a) assays involving genotyping an individual with an 
array of marker-specific probes, (b) assays involving genotyping an array of individ-
uals with a single marker, and (c) the flexible platforms involving both of the above 
situations. Based on this classification, hybridization-based platforms (including 
SFPs, DArT and RAD) represent the first group, real-time detection-based platforms 
(viz. KASPar and HRM) represent the second group, and Illumina’s GoldenGate 
and Infinium assays represent the third group (for details, see later).

http://www.kbioscience.co.uk/reagents/KASP.html
http://www.kbioscience.co.uk/reagents/KASP.html
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2.4  Array-Based Molecular Markers: Principles and Methods

As mentioned above, a majority of array-based markers are hybridization-based 
(sometimes including real-time detection method), which will be described in rela-
tively greater detail in this section.

2.4.1  Microarray-Based Markers Involving Hybridization

The microarray-based markers rely on hybridization of genomic DNA, cDNA, 
cRNA and/or mRNA to GeneChips, oligonucleotide tiling arrays, diversity arrays, 
and/or glass microarray slides. Even though, these methods were quite success-
ful in detecting/determining polymorphism at the genome-wide scale, they suffer 
from several associated limitations including the following: (1) High background 
noise owing to cross-hybridization, and a limited dynamic range of detection 
because of both background and saturation of signals. (2) High experimental cost, 
since many replications are required per experiment to increase statistical confi-
dence of the observations. (3) Dependence upon the existing sequence (genome/
transcriptome) information. (4) Requirement of comparing expression levels 
across different experiments, which is often difficult (Wang et al. 2009). These 
hybridization-based markers (except CNVs and PAVs) were described in greater 
detail in our previous review (Gupta et al. 2008) and therefore, will be only briefly 
summarized here.

Transcript Derived Markers (TDMs)

The TDMs constitute a major class of microarray-based markers, detected upon 
hybridization of transcripts/cDNAs on microarrays or GeneChips. These markers 
were successfully used for cereals including maize, barley and wheat (for details, 
see Sect. 2.6.3). The TDMs are gene-specific markers (due to SNPs/InDels) and 
include both ELPs/GEMs and SFPs. ELPs/GEMs represent expression level differ-
ences (total absence to differences in transcript abundance) recorded on chips in the 
form of difference in signal intensity observed for different samples under study. 
But the observed signal intensity for a particular sample is consistently shown by 
all the features (oligos) representing a particular gene on the chip. In contrast, SFPs 
represent differences in hybridization intensity observed between two samples, 
denoted by only one of the many features representing a gene on the microarray 
(c.f. Gupta et al. 2008). Both kinds of molecular markers (ELPs/GEMs and SFPs), 
if applied on a mapping population, will allow grouping a population into two dis-
crete classes (presence or absence of expression), in contrast to the cases where the 
population shows a continuous distribution for the transcript abundance of a partic-
ular gene, which can be recorded as an e-trait to be mapped as expression QTL(s).
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Diversity Array Technology (DArT)

DArT is a high-throughput microarray hybridization-based technique that allows 
simultaneous typing of several hundred polymorphic loci spread over the entire 
genome without any prior sequence information about these loci (Jaccoud et al. 2001; 
Wenzl et al. 2004). DArT is an extension of ‘garden blots’ prepared using the genomic 
DNA of different plant species. DArT involves development of a ‘discovery array’, 
which is developed from the metagenome (pool of genomes representing the diverse 
germplasm of interest), that was subjected to complexity reduction to reduce the level 
of repetitive DNA, since repetitive sequences interfere with DArT assays (Kilian et 
al. 2003, 2005). For a ‘discovery array’, individual clones from a genomic represen-
tation library are amplified and spotted onto glass slides (www.diversityarrays.com). 
Labelled genomic representations of individual genomes that were earlier included in 
the metagenome pool, were then hybridized to this ‘discovery array’, and polymorphic 
clones (called DArT markers) thus detected are assembled into a ‘genotyping array’ 
for routine genotyping work. These markers are biallelic and dominant (presence vs 
absence) or co-dominant (two doses vs one dose vs absent) in nature, and were suc-
cessfully used in rice, barley, wheat and maize (see Sect. 2.6.2  for details).

Tagged Array Markers (TAMs)

TAMs allow high-throughput distinction between predicted alternative PCR prod-
ucts. Typically, the method is used as a molecular marker approach for determining 
the allelic states of individual single nucleotide polymorphisms (SNPs) or inser-
tions/deletions (InDels) in multiple individuals. Biotin-labeled PCR (unpurified), 
products are spotted, onto a streptavidin-coated glass slide and the alternative prod-
ucts are distinguished by hybridization to fluorescent detector oligonucleotides that 
recognize corresponding allele-specific tags on the PCR primers. There are several 
advantages of this method, which include high throughput (thousands of PCRs are 
analyzed per slide), flexibility of scoring (any combination, from a single marker in 
thousands of samples to thousands of markers in a single sample, can be analyzed) 
and flexibility of scale (any experimental scale, from a small lab setting  to a large 
project). The TAM technology was initially adopted in pea to genotype retrotranspo-
son-based insertional polymorphism (RBIP) markers on a dot assay, which was later 
made fully automated for handling thousands of samples. The basic RBIP method 
has been developed for high-throughput applications by replacing gel electrophore-
sis with array hybridization to a filter (Flavell et al. 1998; Jing et al. 2007).

CNVs and PAVs

Copy number variations (CNVs) and presence-absence variations (PAVs) are the 
latest markers developed recently. They have been extensively used in humans and 
are now being used in plants also. These markers are detected through the use of 

http://www.diversityarrays.com
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microarrays, which are specially developed for each individual plant species, and 
are then used for comparative genomic hybridization (CGH). The genomic DNAs 
of test sample and the reference sample are differentially labeled (with C3 and C5) 
and are then hybridized on to the CGH microarray. The ratio of the fluorescent sig-
nal intensity of the labeled test DNA to that of the reference DNA is used to detect 
CNVs, PAVs and InDels (Schrider and Hahn 2010).

2.4.2  Real-Time Detection Based Markers: KASPar 
Genotyping System

The KBioscience competitive allele‐specific PCR (KASPar) genotyping system 
is a modification of TAM technology that does not require a hybridization step; 
instead it involves real-time detection of the product, giving it an advantage in 
terms of steps and time involved in the detection process. This makes KASPar a 
simple, cost-effective and flexible way for determining both SNP and InDel geno-
types, since the assays can be adjusted according to the needs to 48, 96, 384 and 
1536‐well plate formats. The technology utilizes a unique form of allele specific 
PCR that is different from the conventional amplification refractory mutation sys-
tem (ARMS), which makes use of four primers, two allele specific and two locus 
specific primers. The KASPar chemistry involves two competitive allele specific 
tailed forward primers and one common reverse primer. The KASPar® assay 
system relies on the discrimination power of a novel form of competitive allele 
specific PCR to determine the alleles at a specific locus. To improve the perfor-
mance of the detection platform, KBioscience perfected this technique by incor-
porating (1) a 5′–3′ exonuclease cleaved Taq DNA polymerase (the engineered 
Taq increases its discrimination power) and (2) a homogeneous Fluorescence 
Resonance Energy Transfer (FRET) detection system. The two allele-specific 
primers of a SNP are designed such that they incorporate a unique 18 bp tail to 
the respective allele specific products, which in later cycles allow incorporation of 
allele specific fluorescent labels to the PCR products (with the help of correspond-
ing labelled primers). The dual emission modules of the detection system offer 
great advantage to read the internal standard (ROX) and the allele specific dyes 
(FAM or VIC) together, making it a qualitative SNP genotyping assay technique.

2.4.3  High-Resolution Melting (HRM) Curve Analysis

The HRM analysis is a recently developed promising technology used for the 
detection of variations in DNA. The thermal stability of a DNA fragment is deter-
mined by its base sequence. When the DNA fragment contains an altered sequence, 
the duplex stability is changed, leading to different melting behavior, which can be 
identified with HRM analysis. During HRM analysis, melting curves are produced 
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using intercalating DNA dyes (SYBR Green) that fluoresce in the presence of double-
stranded DNA and a specialized instrument designed to monitor fluorescence during 
heating. When the temperature increases, the DNA-intercalating dye is released from 
the DNA and the fluorescence decreases. This process produces a characteristic melt-
ing profile that can be monitored with precision. Changes in the sequence within the 
DNA fragment, as in SNPs or InDels, alter the melting profile. The HRM assay has 
successfully been used to detect point mutations in crop plants. The technique has 
also served as an alternative to agarose gel electrophoresis to score for the presence/
absence of amplicons to detect insertion/deletion polymorphisms (IDPs) with or with-
out prior knowledge of the presence of a polymorphism. For instance in bread wheat 
insertion site-based polymorphism (ISBP) were amplified by PCR in the presence of 
SYBR Green I and subsequently used for melting curve analysis on an ABI_PRISM 
7900HT. The HRM analysis of 711 ISBP markers allowed assignment of these mark-
ers to deletion bins by scoring for the presence⁄absence of the amplicon in chromo-
some 3B aneuploid lines and also allowed evaluation of polymorphism between the 
parents of five mapping populations (Paux et al. 2010).

2.5  High Density Arrays-Based Resequencing for SNP 
Discovery

High-density whole genome oligonucleotide tiling arrays have been used for rese-
quencing whole genomes of model systems like Arabidopsis and rice, leading to dis-
covery of millions of SNPs. Arabidopsis was the first plant to enjoy the advent of these 
whole genome approaches, where high-density microarrays were used to describe 
sequence diversity in the entire Arabidopsis genome (Clark et al. 2007). In this study, 
hybridizing genomic DNA from 20 divergent Arabidopsis strains to tiling arrays with 
almost one billion different oligonucleotides increased the number of known SNPs to 
1,074,055, and provided the foundation for the first haplotype map among organisms 
outside mammals. The extensive number of polymorphisms identified in this study 
eliminated the need for polymorphism discovery, and made mapping and tracking 
of genes controlling complex traits feasible by the development of very high-density 
genetic linkage maps. A similar study was also conducted in rice (O. sativa), where 
genomes of 50 accessions of cultivated rice allowed detection of 6.5 million SNPs (Xu 
et al. 2012); however both of these studies were quite successful but marked the end of 
an era of microarray-based resequencing, when NGS technologies became available.

2.6  Array-Based Genotyping Platforms

2.6.1  Array-Based High-throughput SNP Genotyping Platforms

Microarray based genotyping platforms are increasingly becoming popular for 
genome-wide genotyping since they offer highly multiplexed assays at a relatively 
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low cost per data point. These high-throughput platforms offer large-scale geno-
typing for dozens to thousands of SNPs in one or more genomic DNA sam-
ples (see Syvanen 2005; Fan et al. 2006a, b; Gupta et al. 2008; McCouch et al. 
2010). Both low to high resolution platforms are available to meet the different 
needs of research communities in different crop plants. Some of the important 
SNP genotyping platforms reported for low to high through-put SNP genotyp-
ing include the following: (1) Illuminas GoldenGate platform (Fan et al. 2003), 
(2) Illumina’s BeadChip™ based Infinium platform (Steermers and Gunderson 
2007), (3) GenomeLab™ SNPstream Genotyping System, (4) MegAllele gen-
otyping system based on Affymetrix ParAllele’s Molecular Inversion Probe 
(MIP) Technology, (5) GeneChip™ technology and ASO tiling arrays based on 
Affymetrix GeneChip platform, (6) TaqMan by Life Technologies (Livak et al. 
1995), (7) OpenArray platform (TaqMan OpenArray Genotyping System, Product 
Bulletin), and (8) Competitive Allele Specific PCR (KASPar) by KBiosciences 
(http://www.kbioscience.co.uk/index.html).

Based on the methodology involved, majority of the above SNP genotyping 
assays have been classified into the following groups: (1) allele-specific hybridiza-
tion, (2) primer extension, (3) oligonucleotide ligation (4) invasive cleavage, (5) 
allele-specific PCR amplification, (6) DNA conformation methods, and (7) enzy-
matic cleavage method to include the invader assay (for details, see Xu 2010). 
The details of these platforms have been described elsewhere in several earlier 
reviews (see Fan et al. 2003; Syvanen 2005; Gundersson et al. 2006; Steemers 
and Gundersson 2007; Gupta et al. 2008; Appleby et al. 2009; Ragoussis 2009). 
However, among all these genotyping platforms, the most popular high-throughput 
genotyping assays among researchers working on cereal crops included Illumina’s 
GoldenGate and Infinium assays, and KBiosciences KASPar assay. Therefore, 
in this section, we will briefly discuss the development and use of Illumina’s 
GoldenGate and Infinium assays and KBioSciences’ KASPar assay for world’s 
major cereal crops.

Illumina’s GoldenGate Assay

Illuminas GoldenGate assay, which makes use of customized oligonucleotide pool 
assays (OPAs), is one of the most widely used genotyping platforms for cereals at 
present. It provides low to mid-plex genotyping for genome profiling and valida-
tion studies. This genotyping platform is extremely flexible and allows research-
ers to select for number of SNPs (for each of the samples to be genotyped) and 
the throughput level that best suit their experimental requirements. The system can 
be utilized for any crop species using either Bead Array, or VeraCode technology 
(http://www.illumina.com/applications/detail/snp_genotyping and_ cnv_analysis/
custom_low_to_mid_plex_genotyping.ilmn). Based on the level of multiplexing 
and throughput, GoldenGate assays can be classified into: (1) GoldenGate Bead 
Array (2) GoldenGate Veracode and (3) GoldenGate Indexing. GoldenGate assay, 
which is common to all the three technologies involves use of two allele specific 

http://www.kbioscience.co.uk/index.html
http://www.illumina.com/applications/detail/snp_genotypingand_cnv_analysis/custom_low_to_mid_plex_genotyping.ilmn)
http://www.illumina.com/applications/detail/snp_genotypingand_cnv_analysis/custom_low_to_mid_plex_genotyping.ilmn)
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oligonucleotides (ASOs) and a locus specific oligonucleotide (LSO) for each SNP. 
All the three oligonucleotides are supplemented with non-template specific uni-
versal primer sites; the LSO also carries an anti-tag sequence corresponding with 
a particular bead type on the BeadArray. The specific primers (ASOs and LSO) 
bordering each SNP allow allele specific primer extension and universal primers 
allow labeling and detection of the product (for details, see Fan et al. 2006a, b). A 
comparison of three assays has been presented in Table 2.1.

1. GoldenGate BeadArray Assays (Bead Array, iScan). This assay allows 
simultaneous genotyping of 96–3,072 (96-, 192-, 384, 768-, 1536- and 3,072) 
SNP loci in a fairly large collection of samples (up to 384 samples) in parallel. 
This is one of the most popular SNP genotyping platforms providing cost effec-
tive assays (per genotype cost $0.03). These assays are now becoming available 
in all major cereals  including wheat (Akhunov et al. 2009; Chao et al. 2010), 
rice (McCouch et al. 2010), barley (Rostocks et al. 2006; Close et al. 2009; 
Druka et al. 2011) and maize (Mammadov et al. 2012). Among cereals, barley 
is the first crop where GoldenGate assay for 1,536 SNPs (selected on the basis 
of EST mining) was developed and used for the study of population structure 
and the level of LD exhibited in elite Northwest European barley (Rostoks et al. 
2006). Later, it was also used for molecular characterization, genetic diversity 
analysis, preparation of integrated maps, consensus maps, bulk segregant analy-
sis (BSA), identification of QTL, linkage disequilibrium (LD) studies, associa-
tion mapping, joint linkage–linkage disequilibrium (LD) mapping approaches, 
etc. A summary of SNP studies conducted in different cereals using Illumina’s 
GoldenGate (GG) assays is presented in Table 2.2.

2. GoldenGate VeraCode (VeraCode Bead Plate BeadXpress): BeadXpress 
involving Veracode technology is considered as most flexible and low- to mid-
plex GoldenGate SNP genotyping assay. In this genotyping platform, custom SNP 
assays are ordered from Illumina in 48-, 96-, 192-, and 384-plex (GoldenGate 
Kits), 1-144-plex (Universal Capture Bead Sets) and 1–48-plex (Carboxyl Bead 
Sets) formats, and the DNA samples are processed in a 96-well format (Table 2.1). 
BeadXpress involving 384-SNP OPAs is very useful for cereal breeding/genetics 

Table 2.1  Comparison of various GoldenGate SNP genotyping assays

Features GoldenGate BeadArray GoldenGate VeraCode GoldenGate Indexing

Multiplexing 96–1536-plex 48–384-plex 96–384-plex
DNA needed ~250 ng ~250 ng ~250 ng
System used iScan system BeadXpress system iScan system
Array type Bead Array VeraCode Bead Array
Through-put ~288 samples/day ~288 samples/day >2,000 samples/day
Reaction ASPE ASPE ASPE
Suitability for MAS Less More Less
Suitability for mapping More Less More

ASPE = allele specific primer extension
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community since this is reliable and requires little technical adjustments after 
their designing and optimization. As against, BeadArray technology, VeraCode 
makes use of a VeraCode Bead Plate, which carries addresses for SNP alleles to be 
detected by the anti-tags carried by LSO. The use of VeraCode Bead Plate in place 
of BeadArray reduces the cost per sample, when lower-plex genotyping is needed. 
This genotyping platform is suitable to assay hundreds or thousands of genotypes 
in a short span of time. Several 384-SNP BeadXpress assays have already been 
developed and used in cereals (see Table 2.2).

3. GoldenGate Indexing (iScan): Illumina’s GoldenGate Indexing is a recent 
high-throughput, low cost technology involving low to mid-plex genotyping of 
96–384 SNPs simultaneously. This will allow researchers to pool multiple sam-
ples, thus increasing the number of samples in a single run (http://www.illum
ina.com/documents/products/datasheets/datasheet_goldengate _indexing.pdf). 
One can screen up to 16 times more samples per reaction than one can do 
with the standard GoldenGate (GG-BeadArray) assay (see above) and there-
fore, increases throughput from 288 samples/day (in GG-BeadArray assay) to 
>2,000 samples/day, thereby decreasing cost (Table 2.1). This system has not 
been used in plants so far, but it is anticipated that this emerging technology 
will soon find its application in plants also.

Illumina’s Infinium Assays (SNP-CGH)

Illumina’s BeadChipTM based Infinium assay, involving array-comparative 
genomic hybridization (aCGH), is a high-density SNP genotyping technology 
for whole-genome genotyping that allows genotyping of fixed sets of hundreds of 
thousands of SNPs simultaneously. It allows simultaneous measurement of both 
signal intensity variations and changes in allelic composition (Varshney 2010). In 
this assay, BeadChips with 12-, 24-, 48- or 96 sections can be used simultaneously 
with each section of a BeadChip containing 1.1 million beads carrying decoded 
oligonucleotides (for further details consult, Syvanen 2005; Gundersson et al. 
2006; Steemers and Gundersson 2007; Gupta et al. 2008).

With the advent of next-generation sequencing technologies, high density 
SNPs have been discovered in all important crop plants including cereals; this 
facilitated the development of Infinium assays in these crops. For instance, in 
soybean, 44,299 informative SNPs were used to develop ‘Illumina Infinium iSe-
lect SoySNP50 chip’ that was later used to dissect and resolve the issue of ori-
gin of genomic heterogeneity in soybean cultivar, William 82. The CGH analysis 
for >2,03,000 loci revealed the consequences of this heterogeneity in terms of 
structural and gene content variants among individuals of the cultivar, Williams 
82 (Haun et al. 2011). Similarly, efforts are being made to design a 50 K SNP 
Illumina Infinium assay and use it to analyze each of the 18,603 cultivated and 
1,116 wild soybean accessions from the USDA soybean germplasm collection 
and 1,000 RILs from each of the two mapping populations of soybean (Williams 

http://www.illumina.com/documents/products/datasheets/datasheet_goldengate_indexing.pdf)
http://www.illumina.com/documents/products/datasheets/datasheet_goldengate_indexing.pdf)
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82 × PI468916 and Essex × Williams 82) with the Illumina BeadStation 500 to 
obtain ultra-high resolution genetic maps of soybean (http://www.soybeanchecko
ffresearch. org/DetailsbyPaperid.php?id_Paper = 991). These Illumina Infinium 
genotyping assays have now been used even in non-model plant species. For 
instance, using Infinium assays, 622 loblolly pine trees sampled from 167 loca-
tions were genotyped using SNPs across 3,059 functional genes. This allowed a 
study of population structure and environmental associations to aridity in loblolly 
pine (Eckert et al. 2010).

In cereals, some of the applications of Infinium assay included the following: 
(1) A 50 K SNP Infinium chip in maize covers approximately two-thirds of all 
maize genes and also includes additional SNPs spread over most of the remain-
ing maize genome resulting in an average marker density of approximately one 
marker every 40 kb (Ganal et al. 2011). (2) A set of 618 gene-based SNPs were 
successfully converted into different genotyping assays including infinium assay 
in maize (Mammadov et al. 2012). The study also demonstrated the conversion of 
SNPs from GoldenGate assays into Infinium assays with a success rate of ~89 %. 
The commercial availability of these high-density SNP platforms will undoubt-
edly facilitate the application of SNP markers in molecular breeding (Mammadov 
et al. 2012). (iii) A pilot 9 K SNP Infinium assay (http://129.130.90.21/IWSWG/
sites/default/files/9K_assay_available_updated.docx) was developed recently in a 
USA/Australia collaborative project and used to genotype tetraploid and hexaploid 
wheat lines and cultivars. The assay includes SNPs discovered from the transcrip-
tomes generated from a set of 27 US/Australian lines. Preliminary results showed 
that more than 90 % of SNPs produce high-quality genotype calls.

Cost Effectiveness of GoldenGate (GG) Assays and Their Suitability for 
Molecular Breeding

In maize, genotyping using GoldenGate (GG) assay was found 100-fold faster 
than gel-based methods. When the cost of genotyping for preparation of two link-
age maps was compared, it was found that there was a cost saving of ~75 % in 
GG-based SNP genotyping relative to gel based methods used for SSRs. In addi-
tion, SNP genotyping with GG assays allows development of molecular maps 
with 2–3 times higher density in a fraction of time required for the development of 
SSR-based maps (Yan et al. 2010). However, while comparing with DArT mark-
ers, GG assays were found to be 3 times more expensive (Mantovani et al. 2008).

However, GG assays have not been favored for molecular breeding, although both 
GG and Infinium assays have been applied for rapid construction of genetic link-
age maps, gene/QTL mapping and GWAS. This may be due to the requirement for 
multiplexing to bring down the assay cost per data point, which will be a bottleneck 
for their use in molecular breeding involving use of only a few SNPs closely linked 
to the gene/QTL of interest. If an associated SNP belongs to the set of SNPs (OPA) 
included in a GG or Infinium assay, the breeder prefers to convert the desired SNP(s) 
into another user-friendly high-throughput assay (e.g. KASPar or TaqMan) that does 

http://www.soybeancheckoffresearch.org/DetailsbyPaperid.php?id_Paper=991)
http://www.soybeancheckoffresearch.org/DetailsbyPaperid.php?id_Paper=991)
http://129.130.90.21/IWSWG/sites/default/files/9K_assay_available_updated.docx)
http://129.130.90.21/IWSWG/sites/default/files/9K_assay_available_updated.docx)
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not require multiplexing and are still cost effective. However, several issues may crop 
up while converting one SNP assay into another and may jeopardize the application of 
a particular marker in MAS (Mammadov et al. 2012).

Fluidigm SNP Genotyping

In addition to several genotyping platforms by Illumina discussed above, 
BioScience LifeSciences™ “Fluidigm SNP genotyping system” is also one of the 
important SNP genotyping platforms gaining popularity in plant molecular breed-
ing community. It uses the innovative integrated fluidic circuit (IFC) and is used for 
studies requiring ultra-low cost and high–sample throughput for low- to mid-mul-
tiplex SNP genotyping™ (http://www.lifesciences.sourcebioscience.com/genomic-
services/genotyping/snp-genotyping-using-the-fluidigm-ep1-system.aspx). The 
system involves the use of 48.48, 96.96 and more recently 192.24 type of arrays. 
The 192.24 array is called “Dynamic Array™ IFC” because it is designed to geno-
type 192 samples against 24 SNP assays in a single run, thus greatly increasing the 
sample throughput with only few selected important SNPs for molecular breeding. 
The platform has already been used in rice (Ilic et al. 2011), cocoa (Ilic et al. 2012), 
grain amaranths (Maughan et al. 2011) and Bromus tectorum (Merrill et al. 2011).

Competitive Allele Specific PCR (KASPar) Assays

GoldenGate (GG) and/or Infinium assays have been widely used for rapid geno-
typing of a large number of SNP markers in all major crop species including cere-
als (see Table 2.2). However, for genotyping a population for few SNPs, where 
GG assays are not cost-effective (Chen et al. 2010), KASPar (KBioScience Allele-
Specific Polymorphism, KBioscience, UK) system provides a promising alter-
native. The method involves competitive allele-specific PCR, followed by SNP 
detection via Fluorescence Resonance Energy Transfer (FRET; for review see 
McCouch et al. 2010).

KASPar genotyping may be of particular interest to breeders and researchers 
who are interested in analyzing a small number of targeted SNPs in a large num-
ber of samples. Therefore, KASPar genotyping assays may be used for a vari-
ety of purposes including the following: (1) genetic diversity studies; (2) genetic 
mapping and saturation of already prepared maps; (3) fine-mapping of QTLs; (4) 
detection of functional SNPs within a subset of germplasm; (5) marker-assisted 
breeding, and (6) retaining target regions in NIL development (see McCouch et al. 
2010). This genotyping system has already been used for a large number of species 
including cereal crops like rice, maize and wheat. In wheat, the technique has been 
used for rapid generation of a linkage map containing several hundred SNPs (Allen 
et al. 2011). Similarly, in maize, a set of 695 highly polymorphic gene-based 
SNPs from a total of 13,882 GG-validated SNPs were selected and converted into 
KASPar genotyping assay with a success rate of 98 % (Mammadov et al. 2012).

http://www.lifesciences.sourcebioscience.com/genomic-services/genotyping/snp-genotyping-using-the-fluidigm-ep1-system.aspx)
http://www.lifesciences.sourcebioscience.com/genomic-services/genotyping/snp-genotyping-using-the-fluidigm-ep1-system.aspx)
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2.6.2  Diversity Array Technology (DArT) Markers in Cereal Crops

Diversity array technology (DArT) is a high throughput microarray hybridization-
based technique that allows genotyping for several hundred polymorphic loci 
spread over the whole genome without any prior sequence information (Jaccoud 
et al. 2001). The technique is reproducible and cost-effective (Wenzl et al. 2004), 
and therefore, has been used in a number of crop species (including cereals) as 
evident from the trends in the number of papers published during the last dec-
ade (Fig. 2.3). This trend of papers published using DArT platforms is continu-
ously increasing each year along with papers being published using GoldenGate 
assays. It is estimated that for the discovery of polymorphic markers ~5,000–8,000 
genomic loci are typed in parallel in a single-reaction assay using a small quan-
tity (50–100 ng) of highly purified genomic DNA. Polymorphic markers once 
discovered on a discovery array (prepared using metagenome of a crop species) 
are combined into a single array called “genotyping array” to be used for routine 
genotyping work (Huttner et al. 2005). The detailed method used for the develop-
ment of DArT markers was described in our earlier review (Gupta et al. 2008). 
However, with the success of array based DArT markers over the past ~12 years, it 
was realized that the number of polymorphic markers can be increased by involv-
ing the use of next-generation sequencing (NGS), so that the cost of producing 
sufficient number of tag counts dropped to the commercially viable levels. In this 
platform, genome complexity reduction for genotyping has been combined to next 

Fig. 2.3  Trends in publications related to GoldenGate assays, Infinium assays, DArT and SFPs 
in crop plants. The publications on DArT, GoldenGate and Infinium assays are increasing every 
year at fast rate, while as only a limited number of publications have become available on SFPs. 
(Source Google Scholar, March 2, 2011)
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generation sequencing (NGS) technologies. Such a strategy has been used for rapid 
SNP discovery in different organisms. This was also proposed as a method for gen-
otyping with RAD (Restriction-site Associated DNA) sequencing and by another 
similar method generally termed GbS (Genotyping-by-Sequencing). Therefore, a 
new platform was developed for >30 organisms now and it was shown that there 
is 3-fold (or more) increase in marker number on the new platform compared to 
arrays (Andrzej Kilian, personal communications; Sansaloni et al. 2011).

Nature of DArT Markers

DArT markers are biallelic and dominant in nature (presence vs absence); only 
rarely, these can be co-dominant (2 doses vs 1 dose vs absent). The software 
DArTsoft is used for the analysis of hybridization intensities. The efficiency of 
identification of polymorphic DArT markers depends on the level of genetic diver-
sity within a crop species and the nature of diversity in metagenome constituting 
the discovery array. DArT markers usually detect polymorphisms due to single 
base-pair changes (SNPs) within the restriction sites recognized by endonucle-
ases, or due to insertion/deletion (InDels)/rearrangements (Jaccoud et al. 2001). 
The type of polymorphism detected by DArT markers depends on the complexity 
reduction method applied to DNA samples of various genotypes/populations. For 
instance, a methylation sensitive restriction enzyme like PstI will identify mark-
ers having both sequence variation (SNPs and InDels) and DNA methylation poly-
morphism (Kilian et al. 2005).

DArT Markers in Breeding for Cereal Crops

DArT assays are available for a fairly large number of plant species, including some 
orphan crops, for which no molecular information is available (Huttner et al. 2006; 
for details see Table 2.3). It is interesting to note that within a short span of time, 
DArT markers have become popular among researchers and have now become 
available for >70 species involving plants and animals (http://www.diversityarrays.
com/genotypingserv.html). This technology provides a good alternative to currently 
available marker techniques including RFLP, AFLP, SSR and SNP in terms of cost, 
speed/amount of data generation. DArT markers are particularly useful for organ-
isms, where no SNP arrays are publicly available (Mace et al. 2009). In addition, 
DArT markers are sequence-independent and non-gel based in nature. Also DArT 
assays involve automation and allow discovery of hundreds of high quality mark-
ers in a single assay making DArT markers the marker of choice for resource poor 
and underutilized orphan crops. The cost per data point (a few cents per marker 
assay) is reduced by at least an order of magnitude compared to gel-based tech-
nologies (Mace et al. 2009). The initial proof of concept of DArT technology was 
provided by using relatively simple genome of rice (Jaccoud et al. 2001). Later bar-
ley and other crops with more complex genomes were also used to demonstrate the 

http://www.diversityarrays.com/genotypingserv.html
http://www.diversityarrays.com/genotypingserv.html
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usefulness of DArT technology (Wenzl et al. 2004, 2006, 2007; Hearnden et al. 
2007; also see Table 2.3). For instance, DArT markers are now available for dip-
loid wheat (Jing et al. 2009), tetraploid wheat (Peleg et al. 2008), hexaploid wheat 
(Akbari et al. 2006; Semagn et al. 2006; White et al. 2008), sorghum (Mace et 
al. 2008, 2009), rye (Bolibok-Brągoszewska et al. 2009) and more than 30 other 
plant species (Jing et al. 2009). In case of wheat alone, more than 50,000 samples 
(>95 % as service at ~1 cent per marker assay) involving >350 mapping popula-
tions were processed, which resulted in preparation of >100 maps having ~7,000 
markers assigned to specific chromosomes (A. Kilian, personal communication). 
Choromosome specific (3B) and individual chromosome arm (1BS)-specific DArT 
markers have also been developed using flow sorted chromosome/chromosome arm. 
A total of 553 of the 711 polymorphic 3B-derived markers (78 %) were mapped on 
chromosome 3B, and 59 of the 68 polymorphic 1BS-derived markers (87 %) were 
mapped to 1BS, thus confirming the efficiency of the chromosome-sorting approach 
in DArT technology. A consensus map of chromosome 3B using 19 mapping popu-
lations, including some that were genotyped with the 3B-enriched array was also 
prepared and the map is probably the densest genetic map of 3B available to date; 
the map contains 939 markers including 779 DArT markers and 160 other markers 
(Wenzl et al. 2010). Also, DArT markers are now available on large scale for all 
major cereal crops and were extensively utilized for the study of genetic diversity, 
preparation of integrated framework linkage maps, QTL interval mapping, asso-
ciation mapping, etc. (Rheault et al. 2007; Wenzl et al. 2007a). The physical map 
of wheat genome is also being constructed using a chromosome-by-chromosome 
approach, where individual laboratories developed maps for individual chromo-
somes (Feuillet and Eversole 2008). These laboratories can now develop saturated 
DArT maps for their specific chromosomes in an affordable and targeted manner.

Cost-Effectiveness of DArT Assays and Their Suitability for Molecular 
Breeding

DArT marker assays have shown to be cheaper than any other marker system 
available at present. The cost per marker assay in commercial service offered by 
Triticarte P/L is ~US$ 0.02 (or approximately US$ 50 per genotype for ~2,500 
DArT markers; Mantovani et al. 2008), which is >6 times cheaper than the cost of 
SSR genotyping, and ~3 times cheaper than Illumina GG assay (Yan et al. 2010).

The DArT markers on the wheat array are now being assigned to chromosomal 
bins by deletion mapping. This deletion mapping of DArT markers will provide 
a reference to align genetic and cytogenetic maps and estimate the coverage of 
DArT markers across genome (Francki et al. 2009). However, the associated DArT 
markers identified through QTL interval mapping or association mapping can-
not be directly used in marker-assisted selection for the improvement of a desired 
trait in a crop species. In order to overcome this limitation, the sequences of DArT 
markers (usually those linked to traits of interest) can be obtained from Triticarte 
service and can be converted into user-friendly PCR-based markers. For instance, 
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five robust SCARs were developed from three non-redundant DArT markers that 
co-segregated with crown rust resistance gene “Pc91” in oats. These SCAR mark-
ers were developed for different assay platforms: agarose gel electrophoresis, 
capillary electrophoresis, and TaqMan single nucleotide polymorphism detection 
(McCartney et al. 2011).

2.6.3  Single Feature Polymorphisms (SFPs) Genotyping  
in Cereal Crops

Single feature polymorphisms (SFPs) represent another high-throughput array-
based genotyping technology. It involves use of oligonucleotides (features), which 
represent segments of individual genes. Affymetrix (http://www.affymetrix.com) 
GeneChips or Nimblegen (http://www.nimblegen.com) arrays with small probes 
(25 bp) capable of detecting sequence polymorphism are the most widely used 
arrays for SFP genotyping (see Table 2.4). Majority of studies involving discov-
ery and genotyping for SFPs have been conducted in model organisms like yeast, 
mouse and Arabidopsis, whose genomes have been sequenced and characterized 
(Brem et al. 2002; Borevitz et al. 2003; Kumar et al. 2007). In plants, SFP technol-
ogy was first applied for A. thaliana using Affymetrix expression array (Borevitz 
et al. 2003). The technique was later used for all important crops including cere-
als. However, in crops with complex large genomes, a suitable complexity reduction 
method is used for sample preparation and replicating arrays are used for hybridiza-
tion. Therefore, SFPs became available for all major cereal crops including barley 
(Cui et al. 2005; Rostoks et al. 2005), rice (Kumar et al. 2007), maize (Kirst et al. 
2006; Gore et al. 2007) and wheat (Coram et al. 2008; Banks et al. 2009; Bernardo 
et al. 2009). SFPs have actually been used for a variety of studies including the fol-
lowing: (1) genetic mapping (Zhu et al. 2006; Somers et al. 2008; Banks et al. 2009; 
Bernardo et al. 2009), and (2) QTL interval mapping leading to detection of main 
effect QTLs and eQTLs (Potokina et al. 2008; Kim et al. 2009). A summary of SFP 
studies conducted in some of the major cereal crop species is presented in Table 2.4.

2.6.4  Use of Sequenom MassARRAY System for SNP 
Genotyping in Cereals

The MassARRAY platform has successfully been used to genotype SNPs in 
mammals (Vogel et al. 2009). More recently, it has also been used in cereals 
including rice, maize, barley and wheat. For instance, in wheat, SNPs identi-
fied in homoeologues of gene for acetohydroxyacid synthase conferring resist-
ance against imidazolinone herbicides were successfully converted, and used on 
Sequenom MassARRAY system (Dr. Divya Neelam, BASF personal commu-
nication). Sequenom-based SNP-typing assays were also developed for 1,359 

http://www.affymetrix.com
http://www.nimblegen.com
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maize SNPs identified via comparative next-generation transcriptome sequenc-
ing. Approximately 75 % of these SNPs were successfully converted into 
genetic markers that can be scored reliably and used to generate a SNP- based 
genetic map by genotyping recombinant inbred lines derived from the popular 
cross B73 × Mo17 (Liu et al. 2010 ). In barley, in order to determine iden-
tity of 60 Australian varieties, a high-throughput multiplexed SNP genotyping 
assay was developed using Sequenom MassARRAY and iPLEX™ Gold geno-
typing systems. As a result, a unique identifier (barcode) of up to 20 SNPs was 
established for each of the 60 studied varieties (Pattemore and Henry 2008). 
Similarly, in rice identity of the functional polymorphism in genes influencing 
different aspects of salt tolerance was determined by combining genetic map-
ping and transcriptome profiling of bulked RILs (having extreme phenotypes) 
using Sequenom MALDI-TOF MassARRAY system (Pandit et al. 2010). In 
wheat, iPlex has been used to genotype 47 wheat SNPs on 1,314 lines (Berard 
et al. 2009). The agreement of the genotypes obtained by iPlex with the results 
obtained by different validation methods (sequencing or SNPlex™) was 96 % 
showing that it can be used successfully in polyploid plants. Mass spectrom-
etry was also used to evaluate the SNP diversity within genes related to bread 
making quality (Glu and SPA) on a set 113 lines (Ravel et al. 2007). Similarly, 
iPlex was tested in a tetraploid wheat, Triticum durum x T. dicoccoides F2 pop-
ulation, and was shown to be efficient even for discrimination of heterozygotes 
(Paux et al. 2012).

2.6.5  Restriction-Site Associated DNA (RAD) Markers in Cereals

RAD markers have witnessed a switch from the low cost microarray-based geno-
typing platforms to next-generation sequencing based detection procedures. This 
shift is mainly attributed to the drop in sequencing cost, ease and time for geno-
typing. RAD sequencing is a form of genotyping by sequencing method, which 
has recently been put to a variety of applications including genetic mapping and 
QTL analysis in wide range of organisms (Rowe et al. 2011). The RAD sequenc-
ing has provided a method for the discovery of thousands of SNPs. For instance, 
in barley, a total of 530 SNPs were identified from initial scans of the Oregon Wolf 
Barley parental inbred lines, and scored in a 93 member doubled haploid (DH) 
mapping population. RAD sequence data from the DH population was used for 
genetic map construction. The assembled RAD-only map consists of 445 mark-
ers with an average interval length of 5 cM. Sequenced RAD markers are dis-
tributed across all seven chromosomes, with polymorphic loci originating from 
both coding and noncoding regions in the genome (Chutimanitsakun et al. 2011). 
Similarly, in Lolium perenne SSR and STS markers were combined with the RAD 
markers to produce maps for the female (738 cM) and male (721 cM) parents, 
and QTLs were identified for resistance to stem rust caused by Puccinia graminis 
subsp. graminicola (Pfender et al. 2011). RAD tags were also generated from the 
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genomic DNA of a pair of eggplant mapping parents. The resulting non-redun-
dant genomic sequence dataset consisted of ~45,000 sequences, of which ~29 % 
were putative coding sequences and ~70 % were  common between the mapping 
parents. The shared sequences allowed the discovery of ~10,000 SNPs and nearly 
1,000 indels, equivalent to a SNP frequency of 0.8 per Kb and an indel frequency 
of 0.07 per Kb (Barchi et al. 2011).

2.6.6  Use of CNVs and PAVs as Markers in Cereals

CNVs, PAVs and InDels are a new class of markers that are based on microar-
rays (making use of array-based CGH) and have been extensively used in humans. 
These relatively new marker types are now being increasingly used in cereals also, 
and are likely to be preferred over other marker systems in future. Some of the 
studies already conducted involving these new marker types are briefly reviewed 
in this section.

CNVs and PAVs in Rice

A high-density oligonucleotide aCGH microarray (containing 7,18,256 oligonu-
cleotide probes) was used in rice to estimate the number of CNVs between the 
genomes of two cultivars, Nipponbare and Guang-lu-ai4. These CNVs involved 
known genes, and may be linked to variation among rice varieties, thus contribut-
ing to species-specific characteristics (Yu et al. 2011).

CNVs and PAVs in Maize

Whole-genome aCGH was also used for the analysis of CNVs and PAVs in maize. 
In one study, Mo17 was compared with B73 (Springer et al. 2009) using a micro-
array with 2.1 million probes developed by Roche NimbleGen, and in another 
study, 13 inbred lines were compared with the same standard genotype B73 (Belo 
et al. 2010). For this purpose, high-density microarrays developed by Roche 
NimbleGen (2.1 million probes) and Agilent (~60,500 probes) were utilized. The 
two studies revealed a fairly high level of structural diversity between the inbred 
lines. Several hundred CNVs and thousands of PAVs, distributed over all the chro-
mosome arms, were identified. In yet another study, aCGH was used to compare 
gene content and CNVs among 19 diverse maize inbreds and 14 genotypes of the 
wild ancestor of maize, teosinte. CNVs in hundreds of genes were identified, and 
it was shown that no strong selection for or against CNVs/PAVs accompanied 
domestication (Swanson-Wagner et al. 2010), although these were shown to con-
tribute to significant quantitative variations.



44 P. K. Gupta et al.

2.7 Summary and Outlook

The use of array-based genotyping platforms and next-generation sequencing 
methods for the development and use of third and fourth generation markers has 
already overwhelmed the plant breeding programs. This became possible due 
to the generation of data by these platforms in a cost and time-effective manner. 
These methods have revolutionized plant biology, by bringing precision to whole 
genome association and linkage studies. These advances in marker-technology 
equipped the plant breeders with tools to engineer cultivar genotypes with the 
desired attributes following the concept of ‘Breeding by Design’ (Peleman and van 
der Voort 2003). The array-based markers have been put to a variety of applica-
tions including genetic linkage and association mapping, diversity and LD stud-
ies, gene/QTLs cloning studies, and more recently to anchor BAC-based physical 
maps with the genetic linkage maps.

The use of array-based platforms for physical and comparative mapping has 
also improved our understanding of gene and genome organization in major cere-
als. For instance, Rustenholz et al. (2010) explored the possibility of using barley 
transcript genetic maps as a surrogate to anchor and order the wheat physical con-
tigs by hybridizing 60 three-dimensional (plate, row, column) BAC pools represent-
ing the minimal tiling path (MTP) of wheat chromosome 3B onto barley Agilent 
15 K unigene microarray. This has allowed localization of genes along chromosome 
3B. The results showed that such barley-wheat cross-hybridizations represent a high 
throughput cost-efficient approach for anchoring genes on wheat physical maps 
and for performing comparative genomics studies between wheat and other grass 
genomes. This study has also led to fine mapping of 738 barley orthologous genes 
on wheat chromosome 3B. In addition, comparative analyses revealed that 68 % of 
the genes identified were syntenic between the wheat chromosome 3B and barley 
chromosome 3H and 59 % were syntenic between wheat chromosome 3B and rice 
chromosome 1. Later, a subset of 9,216 BACs representing the MTP of the new ver-
sion of the 3B physical map was pooled into 64 three-dimensional (plate, row, and 
column) pools and hybridized onto a newly developed wheat NimbleGen 40 K uni-
gene microarray. This not only improved the physical map of chromosome 3B but 
also allowed mapping of almost 3,000 genes on this chromosome. The expression 
pattern of these genes was also studied in 15 different conditions. This transcription 
map of chromosome 3B confirmed that 70 % of the genes are organized in islands 
that are responsible for an increasing gradient of gene density observed from the 
centromere to the telomeres. By studying their expression, and putative function, it 
has been concluded that the gene islands are enriched significantly in genes shar-
ing the same function or expression profile, thereby suggesting that genes in islands 
acquired shared regulation during evolution (Rustenholz et al. 2011). Similarly, a 
Morex BAC library in barley consisting of 147,840 clones was pooled into 55 Super 
Pools (SPs) having seven 384-well plates per SP. The plate, row, and column pools 
from each SP were further pooled, respectively, into five Matrix Plate Pools (MPPs), 
eight Matrix Row Pools (MRPs), and 10 Matrix Column Pools (MCPs), giving a 
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total of 23 Matrix Pools (MPs), which were hybridized on to an Agilent 44 K bar-
ley microarray, representing 42,302 expressed genes (Liu et al. 2011). These BACs 
from multidimensional pools of BAC clones were also incorporated into the HICF 
physical map of barley. By using array hybridization in combination with next-
generation sequencing, and systematic exploitation of conserved synteny with 
model grasses (rice, sorghum and Brachypodium distachyon) 21,766 of the esti-
mated 32,000 barley genes were assigned to individual chromosome arms and their 
linear order was determined (Mayer et al. 2011). More recently, the array-based 
markers have also facilitated fine mapping and cloning of several genes contribut-
ing to a number of morphological traits in barley. For instance, cloning of Mat-A 
(Zakhrabekova et al. 2012) and Intermedium-C (Ramsay et al. 2011) genes respec-
tively responsible for short-season adaptation and spikelet fertility, respectively and 
fine mapping of ANT2 (Cockram et al. 2010), TRD1, VRS1, UZU, NUD1 and WAXY 
genes (Druka et al. 2011)  facilitated by the use of GG technology.
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3.1  Introduction

The application of molecular markers to advance cereal breeding is now well 
established, and molecular markers are now used routinely for crop improve-
ment. Applications include: (1) rapid and precise characterization of germplasm;  
(2) variety distinctiveness, uniformity and stability (DUS) assessment; (3) the 
selection of parental genotypes within a breeding program; (4) the characterisation 
of marker-trait associations (MTAs); (5) marker assisted selection (MAS) and the 
elimination of linkage drag in back-crossing programs; (6) studies of population 
history, including domestication; (7) the construction of genetic linkage maps; and 
(8) the analysis of synteny, collinearity and genome rearrangements across species.

During the past three decades, several molecular marker technologies have 
been developed and applied for plant genome analysis and crop breeding. 
However, due to a relatively high cost associated with the development of markers, 
the technology was only applied to a limited number of crop species and for a rel-
atively small number of high value traits (Edwards and Batley 2010). The develop-
ment of technologies that increase marker throughput and reduce cost will broaden 
the application of marker technology to more diverse crops and for a greater 
variety of traits, including complex polygenic traits such as resistance to abiotic 
stresses. The application of genome-wide association studies (GWAS), linkage 
disequilibrium (LD), and genomic selection (GS) through prediction of genomic 
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estimated breeding values (GEBV) of marker alleles is also being increasingly 
applied. These activities demand that in any crop, one should be able to develop 
large number of robust markers, rapidly and at a low cost.

Since 2005, DNA sequencing technology has undergone a revolution termed 
next or second generation sequencing (NGS). With the rapid growth and plummet-
ing cost of sequence data generation, the discovery and application of sequence-
based molecular markers is becoming increasingly common (Berkman et al. 
2012a; Imelfort et al. 2009b). The increasing availability and advances in NGS 
have brought down by several orders of magnitude the cost of sequencing, and it 
is expected that the volume and quality of sequence data will continue to improve 
in the years to come. One of the initial concerns with the growth in sequence data 
production was whether bioinformatics analysis capabilities could match this 
growth. While there remains a huge potential for advances in bioinformatics anal-
ysis, the initial concerns were unfounded, and bioinformatics research, supported 
by advances in computer hardware, continue to manage and analyse the data flood 
(Batley and Edwards 2009a; Duran et al. 2009b; Lai et al. 2012a, c; Marshall et 
al. 2010). There is an increasing number of bioinformatics tools being developed 
to process, analyse and visualise DNA sequence data (Duran et al. 2009b, 2010a; 
Edwards 2007, 2011; Edwards and Batley 2004, 2008; Love et al. 2003). Thus, 
NGS data mining is becoming the default approach for molecular marker discov-
ery in a range of species (Appleby et al. 2009; Edwards et al. 2012a, b; Imelfort  
et al. 2009b). Large-scale sequence data can also be assembled de novo for marker 
identification (Berkman et al. 2012a; Edwards and Batley 2010; Imelfort et al. 
2009a; Imelfort and Edwards 2009).

The methods for high-throughput sequencing can be broadly classified into two 
groups, the one based on Sanger’s dideoxynucleotide synthetic method, which 
was automated and was extensively used for whole genome sequencing during 
1995–2005, and NGS methods. The NGS platforms that are available now for gen-
erating sequence data for marker development and genotyping broadly include the 
following: (1) Roche 454 GS-FLX+, (2) Illumina HiSeq/MiSeq, (3) ABI SOLiD-
5500xl (4 hq), (4) Pacific Biosciences, SMART, (5) Helicos Helicoscope; and (6) 
Ion Torrent (318 chip). Nanopore sequencing machines may also become available 
(Eisenstein 2012; Pennisi 2012) along with a range of other technologies that are yet 
to be commercialized.

In this chapter, we will not describe in detail the different sequencing technolo-
gies as these have been described in several reviews (Glenn 2011; Gupta 2008; 
Liu et al. 2012; Metzker 2010; Shendure and Ji 2008) and are also described in 
another chapter of this book (Seifollah et al. 2013). Several international confer-
ences have also been organized on NGS technologies, so that details of the latest 
developments are easily accessible. In this chapter, we will focus on the strate-
gies that have been developed for the discovery and use of markers for each of 
the following marker type: (1) single nucleotide polymorphisms (SNPs), (2) sim-
ple sequence repeats (SSRs), (3) insertion site-based polymorphisms (ISBPs),  
(4) structural variants (SVs) including copy number variations (CNVs) and pres-
ence and absence variations (PAVs), and (5) recombination bins as markers.
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3.2  Single Nucleotide Polymorphisms

SNPs are biallelic and co-dominant markers and represent the most abundant and 
high-density DNA-based markers (Batley and Edwards 2007; Edwards et al. 2007a). 
A variety of methods are available for SNP discovery, and more than 30 different 
methods have been applied for SNP detection or genotyping (Batley et al. 2007; 
Chagné et al. 2007; Edwards et al. 2007b; Gupta et al. 2001). The high-density of 
SNPs makes them valuable for the generation of high-density genetic maps, haplo-
typing genes or regions of interest, and for map-based positional cloning of QTL/
genes. SNPs are now used routinely for genetic diversity analysis, cultivar identifica-
tion, phylogenetic analysis, characterisation of genetic resources and for detecting 
marker-trait associations (Gupta et al. 2001; Landjeva et al. 2007; Rafalski 2002), 
although their use in cereal breeding programs has been relatively slow. As more 
plant genomes are sequenced and NGS technology becomes routine for SNP discov-
ery and genotyping, these markers will be widely used in almost all plant systems.

3.2.1  Array-Based SNPs versus NGS Based-SNPs

Most of the first and second generation markers (e.g., RFLPs, SSRs and AFLPs) 
were expensive, laborious and time-consuming. The advent of high-throughput 
SNP arrays allowed genotyping individuals with hundreds and thousands of SNPs 
(the third generation markers) in a time and cost-effective manner (Gupta 2008; 
Gupta et al. 2013). These array-based markers had some limitations, since this 
technology did not allow the discovery of new SNPs on a large scale. The produc-
tion of a high-quality array is also relatively expensive and arrays may be biased 
towards SNPs discovered in the original survey (ascertainment bias).

3.2.2  SNPs Based on First Generation Sequencing (Including 
Sanger’s Method and Sequencing by Hybridization or 
SBH)

Whole genome sequencing using Sanger technology was applied for several higher 
plants including Arabidopsis, rice, poplar, grapevine, sorghum, soybean, maize. This 
provided reference genome sequences for each of these species that could be used 
to identify DNA polymorphisms. In addition, several studies were also conducted to 
discover SNPs from EST data or by sequencing PCR amplified products (Table 3.1).

SNPs from Genome Sequencing

The sequencing of rice genomes for Nipponbare and 93–11 led to the identifi-
cation of 1,703,176 SNPs and 479 indels (Shen et al. 2004), and a set of 384,431 
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high-quality SNPs and 24,557 single-base indels (Feltus et al. 2004) using the same 
dataset. The sequences used in these two studies were originally generated using 
Sanger sequencing technology. A more recent study used re-sequencing microar-
rays for sequencing by hybridization (SBH) to characterise 20 diverse rice varieties 
and landraces (McNally et al. 2009). They reported the presence of 160,000 non- 
redundant SNPs. A major re-sequencing effort, mainly using Sanger technology, was 
also undertaken by the Oryza Map Alignment Project (OMAP). In this project, BAC 
endsequences from 11 wild species of rice were aligned to the Nipponbare sequence 
to identify SNPs (Ammiraju et al. 2006, 2010; Wing et al. 2007). In this manner, 
even without the use of NGS technology, a comprehensive set of rice SNPs became 
available for analysis of rice diversity and marker-trait associations.

SNPs Developed from ESTs and Sequencing of PCR Products

In wheat, barley and maize, large numbers of SNPs were discovered by mining 
Sanger ESTs (Barker et al. 2003; Batley et al. 2003a; Ching et al. 2002; Close  
et al. 2009; Duran et al. 2009a, c; Kota et al. 2003; Rustgi et al. 2009; Trebbi et al. 
2011). The PCR amplification of targeted genome regions has also been used to 
identify markers; in wheat, the sequences of 21 genes, amplified in 26 wheat lines, 
were used for the discovery of 64 SNPs (Ravel et al. 2009).

3.2.3  SNPs Based on Second or Next Generation Sequencing

NGS methods have been applied for SNP discovery in a number of cereals and 
their wild relatives including rice (Oryza sativa, O. rufipogon, O. nivara), maize 
(Zea mays), wheat (Tritcum aestivum, T. turgidum) and goat grass (Aegilops 
tauschii) (Huang et al. 2010; Lai et al. 2010; Mammadov et al. 2010; You et al. 
2011) (Table 3.1). For rice, the NGS-based discovery of SNPs has been reviewed 
by McCouch et al. (2010).

In order to discover genomic SNPs in a species, one may either de novo assem-
ble genomes or re-sequence genomes, mapping reads to a reference using either 
high coverage for SNP discovery or low coverage for genotyping (Edwards and 
Wang 2012; Imelfort et al. 2009a). In addition, non-reference based approaches 
have been developed (Azam et al. 2012). Methods have been used to achieve 
genome reduction based on several approaches including the following: (1) use of 
restriction enzymes; (2) high-C0t selection; (3) methylation filtering; (4) sequence 
capture, (5) RNA-Seq. Among these methods, the more commonly used methods 
include use of restrictions enzymes, targeted genome capture and RNA-seq.

Restriction Enzyme Based NGS for SNP Discovery and Genotyping

The most common NGS method for SNP genotyping involves restriction digestion 
of genomic DNA followed by sequencing the ends of the restriction fragments. By 
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selecting methylation sensitive restriction enzymes, it is possible to reduce the rep-
resentation of repetitive regions of the genome. These methods include: (1) reduced 
representation sequencing (including reduced representation libraries or RRLs and 
complexity reduction of polymorphic sequences or CRoPS), and (2) restriction-site 
associated DNA sequencing (RAD-seq).

Reduced Representation Sequencing

RRLs and CRoPS are two methods of sampling and sequencing a subset of genomic 
regions, without sampling the entire genome.

1. Reduced representation libraries (RRLs and HMPR libraries). In this approach, 
genomic DNA from multiple individuals is digested with a frequent cutter 
enzyme, and the restricted fragments are pooled. The restriction fragments are 
selected by size and either end-sequenced or sequenced in their entirety. If a refer-
ence genome sequence is available, the reads from RRLs can be mapped to this 
reference and SNPs can be called. RRLs were first applied to produce a SNP map 
for the human genome using capillary sequencing (Altshuler et al. 2000). Later, 
NGS technology was used for sequencing RRLs in a variety of animals and plant 
systems, including soybean (Hyten et al. 2010a, b).

One of the methods for constructing RRLs involves use of 5-methyl-cytosene sen-
sitive (MCS) restriction enzymes with 4 bp site such as HpaII or ApeK1. After partial 
digestion, it is possible to separate small gene-enriched fragments (<1,000 bp) and 
eliminate larger fragments (20–150 kb) that contain methylated repeat sequences. 
These hypomethylated partial restriction (HMPR) libraries were first prepared in 
maize (Emberton et al. 2005) and exhibited more than 6-fold enrichment for genes. A 
modified method was used for the construction of HMR libraries of B73 and M017. 
The modifications involved complete digestion instead of partial digestion, and sepa-
ration of fragments with size ranging from 100 to 600 bp. These libraries were sub-
jected to 454 sequencing and the sequences were used for SNP discovery leading to 
the identification of 126, 683 SNPs, mainly from genic regions (Gore et al. 2009).

2. Complexity reduction of polymorphic sequences (CRoPS). CRoPS is an approach, 
where complexity reduction is based on a method similar to the Amplified Fragment 
Length Polymorphism (AFLP) method, in which PCR primers for selective amplifi-
cation are designed. After PCR amplification, the products from two or more samples 
are pooled and sequenced. The technology was used for mining 1,200 known SNPs 
between maize lines B73 and Mo17 (Mammadov et al. 2010; van Orsouw et al. 
2007). CRoPS was also applied to tetraploid durum wheat (Triticum durum), where 
four cultivars were screened to identify 2,659 SNPs. After validation, a set of 275 
robust SNPs were made available for wheat breeding programs (Trebbi et al. 2011).

Restriction Site-Associated DNA Sequencing (RAD-seq)

This approach involves sequencing of genomic regions flanking restriction sites. 
The following steps are involved: (1) genomic DNA is digested with a selected 
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restriction enzyme; (2) restriction fragments are ligated with bar-coded adaptors; 
(3) the adapter ligated fragments are pooled, randomly sheared and size selected 
to 300–700 bp; (4) Y-shaped adaptors with divergent ends are ligated to the frag-
ments with and without the first adaptors; (5) the fragments are PCR amplified 
with primers that are specific to the two classes of adapters; the second adaptor is 
completed when fragments containing the first adaptor are bound by their primer 
and copied, and the second primer only binds to completed second adaptors. In 
this manner, only fragments with both the adaptors (the fragments containing 
restriction sites) are amplified. Illumina sequencing is performed on the products 
to identify SNPs (Miller et al. 2007).

Targeted Region-Capture or Enrichment for SNP Discovery and Genotyping

If the sequence of regions of interest are known, these can be used as baits in 
the form of oligonucleotides for the capturing and enrichment of the regions for 
sequencing. For example, regions associated with traits can be captured for tar-
geted analysis. An extension of targeted genome capture involves exome capture 
where a portion or all of the predicted expressed sequences are captured for SNP 
discovery or genotyping. Hybridization methods for exome capture involve the use 
of long oligonucleotides either in a solid-phase in the form of microarrays, or in a 
liquid-phase as biotinylated baits.

The above approach, has been used in maize, leading to identification of 2,500 
SNPs (Fu et al. 2010). Similarly in tetraploid wheat, liquid-phase exome cap-
ture was applied for the discovery of 4,386 SNPs (Saintenac et al. 2011), and 
solid phase exome capture was used in hexaploid wheat, leading to discovery of 
~100,000 SNPs (Winfield et al. 2012). Large capture designs (~60 Mb) have been 
developed in barley and wheat as part of two international consortia in collabora-
tion with Roche-Nimblegen, so further reports are expected in the future.

RNA Sequencing (RNA-seq) for SNP Discovery

In addition to gene expression analysis and genome annotation, RNA sequencing 
has also been applied for SNP discovery. As an example in wheat, >14,000 SNPs 
were discovered, when cDNA samples from several wheat varieties were sequenced 
using Illumina sequencing (Allen et al. 2011). In tetraploid wheat, RNA seq was 
used to identify SNPs between two near-isogenic lines differing across a ~30 cM 
interval including the Gpc-B1 locus. Thirty nine new SNPs were identified across a 
12.2 cM interval containing the Gpc-B1 (Trick et al. 2012).

Low Coverage Genotyping by Sequencing (Skim Sequencing)

An alternative approach to reduced representation involves low coverage sequencing. 
This is suitable for genotyping populations where the parental genotypes are known. 
In this method, SNPs are usually predicted from the parents using medium coverage 
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sequencing, followed by low coverage skim sequencing to call the allelic variation in 
diverse individuals or segregating populations. Advantages of this approach include 
the relatively simple library preparation compared to complexity reduction and the 
flexibility of read depth, where following initial skim sequencing, libraries from 
selected individuals may be sequenced in greater depth for high resolution analysis 
or further SNP discovery.

3.2.4  Tools for NGS-Based SNP Discovery

There are many tools available for the discovery of SNPs from next generation 
sequence data, but few have been designed specifically for SNP discovery in 
cereal populations (Lee et al. 2012). 

Software for SNP Discovery in Cereals

An important tool for SNP discovery that is based on autoSNP software (Barker et 
al. 2003; Batley et al. 2003a) uses redundancy and haplotype co-segregation for SNP 
discovery. Similarly, AutoSNPdb (Duran et al. 2009a) combines the SNP discovery 
pipeline of autoSNP with a relational database, hosting information on the polymor-
phisms, cultivars and gene annotations, to enable efficient mining and interrogation 
of the data. Users may search for SNPs within genes with specific annotation or for 
SNPs between defined cultivars. AutoSNPdb was originally developed for rice, barley 
and Brassica Sanger sequence data (Duran et al. 2009c), but has recently been applied 
to discover SNPs from wheat 454 data (Lai et al. 2012b) (http://autosnpdb.appliedbio
informatics.com.au/). More recently, second generation sequencing SGSautoSNP has 
been developed for SNP mining in complex genomes such as Brassica or hexaploid 
wheat using Illumina sequence data (Lorenc et al. 2012). 

SNPs and Sequencing Errors

The challenge of in silico SNP discovery is not the identification of polymorphic 
nucleotide positions, but the differentiation of true inter-varietal polymorphisms from 
the abundant sequence errors. This is particularly true for NGS data, which generally 
has a higher error rate than traditional DNA sequencing. NGS remains prone to inac-
curacies that are as frequent as one error every 20 bp. These errors impede the elec-
tronic mining of this data to identify biologically relevant polymorphisms. There are 
several different types of error which need to be taken into account when differenti-
ating between sequence errors and true polymorphisms, and the approach is highly 
dependent on the NGS platform used to generate the data, as they each have distinct 
error profiles. A major source of sequence error comes from the fine balance between 
the desire to obtain the greatest sequence length, and the confidence that bases are 
called correctly. Because of this, sequence trimming, filtering and further processing 

http://autosnpdb.appliedbioinformatics.com.au/
http://autosnpdb.appliedbioinformatics.com.au/
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is often applied to reduce the abundance of sequence errors. A second cause of error 
which is particularly an issue with the short reads produced by NGS technology is the 
incorrect mapping of sequences to a reference. This can occur at any genomic region 
which has two or more similar copies in the genome, due to the presence of multigene 
families, genome duplications or polyploidy.

The identification of true polymorphisms in a background of sequence errors can 
be based on the following four criteria: (1) sequence quality values; (2) redundancy 
of the polymorphism in an alignment; (3) co-segregation of SNPs to define a hap-
lotype, and (4) specificity of an allele call with a variety. The application of each of 
these methods also depends on the method of SNP discovery and sequencing tech-
nology applied, for example identifying SNPs from the assembly of Roche 454 tran-
scriptome data or from the mapping of paired Illumina data to a reference. By using 
the various measures of SNP confidence assessment, true SNPs may be identified 
with reasonable confidence from NGS data. The above four criteria that are used for 
distinguishing between sequencing error and true SNPs are briefly discussed.

Sequence Quality

Sequence read quality is a basic factor in determining the quality of SNP calling. 
These quality scores can be applied in two ways. Firstly, low quality data may 
be removed by trimming and filtering before SNP discovery. This is particularly 
appropriate for very large data sets. Alternatively, low quality data may be included 
within the assembly or mapping, but not considered during the SNP calling process.

SNP Redundancy Score 

The frequency of occurrence of a polymorphism at a particular locus provides one of 
the best measures of confidence in the SNP representing a true polymorphism, and 
is referred to as the SNP redundancy score (Barker et al. 2003). By examining SNPs 
that have a redundancy score equal to or greater than two (two or more of the aligned 
sequences represent the polymorphism), the vast majority of sequencing errors are 
removed. Although some true genetic variation is also ignored due to its presence 
only once within an alignment, the high degree of redundancy within NGS data per-
mits the rapid identification of large numbers of true SNPs using this approach.

Co-Segregation of SNPs Within a Haplotype

While redundancy based methods for SNP discovery are highly efficient, the 
non-random nature of sequence error may lead to certain sequence errors being 
repeated between runs around locations of complex DNA structure. Errors at 
these loci would have a relatively high SNP redundancy score and appear as con-
fident SNPs. In order to eliminate this source of error, an additional independent 
SNP confidence measure may be required. This can be determined by the co-
segregation of SNPs to define a haplotype. True SNPs that represent divergence 
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between homologous genes co-segregate to define a conserved haplotype, whereas 
sequence errors do not co-segregate with a haplotype. Thus, a co-segregation 
score, based on whether a SNP position contributes to defining a haplotype is a 
further independent measure of SNP confidence. Determining haplotypes from 
short read data is challenging as sequence reads rarely traverse multiple SNPs. 
This is less of an issue for longer sequence reads from the Roche 454 system or in 
the application of paired reads from the Illumina or AB SOLiD platforms.

Genotype-Specific SNP Alleles

A final assessment of SNP confidence is the definition of a unique variety spe-
cific allele at the SNP position. SNP discovery in cereals often uses plant material 
that is predominantly homozygous across the genome. In these cases, there should 
be only one allele represented for each variety at any position. This is different 
from the approach used in human research and so requires the use of custom soft-
ware. The use of homozygous plant material and the requirement for only a single 
variety specific allele at a SNP position allows discrimination of true SNPs from 
errors caused by mismapping of duplicate or similar genomic regions.

3.2.5  Some Examples of NGS-Based SNP Discovery in 
Cereals and Other Crops

In one of the first examples of cereal SNP discovery from NGS data, more than 
7,000 candidate SNPs were identified between maize lines B73 and Mo17, with 
over 85 % validation rate (Barbazuk et al. 2007). This success is particularly 
impressive considering the complexity of the maize genome and the early ver-
sion of Roche 454 sequencing applied, which produced an average read length of 
only 101 bp. More recent work has attempted to reduce SNP miscalling due to 
sequence errors (Brockman et al. 2008); this has the potential to improve cereal 
SNP prediction accuracy using Roche 454 data. The characterisation of link-
age blocks assists the application of genomic selection methods for cereal crop 
improvement (Duran et al. 2010b). Some examples of cereals, where NGS-based 
SNP development has been reported are described below. 

SNPs in Maize (Zea mays)

The large data volumes from Illumina sequencing platforms enable confident dis-
covery of very large numbers of genome-wide SNPs (Imelfort et al. 2009b). Using 
this platform, more than ~1.2 million SNPs were identified among six elite inbred 
maize varieties selected for their commercial importance and genetic relationships, 
(Lai et al. 2010). This study also identified a large number of presence/absence 
variations (PAVs) which may be associated with heterosis in this species. 
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SNPs in Wheat (Triticum aestivum)

The large size of wheat genome has led to diverse approaches to reduce the cost 
of data production. These include the targeted re-sequencing of captured exome 
fragments (Winfield et al. 2012) and the establishment of consortia to share the 
cost of genome sequence data generation (Edwards et al. 2012c). In another study, 
14,078 putative SNPs were identified across representative samples of UK wheat 
germplasm using Illumina sequencing of cDNA libraries, with a proportion of these 
SNPs validated using KASPar assays (Allen et al. 2011). In addition, several efforts 
for large–scale SNP development in bread wheat were undertaken in USA, U.K., 
France and Australia, leading to the development of millions of SNPs. These SNPs 
will be extensively used for molecular breeding in wheat (Lorenc et al. 2012). 

SNPs in Rice (Oryza sativa)

In rice, around 3.6 million SNPs were identified by re-sequencing 517 rice landraces 
(Huang et al. 2010). These SNPs were used for a genome-wide association study 
(GWAS), which allowed association of SNPs with complex traits. More recently, the 
genomes of 40 cultivated accessions selected from the major groups of cultivated 
rice (Oryza sativa) and 10 accessions of their wild progenitors (Oryza rufipogon and 
Oryza nivara) were re-sequenced, identifying 6.5 million SNPs (Xu et al. 2012). 

SNPs in Goat Grass(Aegilops tauschii)

An annotation-based, genome-wide SNP discovery pipeline (called AGSNP) was 
developed and used for SNP discovery in Ae. tauschii, the diploid progenitor of 
the D genome of hexaploid wheat. In this pipeline, one genotype (AL8/78) was 
used for generating long reads with a low coverage using Roche 454; these were 
annotated in order to distinguish single-copy sequences from repetitive sequences. 
Another genotype (AS75) was used to generate multiple genome equivalents of 
shotgun reads using SOLiD or Illumina sequencing. These short reads were then 
mapped to the annotated Roche 454 reads to identify candidate SNPs. A total of 
497,118 SNPs were discovered, which included 195,631 SNPs in gene sequences, 
155,580 SNPs in uncharacterized single-copy and 145,907 SNPs in repeat junc-
tions. Only 81.3–88.0 % SNPs among three different classes could be validated. 

SNPs in Rye (Secale cereale)

Rye genetic and genomic resources are limited relative to those for other members 
of Triticeae. In a recent study, the transcriptomes of five winter rye inbred lines 
were sequenced using Roche/454 (Haseneyer et al. 2011). More than 2.5 million 
reads were assembled into 115,400 contigs. These assemblies were used to iden-
tify 5,234 SNPs, which will prove useful for future research involving rye genet-
ics, genomics and the breeding of improved rye cultivars.

3 Sequence Based DNA Markers and Genotyping for Cereal Genomics
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3.3  Simple Sequence Repeats

SSRs are short stretches of DNA sequences occurring as tandem repeats of mono-, 
di-, tri-, tetra-, penta- and hexa-nucleotides. These short repeats have been found 
to be abundant and dispersed throughout the genomes of all prokaryotes and 
eukaryotes analysed (Katti et al. 2001; Toth et al. 2000). SSRs are highly poly-
morphic due to frequent variation in the number of repeat units. SSR markers are 
co-dominant and multi-allelic in nature and have been shown to be highly repro-
ducible. The hypervariability of SSRs among related organisms makes them excel-
lent markers for a wide range of applications, including genetic mapping, the 
molecular tagging of genes, genotype identification, the analysis of genetic diver-
sity, phenotype mapping, marker-trait association and marker assisted selection 
(Powell et al. 1996; Tautz and Schlotterer 1994). In particular, SSRs demonstrate 
a high degree of transferability between species, as PCR primers designed for a 
particular SSR within one species would frequently amplify a corresponding locus 
in related species, enabling comparative genetic and genomic analysis (Gupta  
et al. 2003). Regions flanking SSRs are also known to be highly polymorphic and 
a valuable source of SNP polymorphisms (Batley et al. 2003b; Mogg et al. 2002).

Studies of the potential biological function and evolutionary relevance of SSRs 
is leading to a greater understanding of genomes (Subramanian et al. 2003). SSRs 
were initially considered to be evolutionally neutral (Awadalla and Ritland 1997), 
however, evidence suggests an important role in genome evolution (Moxon and 
Wills 1999). SSRs are also believed to be involved in gene expression and regu-
latory functions (Gupta et al. 1994; Kashi et al. 1997). There are numerous lines 
of evidence suggesting that SSRs in non-coding regions may also have functional 
significance (Mortimer et al. 2005).

3.3.1  SSRs Based on First Generation Sequence Data

Initially, the discovery of SSR loci required the construction of genomic DNA librar-
ies enriched for SSR sequences, followed by DNA sequencing (Edwards et al. 1996). 
The increasing availability of sequence data made it more economical and efficient to 
use computational tools to identify SSR loci from the available genomic and transcrip-
tomic sequences (Sharma et al. 2007). Several computational tools were developed 
for the identification of SSRs within sequence data as well as for the design of PCR 
primers for the amplification of these SSRs (Jewell et al. 2006; Robinson et al. 2004). 
Large sets of SSRs have been developed using EST or genomic databases (Batley and 
Edwards 2009b; Edwards et al. 2009; Gupta et al. 2003; Varshney et al. 2005).

3.3.2  SSRs Based on NGS Data

The identification of SSRs from NGS data has proven to be more challenging 
than with Sanger sequence data, due to the relatively short length of the reads, but 
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there are reported examples of successful use of NGS data for SSR development. 
For example, in wheat, following initial assembly of the data, large numbers of 
SSRs were identified (Nie et al. 2012). SSRs from several species were identified 
from Roche 454 data using two SSR enrichment methods (Santana et al. 2009). 
However, in cereals, NGS has not been applied extensively for the discovery of 
SSRs, as the emphasis has largely shifted to SNPs. The read length of some of the 
third generation sequencing technologies is likely to increase the utility of NGS 
data for SSR marker discovery. NGS can also be used to identify SSR markers 
in difficult material such as fossil species, as demonstrated by the generation of 
sequence data and identification of a single SSR marker from the fossil bone of 
an extinct New Zealand Moa (Allentoft et al. 2009). This opens opportunities to 
examine cereal genome evolution through genotyping ancient specimens which 
were around during early cereal domestication.

Due to the redundancy in NGS data, and with datasets often being derived from 
several distinct cultivars, it is possible to predict the polymorphism of SSRs com-
putationally. Using an extended version of SSR Primer, polymorphic SSRs are 
distinguished from monomorphic SSRs by the representation of varying motif 
lengths within an alignment of sequence reads (unpublished results). The identi-
fication of SSRs that are predicted to be polymorphic between defined varieties 
greatly reduces the cost associated with the development of these markers.

3.4  Insertion Site-Based Polymorphisms (ISBP)

ISBP markers are based on polymorphisms surrounding transposable element inser-
tion sites. Roche 454 sequencing allows the high-throughput discovery of ISBP mark-
ers (Paux et al. 2010). This group also developed the software ‘IsbpFinder.pl’ for the 
identification of ISBP markers. The high repeat content of some of the cereal genomes 
makes ISBPs an attractive alternative to SSRs and SNPs (Kumar and Hirochika 2001; 
Schulman et al. 2004). While reads from the current second generation sequencing 
technologies are too short for the high-throughput discovery of these markers, longer 
reads from third generation technologies may provide them in abundance. Assemblies 
from genome shotgun data may also provide a rich source of ISBP markers. Mining 
of the recent assembly of the wheat chromosome arm, 7BS (Berkman et al. 2011, 
2012b) identified more than 10,000 ISBPs that can be used to genetically map the 
assembly fragments (unpublished results). It is predicted that there may be as many as 
four million potential ISBP markers in wheat (Paux et al. 2010).

3.5  Structural Variants: CNVs and PAVs

Structural variations (SVs) include indels (insertions/deletions), translocations, 
inversions, copy number variations (CNVs) and presence-absence variations 
(PAVs). SVs have been discovered in several plant systems including Arabidopsis, 
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maize and rice, and it is anticipated that further studies will be published in future. 
Genomic structural variants have been broadly classified into the following two 
groups: (1) unbalanced SVs, which involve a difference in the content of DNA 
sequence (CNVs due to deletions or duplications leading to loss or gain of DNA 
segments); and (2) balanced SVs, which do not involve any difference in the con-
tent, but differ due to the arrangement of DNA sequence, as is the case in inver-
sions and translocations. Structural variations can be detected through any of the 
following methods: (1) fluorescence in situ hybridization (FISH), (2) array-based 
comparative genomic hybridization (aCGH), (3) RT-qPCR, (4) SNP/SFP genotyp-
ing arrays, (5) NGS technologies. The advent of NGS technologies promises to 
revolutionize structural variation studies. Different available approaches for the 
identification of SVs have recently been reviewed (Alkan et al. 2011).

3.6  Recombination Bins as Markers

Recombination bins can be determined using SNPs and NGS. A sliding win-
dow approach can call recombination breakpoints that define recombination bins 
(Huang et al. 2009). These recombination bins (each bin spanning the segment 
between two adjacent recombination break points) can then be used for the con-
struction of a genetic maps and QTL analysis. It is possible that this method of 
genetic analysis involving the use of recombination bins may eventually replace 
conventional marker-based genetic analysis.

3.7  Summary and Outlook

During the last three decades, the development of new marker types has been a 
continuous process. However, a majority of these markers were low throughput 
(time consuming) and not cost-effective. Many of the early markers were anon-
ymous and could not be related to physical genome segments. These markers 
are increasingly being replaced by sequence-based markers that can be directly 
located on reference genomes. Next generation sequencing technology and asso-
ciated bioinformatics continue to drive discoveries in genetics and genomics and 
this is likely to continue with the rapid advances in these technologies. The expan-
sion of genotyping by sequencing (GBS) allows the direct link between genetic 
markers and the physical genome. The drive for using NGS for marker develop-
ment and genotyping is still continuing. This research trend in crop genetics and 
genomics, particularly in cereals, is likely to continue with the rapid advances in 
these technologies. The cost of DNA markers will continue to decline over the 
coming years, which combined with increasing numbers of reference genome 
sequences, will greatly expand the applications of genomics for cereal crop 
improvement and diversity analysis.
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4.1  Introduction

A genome-wide study of molecular variation is required for high-resolution genetic 
analysis of complex phenotypic traits (Tian et al. 2011; Huang et al. 2010; Yu and 
Buckler 2006). A plethora of experimental methods for detecting various types of 
molecular variation has been developed (Akbari et al. 2006; Akhunov et al. 2009; 
Chao et al. 2010; Rostoks et al. 2006; Hyten et al. 2008). While all these methods 
differ in their scalability, throughput and cost, the most comprehensive and reliable 
approach for variant analysis still relies on direct DNA sequencing, which until 
recently, due to the high cost of the classical Sanger sequencing method, could not 
be applied to large populations. The assessment of genetic diversity directly from 
DNA sequence data (1) overcomes problems associated with ascertainment bias 
resulting from non-random sampling of individuals for variant discovery (Clark et 
al. 2005) and (2) allows for simultaneous analysis of different types of molecu-
lar variation including single nucleotide polymorphism (SNP), copy number and 
presence/absence variation (CNV/PAV) and small and large scale insertions and 
deletions (indels). The recent advances in NGS technologies have made it feasible 
to scale up analyses of genetic variation to the whole genome level (Huang et al. 
2009; Lai et al. 2010; Elshire et al. 2011; Chia et al. 2012; Hufford et al. 2012).

One of the major challenges for the analysis of genetic variation in cereal 
genomes is their complexity, which is especially prominent in the large genomes 
of maize, barley and wheat (Schnable et al. 2009; Akhunov et al. 2007; Mayer et al. 
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2011; Wicker et al. 2011; Salse et al. 2008; Choulet et al. 2010). Analysis of genetic 
variation in these cereal genomes is complicated by high repetitive DNA content 
and a high proportion of duplicated genes resulting from ancient and recent seg-
mental and/or whole-genome duplications (Salse et al. 2008; Paterson et al. 2010). 
However, the confounding effect of these factors on variant analysis can be reduced 
if complete genome sequence data is available. In recent years the complete genome 
sequencing of several important cereal crops such as maize (Schnable et al. 2009), 
rice (International Rice Genome Sequencing Project 2005), sorghum (Paterson et 
al. 2009) and barley (International Barley Genome Sequencing Consortium 2012) 
brought forth reference sequences that were shown to be critical for fast analysis 
and precise mapping of newly discovered polymorphisms (Huang et al. 2009; Lai 
et al. 2010; Elshire et al. 2011). In the near future, an effort led by the International 
Wheat Genome Sequencing Consortium www.wheatgenome.org will create a 
resource for genome-scale diversity analyses even in this complex genome.

4.2  Next-Generation Sequencing Technologies

A wide range of NGS platforms are available on the market each differing in the 
cost of sequencing, throughput, methods of template preparation, principles used 
for DNA sequencing, and the length and number of reads generated per instrument 
run (Metzker 2007). A unique combination of these features makes each NGS 
platform suitable for various types of applications ranging from de novo genome 
sequencing to metagenomics to whole genome or targeted re-sequencing of thou-
sands individuals in a population. A comparison of some of the characteristics of 
major commercial NGS platforms is provided in Table 4.1.

According to the length of reads, NGS platforms can be roughly grouped into 
those that produce fewer long reads and those that produce more short reads. There 
are currently two major long read sequencing technologies (Roche GS FLX+ and 
PacBio) with Ion Torrent moving toward achieving the capacities of Roche GS 
FLX+. The Roche GS FLX+ sequencing system uses a pyrosequencing approach 
based on incorporation of dNTPs by DNA polymerase followed by detection of 
released inorganic pyrophosphate by converting it into light signals (Margulies et al. 
2005). The method does not use the termination of DNA synthesis in sequencing 
and, therefore, the light intensity is directly proportional to the number of nucleo-
tides incorporated into synthesized DNA. The major error type produced by this 
system are insertions that occur due to inability of the system to correctly relate the 
intensity of the light signal to the number of incorporated bases during sequencing of 
homopolymeric stretches of DNA. While the cost of pyrosequencing is significantly 
higher than the cost of other sequencing technologies, the long read length offered 
by GS FLX system was shown to be useful for assembling highly repetitive regions 
of genomes or for resolving haplotypes in metagenomics samples (Metzker 2007).

Another long read NGS technology that uses single-molecule sequencing for 
reading DNA is developed by Pacific Biosciences (www.pacificbiosciences.com). 

http://www.wheatgenome.org
http://www.pacificbiosciences.com


794 Application of Next-Generation Sequencing Technologies for Genetic

a M
ax

im
um

 a
m

ou
nt

 o
f 

da
ta

 g
en

er
at

ed
 b

y 
a 

pl
at

fo
rm

; b  
M

P
 m

at
e-

pa
ir

 li
br

ar
ie

s,
 S

R
 s

in
gl

e 
re

ad
; c  

pe
rc

en
ta

ge
 o

f 
er

ro
rs

 p
er

 s
in

gl
e 

re
ad

Ta
bl

e 
4.

1 
 C

om
pa

ri
so

n 
of

 n
ex

t-
ge

ne
ra

tio
n 

se
qu

en
ci

ng
 p

la
tf

or
m

s

Se
qu

en
ci

ng
 p

la
tf

or
m

R
ea

d 
le

ng
th

, b
p

A
m

ou
nt

 o
f 

da
ta

/r
un

a
M

ill
io

n 
re

ad
s/

ru
n

R
un

 ti
m

e
Ty

pe
s 

of
 li

br
ar

ie
sb

E
rr

or
 r

at
e 

(%
)c

Ty
pe

 o
f 

er
ro

rs

R
oc

he
/G

S 
FL

X
+

70
0

70
0 

M
b

1
23

 h
M

P,
 S

R
1

In
de

l
Il

lu
m

in
a,

 H
iS

eq
20

00
2 

×
 1

00
 b

p
54

0–
60

0 
G

b
1,

00
0

11
 d

ay
s

M
P,

 S
R

≥
0.

01
Su

bs
t.

Pa
ci

fic
 B

io
sc

ie
nc

es
1,

00
0

50
 M

b
0.

05
0.

5–
2 

h
SR

16
C

G
 d

el
.

Io
n 

To
rr

en
t (

31
8 

ch
ip

)
40

0
1 

G
b

8
2 

h
M

P,
 S

R
1

In
de

l
SO

L
iD

—
55

00
xl

 (
4h

q)
75

 +
 3

5
15

5 
G

b
1,

41
0

8 
da

ys
M

P,
 S

R
>

0.
01

A
-T

 b
ia

s



80 S. Kiani et al.

The technology is based on real-time detection of fluorescently labeled dNTPs as 
they get incorporated by DNA polymerase into the synthesized strand of DNA. 
The reactions are performed in small chambers called zero-mode waveguide 
(ZMW); each chamber contains a single molecule of DNA polymerase attached 
to the bottom glass surface. The incorporation of labeled nucleotides is moni-
tored by using a laser that excites the fluorescent labels by penetrating up from 
the holes. The diameter of the holes is specifically selected to prevent the laser 
from illuminating over 30 nm from the bottom of the ZMW, thereby increasing the 
signal-to-noise ratio for reliable base detection. The technology is currently capa-
ble of generating reads with the average length of 1,000 bp (Schadt et al. 2010), 
with the possibility of generating reads in excess of 10,000 bp. As with any sin-
gle-molecule sequencing technology, however, the error rate per read is very high 
(Table 4.1) but may be overcome by increasing the data coverage.

The recently developed Ion Torrent platform, the Ion PGM sequencer, that 
can also deliver long reads based on semiconductor technology. This instrument 
is capable of sequencing DNA by directly sensing ions produced by template-
directed DNA synthesis (Rothberg et al. 2011). The system uses ion-sensitive 
chips to perform massively parallel sequencing in up to 11 million wells, generat-
ing reads up to 400 bp with total output of 1–2 Gb.

The two major short read sequencing platforms generating reads ranging from 35 
to 150 bp are Illumina’s GAII and Life Science’s SOLiD. While these technologies 
are based on different principles, they are capable of producing large number of short 
reads that are optimal for re-sequencing projects and analysis of gene expression. The 
HiSeq2000 is one of the latest versions of Illumina NGS platforms capable of produc-
ing 1 billion reads per run generating up to 600 Gb of sequence data. Currently, this is 
the most broadly used NGS platform utilized in a wide range of applications includ-
ing expression analysis, de novo genome assembly and genome-wide re-sequencing. 
The HiSeq2000 uses bridge PCR occurring on the surface of a glass slide to amplify 
individual DNA molecules captured by oligonucleotides attached to the surface of the 
slide, thus generating small clusters of identical molecules. The sequencing is per-
formed using a method similar to the Sanger sequencing except that Illumina uses 
reversible terminators which can be used for further DNA synthesis after cleavage of 
the fluorescent dye. The SOLiD platform is based on ligation of short, fluorescently 
labeled oligonucleotides to determine the sequence of a DNA template. Preparation 
of sequencing libraries for SOLiD is similar to that used for GS FLX platform.

4.3  Detection of DNA Sequence Variation in Next-
Generation Sequence Data

Variant detection in next-generation sequence data includes multiple steps and is 
usually performed by aligning NGS reads to reference sequences, which could 
be represented by complete genome sequences, shotgun genome assemblies 
or EST contigs. Next the alignment is scanned for variable sites. While using 
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NGS platforms for the analysis of genetic variation, several factors needs to be 
taken into consideration: sequencing errors, errors in the assembly and missing 
data. Some of these factors are platform specific or depend on sequence cover-
age (sequencing errors), while some are the result of assembly algorithms (errors 
in the assembly) or an inherent feature of next-generation shotgun sequence data 
(missing data). The latter factor plays an important role in experiments relying on 
low coverage sequencing (<5× per diploid genome) where there is a high prob-
ability of sampling only one of the alleles at a variable site. Although the accuracy 
of genotype calling may be improved by increasing the depth of sequence cover-
age, the demand for sequencing an even larger numbers of individuals suggests 
that low to medium depth of sequence coverage will be the most common type of 
data generated in future NGS experiments. This design is not only cost- effective, 
but has also increased power to detect low-frequency variants in sequenced popu-
lations of large size (Nielsen et al. 2011). Therefore, in designing the NGS experi-
ments, one should consider the selection of a sequencing platform, the amount of 
NGS data generated per individual and appropriate bioinformatical and statistical 
approaches for variant discovery and genotype calling.

There are a number of excellent bioinformatical tools, both commercial and 
publicly available, for mapping NGS reads to the reference genome (Table 4.2). 
These programs differ in the algorithms used for read alignment, in their ability 
to process NGS data from different sequencing platforms and also in their abil-
ity to detect different types of genetic variation (SNPs, CNV, PAV, or indels). The 
most commonly used aligners use alignment algorithms based on ‘hashing’ or 
data compression referred to as ‘Burrows-Wheeler transform’ (BWT) (Burrows 
and Wheeler 1994). The BWT-algorithm is fast and computationally efficient. It is 
implemented in, for example, such popular programs as Bowtie (Langmead et al. 
2009), SOAP (Li et al. 2009a, b) and BWA (Li and Durbin 2009). Even more sen-
sitive, but more computationally intensive hash-based algorithms capable of gen-
erating alignments for the most accurate genotype calls, are implemented in MAQ 

Table 4.2  List of non-commercial NGS alignment software

Alignment 
software

Alignment  
algorithma

Long read 
mappingb

Use PEc Use Qd Gapped 
alignment

SOAP2 BW Yes Yes Yes Yes
BWA BW Yes Yes No Yes
Bowtie BW No Yes Yes No
MAQ Hashing reads No Yes Yes Yes
Novoalign Hashing reference No Yes Yes Yes
Mosaik Hashing reference Yes Yes No Yes

aBurrows-Wheeler indexing (BW); more complete list of alignment software can be found at 
http://seqanswers.com/wiki/Software/list
bSanger and 454 reads can be aligned
cCan map paired-end reads
dUses base quality in alignment

http://seqanswers.com/wiki/Software/list
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(maq.sourceforge.net), Novoalign (www.novocraft.com) and Stampy (Lunter and 
Goodson 2011).

The genotype calling aimed at determining the genotypes of each individual in 
the sample starts with SNP calling step (or variant calling). During this step, vari-
able sites in the alignment where aligned sequences are different from the refer-
ence are identified. The early methods of genotype and SNP calling were based 
on a fixed cutoff value for allele or genotype counts (Table 4.3). The examples of 
programs using this SNP and genotype calling approach are Roche’s GS Mapper 
(Roche) or CLC Genomic Workbench. However, the allele counting approach is 
less suitable for low coverage sequence data since it can underestimate heterozy-
gous genotypes and does not provide estimates of genotype quality (Nielsen et 
al. 2011). The disadvantages of these allele counting methods were corrected in 
recently developed probabilistic methods of genotype calling that incorporate vari-
ous sources of errors (sequence error, alignment errors, etc.) into the quality score 
that reflects the uncertainty associated with each inferred genotype (Li et al. 2008, 
2009). Some of these new algorithms also incorporate information about the allele 
frequency and the estimates of linkage disequilibrium (LD) into a probabilistic 
framework for improving genotype calling accuracy (Durbin et al. 2010).

Table 4.3  List of non-commercial genotype calling software for NGS data

Softwarea Calling method Input data Comments

SOAP2  
(SOAPsnp)

Single  
sample

Aligned reads Package for NGS data analysis; 
including SOAPsnp module for 
SNP calling

SAMtools Multiple  
samples

Aligned reads Package for NGS data analysis; 
samtools and bcftools modules 
are used for computation of 
genotype likelihoods and SNP 
and genotype calling

GATK Multiple  
samples

Aligned reads Package for NGS data analysis; 
Unified Genotyper is used for 
SNP and genotype calling; 
Variant Filtration is used 
for SNP filtering; Variant 
Recalibrator is used for variant 
quality re-calibration

IMPUTE2 Multiple  
sample LD

Genotype  
likelihoods, fine-scale 
linkage map

Imputation and phasing software 
with option for genotype 
calling

MaCH Multiple  
sample LD

Genotype likelihoods  
provided in map order

MACH is a Markov Chain based 
haplotyper that can resolve 
long haplotypes or infer miss-
ing genotypes in samples of 
unrelated individuals

aMore complete list of alignment software can be found at http://seqanswers.com/wiki/Software/list

http://www.novocraft.com
http://seqanswers.com/wiki/Software/list


834 Application of Next-Generation Sequencing Technologies for Genetic

Even though the methods of genotype calling based on probabilistic approaches 
provide posterior probabilities in each site, if not all sources of error are taken into 
account, additional post-processing data filtering may be required to improve accu-
racy. Such filters are usually data-specific and depending on experimental design 
can be based on low-quality scores, abnormal LD, extreme read depth, strand bias, 
deviation of SNP calling data from previously performed SNP genotyping of the 
same individuals etc. (Nielsen et al. 2011; Durbin et al. 2010). The list of freely 
available programs for SNP and genotype calling can be found in Table 4.3.

4.4  Genome-Level Analysis of Genetic Variation

4.4.1  Transcriptome-Based Analysis

RNA-Seq is a powerful sequencing-based approach that enables researchers to 
survey the entire transcriptome in a high-throughput manner utilizing NGS tech-
nologies. By providing single-base resolution for annotation, and having the abil-
ity to generate an enormous number of reads in one sequencing run, the RNA-seq 
analysis can be both qualitative and quantitative. The RNA-seq approach has 
been broadly used for the analysis of genetic variation in the transcribed portion 
of cereal genomes (Barbazuk et al. 2007; Oliver et al. 2011; Allen et al. 2011). 
Analysis of genetic variation in RNA samples is simplified due to the reduction 
of sample complexity, while at the same time still allowing for variant discovery 
in functionally relevant parts of genome. Overall, transcriptome-based analysis 
of genetic variation studies demonstrated that, with the application of appropriate 
bioinformatical procedures, it is possible to discover SNPs even in complex poly-
ploid genomes with a high level of confidence.

The successful SNP discovery efforts in cereal genomes were performed 
by sequencing cDNA libraries using 454 or Illumina sequencing platforms 
(Barbazuk et al. 2007; Oliver et al. 2011; Allen et al. 2011; Eveland et al. 2008). 
In these studies, of special interest are the computational approaches used to deal 
with the absence of a reference genome and/or polyploidy. The study performed 
by Barbazuk et al. (2007) used the early version of the 454 sequencing platform 
to generate about 0.5 million 454 reads with an average length of 100 bp. These 
reads were aligned using CROSS_MATCH to the maize assembled genomic islands 
(MAGIs) composed of gene-enriched fraction of the maize genome (Fu et al. 2005). 
The usage of genomic sequences for alignment helps to avoid problems associated 
with alternative splicing. The SNP discovery was performed using POLYBAYES 
(Marth et al. 1999) with paralog filter activated to reduce SNP calling errors due to 
the alignment of 454 reads to paralogs. Although POLYBAYES also identifies indel 
polymorphisms, to avoid variant calling errors due to high incidence of indel errors 
(Margulies et al. 2005; Table 4.1) in 454 sequencing data, only single-base substi-
tutions were recorded. Application of a stringent filtering criterion (≥2 reads/SNP 
allele) to this dataset revealed 7,016 SNPs with an overall 71 % validation rate.
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In another study in maize, Eveland et al. (2008) presented a new 454 sequenc-
ing strategy for expression profiling to capture the information-rich 3′-UTR 
of mRNA. In this study, the analysis of approximately 229,000 3′-anchored 
sequences from maize ovaries identified 14,822 unique transcripts. Based on the 
analysis of SNPs identified within B73 MAGI genomic assemblies, they con-
firmed at least 89.9 % of polymorphisms independently by identical cDNA 
matches. These data were consistent with a study of Barbazuk et al. (2007) 
in which 88 % of SNPs sampled by two or more 454 reads were validated by 
Sanger sequencing. In addition, they showed that homopolymer base-calling 
errors (Margulies et al. 2005) have a minor impact on the ability to detect pol-
ymorphisms in maize cDNAs. A similar pyrosequencing-based SNP discov-
ery approach was applied to the oat genome as well, where EST contigs were 
assembled using newly generated 454 sequencing data and used as a reference 
for mapping 454 reads. In spite of the low coverage data generated per genotype 
(about 250,000 reads) and the complication of polyploidy, the variant discovery 
performed in this dataset using the commercial gsMapper program (Oliver et al. 
2011) resulted in 9,448 SNPs. Furthermore, a total of 48 SNPs of 96 (50 %) were 
positively validated by high-resolution melt analysis.

Alternative sequencing technology and bioinformatical approach were used 
for the discovery of SNPs in the wheat genome (Allen et al. 2011). The study 
was designed to specifically discover SNPs in the polyploid genome and reduce 
the effect of homoelogous mutations on false SNP calling rate. In this study, the 
authors used the Illumina GAII platform to generate paired-end 75 bp reads from 
the normalized transcriptomes of five wheat varieties. The reference sequences 
for read mapping were prepared by assembling publicly available EST data and 
Illumina reads. The mapping of NGS reads from five varieties was performed 
using the ELAND program (Illumina Inc.). Alignments were processed using 
custom Perl scripts designed to identify inter-varietal SNPs and remove home-
ologous SNPs usually present as intra-varietal polymorphisms. Only those vari-
able sites that contained more than 2 reads per SNP allele with phred score ≥20 
in a 3-base window were considered polymorphic, yielding an average of five 
varietal SNPs per kilobase across the five varieties sequenced. This estimate is 
consistent with the previous estimate of 4.3 varietal SNPs per kilobase in wheat 
(Barker and Edwards 2009). The genotyping experiment performed in the study 
by Allen et al. (2011) included 1,659 SNPs and demonstrated that 71 % of SNPs 
could be converted into working genotyping assays based on KASPar technol-
ogy (KBioscience, UK). By screening monomorphic SNPs in the panel of 28 
Chinese Spring nullisomic lines (Kimber and Sears 1979), it was demonstrated 
that the majority of them (93 %) represent homoelogous SNPs differentiating 
wheat genomes from each other. The KASPar genotyping assay conversion rate 
(71 %) was only slightly lower than that reported for a GoldenGate genotyping 
assay (76 %, Akhunov et al. 2009) developed using SNPs discovered in Sanger re-
sequencing data (Akhunov et al. 2010).

In another study, single-base resolution analysis of the rice transcriptome was 
performed by mapping 40- and 76-bp paired-end RNA-seq reads generated with 
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Illumina GAII platform to the rice reference genome (Lu et al. 2010). RNA-seq 
comparison of the cultivated rice Oryza sativa indica and japonica was used to 
indentify transcriptionally active genomic regions and differentially expressed genes, 
characterize the patterns of alternative splicing and estimate the number of SNPs dif-
ferentiating these two rice subspecies from each other. This study took advantage of 
available reference genome to map short reads to genomic sequence using SSAHA2 
software (www.sanger.ac.uk/resources/software/ssaha2). For SNP detection, only 
those sites that showed the quality score ≥20 and read depth ≥5 were used resulting 
in the discovery of ~64,000–67,000 SNPs between indica and japonica subspecies. 
Of these SNPs only half were found within the annotated gene models, with 60.8 % 
of SNPs being located in the coding regions and 29.1 and 10.1 % of SNPs found 
in the 3′- and 5′-UTRs, respectively. The ratio of SNPs within nonsynonymous and 
synonymous substitution sites was nearly 1:1.06 (Lu et al. 2010).

4.4.2  Targeted Sequence Capture

The size of some of the cereal genomes (wheat, barley, maize, oat etc.) makes 
it impractical to analyze the large number of samples by direct whole-genome 
sequencing, even considering the throughput of modern NGS instruments. Therefore, 
the reduction of the input DNA sample complexity by enriching it with the genomic 
targets of interest is a cost-effective approach for studying genetic diversity in a large 
number of samples. The possible applications of this approach are genome-wide 
association mapping experiments, population genetics studies or re-sequencing of 
mutant populations for cataloging mutations in coding parts of genome.

One of the more recently developed methods of sequence capture use long 
oligonucleotide probes for enrichment of shotgun genomic libraries with the 
sequences of interest (Albert et al. 2007; Porreca et al. 2007; Gnirke et al. 2009; 
Okou et al. 2007). The targets of interest are captured using the pool of oligonu-
cleotide probes, also referred to as “baits”, that are complementary to the targets 
followed by elution of captured DNA. These types of captures can be performed 
using either solid- or liquid-phase hybridization assays (Fu et al. 2010; Saintenac 
et al. 2011) both of which showed similar levels of efficiency and specificity (Teer 
et al. 2010). However, the advantage of the liquid-phase assay is the high level of 
multiplexing that can be achieved using liquid-handling robotics. Further reduc-
tion in the cost of sequencing and increase in the throughput can be achieved by 
using multiplexing adaptor sequences which are added during library preparation 
(Bansal et al. 2011). Eluted target DNA is then sequenced using NGS platforms, 
followed by mapping reads to reference sequence. The sequence capture method-
ologies have shown high reproducibility and target specificity and have been effec-
tively used for the analysis of genetic diversity in the human genome.

Recently, sequence capture methods have been successfully been applied 
to characterize genetic diversity in maize (Fu et al. 2010), soybean (Haun et al. 
2011) and wheat (Saintenac et al. 2011). In maize, array-based sequence capture 

http://www.sanger.ac.uk/resources/software/ssaha2
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was used for discovering 2,500 high-quality SNPs between the reference acces-
sions B73 and Mo17 in a 2.2 Mb region (Fu et al. 2010). In this study, the authors 
developed two-step enrichment approach. The first step includes hybridization 
with the Nimblegen array containing maize repetitive elements; this step depletes 
the genomic library of repetitive elements. The second step enriches library for the 
targets of interest. This capture approach achieved 1,800–3,000-fold target enrich-
ment with up to 98 % of targets being represented in the final capture library. 
The authors used Mosaik aligner for mapping reads to the maize B73 reference 
using parameters favoring only unique alignments. SNP discovery was performed 
making use of the GigaBayes package (http://bioinformatics.bc.edu/marthlab/
Software_Release). The estimated false SNP discovery rate was below 3 % even in 
the presence of captured paralogous sequences.

Liquid-phase sequence capture assay has been successfully tested for the analy-
sis of genetic variation in the large polyploid wheat genome (Saintenac et al. 2011). 
Sequence capture in polyploid wheat was performed using a liquid-phase hybridiza-
tion assay. A total of 55,000 120-mer RNA baits were designed to target 3.5 Mb of 
genic sequence selected from a non-redundant set of 3,497 genome-wide distributed 
full-length cDNAs. Each homoeologous set of genes in the capture assay was rep-
resented by only one full-length cDNA sequence. The genomic DNA of tetraploid 
wild emmer T. dicoccoides (Td) and cultivated durum wheat T. durum cv. Langdon 
(Ld) were captured and mapped to the cDNA reference sequences. Since short read 
NGS platforms like Illumina GAII are less suitable for reconstructing haplotypes of 
individual wheat genomes, Illumina reads from homoeologous or paralogous copies 
of genes were mapped to the same region of the reference sequence. The primary 
challenge for variant discovery in these complex alignments is distinguishing allelic 
variation between lines (henceforth, SNPs) from sequence divergence between the 
wheat genomes (henceforth, genome-specific sites or GSS) (Fig. 4.1).

SNP calling in this study was performed using the SAMtools software (Li et 
al. 2009) followed by filtering detected variable sites to reduce false positives. 
Filtering parameters were specifically selected for identifying GSS and SNP 
sites in the polyploid genome and were adjusted experimentally using multilocus 
Sanger re-sequencing data. The variant filtering was based on the overall depth of 

Fig. 4.1  Possible types of variable sites in a tetraploid wheat genome alignment. At genome-
specific sites (GSS), both nucleotide variants represent fixed divergent mutations that differentiate 
the diploid ancestors of the wheat A and B genomes. SNP sites originate due to a mutation in one 
of the wheat genomes (in this example, in the A genome of Ld) and, therefore, are polymorphic 
in population

http://bioinformatics.bc.edu/marthlab/Software_Release
http://bioinformatics.bc.edu/marthlab/Software_Release
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coverage, the minimum coverage at variable sites and the ratio of variant cover-
age (Saintenac et al. 2011). The level of target enrichment achieved in the study 
(2,900-fold) was comparable to that obtained for maize using the two-step enrich-
ment procedure (Fu et al. 2010), demonstrating that a liquid-phase sequence cap-
ture can be the efficient tool for the targeted re-sequencing of polyploid wheat 
genome. It was also shown that multiple libraries can be labeled using barcoded 
adaptors and pooled together before sequence capture allowing for an even higher 
level of throughput for large scale re-sequencing projects.

The wheat exonic sequence alignments were analyzed to catalogue GSSs, SNPs 
sites, CNVs and PAVs between two accessions of cultivated and wild tetraploid 
wheat. Variant analysis detected 14,499 GSSs and 3,487 SNPs with 1 and 15 % 
false positive rate. The factor that had a major impact on SNP calling false positive 
rate in the polyploid wheat genome was a failure to the recover second variant at a 
SNP site due to high level of targeted sequence divergence, which either resulted 
in low efficiency of sequence capture or precluded reads from being aligned to 
the reference. Overall, the level of sequence divergence between reference cDNAs 
used for designing capture baits and targeted sequences biased the efficiency of 
capture toward capturing sequences more similar to the reference than to their 
homoeologous counterparts. This result suggests that both conditions of capture 
hybridization and the design of capture baits for polyploid genomes will need to 
be further optimized for better performance.

However, in spite of this capture bias the study successfully proved that sequence 
capture assays designed using EST/cDNA sequences can be effectively used for 
analyzing genetic variation in polyploid genomes. The obtained results suggest that 
baits designed using only one of the homoeologous copies of a gene are capable of 
capturing diverged gene copies from both genomes in tetraploid wheat. Therefore, it 
should be possible to capture homoeologous copies of genes in polyploids using the 
reduced set of baits designed to target only “diploid gene complement”. The exon 
capture assay designed using wheat genomic resources can also be effective for tar-
geted enrichment of exons from the genomes of species closely related to wheat, 
many of which represent valuable sources of genes relevant in agriculture.

4.4.3  Reduced Representation Sequencing

Restriction site-associated DNA (RAD) markers, which are short DNA frag-
ments adjacent to each instance of a particular restriction enzyme recognition 
site, are another efficient marker system for the study of genetic diversity (Miller 
et al. 2007). In first generation of RAD marker development based on microar-
ray technology, hybridization of RAD tags to DNA microarrays allowed the par-
allel screening of thousands of polymorphic markers to map natural variation 
and induced mutations in diverse organisms (Miller et al. 2007). More recently, 
however, RAD genotyping through next-generation sequencing has been devel-
oped and successfully used to map an induced mutation in Neurospora crassa  
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(Baird et al. 2008). The RAD method uses restriction enzymes as a complexity 
reduction strategy to limit the sequenced portion of the genome to regions adja-
cent to restriction sites. It also facilitates the creation of highly multiplexed NGS 
libraries, thereby reducing library preparation costs (Baird et al. 2008; Ganal et al. 
2009). It is noteworthy, however, that in restriction site-associated marker systems 
the selection of restriction enzymes that leave 2–3 bp overhangs and do not cut 
frequently in the major repetitive fraction of the genome is of critical importance.

In cereals, RAD sequencing by NGS has been successfully used to simultane-
ously discover and genotype SNP markers in sorghum (Nelson et al. 2011) and 
barley (Chutimanitsakun et al. 2011). It has been used to discover and genotype 
SNPs for linkage map construction in an Oregon Wolfe Barley (OWB) mapping 
population (Chutimanitsakun et al. 2011). The genomic DNA of both parental 
lines and 93 individuals from DH population (~300 ng) were digested with SbfI 
restriction enzyme and modified Solexa adapters containing sample-specific bar-
codes were ligated to each DNA before pooling and random shearing. The con-
structed OWB libraries were run on an Illumina GAII instrument using single 
read (1 × 36 bp) sequencing chemistry. A total of 2,010,583 36-bp sequence reads 
were obtained for the parents of the OWB mapping population, and 27,704,592 
sequence reads were obtained for the 93 DH mapping population. For map con-
struction, raw 36-bp Illumina reads were assigned to each sample using barcoded 
adaptors. Data from each individual was then collapsed into RAD sequence clus-
ters, excluding the sequences with <8× and >500× coverage levels. Homologous 
RAD clusters from parental lines were compared using a custom k-mer match-
ing algorithm permitting exact sequence matches (monomorphic loci), single mis-
match (one SNP per read) and two nucleotide mismatches (two SNPs per read) per 
28 bp sequence. Of the 10,000 RAD clusters interrogated between parental lines, 
530 (5.3 %) polymorphic co-dominant SNPs were identified among which, 436 
were used for the final map construction after scoring RAD sequences in the DH 
individuals and removing RADs with >15 % missing data. The high quality of the 
RAD data was further confirmed by the comparable linkage map lengths for the 
RAD only, RAD+ prior marker, and DArT OWB maps.

In sorghum, three complexity-reduced libraries (one semi-random “SR” library 
made using the HpaII enzyme and two RAD libraries prepared using the PstI and 
BsrFI enzymes (“Floragenex, Inc. Eugene, Oregon, USA”) have been constructed 
and sequenced using Illumina instrument. The objective was to discover SNPs 
and assess their distribution in a sample of 8 accessions, including the reference 
accession of sorghum, BTx623 (Nelson et al. 2011). Two methods were used to 
identify candidate SNPs: (1) SOAP2 (Li et al. 2009b) was used to align the reads 
to the reference genome sequence, allowing unique alignment with a maximum 
of two mismatches. In the second method, Novoalign (http://www.novocraft.com) 
was used for alignment and SAMtools (http://samtools.sourceforge.net/) was used 
to identify candidate SNPs and indels with the minimum coverage depth of 3 
reads, minimum SNP quality of 20 and minimum indel quality of 50, with default 
parameters for window size and nearby SNP and gaps. A total of 247 million reads 
were obtained, yielding 6 Gb (6 genome equivalents) of data that was aligned to 

http://www.novocraft.com
http://samtools.sourceforge.net/
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one-third of the sorghum reference sequence. Two methods of analysis produced 
slightly different results: while, 237,000 SNPs passed the Novoalign SNP filter, 
only 155,000 SNPs were called from SOAP2 alignments based on a simple fil-
ter requiring ≥6 alternative calls with average alternative-allele base-quality score 
≥20. However, the high SNP validation rate obtained using SOAP2 (79 %) and 
Novoalign (82 %) suggested that both programs produce reliable SNP calls.

Another approach, referred to as “genotyping-by-sequencing” (GBS), has been 
introduced more recently. In this method the complexity of the DNA sample, like 
in RAD, is reduced by digesting with restriction enzymes. The advantage of the 
GBS method over a RAD approach is a simplified library construction procedure 
that does not require random shearing of libraries and second adaptor ligation step 
(Elshire et al. 2011). This strategy showed promising results for genetic map con-
struction in barley and maize recombinant inbred lines (RILs). Libraries for NGS 
have been constructed using the ApeKI, a type II 5 bp sequence methylation-sensi-
tive restriction enzyme. The throughput of GBS was scaled up by multiplexing up 
to 96 samples per lane of Illumina GAII instrument. The filtered sequence reads 
were aligned to the Maize reference genome (B73 RefGen v1) using the BWA 
program, allowing for a maximum of four mismatches and one gap of up to 3 bp. 
The GBS reads (tags) were scored as presence/absence in IBM mapping popula-
tion that contained already 644 genetically mapped SNPs. The test for co-segrega-
tion of SNPs with GBS tags resulted in mapping a minimum of 200,000 (25,185 
biallelic and 167,494 co-dominant) sequence tags in the IBM mapping population 
and roughly 25,000 tags in barley. The position of 90.8 % of mapped tags in IBM 
population agreed with the positions in reference genome suggesting that the GBS 
approach can be successfully used for genome-wide analysis of genetic variation 
in species lacking developed molecular tools or as a cost-effective marker system 
for the analysis of genetic variation in breeding populations.

The complexity reduction approach relying on methylation sensitive and insen-
sitive restriction enzymes was also used to re-construct the first haplotype map of 
maize (Gore et al. 2009). The three complementary restriction enzyme-anchored 
genomic libraries were used to re-sequence the low-copy fraction of the maize 
genome in a diverse panel of 27 inbred lines. These lines were founders of the 
maize nested association mapping (NAM) panel selected to represent the diversity 
of maize breeding efforts and world-wide diversity (McMullen et al. 2009). More 
than 1 billion Illumina reads (>32 Gb of sequence data) provided low coverage 
of ~38 % of the maize genome. The authors found that 39 % of the sequenced 
low-copy DNA fraction was derived from intron and exons, thereby covering up 
to 32 % of the total genic regions in maize. A total of 3.3 million SNPs and indels 
were detected, 41 % of which were due to paralogous sequences in the inbred 
lines and a result of ancestral duplications in maize genome (Schnable et al. 2009). 
In total, 7.8 % of reads were unique or unalignable in these inbred lines, and the 
B73 genome could only capture 70 % of the alignable low-copy fraction repre-
sented by 27 inbred lines. Two estimates of recombination rate (“R”, estimated 
from crossover frequency in the NAM population and “ρ”, historical recombi-
nation rate estimated from the genetic diversity data) were highly correlated, 
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suggesting that the recombination rate was stable over time. Highly suppressed 
recombination in pericentromeric regions was thought to perhaps affect the effi-
ciency of selection in maize and proposed to be one of the components of hetero-
sis. The study uncovered multiple regions in the maize genome with low diversity 
and an excess of low-frequency variants that may have been loci subjected to 
selection and probably are involved in geographic adaptation of maize. Notably, in 
the high recombination fraction of genome, 148 regions were found with diversity 
less than that of the domestication gene tb1 (Wang et al. 1999), of which at least 
one region has been shown to be involved in domestication on chromosome 10 
(Tian et al. 2009).

4.4.4  Whole Genome Re-sequencing

Resequencing for genome-wide surveys of genetic diversity first became rea-
sonable with the increased throughput of NGS platforms (Wheeler et al. 2008). 
Although this approach is bioinformatically challenging, it provides an unbiased 
estimation of genetic diversity across the genome in both coding and non-coding 
regions. In addition, it allows for the detection of various types of genetic varia-
tion; this detection capability includes not only SNPs and small indels, but also 
large mega-base scale indels, PAVs and CNVs. The full potential of whole genome 
re-sequencing is realized only in species for which complete genome sequence 
data is available. The bioinformatical analysis of genome-scale sequencing data 
has been significantly simplified by the development of fast and efficient align-
ment algorithms for mapping millions of NGS reads to the reference genome and 
performing variant discovery (Tables 4.2, 4.3).

The first whole-genome sequencing studies were performed on model 
plant species with small genomes such as Arabidopsis (Ossowski et al. 2008) 
and later, with the increased throughput and cost-reduction of NGS platforms, 
whole-genome sequencing was applied to rice landraces and maize elite inbred 
lines with the purpose of map construction and genetic diversity assessment 
(Huang et al. 2009; Lai et al. 2010; Mammadov et al. 2010; Arai-Kichise et al. 
2011).

In cereals, whole-genome re-sequencing using Illumina GA platform was used 
to construct a genetic map from a cross between two accessions of rice O. sativa 
ssp. indica cv. 93–11 and ssp. japonica cv. Nipponbare (Huang et al. 2009). In this 
study, the authors investigated the accuracy of genotype calling in re-sequencing 
data obtained for the population of RILs and its relationship to sequence cover-
age, SNP density, genome size and error rate in the reference sequence. The shal-
low sequencing coverage (0.02 × rice genome equivalents) was achieved in the 
study for each RIL, which in addition to a large amount of missing data, makes an 
individual SNP genotype calling an error prone process. To deal with these issues, 
the authors developed an approach that considers a group of 15 SNPs within a 
sliding window for defining local genotypes. Two parental lines along with 150 
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RILs have been sequenced using a multiplexed bar-coded sequencing strategy by 
pooling indexed DNA libraries of 16 RILs in each lane of Illumina GA. Analysis 
of parental lines resulted in detection of 1,226,791 SNPs (3.2 SNPs/Kb) whereas 
the analysis of high quality reads obtained for the populations of RILs resulted 
in detection of 1,493,461 SNPs (25 SNPs/Mb). Re-sequencing of parental geno-
types showed a SNP error rate of 4.12 and 0.71 % for indica and japonica par-
ents, respectively. Based on these error estimates 3.41 % more japonica SNPs than 
indica SNPs in the heterozygous region of RILs were expected. These SNP error 
rates were taken into account during the calculation of the probability of occur-
rence of each genotype for a given SNP ratio in the sliding window. After all geno-
types were called and corrected for SNP errors, a total of 5,074 breakpoints were 
found for 150 RILs (33.8 per RIL).

As the authors have pointed out, SNP error rate is an important issue in geno-
typing by whole-genome sequencing methods that needs to be taken into account. 
Three sources of errors contribute to the final SNP error rate: (1) errors in the 
3-base barcode used for sample multiplexing (estimated to be 0.3 %); (2) errors 
in 33-mer Illumina reads (estimated to be 0.03 %); and (3) errors in the reference 
genomes of indica and japonica (estimated to be 3.9 and 0.39 %, respectively). 
Taken together, the SNP error rate for homozygous indica and japonica genotypes 
was estimated to be 4.23 and 0.72 %, respectively, which was similar to the experi-
mentally estimated error rate of 4.12 and 0.71 % for re-sequenced parental lines. 
Finally, the authors reported a genetic map with a recombinant breakpoint of 40 kb 
apart in average and total length of 1539.5 cM, which not only provided much finer 
resolution compared to the existing genetic map but also was 20× faster in data 
collection and 35× more precise in recombination breakpoint detection. The utility 
of newly developed sequencing-based map for high-resolution gene mapping and 
subsequent cloning was confirmed by the detection of semi-dwarf gene sd1, respon-
sible for the rice green revolution (Sasaki et al. 2002), localized to a 100-kb region.

Deep whole-genome sequencing (45× coverage) was also performed on rice 
landrace O. sativa L. cv. Omachi (used for Japanese rice wine production), in 
order to discover new SNPs and assess diversity between closely related cooking 
and non-cooking rice cultivars from japonica group (Arai-Kichise et al. 2011). 
Eight paired-end lanes of sequencing performed on Illumina GAII platform gen-
erated about 298 million 75 bp reads, 77 % of which were uniquely mapped onto 
the Nipponbare genome (IRGSP Build 4) using BWA software (Li and Durbin 
2009). Both SNPs and insertions/deletion polymorphisms were identified using 
SAMtools software followed by applications of several filtering criteria to reduce 
the false positive SNPs and indels: target depth of ≥5, minimum mapping qual-
ity of 30, polymorphism call rate ≥90 % for SNPs and 30 % for indels. This 
re-sequencing study identified 132,462 SNPs and 35,766 indels (16,448 inser-
tions and 19,318 deletions) between two japonica rice cultivars. The authors also 
showed that the number of detected SNPs and indels increase linearly with the 
increase of coverage up to 22.3×, and then slow down. Their observation suggests 
that 45× genome coverage is sufficient to detect most polymorphisms between 
these cultivars.
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A combination whole-genome NGS shotgun sequencing with aligning whole-
genome shotgun and cDNA sequence data for discovering SNPs was reported for 
the diploid ancestor of the polyploid wheat D genome Aegilops tauschii (You et 
al. 2011). The combination of Illumina, SOLiD and 454 sequencing technologies 
was used to generate sequence data which was mapped to the reference sequence 
of Ae. tauschii created by de novo assembling of whole-genome shotgun sequence 
data. Read mapping was performed using the BWA program with default settings 
followed by SNP discovery with SAMtools package. A set of post-processing 
filters was applied to variant calling data (Table 2 in You et al. 2011). A total of 
497,118 putative SNPs were discovered with about ~80 % of them being posi-
tively validated by Sanger re-sequencing.

Whole-genome re-sequencing at a moderate level of coverage (5.4×) was used 
to assess the level of SNPs, indels and PAVs among 6 elite inbred lines of maize 
(Zheng58, 5003, 478, 178, Chang7-2 and Mo17) including the parents of the most 
productive hybrids in China (Lai et al. 2010). This data was used to assess the 
extent of genetic differentiation between maize inbred lines from different heter-
otic groups and to test the hypotheses of heterosis. The authors generated 1.26 bil-
lion 75-bp paired-end reads (83.7 Gb) to obtain 5.4× average depth of coverage 
for each inbred line. The reads were aligned to the maize reference genome using 
SOAP software (Li et al. 2009a). Uniquely mapped reads in non-repetitive regions 
were used for SNP calling using the probabilistic algorithm implemented in the 
SOAPsnp program. A set of filters including SNP coverage and maximum likeli-
hood of SNP calls was applied to obtain high-quality genotype calls resulting in 
the discovery of 1,272,134 SNPs in non-repeat regions out of which 469,966 SNPs 
were found in the 32,540 maize genes and 130,053 SNPs were mapped to the cod-
ing regions. A total of 30,178 indel polymorphisms ranging from 1 to 6 bp were 
identified among 6 maize lines with only 571 indels present in the coding regions. 
The high efficiency of the approach for variant discovery applied by the authors 
was confirmed by sequencing 92 randomly selected PCR products which in turn 
validated 95 % of the predicted SNPs.

The authors of the above study identified SNPs and indels with large-effects 
on coding sequence among which 1,478 SNPs induced a stop codon, 97 altered 
initiation methionine residue, 828 disrupted splicing donor or acceptor sites and 
322 indels caused frameshift. In addition, 1,087 SNPs removed stop codons 
resulting in longer coding sequences. Interestingly, of the large-effect SNPs, 
101 were located in 45 genes that encode a disease-resistance protein with 
LRR domain, consistent with findings in A. thaliana and rice (Clark et al. 2007; 
McNally et al. 2009).

In addition to highly polymorphic genes, the authors found 393 genes that con-
tained no SNPs among sequenced lines. To identify all chromosomal regions with 
low diversity, the number of segregating nucleotides per site within 1-Mb sliding 
window was calculated across the genome, and 101 genomic blocks ranging from 
2.4 to 13 Mb in size with reduced diversity were identified. Intriguingly, the region 
with low diversity included the genes such as bt2 and su1 that are known to have 
been under selection during maize domestication (Whitt et al. 2002). This result 
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suggests that some of the identified low diversity genomic regions may contain 
genes subjected to selection.

One of the most interesting aspects of this study was the analysis of PAVs 
including full-length functional genes. This was performed by mapping Mo17 rese-
quencing data to the B73 reference genome resulting in identification of 104 regions 
in the B73 genome in which at least 80 % of a 5-kb or longer genomic region and at 
least 90 % of its annotated transcriptional region did not have corresponding Mo17 
reads. Moreover, using the same criteria, 296 high-confidence genes in B73 were 
missing from at least one of the six inbred lines. Comparison of contigs assembled 
from non-mapped reads of six inbred lines identified genomic regions present in the 
inbred lines but absent in B73. Annotation of these contigs resulted in 570 putative 
genes with an average length of 527 bp (considering only coding regions) that were 
absent in B73 reference genome. Out of 570 genes, 292 (55 %) showed homology 
with plant proteins and nearly half of them (267 out of 570) could be functionally 
classified. For example, seven were members of a LRR family and two belonged to 
the NB-ARC (nucleotide-binding adaptors shared by R proteins) family, suggesting 
that these PAV genes might be involved in strain-specific disease-resistance.

PAVs and the large-effect SNPs and indels, allowed for testing the hypotheses 
of heterosis. One of the hypotheses suggests that heterosis results from comple-
mentation of slightly deleterious recessive alleles (dominanace hypothesis) and 
the fixation of these alleles in inbred lines can result in inbreeding depression (Fu 
and Dooner 2002; Springer and Stupar 2007; Charlesworth and Willis 2009). The 
authors demonstrated that inbred lines from different heterotic groups contain dif-
ferent sets of deleted genes suggesting that these lines have large differences in 
gene content that could complement one another, thereby contributing to heterosis.

Low-pass whole-genome sequencing of pooled genomic DNA samples from 
wild and domesticated rice was used to identify genomic regions subjected to 
selection during domestication (He et al. 2011). Sixty-six rice accessions from 
three rice taxa (O. sativa japonica, O. sativa indica and O. rufipogon) were fully 
sequenced by both Illumina-Solexa-GA and ABI-SOLiD in order to (1) identify 
genomic regions exhibiting a genealogy distinct from the rest of the genome (2) 
explain how these regions reflect the process of domestication under artificial 
selection and (3) to identify additional domestication genes in these regions. In 
this study, sequencing was performed on pooled DNA samples of each subspecies 
(21–23 accessions per subspecies) rather than on individual accessions resulting 
in the coverage of about 30X for each pooled sample or 1.5X per accession. Even 
though low genome coverage has been achieved for individual accessions, the esti-
mation of overall genetic diversity in domesticated rice and its wild ancestor could 
be efficiently performed in pooled samples (Lynch 2009). Watterson’s θ, which 
corresponds to the total number of variable sites in the alignment, was used as a 
measure of genetic diversity. Only those polymorphic sites that were supported by 
data generated using both Illumina GA and ABI-SOLiD instruments were retained 
and used for diversity analysis. Interestingly, combined data from both sequencing 
technologies produced more reliable predictions of variable sites than that based 
on either SOLiD or Illumina GA data alone.
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In order to detect genomic regions subjected to artificial selection during 
domestication, the authors of this study estimated the Watterson’s θ in a sliding 
window of 100 kb (10 kb steps) across genome for all three rice samples. The 
regions showing the levels of diversity (LDRs) below the genome-wide average 
were selected. Then, based on a series of simulations, the authors concluded that 
the excess of LDRs in the domesticated cultivars can be partially attributed to the 
population-size reduction during domestication and the effect of selfing on recom-
bination. To separate the effect of demography and selfing on selective sweeps due 
to domestication, the authors investigated the LDR between indica and japonica 
cultivars. Since both domesticated sub-species were selected for a similar suite 
of characteristics, it was reasonable to hypothesize that the same genes might be 
affected. The distribution of LDR regions across indica and japonica genomes 
suggested that they have been domesticated independently, with many overlapping 
domesticated regions originating only once and spreading across the entire domes-
ticated population.

Recently, whole-genome sequencing of multiple accessions of maize wild rela-
tives, landraces and cultivars was used to identify genomic regions subjected to 
selection during domestication and improvement (Chia et al. 2012; Hufford et 
al. 2012). By analyzing patterns of variation across maize genome, the evidence 
of stronger selection during maize domestication than improvement was found 
(Hufford et al. 2012). The selection scan based on genetic differentiation of linked 
markers identified new candidate genes showing the evidence of stronger selec-
tion than genes previously shown to underlie major morphological changes associ-
ated with domestication. In addition to tens of millions of SNPs, a large number of 
copy number variants were discovered in maize (Chia et al. 2012). It was shown 
that a significant fraction of associations in the GWAS results (15–27 %) is linked 
with structural variation suggesting its importance in phenotypic variation. These 
studies provided a first comprehensive view of genetic diversity in a crop genome 
during transition from wild forms to cultivated varieties.

4.5  Summary and Outlook

Large-scale NGS is gaining popularity as a tool for fast analysis of genome level 
sequence variation in a number of important crop species including maize, rice, 
wheat, barley and sorghum. The development of genome complexity reduction 
approaches based on targeted sequence capture or restriction enzyme digest com-
bined with multiplexing capabilities of NGS approaches allows for cost-effective 
analysis of genetic variation in large populations for genome-wide association 
mapping, analysis of population structure or fine-scale linkage mapping. The 
improvement of computational algorithms specifically adapted to handle large vol-
umes of NGS data significantly simplified sequence assembly, alignment and vari-
ant detection in NGS projects, leading to accelerated progress in the analysis of 
cereal genomes. The development of new NGS instrumentation holds a promise 
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to further reduce the cost of sequencing and increase the amount of data gener-
ated, making feasible in near future to sequence complete genomes of even very 
complex organisms. In spite of these advances, the analysis of NGS data and its 
application to cereal crop breeding and genetics is still in its infancy. Even though 
NGS data can now be easily obtained for any organism, the challenges associated 
with the experimental design, the error rate in NGS data and in assembled ref-
erence genomes, errors in read mapping, and the complexity of cereal genomes 
stemming from high repeat DNA content and polyploidy will still require active 
exploration in next few years. These factors should be taken into account while 
designing NGS experiments and analyzing data.
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5.1  Introduction

Poaceae, formerly known as Gramineae, and commonly referred to as grasses, 
is a family of monocotyledonous flowering plants. With about 600 genera and 
~10,000 species, grasses represent economically the most important family of 
flowering plants (Watson 1992), accounting for about 70 % of crops according 
to land use (Fig. 5.1). Grasses, particularly the cereals, are grown for their edible 
seeds, and are the primary source of human nutrition, providing more than half 
of all our calories and appreciable protein (Kellogg 2001). In particular, these 
crops, include rice as a staple food in southern and eastern Asia; maize in central 
and south America; wheat and barley in Europe, northern Asia and the Americas; 
and sorghum in some African countries. Sugarcane is the major source of sugar. 
The top four global agricultural commodities by quantity belong to crops from 
the grass family (sugarcane, maize, rice, wheat) (Global Perspective Studies Unit 
2006). Many other grasses are grown for forage and fodder. Cow’s milk, the sole 
animal product in the top 10 agricultural commodities by quantity, largely comes 
from grass-fed animals (Bevan et al. 2010). Other probable uses of grasses include 
building construction throughout east Asia (bamboo) and sub-Saharan Africa (sor-
ghum), and paper-making (Miscanthus). They are also used in water treatment, 
wetland habitat preservation and land reclamation. Grasses with C4 photosynthe-
sis, including Miscanthus, switchgrass, sugarcane, and sorghum, are attractive for 

Chapter 5
Genome Sequencing and Comparative 
Genomics in Cereals

Xi-Yin Wang and Andrew H. Paterson

P. K. Gupta and R. K. Varshney (eds.), Cereal Genomics II,  
DOI: 10.1007/978-94-007-6401-9_5,  
© Springer Science+Business Media Dordrecht 2013

X.-Y. Wang (*) · A. H. Paterson (*) 
Plant Genome Mapping Laboratory, University of Georgia, Athens, GA 30602, USA
e-mail: wang.xiyin@gmail.com

A. H. Paterson 
e-mail: paterson@plantbio.uga.edu

X.-Y. Wang 
Center for Genomics and Computational Biology,  
School of Life Sciences and School of Sciences,  
Hebei United University, Tangshan 063009 Hebei, China



102 X.-Y. Wang and A. H. Paterson

biofuel production. A growing human population (9 billion by 2050) and expected 
increase in living standards will require the ongoing sustainable exploitation of 
grass resources.

In view of their importance to humanity, representatives of all three major 
grass clades have been sequenced. These include rice (International Rice 
Genome Sequencing Project 2005; Yu et al. 2005) from Ehrhartoideae, sorghum 
(Paterson et al. 2009a, b) and maize (Schnable et al. 2009) from Panicoideae, and 
Brachypodium (The International Brachypodium Initiative 2010) from pooideae 
(Fig. 5.1). Draft sequence of barley and wheat (Triticeae) group 1 chromosomes 
was also recently made available (Mayer et al. 2011; Wicker et al. 2011).

The importance of the rice genome is reflected in the fact that rice (Oryza sativa) 
was the first crop plant to have its genome sequenced. Actually, it was sequenced by 
four independent groups, including Beijing Institute of Genomics (BGI) (Yu et al. 
2002, 2005), International Rice Genome Sequencing Project (IRGSP) (International 
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Fig. 5.1  Phylogeny of selected cereals. Polyploidization events are shown with circles. Green 
and blue branches show two C4 lineages, and the others are C3 plants. The names of five grasses 
having whole-genome sequenced are shown in red
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Rice Genome Sequencing Project 2005), Syngenta (Goff et al. 2002), and 
Monsanto. BGI analyzed the parental strains, 93–11 and PA64 s, of a popular super-
hybrid rice, LYP9. Both rice indica and japonica subgenomes have been sequenced 
up to ~6x coverage. IRGSP presented a map-based, finished quality sequence that 
covers 95 % of the 389 Mb genome, virtually including all the euchromatic regions 
and even two complete centromeres (International Rice Genome Sequencing 
Project 2005). Both BGI and IRGSP reported ~38,000 rice genes. Syngenta also 
used a WGS method and released a 10x draft that incorporates the Syngenta data.

Sorghum (Sorghum bicolor) is a representative of the tribe Saccharinae, which 
includes some of the most efficient biomass accumulators to provide food and 
fuel, and also those having potential for use as cellulosic biofuel crops. This is 
the second grass, whose ~730 Mb genome sequence from S. bicolor (L.) Moench 
has been published (Paterson et al. 2009a). The WGS sequence has been carefully 
validated by genetic, physical and syntenic information. Despite a repeat content 
of 61 %, a high-quality genome sequence was assembled from homozygous sor-
ghum genotype BTx623 by using WGS and incorporating the following: (1) 8.5 
genome equivalents of paired-end reads from genomic libraries spanning a100-
fold range of insert sizes, resolving many repetitive regions; and (2) high-quality 
read length averaging 723 bp, facilitating assembly. Comparison with 27 finished 
bacterial artificial chromosomes (BACs) showed the WGS assembly to be 98.46 % 
complete and accurate to ~1 error per 10 kbp.

Maize (Zea mays) is also an important model crop species, whose 2.3 Gb 
genome sequence was reported (Schnable et al. 2009). This whole genome 
sequence was assembled using genetic and physical maps. Over 32,000 genes 
were predicted, of which 99.8 % were placed on reference chromosomes. Nearly 
85 % of the genome was shown to be composed of hundreds of families of trans-
posable elements, dispersed non-uniformly across the genome.

Foxtail millet (Setaria italica), as an important grain crop in temperate, sub-
tropical and tropical Asia, and in parts of southern Europe, and is also grown for 
forage in some other regions. It is a diploid grass with a relatively small genome 
(~515 Mb), which has been sequenced and published on the Joint Genome 
Institute website (Bennetzen et al. 2012; Zhang et al. 2012). The current annota-
tion is version 2.1, and the sequence reached up to 8.3X coverage of the genome.

Brachypodium (B distachyon) is a wild grass and is a representative of the  
subfamily Pooideae, which contains bread wheat, whose genome size is large and 
complex. This wild grass was selected to have its genome sequenced, and the effort 
established a template for the analysis of economically important pooid grasses (The 
International Brachypodium Initiative 2010). The five compact Brachypodium pseu-
dochromosomes contain 272 Mb, and the assembly was validated by cytogenetic 
analysis and alignment with two physical maps and sequenced BACs.

The genomes of the above five grasses share considerably gene collinearity; 
many genes were preserved at their ancestral location after millions years of diver-
gence, which helps to perform profound comparative genomics analysis, as shown 
below. The sequencing efforts of these grasses will contribute to an understanding 
of the domestication and agricultural improvements of staple crops (Table 5.1).
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Besides whole-genome sequences, transcriptome and other genome sequence 
datasets have been fast accumulating. In total, an astounding ~50 Poaceae spe-
cies have transcriptome sequence databases (Buell 2009). A few prominent data-
bases include Gramene [http://www.gramene.org/; (Youens-Clark et al. 2011)], 
the Rice Genome Annotation Resource (http://rice.tigr.org), the Rice Genome 
Automated Annotation System (RiceGAAS: hppt://ricegaas.dna.affrc.go.jp), the 
Rice Annotation Database (RAD: http://rad.dna.affrc.go.jp), the Integrated Rice 
Genome Explorer (INE: http://rgp.dna.affrc.go.jp/jiot/INE.html), and Oryzabase 
(http://www.shigen.nig.ac.jp/rice/oryzabase/top/top.jsp), Panzea (http://www.panz
ea.org), maizeGDB (http://www.maizedb.org), and the Comparative Saccharineae 
Genome Resource (http://csgr.agtec.uga.edu).

Although chloridoid and arundinoid grasses are explored only at the EST level 
to date, initial analyses of the available genome sequences have shown that most 
if not all grasses experienced at least two whole-genome duplications perhaps 20 
million years or more prior to the divergence of these lineages. It has also been 
shown that the post-divergence evolution of gene contents and gene orders of the 
three grass branches with sequenced genomes are relatively conservative, except 
for additional lineage-specific polyploidizations. Taxa within each lineage have 
independently experienced polyploid formation and adaptation to the dupli-
cated state (for example sugarcane, and durum or bread wheat). However, the 
model genomes were used as a good starting point for accelerating progress in 
the study and improvement of recursive polyploidy taxa. Indeed, the vast major-
ity of monocots still lack sufficient genomic tools to investigate pertinent prob-
lems in agricultural productivity, conservation biology, ecology, invasion biology,  
population biology, and systematic biology (Paterson et al. 2009a, b). By 
developing and using comparative genomics tools, research starting from the 
sequenced genomes may shed light on these monocots (Van de Peer 2004; Wang 
et al. 2006; Lohithaswa et al. 2007; Tang et al. 2008b). The sequences of addi-
tional grasses and non-grass monocot genera such as Elaeis, Musa, and Zostera 
will clarify the functional innovation of their gene sets, further clarifying the 
structural and functional evolution of this important and interesting plant family. 
Re-sequencing of diverse germplasms of many species including wild and culti-
vated species promises to clarify the process of domestication of members of this 
important family.

Table 5.1  Grasses having whole-genome sequences so far

Species name Common name Release version

Brachypodium distachyon Purple false brome Phytozome v6.0
Oryza sativa ssp. japonica Rice RAP 2.0 (Nov 2007)
Oryza sativa ssp. indica Rice BGI v1
Sateria italica Foxtail millet JGI v2.1
Sorghum bicolor Sorghum Sbi 1.4 (Dec 2007)
Zea mays Maize Release 5a (Nov 2010)

http://www.gramene.org/
http://rice.tigr.org
http://hppt://ricegaas.dna.affrc.go.jp
http://rad.dna.affrc.go.jp
http://rgp.dna.affrc.go.jp/jiot/INE.html
http://www.shigen.nig.ac.jp/rice/oryzabase/top/top.jsp
http://www.panzea.org
http://www.panzea.org
http://www.maizedb.org
http://csgr.agtec.uga.edu
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5.2  Ancestral Polyploidy Preceded the Diversification  
of Grasses

5.2.1  Recursive Polyploidizations During Grass Evolution

Though neopolyploid taxa are not rare, it was surprising when the sequenced 
small genomes of Arabidopsis and rice each revealed ancestral polyploidy of 
both eudicots and monocots (The Arabidopsis Genome Initiative 2000; Bowers 
et al. 2003; Paterson et al. 2004), the two major angiosperm clades. These facts led 
to the thought that most if not all angiosperm lineages might have been shaped by 
a few common paleo-polyploidization events; some of these were further modi-
fied by additional recent polyploidization events (Paterson 2005; Soltis 2005). 
For instance, on the basis of RFLP maps, both sorghum and rice were initially 
shown to have large-scale duplications (Chittenden et al. 1994; Kishimoto et al. 
1994; Nagamura et al. 1995). This inference later received support with the avail-
ability of the whole genome sequence of rice, O. sativa ssp. Japonica (Goff et al. 
2002). A brief controversy about the scope of duplication (Vandepoele et al. 2003) 
was soon reconciled, by analyzing the genome sequence of another rice cultivar,  
O. sativa ssp. Indica (Yu et al. 2005), with the controversy attributed to differences in 
the approaches used to infer the duplicated blocks (Wang et al. 2005). This polyploidy 
event was dated to ~70 million years ago (mya) based on putatively neutral DNA 
substitution rates between duplicated genes, and suggested to be shared by all main 
lineages of grasses. This inference was later proved with genome sequences of sor-
ghum, and Brachypodium (The International Branchypodium Initiative 2010). Maize 
(Schnable et al. 2009) had another polyploidy event (Gaut and Doebley 1997), which 
possibly contributed to its origin (Swigonova et al. 2004a, b). Multiple alignments of 
sequenced grass genomes shed light on a more ancient history of their common ances-
tor, and revealed one or more two earlier polyploidization(s) in the monocot lineage 
(Tang et al. 2010). This suggested that recursive polyploidy events may have shaped 
the evolution of grasses in a cyclic manner. Recursive polyploidizations have also 
been observed during the evolution of eudicots (Jaillon et al. 2007; Tang et al. 2008a).

5.2.2  Gene Collinearity Facilitated Paleogenomic Exploration

Characterization of gene synteny (gene content) and collinearity (gene order) among 
the major grass lineages reveals a “whole-genome duplication” pattern due to 
the shared polyploidy events (Fig. 5.2). The duplicated regions cover 68 % of the 
genome in rice (Paterson et al. 2004). Among the duplicated genes in these regions, 
30–65 % have lost at least one duplicated copy, possibly soon after polyploidiza-
tion and certainly prior to the radiation of the major grass lineages, so that the reten-
tion/loss patterns are largely orthologous between rice and sorghum (Paterson et al. 
2009a, b). Gene losses often occurred in a complementary and segmental manner, 
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resulting in a non-random patterns of retention/loss on corresponding duplicated 
DNA segments, in a process known as fractionation (Thomas et al. 2006). Genes 
may be removed by a short-DNA deletion mechanism (Woodhouse et al. 2010). In a 
pair of duplicates, gene loss may be universally biased to preserve the gene that is 
responsible for the majority of total expression (Schnable et al. 2011). Gene losses 
may have been accompanied by wide-spread genomic repatterning, due to the unsta-
ble nature of multi-valent meiosis, eventually restoring bivalent meiosis (Bowers 
et al. 2005). For more than 90 % of the preserved duplicated genes, the two cop-
ies have the same transcriptional orientations (Wang et al. 2005), and the exceptions 
may be a result of local DNA inversions or differential gains/losses of new tandemly 
duplicated genes in the paleo-duplicated regions.

Rice, sorghum and Brachypodium, which have not been affected by addi-
tional polyploidization after the split with one another, have preserved nearly per-
fect gene collinearity (Paterson et al. 2009a, b; The International Brachypodium 
Initiative 2010), making it possible to take them as a single genetic system to 
perform transitive genetics research across different grasses (Freeling 2001). 
Only a small fraction of genes show differential gene losses after the split of 
rice (1.8 %) and sorghum (3.1 %). A total of ~12,000 orthologous genes might 

Fig. 5.2  Gene collinearity between chromosomes. a A circular display of aligned genomes of 
rice (O or Os), Brachypodium (B or Br), sorghum (S or Sb), and maize (Z or Zm), with rice as 
the reference. The colorful lines in circles denote genes along chromosomes and color scheme is 
according to the chromosome numbers as shown in the lower part of the figure. The inner five 
circles consist of orthologous chromosomes/blocks from the four grasses, and contain two maize 
circles for its specific polyploidization. The outer five circles are the duplicated blocks, produced 
in the ancestral polyploidization, respectively corresponding to the inner circles. The curves in 
the innermost circles show collinear genes produced by the pan-grass polyploidization. b A local 
segment of aligned chromosomes from the global alignment shown in (a). Chromosomes are 
shown in parallel lines, and genes are shown with arrows. Genes from a grass are in the same 
color. Orthologs and duplicated genes are linked with lines in different colors. A schematic tree is 
used to show the relationship of the chromosomal segments, and genes on them
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have represented the ancestral genome of these major cereals (Salse et al. 2009). 
Consistently, these grasses have similar gene content, having gene numbers rang-
ing from 25,532 in Brachypodium to 32,540 in maize, despite nearly eightfold var-
iation in genome size, ranging from 320 Mb in Brachypodium to 2.5 Gb in maize. 
These findings suggest that, after 70 mya polyploidization, the genome of the last 
universal common ancestor of grasses had already experienced most gene loss and 
reached a relatively stable state prior to the divergence of the major grass lineages 
about 50 mya (Paterson 2008; The International Brachypodium Initiative 2010).

Genes duplicated due to whole-genome duplication were differentially pre-
served in grasses, but show retention/loss patterns that are related to those 
observed in other taxa (Paterson et al. 2006). A comparison of duplicated genes 
produced in independent duplication events during the evolution of grasses, 
Arabidopsis, yeast and fish, indicated that retention or loss of protein functional 
domain-containing genes has been convergent. Preferential gene losses or reten-
tions were also revealed in maize genome (Schnable et al. 2009).

5.2.3  Rules of Large-Scale Genomic Repatterning  
After Polyploidization

As noted above, a polyploidy event may result in genomic instability, consequently 
incurring a process of diploidization, characterized by wide-spread DNA rearrange-
ments often accompanied by large-scale gene losses (The Arabidopsis Genome 
Initiative 2000; Paterson et al. 2004; Van de Peer 2004; Wang et al. 2006). These 
DNA rearrangements may result in chromosome number variations. Grasses range 
from 2 to 18 in their basic chromosome sets (Soderstrom et al. 1987; Hilu 2004). 
In the sequenced genomes, rice, sorghum, and Brachypodium have n = 12, 10, and 
5 chromosomes, respectively. Though experiencing a whole-genome duplication 
since their divergence, modern day maize retains the same chromosome number 
(10) as sorghum. Comparison of grass genomes has shed light on the rules of chro-
mosome number evolution and ancestral grass karyotypes (Salse et al. 2009; Murat 
et al. 2010). An ancestral karyotype of n = 5 chromosomes was inferred (Salse et 
al. 2009; Murat et al. 2010) before the grass-common polyploidization, with n = 2 
x = 10 chromosomes after the duplication, then two chromosome fissions to result 
in n = 2 x = 12 chromosomes in the common ancestor of major cereals. However, 
the authors noted that an ancestral karyotype of n = 6–7 was also possible. They 
inferred that chromosome number variation/reduction from the common ancestor 
may be attributed to nonrandom centric double-strand break repair events. It was 
suggested that centromeric/telomeric illegitimate recombination between nonhomol-
ogous chromosomes led to nested chromosome fusions and synteny break points, 
and concluded that these breakpoints were meiotic recombination hotspots that cor-
responded to high sequence turnover loci through repeat invasion. These rules seem 
to explain most of the alterations in chromosome number in the grass genomes 
sequenced so far, especially the previously observed nested chromosome fusions in 
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Brachypodium (The International Brachypodium Initiative 2010). However, many 
details related to dynamics of centromeres and telomeres during the rearrangements 
remain unclear, and the wide range in possible ancestral karyotypes (from 12 to 24) 
suggests that further revision of thinking on this subject is likely.

5.2.4  Genome Size Variation is Mainly Attributable to 
Differential Accumulation of Repetitive DNA Sequence

Though gene contents (synteny) and even gene orders (collinearity) have been well 
preserved among grasses, there is a stark difference in their genome sizes, spanning 
at least a 50-fold range from ~300 million base pairs of Brachypodium to ~16,000 
million base pairs of hexaploid wheat (Arumuganathan and Earle 1991). Genes 
often reside in the euchromatic regions, the sizes of which remain similar among 
different grasses (Feuillet and Keller 1999). Euchromatic regions also represent 
regions where gene collinearity has been well preserved and homologous recombi-
nation occurs at the highest frequency in each studied genome (Bowers et al. 2005). 
In contrast, heterochromatin, which contains the centromeres, often shows remark-
able differences in size, arrangement, and content among taxa. For example, 65 % of 
sorghum DNA is in heterochromatin versus only about 22 % in rice, with the differ-
ing quantity of heterochromatin explaining 75 % of their 300 Mb genome size dif-
ference (Paterson et al. 2009a, b). The expansion of heterochromatin is also largely 
responsible for more than threefold size difference between maize (2.3 Gb) and sor-
ghum (730 Mb) (Schnable et al. 2009). The expansion of heterochromatin is promi-
nently due to the accumulation of long-terminal repeat retroelement-like (LTR) 
sequences, but not other repeats such as DNA transposons. However, different LTRs 
show different degrees of accumulation and are distributed somewhat differently 
across the genomic landscape. For example, most medium- and high-copy-number 
LTRs, such as gypsy LTRs, preferentially accumulated in gene-poor regions like 
pericentromeric heterochromatin, whereas a few high-copy-number LTRs, such as 
copia LTRs, exhibited the opposite bias and preferentially accumulate in gene-rich 
regions like euchromatin (Baucom et al. 2009; Devos 2010).

5.3  Illegitimate Recombination Between Duplicated DNA 
Segments may Contribute to Genetic Novelties  
and Species Diversification

5.3.1  Illegitimate Recombination in Grasses

Genetic recombination is central to molecular biology for its central role in DNA 
repair and reshuffling of mutations during crossovers between homologous 
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sequences. It is the major source of new combinations of alleles, which facilitate 
adaptation to environmental change, and consequently constitutes a driving force of 
biological evolution (Puchta et al. 1996). During meiosis, homologous chromosomes 
may recombine reciprocally, while during mitosis in somatic cells, recombination 
can be induced by DNA damage. Recombination between paralogous or homoeol-
ogous DNA regions is often termed “illegitimate”, occurring between non-homol-
ogous DNA sequences. Recombination can be reciprocal involving symmetrical 
exchange of genetic information between paralogous loci, resulting in crossing-
over; or non-reciprocal involving unidirectional transfer of information from one 
locus to its paralogous counterparts, resulting in gene conversion (Datta et al. 1997). 
Recombination, especially illegitimate recombination between paralogous loci, may 
produce severe chromosomal lesions, which are often deleterious but may in rare 
cases contribute to elimination of deleterious mutations (Khakhlova and Bock 2006). 
Notably, in plants, both meiotic and mitotic recombination outcomes can be trans-
ferred to the offspring, due to the lack of a predetermined germline.

Since polyploidization has affected nearly all plants during their evolution and 
produces massive duplicated regions in plant genomes, it is natural to question 
whether the appreciable sequence similarity of duplicated chromosomal regions 
may have permitted illegitimate recombination. Comparative and phylogenetic anal-
ysis of the sequenced genomes revealed extensive and long-lasting recombination 
between duplicated regions in rice and sorghum since their divergence, which was 
~20 million years after the polyploidization (Wang et al. 2009b). It is estimated that 
at least 14 % and 12 % of rice and sorghum duplicated genes have been affected, 
resulting in gene conversion, possibly accompanied by crossing-over (Fig. 5.3).

Homoeologous recombination has occurred at very different rates among dif-
ferent duplicated regions of grass genomes, probably being restricted in most 
regions due to DNA rearrangement (Wang et al. 2009b). Inversion of DNA 

(a) (b)

Fig. 5.3  Genome duplication and conversion pattern, in rice (a) and sorghum (b). Chromosomes 
from a grass form a circle. Duplicated (grey lines) and converted (lines in other colors) genes are 
linked with curvy lines, and the lines in the same color indicate that converted genes are from 
orthologous duplicated regions in rice and sorghum
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segments in one region may hinder its recombination with the other duplicated 
copy. For example, inversion in the ancestor of rice chromosomes 1 or 5 may 
be responsible for lowering the gene conversion rate between them and between 
their sorghum orthologs. Clearer evidence was found in sorghum chromosomes 
5 and 8, where two inversions have contributed to recombination suppression. 
Recombination might have been restricted in a non-synchronized manner, in that 
divergent gene conversion rates were found among duplicated regions. However, 
homoeologous recombination appears to be on-going on the initial 3 Mb of short 
arms’ termini of rice chromosomes 11 and 12, where homoeologous sequences are 
very similar (Wang et al. 2007, 2009b). The authors also found that recombina-
tion occurs in higher frequency toward terminal regions of chromosomes. In rice, 
>50 % of fully converted genes are in the initial 2 Mb regions on the chromosomal 
termini, in which ~40 % of the duplicated genes have been converted. In sorghum, 
48.6 % of wholly converted genes are in the initial 2 Mb regions on the chromo-
somal termini, in which ~34.5 % of the duplicated genes have been converted. 
Another interesting finding is that the rice and sorghum orthologous chromo-
somes/chromosomal segments have similar patterns of illegitimate recombination.

A comprehensive model has been proposed, to describe the pan genome dynam-
ics after polyploidizationin grasses (Wang et al. 2009b). Soon after polyploidiza-
tion, multiple homologous chromosomes or chromosomal segments may compete 
to pair and recombine with one another, forming multivalent structures during 
meiosis. This may confer genome instability as often inferred in paleogenomic 
duplications or observed in artificial polyploids. DNA rearrangement may inhibit 
the chance of pairing between affected chromosomes or chromosomal segments. 
Gradually, structural and sequence divergence may establish neo-homologous 
chromosome pairs, eventually re-establishing bivalent pattern during meiosis. The 
chromosomes or chromosomal segments sharing ancestry, but with lower level of 
similarity in structure and sequence, are then referred to as homoeologous chro-
mosomes. Most DNA rearrangements, a major factor in restricting recombination, 
occurred before the divergence of the major grass lineages. Accordingly, different 
divergence levels between the ancestral homoeologous chromosomes in the cereal 
common ancestor may have led to variation in conversion rates among duplicated 
regions within a genome, but similar conversion rates between orthologous regions 
from different species. The size of duplicated regions is positively correlated to 
recombination rate (Wang et al. 2009b), with larger sizes thought to provide higher 
DNA similarity, facilitating recombination. When small duplicated blocks are bur-
ied in chromosomes that otherwise share little or no homoeology, they may have 
little chance to recombine. This may be particularly true when other regions of the 
chromosome do have homoeology with large segments of other chromosomes, 
leaving the small duplicated regions at a disadvantage in forming homoeologous 
duplexes. Higher homoeologous recombination near chromosome termini, just 
like higher homologous recombination therein, may be explained by higher gene 
density and less accumulation of repetitive sequences in comparison to the peri-
centromeric regions, which provide higher DNA-level similarity needed for chro-
mosomes to pair and recombine.
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5.3.2  Homoeologous Recombination Accelerates Gene 
Evolution

Gene conversion as a result of recombination homogenizes homoeologous gene 
sequences, and would make the affected paralogs appear more similar to one 
another than would be predicted based on their true age. Pa and Ps values (non-
synonymous and synonymous nucleotide substitution percentages) between paral-
ogs affected by homoeologous recombination are often smaller than between those 
not affected (Wang et al. 2009b). Converted rice homoeologs have an average Ps 
0.15 and Pa 0.06, significantly smaller than those of not converted (0.49 and 0.20). 
In sorghum genome also, converted sorghum homoeologs have an averaged Ps 
0.24 and Pa 0.08, that are also significantly smaller than those of not converted 
(0.50 and 0.19). An intriguing question is: do the converted genes evolve slowly? 
One could not find the answer based on the paralogs themselves, the pairwise dis-
tance between which could have been distorted by gene conversion. Comparative 
analysis of the corresponding orthologs can provide some insight. A comparison 
of the nucleotide differences of orthologs, whose paralogs were affected by whole 
gene conversion in rice and sorghum, to those whose paralogs were not affected 
in either species, indicated that the conversion-related group has a little larger Pa 
and Ps, showing that converted paralogs evolve faster than those not converted. 
Though converted paralogs are more similar to one another than those, not con-
verted, this intriguing finding means that homoeologous recombination acts as a 
diversifying rather than a conservative element in evolution.

Illegitimate recombination may influence natural selection in converted genes. 
Converted paralogs in both rice and sorghum have an average Pa/Ps ratios that are 
significantly lower (0.34 and 0.31) than those which are not converted (0.44 and 
0.42) (Wang et al. 2009b), suggesting that within a genome, converted paralogs tend 
to be more subject to purifying selection. Likewise, converted genes tend to have 
more similar expression patterns than non-converted duplicates. By checking the 
Pfam domains in the converted and non-converted duplicated genes, the authors 
found weak evidence for preferential conversion of genes with specific functions.

5.4  Interrelated Evolution of Two Grass Chromosomes  
is an Exception to Other Plant Chromosomes

Rice chromosomes 11 and 12 (R11 and R12) are a striking exception, when com-
pared to all other chromosomes that had been so clearly affected by the 70 mya 
polyploidization (Wang et al. 2009b). R11 and R12, at first seemingly having 
avoided duplication during the pan-grass polyploidization, share a ~3 Mb dupli-
cated DNA segment at the termini of their short arms, the formation of which 
had been dated on the basis of synonymous substitutions to ~5–7 mya (The Rice 
Chromosomes 11 and 12 Sequencing Consortia 2005; Wang et al. 2005; Yu et al. 
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2005). Remarkably, the corresponding region(s) of their orthologous chromosomes 
in sorghum genome (S5 and S8, respectively) also contained such an apparently 
recent duplication despite having diverged from rice about 50 mya (Paterson et al. 
2009a, b). Based on physical and genetic maps, different groups reported shared 
terminal segments of the corresponding chromosomes in wheat (4, 5), foxtail millet 
(7, 8) and pearl millet (linkage groups 1, 4) (Devos et al. 2000; Singh et al. 2007). 
It would be exceedingly unlikely that segmental duplications in each of these crops 
occur independently at such closely corresponding locations in reproductively iso-
lated lineages. A much more parsimonious hypothesis is that the rice R11/12 and 
sorghum S5/8 regions each resulted from the pan-grass duplication 70 mya but have 
an unusual evolutionary history (Paterson et al. 2009a, b).

5.4.1  Long-Lasting Illegitimate Recombination and Stepwise 
Restriction Along Homoeologous Chromosomes

Detailed analysis of the above two exceptional chromosomes and their homoeologs 
from Brachypodium (The International Brachypodium Initiative 2010) and maize 
(Schnable et al. 2009) suggested that illegitimate recombination has continued for 
millions of years after the divergence of these homoeologs, and remains on-going in 
rice and perhaps other grasses (Wang et al. 2007). Gradual and step-by-step restric-
tions on recombination, starting from the pericentromeric regions around the time 
of polyploidization 70 mya, have resulted in chromosome structural stratification 
(Wang et al. 2011), having produced old chromosomal strata (CSA, CSB, and CSC, 
short forms for “Common Strata A, B, and C”, respectively) in their common ances-
tor, and produced some relatively younger strata in each species after rice-sorghum 
split, namely, RSA, RSB, and RSC in rice (“RS” is short form for “Rice Strata”), 
and SSA and SSB in sorghum (“SS” is short form for “Sorghum Strata”) (Fig. 5.4).

Sequence similarity between homoeologs in the strata reflects the time(s) of recom-
bination suppression rather than the times of their origin. Strata RSA-RSC were esti-
mated to have formed <0.5, 9.4, and 39.1 mya, SSA and SSB were dated to 13.4 and 
59.7 mya, and strata CSA–CSC, common to two species, were dated to 65.1, 80.1 and 
53.5 mya (Wang et al. 2011). The corresponding regions in maize and Brachypodium 
also show prominent homoeologous recombination. However, wide-spread chromo-
somal rearrangement, especially in maize after its lineage-specific polyploidization, 
makes the stratification patterns more difficult to compare than in rice and sorghum.

The initial time of the formation of underlying homoeologous chromosome pair 
may be best indicated by the oldest stratum, CSB, estimated to have formed 72.3–
91.6 mya (with 95 % confidence), perhaps even predating the 70 mya polyploidi-
zation (67.7–70 mya). In the modern rice and sorghum genomes, CSB regions of 
R12/S8 have much less DNA and fewer genes than their homoeologs R11/S5. This 
accounts for 2/3 of gene content differences between R11/12 and S5/8, which sug-
gests fractionation (and degeneration) of the ancestral chromosome of R12/S8. Since 
R12 and S8 closely resemble one another and each differ from their homoeologs R11/
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S5, this fractionation presumably preceded the rice-sorghum divergence, possibly 
occurring near the polyploidization. If produced during the polyploidization, the two 
duplicated chromosomes may have initially recombined with one another and com-
peted with their respective homologs. Their competence to recombine may have been 
reduced by stepwise homoeologous recombination suppression due to DNA inver-
sions, accumulation of repetitive sequences and new members of multigene families 
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Fig. 5.4  Homology pattern and evolutionary model of chromosomes R11, R12, S5 and S8 and 
their common ancestor. a Strata (Chromosomal segments: RSA–RSC, SSA–SSB, and CSA–CSC) 
are displayed in subfigures. “RS” and “SS” mean strata formed after rice-sorghum divergence; CS 
means common strata formed before the divergence of two species. Additional segments on R12 
and S8 are noted with “ADD”. “S” and “L” indicate short and long arms. Lines between chromo-
somes connect syntenic genes, and colors correspond to Ks values. b The strata in (a) were dated 
according to synonymous nucleotide substitution rates (Ks)
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(such as resistance genes), with initial recombination suppression occurring in the 
ancestral CSB region. Each of these factors is supported by evidence. Two inver-
sions in S8 obviously suppressed recombination between S8 and S5, contributing to 
the formation of new strata. The inversion breakpoints were enriched with repetitive 
sequences, possibly leading to DNA inversions. Notably, R11 and S5 are the chro-
mosomes most enriched for NBS-LRR resistance genes in their respective species, 
accounting for up to one-fourth of the total in each species (Fig. 5.4), respectively. 
The parallel nature of this enrichment suggests that it had occurred before the rice-
sorghum split, possibly resulting from or even contributing to recombination suppres-
sion. Recombination suppression may have led to unbalanced DNA deletion, with the 
ancestral chromosome of R12/S8 more affected than its homoeolog.

5.4.2  Weird Co-existence of high Intragenomic Similarity  
and High Intergenomic Divergence

While large-scale recombination in which other regions may have been mostly 
restricted, homoeologous recombination in RSA has been on-going on in the termi-
nal regions on rice R11 and R12, during the past 400,000 years since the divergence 
of rice subspecies japonica and indica (Wang et al. 2007). Both intriguing and per-
plexing is a distal chromosomal region with the greatest DNA similarity between 
surviving duplicated genes, which represents the highest concentration of lineage-
specific gene pairs found anywhere in these genomes with a significantly elevated 
gene evolutionary rate (Wang et al. 2011). Of 33 and 23 rice- and sorghum-specific 
gene pairs on these chromosomes, a respective 100 % and 90 % of them are in the 
young strata. Both members of a remarkable 50 % of the 16 duplicated RSA gene 
pairs are absent from sorghum, and 15 (38 %) of 39 SSA pairs are absent from rice. 
RSB gene pairs also have a high frequency of taxon-specific duplicated genes. Gene 
losses on any one of a pair of homoeologs experiencing concerted evolution may be 
commuted to the other, perhaps explaining the more than tenfold higher rate of gene 
loss in the RSA and SSA regions than the genome-wide averages of 1.8 % in rice 
and 3.1 % in sorghum since their divergence about 50 mya.

5.4.3  Factors Contributing to the Preservation  
of Homoeologous Recombination

Why has this pair of homoeologous chromosomes (R11 and R12) been so excep-
tional? It was proposed that the mechanics of chromosome pairing may have 
contributed to the patterns of intragenomic variation along the homoeologous chro-
mosome pair. Homologous chromosome pairing in early meiotic prophase is accom-
panied by dynamic repositioning of chromosomes in the nucleus and formation of a 
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cytological structure called the telomere bouquet, i.e., chromosomes that are bundled 
at the telomere to form a bouquet-like arrangement (Ding et al. 2004; Bozza and 
Pawlowski 2008). This implies that if duplicated chromosomes preserve the telom-
eres and the proximal chromosomal regions, they may preserve the ability to pair 
and recombine with one another like homologous chromosomes. However, such ille-
gitimate pairing near the termini may increase genomic instability due to multivalent 
formation and segregation disorder. Therefore, it is not unusual to find that at least 
one member of duplicated chromosome pairs have terminal breakages/inversions 
(Paterson et al. 2009a, b; The International Branchypodium  Initiative 2010), which 
may reduce homoeologous chromosome pairing and contribute to genomic stability.

The singular evolutionary history of the above pair of grass chromosome needs 
further exploration. Elevated gene loss rates and elevated evolutionary rates of the 
preserved genes in young strata may facilitate speciation, since the loss of alternative 
copies of duplicated genes leads to reproductive isolation (Werth and Windham 1991; 
Lynch and Force 2000). The recently suggested inter-relationship between reproduc-
tive isolation and autoimmune responses (Bomblies et al. 2007; Yin et al. 2008) draws 
attention to the finding that orthologs R11 and S5 each contain ~25% of the NBS-
LRR resistance genes (Zhou et al. 2004; Paterson et al. 2009a, b). Also, a high level 
of concerted evolution, associated stratification of chromosomal segments, and exten-
sive homoeologous gene loss are each characteristics of sex chromosomes in organ-
isms from divergent branches of the tree of life, including humans (Lahn and Page 
1999), chickens (Lawson Handley et al. 2006), fungi (Charlesworth 2002), and plants 
(Ming and Moore Ming 2007). Moreover, unexpectedly close proximity between, and  
co-expansion of, NBS-LRR and several sex-determining gene analogs is found, par-
ticularly on S5 (ts2 and two an1; three d3 and sk1; another three d3 and three an1; and 
ts2 and twelve d9) (Fig. 5.5). Ts2 (Calderon-Urrea and Dellaporta 1999), implicated 
in two of these four expansions, is required for a carefully regulated cell death pro-
cess that forms the unisexual maize flower from an initially bisexual meristem, and 
is also expressed in rice floral organs that do not abort (DeLong et al. 1993). Primary 
maize ear pistils survive ts2-mediated cell death through the action of the silkless 
1 (sk1) gene (Kim et al. 2007). An1 (anther ear), also implicated in two NBS-LRR 
expansions, has mutants that permit development of perfect flowers on otherwise pis-
tillate ears (Bensen et al. 1995). Transcription of related An2 is stimulated by Fusarium 
attack although it is not known to be directly involved in defense-related metabolism, 
perhaps suggesting some interaction with NBS-LRR genes. The genotype with d9 has 
an andromonecious (anthers in ears) dwarf phenotype (Winkler and Freeling 1994). 
Another hypothesis for further study is whether NBS-LRR enrichment on R11 and 
S5 reflects a mechanism by which genes in the candidate sex-determining region, and 
associated networks respectively influencing reproduction and speciation, could have 
some ‘functional coherence’ resembling that of the human Y chromosome (Lahn and 
Page 1999). If it proves true that CSB actually formed shortly before the 70 mya poly-
ploidization, as albeit limited molecular clock type data suggest, then its formation 
may have involved divergence among homologs rather than homoeologs, yet another 
parallel with the evolution of heteromorphic sex chromosomes.
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5.5  Comparative Genomics Research in Biological 
Pathways in Grasses

Duplicated genes have long been suggested to contribute to the evolution of new bio-
logical functions, in that redundant genes could be altered to produce new genes with-
out disadvantage to the organism (Haldane 1932). A whole-genome duplication is a 
good source of duplicated genes, providing enormous opportunities for biological and 
genetic innovations. It was reported that duplicated genes produced by polyploidiza-
tion may be adopted to form divergent pathways (Blanc and Wolfe 2004), possibly 
through gene functional changes soon after gene duplication (Lin et al. 2006).

While genome duplication has profoundly shaped grass genomes, processes not 
related to genome duplication have also been essential to grass diversity, an excel-
lent example being the ‘C4’ photosynthetic pathway that is particularly abundant in 
grasses (Kellogg 1999). This led to the development of most productive biomass-
producing crops. C4 plants are characterized by high rates of photosynthesis and effi-
cient use of water and nitrogen, through morphological and biochemical innovations 
(Hatch and Slack 1966). These features are related to confer adaptation to hot, dry 

Fig. 5.5  Distribution of resistance genes on rice chromosomes 11 and 12, and their respective 
sorghum orthologous chromosomes 5 and 8. Chains of boxes show proximal locations of genes 
with respective transcriptional orientations above or below the chromosomes; Lines between 
chromosomes show gene synteny; Strata are shown in different colors, similar to Fig. 5.4 indicat-
ing their relative age. Strata produced by stepwise restriction of homoeologous recombination are 
shown in different colors
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environments or CO2 deficiency (Ehleringer and Bjorkman 1978; Hattersley 1983; 
Seemann et al. 1987; Cerling et al. 1997). The C4 photosynthetic pathway is also 
an intriguing example of convergent evolution of a unique mode of CO2 assimila-
tion, featuring strict compartmentalization of photosynthetic enzymes into two dis-
tinct cell types, mesophyll and bundle-sheath. The C4 pathway is thought to have 
independently appeared at least 50 times during angiosperm evolution, including 
17 times in grasses (Sage 2004; Mulhaidat et al. 2007). It has been inferred that C4 
photosynthesis arose in grasses during the Oligocene epoch (24–35 mya) (Christin 
et al. 2008, 2011; Vicentini et al. 2008). The C4 grasses, including maize, sorghum, 
millets, and sugarcane; dominate most subtropical and tropical habitats (Christin et 
al. 2009). Multiple origins of the C4 pathway (Giussani et al. 2001; Pyankov et al. 
2001) imply that its evolution may not be so complex, suggesting that there may 
have been some genetic pre-deposition in some C3 plants to C4 evolution (Sage 
2004; Brown et al. 2011). In fact, genes encoding C4 enzyme are usually from fami-
lies having multiple copies, implying that gene duplication may have potentially con-
tributed to the establishment of the C4 pathway (Monson 2003). An ability to create 
and maintain large numbers of duplicated genes has been suggested to be one pre-
condition for certain taxa to develop C4 photosynthesis (Monson 2003; Sage 2004).

Ironically, while whole-genome duplication should in principle have provided all 
the genes required for C4 photosynthesis to evolve, some duplicated genes were lost 
before becoming important for C4 photosynthesis. In these cases, independent re-
duplications of these genes distributed over many millions of years were necessary 
for development of C4 pathway (Wang et al. 2009a). Some C4 genes (PEPC, PPCK, 
and NADP-ME) were recruited from duplicates of C3 photosynthetic genes produced 
by the polyploidization, while others (NADP-MDH, NADP-ME and PPDK-RP) were 
derived from tandem duplicates, which have whole-genome duplicates. C4 genes 
show ability for divergent duplications, with some genes seemingly duplication-philic 
(PEPC, NADP-ME, PPCK, and CA), and others duplication-phobic (NADP-MDH 
and PPDK). Many C4 genes show evidence of adaptive evolution, achieved though 
rapid mutations in DNA sequences, aggregated amino acid substitutions, and/or con-
siderable increases of expression levels in specific cells. The evolution of CA genes is 
particularly interesting, featuring recursive tandem duplication and neighboring gene 
fusion, resulting in distinct isoforms of 1–3 functional units. The elongation of CA 
genes by recruiting extra domains may have directly contributed to the formation of 
more complex protein structures, as often observed in plants. In summary, some of 
the most important innovations in gene function may come from single-gene rather 
than whole-genome duplications, and may involve a long transition process.

5.6  Two Distinct Groups of Genes Exist in Grasses

5.6.1  Prominently Elevated GC Content in Grass Genes

Guanine and cytosine (GC) content of grass gene coding sequences (CDSs) shows 
a bi-modal distribution (Carels and Bernardi 2000), which is mainly attributed to 



118 X.-Y. Wang and A. H. Paterson

the third base in a codon (Fig. 5.6). GC contents at the first and second base of a 
codon follow a uni-modal distribution, and exhibit significant positive correlation 
(Shi et al. 2007). The peak values of third codon site GC content (GC3) are ~0.45 
and 0.9, based on which genes can be classified as GC-poor or GC-rich. GC con-
tents in intron (GCintron) and intergenic (GCinter) regions, each follow a uni-modal 
distribution. GCintron is positively correlated with GC content in exons, but GCinter 
is not. These observations imply co-variation of GC contents in the gene body, but 
not in gene regulatory regions. GC content in grasses is generally much higher 
than in eudicot plants, which have uni-modal GC content distribution (Carels and 
Bernardi 2000). A comparative analysis shows that GC contents in several mono-
cots, including Musa, ginger, and grasses, each follow bi-modal distribution with 
long tails at the upper side, and grasses have higher GC content than other studied 
monocots (Lescot et al. 2008). These findings imply that prominent GC content 
elevation has occurred in grasses, and several other monocots.

Fig. 5.6  Guanine and cytosine (GC) content in grass genes. Black curves show the GC content 
on all codon sites in genes, while blue, green, and red curves show GC contents at the first, sec-
ond, and third codon sites, respectively
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5.6.2  Biased Base Substitutions

By comparing duplicated genes produced by polyploidization and through inferred 
ancestral states of these bases in each, an excess of AT → GC substitution was 
observed, especially in GC-rich genes (Shi et al. 2007). In GC3-poor genes, tran-
sition (between purine bases or pyrimidine bases) frequencies were about two to 
threefold higher than transversion (between a purine and a pyrimidine) frequen-
cies. Higher frequencies of transitions than transversions has been widely noted 
in other organisms (Brown et al. 1982; Gojobori et al. 1982). However, a differ-
ent pattern of synonymous nucleotide substitution frequency bias was found in the 
GC3-rich genes. For substitutions at the third site of codons ending with G and C, 
the transversions C → G and G → C have been widely preferred, occurring about 
two to fivefold more frequently than the corresponding transition of C → T and 
G → A. For instance, the substitution frequency of transversion C → G (0.650) 
was more than twice the frequency of transition C → T (0.226).

5.6.3  Exploring the Cause of Elevation in GC Content

The two classes of grass genes that differ in GC content are inferred to be func-
tionally different (Carels and Bernardi 2000), implying a possible effect of natural 
selection. Indeed, a distinct difference in GC content means different amino acid 
composition. GC-rich genes more frequently encode Glycine, Alanine, Arginine and 
Proline, whereas GC-poor genes more frequently encode Phenylalanine, Tyrosine, 
Methionine, Isoleucine, Asparagine, and Lysine (Wang et al. 2004). Instead of divid-
ing cereal genes into two classes, it was suggested that the elevation in GC content 
had a negative gradient along the direction of transcription (Wong et al. 2002). They 
further attributed the GC elevation to transcription-related mutation bias or transla-
tion-related selection. Wang et al. (2004) analyzed rice genes and compared them 
with Arabidopsis genes, and proposed that mutation bias rather than natural selec-
tion was the primary cause of two classes of genes in cereals (Wang et al. 2004). Shi  
et al. (2007) considered many correlated factors, including the GC contents and 
lengths of different DNA components, exon numbers, and their correlation, and pro-
posed that natural selection may be the cause for GC content changes. Gene conver-
sion has also been linked by some to the elevation of GC content (Duret and Galtier 
2009). It has been hypothesized that conversion may be accompanied by DNA repair 
of nucleotide mismatches. If the repair process were biased towards G and C (referred 
to biased gene conversion), an elevation in GC content would result (Galtier et al. 
2001). The double-strand breaks are preferentially repaired by sister chromatids, not 
the homologs (Kadyk and Hartwell 1992). Theoretically, the homeologs may have 
even smaller chance to be taken as repair substrates due to sharing less sequence sim-
ilarity. There is indirect evidence that non-allelic gene conversion can be related to 
GC changes in vertebrates (Galtier 2003; Kudla et al. 2004; Backstrom et al. 2005). 
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As to the possible contribution from homeologous gene conversion, no correlation 
was found between gene conversion and GC content in rice and sorghum (Wang et al. 
2009b), with converted and non-converted paralogs usually having similar GC con-
tent. In spite of all these explorations, the cause for prominent elevation in grass gene 
GC content and the production of two distinct gene classes remains unknown.

5.7  Bioinformatics Resources and Tools for Comparative 
Genomics Analysis

Comparative genomics tools, not limited to the cereals, have already been devel-
oped to help exploit the valuable genomic resources accumulating at a rapid pace. 
To characterize gene synteny/collinearity, which is crucial to perform genome-
level comparison as shown above, various software packages are available, which 
include the following: (1) ColinearScan [http://colinear.cbi.pku.edu.cn/; (Wang  
et al. 2006)], (2) i-ADHoRe [http://bioinformatics.psb.ugent.be/software/details/i–
ADHoRe; (Vandepoele et al. 2002)], (3) DiagHunter [http://www.tc.umn.edu/~ca
nn0010/Software.html; (Cannon et al. 2003)], (4) DAGchainer (Haas et al. 2003). 
MCSCAN (http://chibba.agtec.uga.edu/duplication/mcscan/) aims at multiple chro-
mosome alignment to find gene collinearity in sophisticated plant genomes due to 
recursive polyploidizations (Tang et al. 2008b). Plant Genome Duplication Database 
(PGDD, http://chibba.agtec.uga.edu/duplication/) is a public database to identify and 
catalog plant genes in terms of intragenome or cross-genome collinearity relation-
ships and focuses on plants with available whole genome sequences. CoGe (http://
synteny.cnr.berkeley.edu/CoGe/) is a comparative genomics platform for genomes 
across all domains of life, helping find and compare homologous sequences (Lyons et 
al. 2008). Gobe (http://github.com/brentp/gobe) is a web-based tool for viewing com-
parative genomic data and supports viewing multiple genomic regions simultaneously, 
facilitating the comparison of gene content, conservation and loss in homologous 
regions within the same plant, or between different plants (Pedersen et al. 2011).

Finding orthologous genes is particularly important to phylogenetic research. 
Strategies to distinguish possible orthologs from paralogs can basically be clas-
sified into two groups: (1) phylogeny-based approaches, including Resampled 
Inference of Orthology [RIO: http://genome.crg.es/~talioto/OrthologySearch/; 
(Zmasek and Eddy 2002)] and Orthostrapper/Hierarchical grouping of Orthologous 
and Paralogous Sequences [HOPS: ftp://.cgb.ki.se/pub/data/HOPS/; (Storm and 
Sonnhammer 2003)], and (2) BLAST-based approaches, including OrthoMCL 
[http://www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi; (Li, Stoeckert et al. 2003)], 
Cluster of Orthologous Groups (COG: http://www.ncbi.nlm.nih.gov/COG/new/), 
and In paranoid [http://inparanoid.cgb.ki.se; (O’Brien et al. 2005)]. Phylogeny-based 
methods typically exhibit high false negative rates, while BLAST-based methods 
exhibit high false positive rates (Chen et al. 2007). Gene collinearity across genomes 
is valuable information in finding orthologs. Based on MCSCAN outputs, a list of 
orthologous groups has been available on PGDD.

http://colinear.cbi.pku.edu.cn/
http://bioinformatics.psb.ugent.be/software/details/i%e2%80%93ADHoRe
http://bioinformatics.psb.ugent.be/software/details/i%e2%80%93ADHoRe
http://www.tc.umn.edu/~cann0010/Software.html
http://www.tc.umn.edu/~cann0010/Software.html
http://chibba.agtec.uga.edu/duplication/mcscan/
http://chibba.agtec.uga.edu/duplication/
http://synteny.cnr.berkeley.edu/CoGe/
http://synteny.cnr.berkeley.edu/CoGe/
http://github.com/brentp/gobe
http://genome.crg.es/~talioto/OrthologySearch/
ftp://.cgb.ki.se/pub/data/HOPS/
http://www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi
http://www.ncbi.nlm.nih.gov/COG/new/
http://inparanoid.cgb.ki.se
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5.8 Summary and Outlook

The continuously declining cost and increasing speed to sequence a genome are 
revolutionizing many aspects of biological research, and especially inspiring vig-
orous explorations in comparative genomics. As one hotspot of sequencing efforts, 
many more genomes of cereals and their relatives will be available in the near future, 
which include important crops like barley and wheat. Moreover, there are a growing 
slate of resequencing efforts to catalog intraspecific variation of sequenced cereals 
(Schnable and Freeling 2011; Schnable et al. 2011). These efforts will add to our 
understanding of the biology of important cereals with regard to genome struc-
tural changes, gene functional innovations, speciation, and domestication, perhaps 
revealing underlying mechanisms and rules governing cereal diversity at the DNA 
sequence level. Meanwhile, more user-friendly bioinformatics tools and databases 
will be developed and strengthened to support many interesting comparisons.

Acknowledgments We are grateful to members in Paterson lab for useful discussion and 
collaboration in publishing many high-impact papers in comparative genomics. We appreciate 
financial support from the US National Science Foundation (MCB-1021718) and the J. S. 
Guggenheim Foundation to AHP, and from the China National Science Foundation (30971611, 
31170212), and Hebei Natural Science Foundation distinguished young scholorship project 
China-Hebei New Century 100 Creative Talents Project to XW.

References

Arumuganathan K, Earle E (1991) Nuclear DNA content of some important plant species. Plant 
Mol Biol Rep 9:208–218

Backstrom N, Ceplitis H et al (2005) Gene conversion drives the evolution of HINTW, an ampli-
conic gene on the female-specific avian W chromosome. Mol Biol Evol 22(10):1992–1999

Baucom RS, Estill JC et al (2009) Exceptional diversity, non-random distribution, and rapid evo-
lution of retro-elements in the B73 maize genome. PLoS Genet 5(11):e1000732

Bennetzen JL, Schmutz J et al (2012) Reference genome sequence of the model plant Setaria. 
Nat Biotechnol 30(6):555–561

Bensen RJ, Johal GS et al (1995) Cloning and characterization of the maize An1 gene. Plant Cell 
7(1):75–84

Bevan MW, Garvin DF et al (2010) Brachypodium distachyon genomics for sustainable food and 
fuel production. Curr Opin Biotechnol 21(2):211–217

Blanc G, Wolfe KH (2004) Functional divergence of duplicated genes formed by polyploidy dur-
ing Arabidopsis evolution. Plant Cell 16(7):1679–1691

Bomblies K, Lempe J et al (2007) Autoimmune response as a mechanism for a Dobzhansky-
Muller-type incompatibility syndrome in plants. PLoS Biol 5(9):e236

Bowers JE, Chapman BA et al (2003) Unravelling angiosperm genome evolution by phyloge-
netic analysis of chromosomal duplication events. Nature 422(6930):433–438

Bowers JE, Arias MA et al (2005) Comparative physical mapping links conservation of 
microsynteny to chromosome structure and recombination in grasses. Proc Natl Acad Sci 
USA A102(37):13206–13211

Bozza CG, Pawlowski WP (2008) The cytogenetics of homologous chromosome pairing in meio-
sis in plants. Cytogenet Genome Res 120(3–4):313–319



122 X.-Y. Wang and A. H. Paterson

Brown J, Ersland D et al (1982) Molecular aspects of storage protein synthesis during seed 
development. In: Khan A (ed) The physiology and biochemistry of seed development, dor-
mancy, and germination. Elsevier Biomedical Press, Amsterdam, pp 3–42

Brown NJ, Newell CA et al (2011) Independent and parallel recruitment of preexisting mecha-
nisms underlying C photosynthesis. Science 331(6023):1436–1439

Buell CR (2009) Poaceae genomes: going from unattainable to becoming a model clade for com-
parative plant genomics. Plant Physiol 149(1):111–116

Calderon-Urrea A, Dellaporta SL (1999) Cell death and cell protection genes determine the fate 
of pistils in maize. Development 126(3):435–441

Cannon SB, Kozik A, Chan B, Michelmore R, Young ND (2003) DiagHunter and GenoPix2D: 
programs for genomic comparisons, large-scale homology discovery and visualization. 
Genome Biology 4:R68

Carels N, Bernardi G (2000) Two classes of genes in plants. Genetics 154(4):1819–1825
Cerling TE, Harris JM et al (1997) Global vegetation change through the Miocene/Pliocene 

boundary. Nature 389:153–158
Charlesworth B (2002) The evolution of chromosomal sex determination. Novartis Found Symp 

244:207–219 (discussion 220–204, 253–207)
Chen F, Mackey AJ et al (2007) Assessing performance of orthology detection strategies applied 

to eukaryotic genomes. PLoS One 2(4):e383
Chittenden LM, Schertz KF et al (1994) A detailed RFLP map of Sorghum bicolor and S. propin-

quum suitable for high-density mapping suggests ancestral duplication of Sorghum chromo-
somes or chromosomal segments. Theor Appl Genet 87:925–933

Christin PA, Osborne CP et al (2011) C4 eudicots are not younger than C4 monocots. J Exp Bot 
62(9) : 3171–3181

Christin PA, Besnard G et al (2008) Oligocene CO2 decline promoted C4 photosynthesis in 
grasses. Curr Biol 18(1):37–43

Christin PA, Salamin N et al (2009) Integrating phylogeny into studies of C4 variation in the 
grasses”. Plant Physiol 149(1):82–87

Datta A, Hendrix M et al (1997) Dual roles for DNA sequence identity and the mismatch repair system 
in the regulation of mitotic crossing-over in yeast. Proc Natl Acad Sci USA A94(18):9757–9762

DeLong A, Calderon-Urrea A et al (1993) Sex determination gene TASSELSEED2 of maize 
encodes a short-chain alcohol dehydrogenase required for stage-specific floral organ abor-
tion. Cell 74(4):757–768

Devos KM (2010) Grass genome organization and evolution. Curr Opin Plant Biol 13(2):139–145
Devos KM, Pittaway TS et al (2000) Comparative mapping reveals a complex relationship 

between the pearl millet genome and those of foxtail millet and rice. Theoret Appl Genet 
100(2):190–198

Ding DQ, Yamamoto A et al (2004) Dynamics of homologous chromosome pairing during mei-
otic prophase in fission yeast. Dev Cell 6(3):329–341

Duret L, Galtier N (2009) Biased gene conversion and the evolution of mammalian genomic 
landscapes. Annu Rev Genomics Hum Genet 10:285–311

Ehleringer JR, Bjorkman O (1978) A Comparison of Photosynthetic Characteristics of Encelia 
Species Possessing Glabrous and Pubescent Leaves. Plant Physiol 62(2):185–190

Feuillet C, Keller B (1999) High gene density is conserved at syntenic loci of small and large 
grass genomes. Proc Natl Acad Sci USA 96(14):8265–8270

Freeling M (2001) Grasses as a single genetic system: reassessment 2001. Plant Physiol 
125(3):1191–1197

Galtier N (2003) Gene conversion drives GC content evolution in mammalian histones. Trends 
Genet 19(2):65–68

Galtier N, Piganeau G et al (2001) GC-content evolution in mammalian genomes: the biased 
gene conversion hypothesis. Genetics 159(2):907–911

Gaut BS, Doebley JF (1997) DNA sequence evidence for the segmental allotetraploid origin of 
maize. Proc Natl Acad Sci USA 94(13):6809–6814



1235 Genome Sequencing and Comparative Genomics in Cereals

Giussani LM, Cota-Sanchez JH et al (2001) A molecular phylogeny of the grass subfam-
ily Panicoideae (Poaceae) shows multiple origins of C4 photosynthesis. Am J Bot 
88(11):1993–2012

Global Perspective Studies Unit, F a A O o t U N (2006) FAQ: World Agriculture: towards 
2030/2050. Interim Report, Rome, Italy

Goff SA, Ricke D et al (2002) A draft sequence of the rice genome (Oryza sativa L. ssp. japon-
ica). Science 296(5565):92–100

Gojobori T, Li WH et al (1982) Patterns of nucleotide substitution in pseudogenes and functional 
genes. J Mol Evol 18(5):360–369

Haas BJ, Delcher AL et al (2003) Improving the Arabidopsis genome annotation using maximal 
transcript alignment assemblies. Nucleic Acids Res 31(19):5654–5666

Haldane JBS (1932) The causes of evolution. Cornell University Press, Ithaca
Hatch MD, Slack CR (1966) Photosynthesis by sugar-cane leaves. A new carboxylation reaction 

and the pathway of sugar formation. Biochem J 101(1):103–111
Hattersley PG (1983) The distribution of C3 and C4 grasses in Australia in relation to climate. 

Oecologia 57:113–128
Hilu KW (2004) Phylogenetics and chromosomal evolution in the Poaceae (grasses). Aust J Bot 

52:10
The International Brachypodium Initiative (2010) Genome sequencing and analysis of the model 

grass Brachypodium distachyon. Nature 463(7282):763–768
International Rice Genome Sequencing Project (2005) The map-based sequence of the rice 

genome. Nature 436(7052):793–800
Jaillon O, Aury JM et al (2007) The grapevine genome sequence suggests ancestral hexaploidiza-

tion in major angiosperm phyla. Nature 449(7161):463–467
Kadyk LC, Hartwell LH (1992) Sister chromatids are preferred over homologs as substrates for 

recombinational repair in Saccharomyces cerevisiae. Genetics 132(2):387–402
Kellogg EA (1999) Phylogenetic aspects of the evolution of C4 photosynthesis. In: Sage RF, 

Monson RK (eds) C4 plant biology. Academic Press, San Diego, CA, pp 411–444
Kellogg EA (2001) Evolutionary history of the grasses. Plant Physiol 125(3):1198–1205
Khakhlova O, Bock R (2006) Elimination of deleterious mutations in plastid genomes by gene 

conversion. Plant J 46(1):85–94
Kim JC, Laparra H et al (2007) Cell cycle arrest of stamen initials in maize sex determination. 

Genetics 177(4):2547–2551
Kishimoto NHH, Abe K, Arai S, Saito A, Higo K (1994) Identification of the duplicated seg-

ments in rice chromosomes 1 and 5 by linkage analysis of cDNA markers of known func-
tions. Theor Appl Genet 88:722–726

Kudla G, Helwak A et al (2004) Gene conversion and GC-content evolution in mammalian 
Hsp70. Mol Biol Evol 21(7):1438–1444

Lahn BT, Page DC (1999) Four evolutionary strata on the human X chromosome. Science 
286(5441):964–967

Lawson Handley LJ, Hammond RL et al (2006) Low Y chromosome variation in Saudi-Arabian 
hamadryas baboons (Papio hamadryas hamadryas). Heredity 96(4):298–303

Lescot M, Piffanelli P et al (2008) Insights into the Musa genome: syntenic relationships to rice 
and between Musa species. BMC Genomics 9:58

Li L, Stoeckert CJ et al (2003) OrthoMCL: identification of ortholog groups for eukaryotic 
genomes. Genome Res 13:2178–2189

Lin Y, Byrnes JK et al (2006) Codon usage bias versus gene conversion in the evolution of yeast 
duplicate genes. Proc Natl Acad Sci USA 103:14412–14416

Lohithaswa HC, Feltus FA et al (2007) Leveraging the rice genome sequence for comparative 
genomics in monocots. Theor Appl Genet 115:237–243

Lynch M, Force AG (2000) The origin of interspecific genomic incompatibility via gene duplica-
tion. Am Nat 156(6):590–605

Lyons E, Pedersen B et al (2008) Finding and comparing syntenic regions among arabidopsis and 
the outgroups papaya, poplar, and grape: CoGe with rosids. Plant Physiol 148(4):1772–1781



124 X.-Y. Wang and A. H. Paterson

Mayer KF, Martis M et al (2011) Unlocking the barley genome by chromosomal and compara-
tive genomics. Plant Cell 23(4):1249–1263

Ming R, Moore PH (2007) Genomics of sex chromosomes. Curr Opin Plant Biol 10(2):123–130
Monson RK (2003) Gene duplication, neofunctionalization, and the evolution of C4 photosyn-

thesis. Int J Plant Sci 164(6920):S43–S54
Mulhaidat R, Sage RF et al (2007) Diversity of kranz anatomy and biochemistry in C4 eudicots. 

Am J Bot 94(3):20
Murat F, Xu JH et al (2010) Ancestral grass karyotype reconstruction unravels new mechanisms 

of genome shuffling as a source of plant evolution. Genome Res 20(11):1545–1557
Nagamura YIT, Antonio B, Shimano T, Kajiya H, Shomura A, Lin S, Kuboki Y, Kurata N et al 

(1995) Conservation of duplicated segments between rice chromosomes 11 and 12. Breed 
Sci 45:373–376

O’Brien KP, Remm M et al (2005) In paranoid: a comprehensive database of eukaryotic 
orthologs. Nucleic Acids Res 33:D476–D480 (database issue)

Paterson AH (2005) Polyploidy, evolutionary opportunity and crop adaptation. Genetica 
123(1–2):191–196

Paterson AH (2008) Paleopolyploidy and its Impact on the Structure and Function of Modern 
Plant Genomes. Genome Dyn 4:1–12

Paterson AH, Bowers JE et al (2004) Ancient polyploidization predating divergence of the cereals, and 
its consequences for comparative genomics. Proc Natl Acad Sci USA 101(26):9903–9908

Paterson AH, Chapman BA et al (2006) Convergent retention or loss of gene/domain fami-
lies following independent whole-genome duplication events in Arabidopsis, Oryza, 
Saccharomyces, and Tetraodon. Trends Genet 22:597–602

Paterson AH, Bowers JE et al (2009a) The Sorghum bicolor genome and the diversification of 
grasses. Nature 457(7229):551–556

Paterson AH, Bowers JE et al (2009b) Comparative genomics of grasses promises a bountiful 
harvest. Plant Physiol 149(1):125–131

Pedersen BS, Tang H et al (2011) Gobe: an interactive, web-based tool for comparative genomic 
visualization. Bioinformatics 27(7):1015–1016

Puchta H, Dujon B et al (1996) Two different but related mechanisms are used in plants for the 
repair of genomic double-strand breaks by homologous recombination. Proc Natl Acad Sci 
USA 93(10):5055–5060

Pyankov VI, Artyusheva EG et al (2001) Phylogenetic analysis of tribe Salsoleae 
(Chenopodiaceae) based on ribosomal ITS sequences: implications for the evolution of pho-
tosynthesis types. Am J Bot 88(7):1189–1198

Sage RF (2004) The evolution of C4 photosynthesis. New Phytol 161:341–370
Salse J, Abrouk M et al (2009) Reconstruction of monocotelydoneous proto-chromosomes reveals 

faster evolution in plants than in animals. Proc Natl Acad Sci USA 106(35):14908–14913
Schnable JC, Freeling M (2011) Genes identified by visible mutant phenotypes show increased 

bias toward one of two subgenomes of maize. PLoS One 6(3):e17855
Schnable PS, Ware D et al (2009) The B73 maize genome: complexity, diversity, and dynamics. 

Science 326(5956):1112–1115
Schnable JC, Springer NM et al (2011) Differentiation of the maize subgenomes by 

genome dominance and both ancient and ongoing gene loss. Proc Natl Acad Sci USA 
108(10):4069–4074

Seemann JR, Sharkey TD et al (1987) Environmental effects on photosynthesis, nitrogen-
use efficiency, and metabolite pools in leaves of sun and shade plants. Plant Physiol 
84(3):796–802

Shi X, Wang X et al (2007) Evidence that natural selection is the primary cause of the GC con-
tent variation in rice genes. J Integr Plant Biol 49(9):1393–1399

Singh NK, Dalal V et al (2007) Single-copy genes define a conserved order between rice and 
wheat for understanding differences caused by duplication, deletion, and transposition of 
genes. Funct Integr Genomics 7(1):17–35



1255 Genome Sequencing and Comparative Genomics in Cereals

Soderstrom TR, Hilu KW, Campbell CS, Barkworth MA (1987) Grass systematics and evolution. 
Smithsonian Institution Press, Washington, DC

Soltis PS (2005) Ancient and recent polyploidy in angiosperms. New Phytol 166(1):5–8
Storm CE, Sonnhammer EL (2003) Comprehensive analysis of orthologous protein domains 

using the HOPS database. Genome Res 13(10):2353–2362
Swigonova ZJ, Lai S et al (2004b) Close split of sorghum and maize genome progenitors. 

Genome Res 14(10A):1916–1923
Swigonova Z, Lai JS et al (2004a) On the tetraploid origin of the maize genome. Compa Funct 

Genomics 5(3):281–284
Tang HB, Wang XY et al (2008b) Unraveling ancient hexaploidy through multiply aligned angio-

sperm gene maps. Genome Res 18(12):1944–1954
Tang H, Bowers JE et al (2008a) Synteny and colinearity in plant genomes. Science 320:486–488
Tang H, Bowers JE et al (2010) Angiosperm genome comparisons reveal early polyploidy in the 

monocot lineage. Proc Natl Acad Sci USA 107(1):472–477
The Arabidopsis Genome Initiative (2000) Analysis of the genome sequence of the flowering 

plant Arabidopsis thaliana. Nature 408(6814):796–815
The Rice Chromosomes 11 and 12 Sequencing Consortia (2005) The sequence of rice chromo-

somes 11 and 12, rice in disease resistance genes and recent gene duplications. BMC Biol 
3:20

Thomas BC, Pedersen B et al (2006) Following tetraploidy in an Arabidopsis ancestor, genes 
were removed preferentially from one homology leaving clusters enriched in dose-sensitive 
genes. Genome Res 16(7):934–946

Van de Peer Y (2004) Computational approaches to unveiling ancient genome duplications. Nat 
Rev Genet 5(10):752–763

Vandepoele K, Saeys Y et al (2002) The automatic detection of homologous regions (ADHoRe) 
and its application to microcolinearity between Arabidopsis and rice. Genome Res 
12(11):1792–1801

Vandepoele K, Simillion C et al (2003) Evidence that rice and other cereals are ancient aneu-
ploids. Plant Cell 15(9):2192–2202

Vicentini A, Barber JC et al (2008) The age of the grasses and clusters of origins of C4 photosyn-
thesis. Glob Change Biol 14:15

Wang HC, Singer GA et al (2004) Mutational bias affects protein evolution in flowering plants. 
Mol Biol Evol 21(1):90–96

Wang X, Shi X et al (2005) Duplication and DNA segmental loss in the rice genome: implica-
tions for diploidization. New Phytol 165(3):937–946

Wang X, Shi X et al (2006) Statistical inference of chromosomal homology based on gene colin-
earity and applications to Arabidopsis and rice. BMC Bioinf 7(1):447

Wang X, Tang H et al (2007) Extensive concerted evolution of rice paralogs and the road to 
regaining independence. Genetics 177(3):1753–1763

Wang X, Gowik U et al (2009a) Comparative genomic analysis of C4 photosynthetic pathway 
evolution in grasses. Genome Biol 10(6):R68

Wang X, Tang H et al (2009b) Comparative inference of illegitimate recombination between rice 
and sorghum duplicated genes produced by polyploidization. Genome Res 19(6):1026–1032

Wang X, Tang H et al (2011) Seventy million years of concerted evolution of a homoeologous 
chromosome pair, in parallel, in major Poaceae lineages. Plant Cell 23(1):27–37

Watson L, Dallwitz MJ (1992) The grass genera of the world. CAB International, Wallingford
Werth CR, Windham MD (1991) A model for divergent, allopatric speciation of polyploid pteri-

dophytes resulting from silencing of duplicate-gene expression. Am Nat 137(4):515–526
Wicker T, Mayer KF et al (2011) frequent gene movement and pseudogene evolution is common 

to the large and complex genomes of wheat, barley, and their relatives. Plant Cell  23(5): 
1706–1718

Winkler RG, Freeling M (1994) Physiological genetics of the dominant gibberellin-nonrespon-
sive maize dwarfs, dwarf-8 and dwarf-9. Planta 193(3):341–348



126 X.-Y. Wang and A. H. Paterson

Wong GK, Wang J et al (2002) Compositional gradients in Gramineae genes. Genome Res 
12(6):851–856

Woodhouse MR, Schnable JC et al (2010) Following tetraploidy in maize, a short dele-
tion mechanism removed genes preferentially from one of the two homologs. PLoS Biol 
8(6):e1000409

Yin T, Difazio SP et al (2008) Genome structure and emerging evidence of an incipient sex chro-
mosome in Populus. Genome Res 18(3):422–430

Youens-Clark K, Buckler E et al (2011) Gramene database in 2010: updates and extensions. 
Nucleic Acids Res 39:D1085–D1094 (database issue)

Yu J, Hu S et al (2002) A draft sequence of the rice genome (Oryza sativa L. ssp. indica). 
Science 296(5565):79–92

Yu J, Wang J et al (2005) The genomes of Oryza sativa: a history of duplications. Plos Biol 
3(2):266–281

Zhang G, Liu X et al (2012) Genome sequence of foxtail millet (Setaria italica) provides insights 
into grass evolution and biofuel potential. Nat Biotechnol 30(6):549–554

Zhou T, Wang Y et al (2004) Genome-wide identification of NBS genes in japonica rice reveals 
significant expansion of divergent non-TIR NBS-LRR genes. Mol Genet Genomics 
271(4):402–415

Zmasek CM, Eddy SR (2002) RIO: analyzing proteomes by automated phylogenomics using res-
ampled inference of orthologs. BMC Bioinf 3:14



127

6.1  Introduction

A molecular understanding of genome evolution depends on the availability 
of the complete DNA sequence of an organism, ideally in the form of a com-
plete sequence or at least as good datasets of partial sequences. Thus, evolution-
ary genomics and specifically our understanding of the role of transposons in 
the evolution of (cereal) genomes have been intimately linked to the progress in 
whole genome analysis. The first completely sequenced plant genome was from 
the model plant Arabidopsis thaliana with a size of ~120 Mbp (AGI 2000). Two 
years later, the complete sequences of the first grass genomes were published: 
Oryza sativa L ssp. japonica and Oryza sativa L ssp. indica (Goff et al. 2002;  
Yu et al. 2002). These first genomes were sequenced by the “BAC-by-BAC” 
approach: constructing a BAC library of the genomes, fingerprinting the BAC 
clones and assembling them into a minimum tiling path which was then sequenced 
by shotgun-sequencing. This approach creates a high quality sequence which is 
ordered along the chromosomes, but is very laborious and expensive.

The rapid development in the field of DNA sequencing technology has 
resulted in faster and cheaper methods, allowing to sequence and assemble de 
novo entire genomes using a whole-genome shotgun (WGS) approach. This 
approach was used to sequence the genomes of the two grass species Sorghum 
and Brachypodium, as well as soybean (Paterson et al. 2009; IBI 2010; Schmutz 
et al. 2010). However, WGS sequencing has limits in cases where size and com-
plexity of the analyzed genomes are large, e.g. the sequencing of the large and 
repetitive genomes from barley or wheat will critically depend on anchoring 
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shotgun sequences or individual BACs to genetic maps. The largest plant genome 
sequenced so far is the 2,300 Mbp genome of maize (Schnable et al. 2009).

The goal of each sequencing project is to retrieve the so called “pseudomole-
cules” which represent the chromosomes of the sequenced organism. However, the 
obtained sequence will not be one complete molecule per chromosome, whatever 
sequencing strategy and method is used. Problematic sequences which introduce 
gaps in genomic sequences are usually highly repetitive regions, e.g. centromeric 
regions or ribosomal DNA clusters. Therefore, genome sequences are gradually 
and continuously improved after the first release and even high quality genomes 
like those from rice and Arabidopsis, which are now in the sixth and ninth release, 
still contain gaps (Table 6.1). Not all plant genomes have yet reached such high 
quality standards. For example, the genomes of Physcomitrella patens (Rensing  
et al. 2008), a moss plant species, poplar (Tuskan et al. 2006) or grapevine (Jaillon 
et al. 2007) went through only one initial round of shotgun sequencing and the 
resulting assemblies consist of “supercontigs” or “scaffolds”, which in many cases 
have not yet been assigned to specific chromosomes and contain thousands of 
sequence gaps (Table 6.1). Newer sequencing techniques, e.g. 454 and Illumina, 
create an enormous amount of sequence reads in every run and those assem-
blies are still a great challenge for existing software. In addition, these low-cost 
and faster sequencing techniques led to a rapid growth in the number of available 
genomes which show different levels of completeness. At the end of 2011, there 
were 25 genome projects listed on www.phytozome.org, of which five are from 
the grass family (Mayer et al. 2011; Berkman et al. 2011).

Chain et al. (2009) proposed a classification system, where the genomic 
sequences are classified into five categories depending upon technology used and 
the quality of the assembly. The categories range from the lowest Standard Draft 
(category 1), which represents a basic automated assembly of raw sequences to 
the highest Finished (category 5) with no gaps and less than 1 sequence error in 
100 kb. Some microbial genomes have reached the Finished status, while plant 
genomes are found between the categories 1 through 4.

Table 6.1  Numbers of scaffolds and gaps in a selection of publicly available plant genomes

Organism Size (Mbp) Version Scaffoldsa Gapsb Gaps/Mbp References

Arabidopsis 119 9 5 96 0.8 AGI (2000)
Brachypodium 271 1 5 1,625 5.9 IBI (2010)
Rice 372 6 12 203 0.5 IRGSP (2005)
Physcomitrella 462 1.6 506 14,910 32.2 Rensing et al. (2008)
Poplar 405 2 236 13,341 32.9 Tuskan et al. (2006)
Sorghum 659 1 10 6,907 10.4 Paterson et al. (2009)
Grapevine 342 1 32 165,717 25.7 Jaillon et al. (2007)
Maize 2,066 5b.60 11 125,338 60.8 Schnable et al. (2009)
Wheat 3B 14 1 10 282 19.8 Choulet et al. (2010)

aScaffolds or supercontigs larger than 100 kb
bTotal number of gaps longer than 5 bp

http://www.phytozome.org
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The availability of complete sequences from several grass genomes has allowed 
genome-wide studies on genome structure. Gene content can be compared and 
analyzed and the repetitive part of the genomes can be analyzed in great detail. 
This has allowed us to get a deep insight into the structure of grass genomes. In 
addition, this knowledge about genomes has allowed us to develop approaches for 
comparative and evolutionary genomics. This has resulted in new insight into the 
evolution of plant genomes, both concerning genes and well as repetitive elements. 
For example, the comparison of the Brachypodium and rice genomes revealed a 
model for chromosome fusion which could explain variation in chromosome num-
bers in the family of grasses (Paterson et al. 2009; IBI 2010). Thus, comparative 
and evolutionary analysis of genomes can result in new and exciting insights into 
genome structure and its evolution. In this chapter, we will focus on the role of 
transposons or repetitive elements on genome structure and evolution, a particu-
larly active research field which is profiting from genome-wide analysis.

6.2  Comparative and Evolutionary Genomics in Grasses: 
The Early Studies

In the mid 1980s, restriction fragment length polymorphism (RFLP) markers 
were developed for applications in plant breeding and genetic research (Gale and 
Devos 1998). This resulted in the first genetic maps of cereal crop species. The 
potential of RFLP probes to hybridize to highly similar, but not perfectly identical 
sequences and lack of abundance of available markers at that time, stimulated the 
use of probes from one species for genetic studies in related species. Colinearity 
across genomes was first reported in the late 1980s between tomato and potato 
(Bonierbale et al. 1988) and between the three diploid genomes of hexaploid 
wheat (Chao et al. 1988). Soon after, RFLP-based genetic maps were developed 
for homoeologous chromosomes of group 7 of bread wheat (Triticum aestivum), 
revealing a high colinearity of marker order between them (Chao et al. 1989). This 
early work was followed by a number of studies using RFLP markers to estab-
lish complete maps of the wheat genome. The first consensus map in the grasses, 
known today as the ‘crop circle’, was published in 1995 by Moore et al. (1995a, b), 
providing the foundation of much of the later research, elaborating and refining the 
concept and establishing the grasses as a single genetic system. These early studies 
also revealed some rearrangements between similar genomes, starting the highly 
productive field of evolutionary genomics. In one such study, cross–hybridization 
of RFLP markers derived from bread wheat with rye (Secale cereale) and barley 
revealed evidence for a few translocations of chromosome arms in the rye genome 
if compared to the wheat genomes, while most probes showed that the order of the 
loci was conserved between those three species (Devos et al. 1993; Moore et al. 
1995b).

Investigating the genomic relationships of wheat in maize and rice, Moore et al. 
(1995a) showed that, despite the divergence of those species ~60–70 million years 
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ago (MYA) and their massive differences in genome size, the gene order was still 
conserved along large stretches of the chromosomes. Assuming that the colinear-
ity between rice and wheat is preserved, the genetic map of rice, the smallest grass 
genome known at that time, was divided into linkage groups and aligned against the 
genetic maps of wheat and maize. Indeed, it was possible to reconstruct the wheat 
and maize genome with the rice linkage groups (Moore et al. 1995a). This approach 
was extended to sugarcane and foxtail millet and led to the first version of the crop 
circle mentioned above, which has been updated and expanded later (Devos 2005; 
Salse and Feuillet 2011). The crop circle indicates that the grasses diverged from a 
common ancestor and that the gene order seems to be well conserved during evolu-
tion even after millions of years, despite chromosomal reorganization and remarkable 
changes in genome sizes.

However, due to the use of only relatively few DNA probes, the genetic resolu-
tion of the original crop circle was quite low and did not necessarily reflect the 
situation at the genomic level. The advances in sequence technology and the sub-
sequent drop in costs created a vast amount of sequence information which offered 
a unique opportunity to investigate colinearity at the molecular level. In fact, 
already the first studies of genomic colinearity at the sequence level revealed vari-
ous exceptions, demonstrating that genes were not always found at the expected 
position and, therefore, the hypothesis of gene movement was formulated (Gallego 
et al. 1998; Guyot et al. 2004).

The further comparative analysis of grass genomes revealed many surprising 
insights into genome evolution. For example, it was found the intergenic regions 
diverge completely within a few million years. Only in case of very recent evolu-
tionary divergence, both genes and intergenic regions are still conserved. The find-
ing that the intergenic space is changing at a faster pace than the genic space can 
easily be explained by the lower evolutionary pressure for conservation compared 
to the genes (Petrov 2001). Therefore, insertions by transposable elements (TE) 
or deletions caused by illegitimate recombination or unequal crossing over drive 
the fast turnover of intergenic sequences (Devos et al. 2002; Wicker et al. 2003). 
These first discoveries laid the foundation for much of the later work in genome-
wide analysis described below.

6.3  Discovery of Transposons in Plants: Selfish DNA  
and Beyond

The research on transposable elements (TEs) in plant genomes has two different 
historical origins, each with independent lines of research. Their findings con-
verged only relatively recently. First, in her pioneering work Barbara McClintock 
discovered the existence of jumping genes based on the careful analysis of several 
biological phenomena observed in maize genetic studies. B. McClintock suggested 
that genetic factors can move in the genome, thereby modifying gene expres-
sion and contributing to genome evolution (McClintock 1950 and summarized 
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in McClintock 1984). At that time, the molecular basis of the proposed mobile 
genetic elements remained unknown. It was later found that DNA transposons 
caused the observed effects (e.g. the Activator (Ac)/Dissociator (Ds) elements) 
(Fedoroff et al. 1983). Second, in an independent line of research, the analysis of 
complete genomes resulted in the discovery that some plant genomes have very 
high contents of repetitive DNA. Mostly, such studies were done in the 1970s and 
1980s by DNA reassociation experiments (Cot analysis) which are based on DNA 
hybridization (Britten et al. 1974). The observation of a rapidly annealing fraction 
of genomic DNA suggested that many plant genomes are highly repetitive (Flavell 
et al. 1974). Only later it was found that this highly repetitive part of the genome 
consists mostly of transposon and retrotransposon DNA. Based on the history of 
this discovery, transposons are frequently also called repetitive elements.

Transposons were identified in many different organisms and in cases such as the P 
and I elements in Drosophila, they were found to have dramatic negative effects for the 
survival of the organism under certain conditions. In general, transposons did not have 
obvious adaptive value and were described as “selfish” DNA based on their ability to 
multiply (Doolittle and Sapienza 1980). Indeed, TEs are small genetic units, actual 
“minimal genomes”, which contain exactly enough information to be able to repli-
cate, move around in the genome, or both. They use the DNA replication and transla-
tion machinery of their “host” and thrive within the environment of the genome. In 
their paper, Doolittle and Sapienza (1980) made an argument for the hypothesis that 
the only function of transposable elements is the survival in the genome. However, 
they explicitly included the possibility that this “raw material” can have some adap-
tive value later in evolution. The concept of “selfish” DNA was rapidly adapted by 
the community. In addition, the term “junk DNA” was introduced, reflecting the idea 
that what is present in such enormous amounts in the genome without obvious conse-
quences on the phenotype must be useless junk. Of course, this contrasts with the orig-
inal findings of biological function of transposons and the hypothesis of B. McClintock 
that transposable element contribute to evolution by stimulating chromosomal and 
genomic rearrangements, resulting in new configurations of genes and changes in 
gene expression. Interestingly, and a main topic in this chapter below, it was recently 
found that transposons are major factors in moving around genes in genomes (Wicker 
et al. 2010). This is a highly relevant finding for understanding the evolution of plant 
genomes and fits perfectly with the earlier arguments of McClintock. Thus, the jury is 
out on the final decision on the role of transposable elements in evolution, i.e. selfish 
DNA verses adaptive value, and there are some arguments for both hypotheses.

6.4  Genome Size of Plants: Genes and Repetitive Elements

In the 1970s, it was found that eukaryotic genomes show an extreme variation in 
size (Bennett and Smith 1976). Some studies reported an over 200,000-fold varia-
tion in genome size, namely between the Amoeba Amoeba dubia which was found 
to have a genome size of 670,000 Mbp (Gregory 2001) and the 2.9 Mbp genome 



132 J. P. Buchmann et al.

of the microsporidium Encephalitozoon cuniculi (Biderre et al. 1995; Katinka 
et al. 2001). Plant genomes in particular show a vast variation in genome sizes, 
even between very closely related species. Most interestingly, there is almost no 
correlation between genome size and phylogenetic distance in plants (Fig. 6.1). 
Among the dicotyledonous plants, Arabidopsis has one of the smallest genomes 
known with only about 120 Mbp (AGI 2000). In contrast, the closely related 
Brassica species which diverged from Arabidopsis only 15–20 MYA(Yang et al. 
1999) have 5–10 times larger genomes. In monocotyledonous plants, variation is 
even more extreme: The grasses Brachypodium dystachion, rice and sorghum have 
genome sizes of 273, 389 and 690 Mbp, respectively, considerably larger than the 
Arabidopsis genome but roughly an order of magnitude smaller than the genomes 
of some agriculturally important grass species such as diploid wheat or maize 
with haploid genome sizes of 5,700 and 2,500 Mbp, respectively. And even they 
are still dwarfed by the genomes of some lilies, among them Fritillaria uva-vulpis 
which has a genome size of more than 87,000 Mbp, over 700 times the size of 
the Arabidopsis genome (Leitch et al. 2007). Also among Dicotyledons, closely 
related species often differ dramatically in their genome sizes. Maize and sorghum, 
for example, diverged only about 12 MYA (Swigonová et al. 2004), but the maize 
genome is more than 4 times the size of the sorghum genome (Tables 6.1 and 6.2).

Fig. 6.1  Phylogenetic relationships and genome sizes in selected plant species. Divergence 
times of specific clades are indicated in grey numbers next to the corresponding branching. These 
numbers are averages of the published values provided in Table 6.1. The scale at the bottom indi-
cates divergence times in million years ago (MYA). Major taxonomic groups that are discussed in 
the text are indicated at the left
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Despite the vast differences in genomes sizes among plants, the number of 
genes is almost similar in all species investigated so far. In fact, in recent years, a 
consensus began to transpire that probably all angiosperm plants contain between 
25,000 and 30,000 genes per haploid genome equivalent. This includes only pro-
tein-coding genes and excludes other components of gene space such as the highly 
repetitive ribosomal DNA clusters, tRNAs and small nucleolar and small interfer-
ing RNAs as well as conserved non-coding sequences (Freeling and Subramaniam 
2009). However, the discussion about the actual gene number of plant genomes is 
far from over because of the technical difficulties of reliably predicting genes and 
the mere challenge of defining what a gene actually is.

6.5  Transposable Elements Determine Genome Size

The differences in genome sizes are caused by variation in the number and size 
of TEs. Especially in large genomes like barley, wheat or maize, TE contribute at 
least 80 % to the total genomic DNA (Schnable et al. 2009; Wicker et al. 2009b). 
Already early on, it became clear that there must be hundreds or even thousands 
of different TE families populating these large genomes (SanMiguel et al. 1998; 
Wicker et al. 2001). Thus, it has become an important research area to catego-
rise and characterise at least the most abundant TE families in the different plant 
species. This is necessary for two practical reasons: first, TEs display such an 
enormous variety that some more exotic ones are often mistaken for genes and 
annotated as such and, second, transposable elements can cause problems during 

Table 6.2  Plant genome sizes and gene numbers in a selection of publicly available genomes

Plant genomes Size (Mbp) Genes Reference

Arabidopsis thaliana 120 26,200 AGI (2000)
Brachypodium distachyon 273 25,500 IBI (2010)
Fritillaria uva-vulpis 87,400 ? Leitch et al. (2007)
Hordeum vulgare 5,700 32,000 Mayer et al. (2011)
Oryza sativa 372 40,600 IRGSP (2005)
Physcomitrella patens 462 35,900 Rensing et al. (2008)
Populus trichocarpa 410 45,500 Tuskan et al. (2006)
Sorghum bicolor 659 34,500 Paterson et al. (2009)
Triticum aestivum 16,000 50,000 Choulet et al. (2010)
Vitis vinifera 342 30,400 Jaillon et al. (2007)
Zea mays 2,061 30,000 Schnable et al. (2009)

Abbreviations in references: AGI Arabidopsis Genome Initiative, CSC C. elegans Sequencing 
Consortium, IBI International Brachypodium Initiative, ICGSC International Chicken Genome 
Sequencing Consortium, IHGSC International Human Genome Sequencing Consortium, IRGSP 
International Rice Genome Sequencing Consortium, MGSC Mouse Genome Sequencing 
Consortium
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sequencing, especially in large genomes. Good knowledge of TEs can therefore 
help order sequence fragments and close sequence gaps.

Although the necessity and practical value of databases of repetitive elements 
are apparent to researchers, in recent years, classification and characterisation of 
these repeats was done very much on a species-by-species level and no common 
guidelines and classification systems were ever consistently applied. In 2002, 
Jorge Dubcovsky (UC Davis, CA, USA), David Matthews (Cornell University, 
NY, USA) and Thomas Wicker (University of Zurich, Switzerland) initiated the 
first database for TE sequences from Triticeae (TREP, Triticeae repeat database). 
TREP originally included only sequences from wheat and barley (Wicker et al. 
2002), but has been expanded to include other species since then. The 11th release 
of TREP contained over 1,500 DNA sequences of plant TEs plus 291 predicted 
TE protein sequences. Databases for TEs from A. thaliana (tigr.org) and rice 
(retroryza.org) have also become publicly available later.

In 2007, a group of TE experts met at the Plant and Animal Genome 
Conference in San Diego (California, USA) with the goal to define a broad con-
sensus for the classification of all eukaryotic transposable elements. This included 
the definition of consistent criteria in the characterisation of the main superfami-
lies and families and a proposal for a naming system (Wicker et al. 2007a). The 
proposed system is a consensus of a previous TE classification system that groups 
all TEs into two major classes, 9 orders and 29 superfamilies (Fig. 6.2). Class 1 
contains all TEs which replicate via an mRNA intermediate in a “copy-and-paste” 
process, while in Class 2 elements, the DNA itself is moved analogous to a “cut-
and-paste” process. One novel aspect of the classification system is that the TE 
family name should be preceded by a three-letter code for class, order and super-
family (Fig. 6.2). This allows to immediately recognise the classification when 
seeing the name of TE. The proposed classification system is open to expansion as 
new types of TEs might still be identified in the future.

6.6  TE-Driven Genome Expansion

The most abundant TE class in plant genomes are long terminal repeat (LTR) retro-
transposons. They replicate via an mRNA intermediate which is reverse transcribed 
and integrated elsewhere in the genome. Thus, each replication cycle creates a new 
copy of the element. Most of the probably hundreds of LTR retrotransposon fami-
lies in a genome are present in low or moderate copy numbers. However, especially 
the large plant genomes contain retrotransposon families which are extremely suc-
cessful colonisers. For example, BARE1 elements contribute more than 10 % to the 
barley genome (Vicient et al. 1999; Kalendar et al. 2000; Soleimani et al. 2006).  
A whole genome survey in barley showed that 50 % of its genome is made up by 
only 14 TE families and 12 of them are LTR retrotransposons (Wicker et al. 2009b). 
It is not known what makes certain LTR retrotransposon families particularly suc-
cessful. Some retrotransposons have been shown to be activated by stress conditions 
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Fig. 6.2  Classification system for transposable elements (Wicker et al. 2007a). The classifica-
tion is hierarchical and divides TEs into two main classes on the basis of the presence or absence 
of RNA as a transposition intermediate. They are further subdivided into subclasses, orders and 
superfamilies. The size of the target site duplication (TSD), which is characteristic for most 
superfamilies, can be used as a diagnostic feature. To facilitate identification, we propose a three-
letter code that describes all major groups and that is added to the family name of each TE. DIRS 
Dictyostelium intermediate repeat sequence, LINE long interspersed nuclear element, LTR long 
terminal repeat, PLE Penelope-like elements, SINE short interspersed nuclear element, TIR ter-
minal inverted repeat
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such as drought (Kalendar et al. 2000). Additionally, analysis of Copia elements in 
rice and wheat showed that different families are active at different times in waves 
lasting for several hundreds of thousands of years (Wicker and Keller 2007).

In any case, the activity of LTR retrotransposons causes an increase in genome 
size. Indeed, it was shown that genome size in plants is largely determined by 
the amount of LTR retrotransposons, while all other TE superfamilies contrib-
ute only few percent to the total genomic DNA (Paterson et al. 2009; Schnable  
et al. 2009; Wicker et al. 2009b; IBI 2010). In large genomes, TEs often insert into 
one another, leading to complex nesting patterns with large regions that consist 
exclusively of TE sequences. This is illustrated in Fig. 6.3 which shows how the 
rym4 locus in the barley variety Morex expanded to more than 65 kb by a series 
of TE insertions compared with the same locus in the variety Haruna nijo. The 
strong differences between the two varieties indicate that the two loci represent 
two ancient haplotypes which diverged approximately 930,000 years ago (Wicker 
et al. 2009a). These data illustrate that TE insertions can greatly expand intergenic 
regions within relatively short evolutionary time periods. Extensive regions con-
sisting of nested TEs are a typical characteristic of large plant genomes, and they 
define the image of small gene islands being lost in an ocean of repetitive DNA.

6.7  Genome Contraction Through Deletion  
of Repetitive DNA

In the early 2000s, the discovery of genome expansion through TE replication 
led to the perception that plant genomes have “a one-way ticket to genomic obe-
sity” (Bennetzen and Kellogg 1997). Indeed, the existence of plant genomes of 
several hundred times the size of the Arabidopsis genome suggested a one-way 
process. However, the model of ever-expanding genomes through TE activity 
could not explain why the genomes of some plant species would suddenly start 
to grow while others stayed small and compact. Neither could it explain the out-
right contradictions between taxonomy and genomes sizes (Fig. 6.1). For example, 
Brachypodium with its small genome lies in between two taxonomic groups with 
significantly larger genomes (Triticeae and Panicoideae, Fig. 6.1). The model of a 
one way-process could only explain this pattern if genome expansion had started 
in Triticeae and Panicoideae independently only after the three taxa had diverged.

Furthermore, comparative analysis of orthologous regions from barley and wheat 
revealed virtually no conservation of intergenic sequences (SanMiguel et al. 2002). 
Genes were found in the same linear order, while no TE was found to be conserved 
in both species in orthologous positions, i.e. TEs that have inserted in the common 
ancestor of wheat and barley (Fig. 6.4). Considering that wheat and barely have very 
similar genome sizes and diverged only about 12 MYA (Chalupska et al. 2008), this 
finding was surprising and could be best explained if there were mechanisms by 
which DNA could be removed from the genome.



1376 Transposons in Cereals: Shaping Genomes and Driving Their Evolution

One mechanism how TE sequences can be deleted from the genome is through 
unequal homologous recombination between the LTRs of retrotransposons. This leads 
to the generation of a solo-LTR while the internal domain and one equivalent of an 
LTR is eliminated from the genome (Fig. 6.5a). This phenomenon was long known in 
animals (who have only relatively few LTR retrotransposons) and was first described 
as a possible mechanism of genome size reduction in plants (Shirasu et al. 2000). This 
mechanism also provides an elegant explanation how large parts of retrotransposons 

Fig. 6.3  Genome expansion through TE insertions. a Comparison of the rym4 locus from the 
barley varieties Morex (top) and Haruna nijo (bottom). Two genes (#1 and #2) are conserved 
while intergenic regions differ strongly. The Morex locus is greatly expanded due to several TE 
insertions. Nested insertions of TEs are depicted as follows: TEs that have inserted into others are 
raised above the ones into which they have inserted. Regions that are conserved between the hap-
lotypes of the two varieties are indicated with grey areas connecting the two maps. b Model for 
the evolution of the rym4 locus in barley. The map depicts the sequence organization of the hypo-
thetical ancestor sequence. Transposable elements that have subsequently inserted in Morex (top) 
and Haruna nijo (bottom) are indicated as colored boxes, with arrows pointing to their insertion 
sites. Estimated times of insertions in millions of years ago (MYA) are indicated inside the ele-
ments. Adapted from Wicker et al. (2009a)
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can be eliminated from the genome. However, the resulting solo-LTRs still mean a 
net increase in genome size. The formation of solo-LTRs can therefore not explain the 
complete absence of colinearity in intergenic regions.

The discovery of apparently “random deletions” in the large intergenic 
sequences suggested a new mechanism by which repetitive DNA is eliminated 
independent of its sequence (Wicker et al. 2001). The mechanism that causes this 
kind of deletions was later described as “illegitimate recombination” (Devos et al. 
2002). The term illegitimate recombination includes multiple molecular mecha-
nisms such as replication slippage (reviewed by Lovett (2004)) or double strand 
break (DSB) repair through non-homologous end-joining (reviewed by van Rijk 
and Bloemendal (2003)) or single-strand annealing (SSA, reviewed by Hartlerode 

Fig. 6.4  Comparison of orthologous loci from diploid wheat Triticum monococcum and barley. 
a Comparison of complete BAC sequences with T. monococcum at the top and barley at the bot-
tom. Orthologous regions conserved in both species are connected by shaded areas. Note that 
genes are conserved while intergenic regions are completely different due to genomic turnover 
caused by TE insertions and deletions of DNA. The only difference in the genes is an inversion 
of the gene #2. Nested insertions of TEs are depicted as described in Fig. 6.3. b Detail view 
of the gene island containing genes 3, 4 and 5. Almost exclusively coding sequences of genes 
are conserved while promoters and downstream regions have diverged to a degree that they can 
hardly be aligned. Based on SanMiguel et al. (2002)
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and Scully (2009)). Whatever the precise molecular mechanisms are, they all 
result in recombination between very short stretches of homology (e.g. a single or 
a few bp), thus leading to the apparent random nature and distribution of illegiti-
mate recombination events (Fig. 6.5b).

Studies in Arabidopsis (Devos et al. 2002), wheat (Wicker et al. 2003) and rice 
(Bennetzen et al. 2004) showed that illegitimate recombination is a major mecha-
nism for genome contraction and might have a larger effect on genome size than 
the generation of solo-LTRs. As shown in Fig. 6.5b, illegitimate recombination 
leads either to a deletion or a duplication. However, our recent data indicate that 
deletions caused by DSB repair through SSA probably strongly outnumber dupli-
cations (Buchmann et al. 2012). Nevertheless, such duplications can sometimes 

Fig. 6.5  Mechanisms for 
reduction of genome size. 
a Unequal homologous 
recombination can occur 
between the two LTRs of a 
retrotransposon. It results 
in a solo-LTR and a circular 
molecule which is then 
degraded. b Schematic 
depiction of illegitimate 
recombination. A short motif 
of only 3 bp that occurs twice 
by chance in a short stretch 
serves as a template for the 
recombination event. The two 
products of the recombination 
are a duplication and a 
deletion. In the case of the 
duplication, both units are 
flanked by the 3 bp motif 
that served as template. In 
that case, the 3 bp motif is 
referred to as the illegitimate 
recombination signature. 
c A deletion can only be 
detected if a sequence from 
an orthologous or paralogous 
locus is available. The typical 
illegitimate recombination 
signature (i.e. the sequences 
that served as templates for 
the recombination event) is 
printed in bold
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act as a creative force, for example in the generation of sequence variability of 
NBS-LRR resistance gene analogs (Wicker et al. 2007b). There, they can trigger 
the expansion of the leucine-rich repeat (LRR) domain which is responsible for 
the specific recognition of pathogens.

The processes of TE amplification and DNA removal drive a “genomic turno-
ver” which is characterized by a balance between TE-driven duplication of DNA 
and deletions. This results in a permanent reshuffling of all intergenic sequences. 
Obviously, any alterations in the sequences essential for the immediate survival 
of the organism will be selected against. For example, if an important gene is dis-
rupted by a TE insertion or partially deleted by illegitimate recombination, the 
offspring of that cell is not viable. However, parts of the genome which are not 
under selection pressure, namely TE sequences, can accumulate such rearrange-
ments without negative effects on the fitness of the organism. Apparently, in plants 
this process is quite rapid and dynamic. As described above, between barley and 
wheat, intergenic sequences are completely reshuffled within a few million years. 
In fact, even between different Triticum species, only very limited conservation of 
intergenic sequences was found, although these species have diverged less than 
three million years ago (Wicker et al. 2003).

A first step toward unravelling the rate at which genomic turnover occurs was 
the introduction of a method for estimating the age of retrotransposons based on 
the divergence of their LTRs (SanMiguel et al. 1998). Because of the mechanism 
of reverse transcription, both LTRs are identical at the time of insertion (Lewin 
1997). Since retrotransposons are largely free from selection pressure (Petrov 
2001), they accumulate mutations at a background rate which was estimated to 
be 1.3 × 10−8 substitutions per site per year (Ma and Bennetzen 2004). Thus, the 
number of differences between the two LTR sequences is proportional to their age.

Numerous surveys have since studied age distributions of LTR retrotransposons 
in several species, including Arabidopsis (Pereira 2004), rice (Gao et al. 2004; Ma 
et al. 2004; Piegu et al. 2006; Wicker and Keller 2007), wheat (SanMiguel et al. 
2002; Wicker and Keller 2007), maize (Du et al. 2006; Wolfgruber et al. 2009) and 
sorghum (Du et al. 2006). The finding common to all these studies was that hardly 
any retrotransposons older than 6–7 million years were found, indicating that the 
removal of repetitive sequences in plant genomes is rather efficient.

Genome-wide surveys of LTR retrotransposon age distributions showed that 
most retrotransposons are young and the older they get, the rarer they are. This 
finding suggested that intergenic sequences might be removed at a more or less 
constant rate from genomes. In fact, in rice and Arabidopsis, age distribution of 
Copia retrotransposons approximately follows a hyperbolic distribution, allowing 
to postulate a “half-life” value that describes the time it takes until half of the ret-
rotransposons are at least partially removed from the genome (i.e. at least one LTR 
is deleted so that the time of insertion of the element can not be estimated any-
more). Interestingly, this value was estimated to be 470,000 years in Arabidopsis 
(Pereira 2004) and 790,000 years in rice (Wicker and Keller 2007). This is consist-
ent with the fact that rice has a significantly larger genome than Arabidopsis.
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6.8  Dynamic Equilibrium of Genome Size

The findings on genomic turnover led to the emergence of the “increase/decrease” 
model for genome size evolution (Vitte and Panaud 2005) which describes 
genome size as a function of the rate of DNA increase through TE amplification 
and DNA decrease through TE removal. The balance of these two rates determines 
the current genome size. A change in one or both rates can therefore lead to an 
increase or decrease of genome size.

The rapid turnover of intergenic sequences makes them a perfect chronicle 
to study the background processes that shape genomes over time. Especially in 
large genomes like that of wheat or barley, the study of intergenic sequences 
allows detailed reconstruction of past events and gives an insight of the mecha-
nisms at work. In the case of the rym4 locus, evolutionary events could be traced 
back for approximately 7 million years (Wicker et al. 2005) and revealed a  
turbulent mixture of insertions, deletions and duplications. However, reconstruc-
tion of evolutionary events has its limitations due to high rate of genomic turno-
ver. As mentioned above, within a few million years, intergenic sequences are 
completely reshuffled. Thus, detailed reconstruction of evolutionary events is not 
possible past that time frame.

6.9  The Molecular Basis for Gene Movement  
in Grass Genomes

As described above, the genomic turnover removes almost all sequence simi-
larities outside of protein coding regions within a few million years. Therefore, 
among more distantly related species, sequence conservation is limited to regions 
which are under selection. We also discussed above that among grasses, many 
genetic markers are found in the same order in different species, reflecting the 
conserved chromosome structure of a common ancestor (Gale and Devos 1998). 
At the DNA sequence level, one finds that the majority of genes are in the same 
linear order across species, a finding that is commonly referred to as “synteny” 
or “colinearity”. Comparison of the complete genomes of Brachypodium, rice and 
sorghum showed that at least 60–70 % of all genes are found in the same order 
in the three species (IBI 2010). This allows us to identify corresponding chromo-
somal regions with relative ease by comparing the positions of orthologous genes.

The more distantly related two species are, the fewer genes are found in col-
inear positions. This decrease of the number of collinear genes between species 
is generally attributed to “gene movement”. The molecular mechanism of gene 
movement and the erosion of synteny that goes with it has been an unsolved riddle 
since the advent of comparative genomics. Several studies have shown that genes 
or gene fragments are sometimes captured by TEs and moved or copied to a differ-
ent location (Wicker et al. 2003; Jiang et al. 2004; Lai et al. 2005; Morgante et al. 
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2005; Paterson et al. 2009). However, most of these captured pieces of DNA are 
very small and usually only contain fragments of genes. Thus, none of these stud-
ies could so far provide a robust explanation for the movement of large fragments 
which sometimes contain several genes.

A recent study investigated the molecular basis of the movement of large gene-
containing fragments (Wicker et al. 2010). Three-way comparison of the genomes 
of Brachypodium, rice and sorghum identified genes which are specifically non-
colinear in only one species (i.e. one could identify in which species the move-
ment had occurred). This approach revealed evidence that gene movement is 

Fig. 6.6  Model for molecular events that lead to a duplication of a foreign gene. A DSB is intro-
duced after the insertion of e Mutator element in the genome. A sequence fragment from else-
where in the genome containing foreign gene is used as filler DNA to repair the DSB (adapted 
from Wicker et al. (2010))
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mostly the result of double-strand breaks (DSBs) that are repaired by the “synthe-
sis-dependent strand annealing” mechanism where a copy of the foreign fragment 
is used as “filler DNA” to repair the DSB (reviewed by Hartlerode and Scully 
2009). Thus, gene movement is largely a copy-and-paste process. The duplicated 
fragments ranged from a few hundred bp to more than 50 kb and sometimes 
contained multiple genes. Most DSBs were apparently caused by TE insertions 
because we often found a TE immediately adjacent to the duplicated fragment 
(Wicker et al. 2010).

In several cases, highly diagnostic sequence motifs such as target site duplica-
tions of TEs on both sides of the duplicated fragments were found, strongly support-
ing the hypothesis that TE elements cause gene movement. A detailed example for 
the molecular events is provided in Fig. 6.6: In the first step, a Mutator element is 
inserted into the genome. The transposase cutting the host DNA creates the typical 
9 bp overhangs bordering the termini of the element. Usually these gaps would be 
filled by cellular DNA repair enzymes, resulting in the characteristic target site dupli-
cation. We assume that during this process, a DSB can occur either precisely at the 
insertion point or a few bp away from it. The 3′ overhang produced by the transposase 
invades a complementary motif elsewhere in the genome. A filler strand is synthe-
sized until a second matching motif is reached. The result is that the filler DNA is 
immediately adjacent to the TE insertion. Apparently, matching motifs of only a few 
bp in size are sufficient for strand invasion and priming of synthesis (Puchta 2005).

These findings suggest that gene movement is in fact the result of a rather rou-
tine process, namely the “patching up” of gaps in the genome. Besides TE inser-
tions, there are several other mechanisms that can induce DSBs in genomes such 
as template slippage or unequal crossing-over (Wicker et al. 2010). In fact, recent 
analyses strongly suggest that the excision of TEs might also be a frequent source 
of DSBs (Buchmann et al. 2012).

The above observations indicate that more or less random fragments are used 
as filler DNA in “patching up” of gaps. If gene-containing segments are used to 
patch the gaps, most of these duplicated genes will probably degenerate as they 
are not under selection. In a few cases, the duplicated genes will gain a new func-
tion or be retained through genetic drift and therefore become established in a 
population.

6.10  Other Contributions of Transposable Elements  
to Evolution

Recent discoveries have supported the importance of TEs as a major evolution-
ary force (Biémont and Vieira 2006). There are a number of cases which clearly 
demonstrate a role of TEs in evolution. Very importantly, they create diversity 
in gene expression, either as a consequence of direct changes of the genome 
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sequence or by epigenetic mechanisms. A very good example (although not from 
a Triticeae species) of a direct change is the determination of grape color in grape-
vine: there, the insertion of a retrotransposon changes the grape color from blue 
to white by insertion into the promoter region of a Myb transcription factor gene 
which is involved in the control of anthocyanin production (Kobayashi et al. 2004; 
Morgante et al. 2007). The excision of this retrotransposon by unequal intra-
chromosomal recombination between the long terminal repeat sequences (LTR), 
resulted in one remaining LTR sequence in the myb promoter region. This (partial) 
excision formed a promoter which is only partially active, but the gene expression 
at a low level restores MYB activity sufficiently to allow the synthesis of some 
anthocyanins. This results in the production of red grapes, a nice example how 
retrotransposon activity is related to an economically highly relevant agronomical 
trait. As mentioned above, transposons can also change gene expression by epi-
genetic mechanisms. A classical example of such an epigenetic gene regulation 
based on a transposable element is the coat color of mice controlled by the agouti 
gene (Morgan et al. 1999). Finally, there is the suprising finding that six lineages 
of the copia retrotransposon show a surprising degree of conservation across phy-
logenetically different species such as rice and Arabidopsis, indicating some type 
of selection (Wicker and Keller 2007).

In an intriguing recent discovery, it was found that LINE (long interspersed 
nuclear element) retrotransposon activity is elevated in brain tissue vs. other 
somatic tissue in humans. The differential transposon activity in cells of the brain 
results in brain-specific genetic mosaicism. This brain-specific activity of LINE 
retrotransposons possibly has consequences on gene expression and neuronal 
function (Muotri et al. 2010; Singer et al. 2010). Whether this individual-specific 
diversity results in biologically significant traits remains to be determined.

An adaptive value of transposable elements was suggested by the findings in wild 
barley populations from Israel. There, two populations from very different, but geo-
graphically close, microclimates were analyzed for TE insertion patterns and copy 
number (Kalendar et al. 2000). The two populations were located in the so called 
evolution canyon in Northern Israel. This ecological site has two slopes which differ 
sharply in a number of ecologically important aspects. Specifically in wild barley 
plants harvested from the drier slope of the canyon, the genome was enriched with 
BARE 1 retrotransposons. Based on these data, the authors speculated about a pos-
sible adaptive selection for increased genome size caused by retrotransposon activ-
ity. There are some other data which can be viewed as being supportive for such a 
hypothesis, e.g. it was observed that individual families of the copia retrotransposon 
in rice and wheat were active at different time windows during evolution (Wicker 
and Keller 2007). These spikes of activity are possibly caused by the evolution of 
aggressively multiplying element followed by the evolution of efficient silenc-
ing mechanisms. However, it cannot be excluded that certain transposon families 
react to specific environmental conditions. Thus, one can speculate that transposon 
activity might leave a footprint of past environmental conditions in the genome, an 
intriguing and fascinating aspect of whole genome analysis in plants.
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6.11  The Use of Transposons as Tools for Functional 
Studies

The ability of transposable elements to move to a new location in the genome 
has made them important tools for the analysis of gene function, particularly in 
plants. Insertion of a transposable element into a gene will mostly result in inac-
tivation of this particular gene and the obtained insertion mutant can be used for 
further experimental studies (for a review on insertion mutagenesis in plants see 
Ramachandran and Sundaresan 2001). Both DNA transposons as well as retro-
transposons have been used for insertional mutagenesis in plants in general, and 
cereals in particular. If the transposon moves quite frequently in a genome, it can 
create large sets of insertion mutants, ideally allowing identification of a mutant in 
any desired gene. Transposon insertion mutagenesis has been particularly impor-
tant in maize and rice, but there is increasing interest in barley also.

As described above, the crop plant maize is at the origin of important transpos-
able elements. The Ac transposon and derived Ds deletion variants were first isolated 
at the molecular level by Fedoroff et al. (1983). Based on the Ac/Ds elements as 
well as the MuDr/Mu transposons, saturation mutagenesis was established in maize 
(Walbot 2000; Fernandes et al. 2004). A large-scale study comparing the insertion 
patterns of Ac/Ds and MuDR/Mu revealed distinct and complementary target site 
preferences of the two systems (a review on the different systems available in maize 
was published by Weil and Monde (2007). The available collections of transposon 
insertion mutants in maize were recently summarized by Balyan et al. (2008).

One of the most studied and used insertional mutagenesis system applied in het-
erologous plant species lacking efficient endogenous transposons is based on the 
above mentioned Ac/Ds elements derived from maize. For instance, very efficient 
systems for transposon mutagenesis have been developed for rice using modified 
versions of these Ac/Ds elements (Qu et al. 2008). In this crop, starting with only 26 
primary transformants, a total of 638 stable Ds insertions were identified, with a very 
wide distribution of the inserted sequences over the whole rice genome. Similarly, 
Kim et al. (2004) have shown the feasibility of using Ds elements for the genera-
tion of a large number of Ds insertion mutants in rice. A very large genetic resource 
based on Ds in rice was recently described in japonica rice cultivar Dongjin. In this 
study, 115,000 Ds insertion lines were produced, making it an excellent source 
for the identification of mutants (Park et al. 2009). A summary on the rice genetic 
resources with transposon insertions is found in a recent review (Balyan et al. 2008).

Interestingly, and very much in contrast to many other plant species, no highly 
active transposons have yet been identified in the economically important Triticeae 
species which include wheat, rye and barley. Thus, this very relevant tool for func-
tional studies is not available in this important group of crop plants. Therefore, 
there are considerable efforts to establish a transgenic system based on the Ac/Ds 
system mostly in barley, with some first work done also in wheat. Barley can be 
relatively easily transformed by Agrobacterium transformation and is a diploid 
species, so that insertion mutants in this crop would be highly informative for 
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functional analysis for all Triticeae crops. Recently, several groups have described 
significant progress in establishing a transposon-tagging system in barley. In one 
study, more than 100 independent Ds insertions were identified and mapped. They 
were well distributed across the whole genome and integrated preferentially into 
gene-containing regions. These insertions can now be used as launch pads for fur-
ther saturation of the genome with insertions (Zhao et al. 2006). Similarly, in an 
independent study a large number of single copy Ds insertions were generated and 
flanking sequences were determined (Singh et al. 2006). High frequencies of sec-
ondary and tertiary transpositions were observed, possibly allowing the develop-
ment of large populations with independent insertions. More recently, Randhawa 
et al. (2009) have located single-copy Ds insertion events in barley by using wheat 
cytogenetic stocks. They concluded that it might be possible to target all genes by 
transposon tagging even with low transposition frequency in gene poor regions. 
The Ac/Ds system was also used for additional, more specific applications in bar-
ley. A gene trap approach was successfully implemented which will allow gene 
identification by expression studies as well as by forward and reverse genetics 
(Lazarow and Lütticke 2009). Along a similar line, an activation tagging system 
was developed in barley, based on a modified Ds element fused to the maize ubiq-
uitin promoter (Ayliffe et al. 2007; Ayliffe and Pryor 2009). This system should 
allow identification of dominant over-expression phenotypes as done in several 
other plant species.

Large-scale collections of transposon insertion mutants were developed using DNA 
transposons, mostly the Ac/Ds and Mu/MuDR systems described above. However, 
in rice, a highly efficient approach was used for insertion mutagenesis based on a 
retrotransposon called Tos17. This element has a very low copy number in the rice 
genome, particularly if compared to other retrotransposon families. For instance, the 
well-studied cultivar Nipponbare with a completely sequenced genome contains only 
two copies. Tos17 is activated specifically by tissue culture which is used to induce 
new insertions. In contrast to the Ac/Ds elements which preferentially insert into 
closely linked DNA, retrotransposons are mostly transposed to unlinked sequences. 
The molecular basis of this system and its applications for insertion-based mutagene-
sis in rice have been reviewed (Hirochika 2001; Kumar and Hirochika 2001). A recent 
summary of the research field and the complete overview on the available resources 
based on Tos17 insertions are also available in a recent review (Hirochika 2010).

Although Tos17 is the only retrotransposon that has been used for large scale 
mutagenesis in plants, there are other retrotransposons in different plant species 
which are active and cause mutations. For instance, the spontaneous iron-inefficient 
mutant fer in tomato was recently shown to be caused by an insertion of the Rider 
retrotransposon into the first exon of the gene (Cheng et al. 2009). As this mutant 
was not derived from tissue culture, it must be assumed that it originates from spon-
taneous transposition in the plant. Interestingly, there is evidence that retrotranspo-
sons can also be used in a transgenic form in other species. The Tnt1 retrotransposon 
was originally identified in tobacco and was subsequently used in a transgenic form 
in the heterologous system of lettuce. There, Tnt1 gets frequently inserted into genes 
and the insertions were stably inherited (Mazier et al. 2007). As the lettuce genome 
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is large, it is tempting to speculate that Tnt1 might also be useful as an active retro-
transposon insertion system in the large genomes of barley and wheat. However, to 
our knowledge this has not yet been tested so far.

6.12 Summary and Outlook

Studying genome evolution is a complex and mostly theoretical field of research, 
because most theories and models can not be proved experimentally but have to be 
inferred between sequence and comparative analysis. Nevertheless, as described in 
this chapter, our understanding of the molecular mechanisms that shape genomes 
has greatly improved. The current knowledge opens up many new possible areas 
of research, some of which are outlined here. We have seen that DNA repair is 
a major driving force for genomic rearrangements, but we are only beginning to 
understand what is its actual impact on genome evolution. It will be fascinating 
to further explore the causes of DSBs, the role of TEs in causing DSBs and the 
various ways in which they are repaired. Quantitative analyses will be necessary to 
determine the average size ranges of filler DNA and deletions that are introduced 
during DSB repair. This will allow conclusions on the magnitude of the impact 
of DSB repair on genome evolution. Of particular interest is the question why 
gene colinearity erodes much more rapidly in plants than in animals. Are animal 
genes less likely to be moved because of their much larger size or is their large 
size an adaptation that prevents their movement? An increasing number of avail-
able eucaryotic genome sequences that are becoming publicly available will allow 
targeted comparative analyses to address these questions.

One of the central themes of this chapter is the role of TEs in genome evolu-
tion. It is essential to study further several fundamental aspects of TEs and their 
interaction with their host genome. Besides being a frequent source of DSBs, 
different types of TEs seem to be confined to specific “genomic compartments”.  
For example, miniature inverted-repeat transposable elements (MITEs) are almost 
exclusively found in or near genes and their sequence composition is very simi-
lar to that of con-coding regions of genes (i.e. promoters, introns and downstream 
regions). It is therefore perceivable that many if not most gene promoters and reg-
ulatory sequences are actually derived from such TE sequences. This would pro-
vide an elegant explanation for the observation that non-coding parts of genes are 
almost completely divergent even between closely related plant species.

In contrast to MITEs, some retrotransposon families are specifically and 
exclusively found in centromeres of grasses. It is suspected that specific protein 
domains encoded by the retrotransposon are responsible for guiding the insertion 
of the DNA copy to specific locations in the genome. This suggests that some of 
these centromeric elements indeed play a vital role in centromere function.

TEs have proven extremely useful as agents for mutagenesis as well as in gene 
tagging systems. The more we expand our knowledge of TEs, the more we will 
discover useful properties that can expand our set of molecular tools to investigate 
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and manipulate target organisms. Most likely, future studies will help to differenti-
ate our general perception that TEs are purely selfish genetic elements but have, at 
least to some degree, been recruited by the host to fulfil specific functions.
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7.1  Introduction

The recent introduction of highly-efficient next-generation sequencing plat-
forms (Roche 454, Illumina, PacBio, Life Technologies SOLiD, etc.) has lead 
to an increased number of sequenced plant genomes. Compared to the time 
(`5–7 years) taken to complete Arabidopsis thaliana (AGI 2000) and rice genomes 
(Goff, Ricke et al. 2002; IRGSP 2005), the time taken to sequence a genome of 
comparable size can now be measured in weeks rather than years. The recently 
sequenced plant genomes for which we have draft versions include angiosperms 
like cacao (Couch, Zintel et al. 1993), cucumber (Huang, Li et al. 2009), papaya 
(Ming, Hou et al. 2008), strawberry (Shulaev, Sargent et al. 2011), Jatropha (Sato, 
Hirakawa et al. 2011), date palm (Al-Dous, George et al. 2011), poplar (Tuskan, 
Difazio et al. 2006), soybean (Schmutz, Cannon et al. 2010), grape (Jaillon, Aury 
et al. 2007), apple (Velasco, Zharkikh et al. 2010), sorghum (Paterson, Bowers et 
al. 2009), Brachypodium (Vogel 2010), maize (Schnable, Ware et al. 2009), bryo-
phyte Physcomitrella (Rensing, Lang et al. 2008), lycophyte Seilaginella (Banks, 
Nishiyama et al. 2011) and algae Chlamydomonas (Merchant, Prochnik et al. 2007) 
and Ectocarpus (Cock, Sterck et al. 2010). Once the data generated by genome 
sequencers is pruned and assembled, a genome sequencing exercise is merely a 
report of the sequential arrangement of nucleotides of a particular organism’s chro-
mosomes. These nucleotide sequences are therefore just the starting point of a 
genome sequencing project. An organism’s nucleotide sequence is informative to 
the researchers only when it is interpreted in the context of biology. This includes, 
phylogenetic position in the “tree of life” taxonomy, response to various biotic and 

Chapter 7
Functional Annotation of Plant Genomes

Vindhya Amarasinghe, Palitha Dharmawardhana, Justin Elser and Pankaj 
Jaiswal

P. K. Gupta and R. K. Varshney (eds.), Cereal Genomics II,  
DOI: 10.1007/978-94-007-6401-9_7,  
© Springer Science+Business Media Dordrecht 2013

V. Amarasinghe · P. Dharmawardhana · J. Elser · P. Jaiswal (*) 
Deparment of Botany and Plant Pathology, Oregon State University,  
2082 Cordley Hall, Corvallis, OR 97331-2902, USA
e-mail: jaiswalp@science.oregonstate.edu



156 V. Amarasinghe et al.

abiotic stresses besides adaptation to its natural/introduced growth environment and 
the genetic variation found within the species that contributes to natural variation in 
the  phenotype. Such interpretations are termed annotations.

Genome annotation proceeds in four major stages: (1) Structural annota-
tion, which begins with chromosome assembly and gene identification and con-
tinues with the marking of repeat regions, which amount to a large percentage of 
the genome, (2) identification of gene homologues from different species (also 
called orthologs) and gene duplications within the same genome (paralogs), (3) 
functional annotation, where biological functions and processes associated with 
the encoded proteins are predicted, and (4) mapping genetic variation and mark-
ers for the elucidation of genotype-phenotype associations. In this chapter, we 
will describe the structural annotation of genes in brief and emphasize on gene 
homology and functional annotation analysis of plant genomes. Such gene annota-
tions can be accomplished via manual extraction and interpretation of information 
from the published scientific literature. However, given the size and complexity of 
plant genomes which include genome duplication, ploidy and excessive amounts 
of repeat representations, computationally driven annotation methods are the most 
practical starting point for a novel genome.

7.2  Structural Annotation

7.2.1  Masking Repetitive DNA

In the current chapter, as in many public genome annotation pipelines, we will 
define the genome as masked without repeats or unmasked with repeats. The 
masked region includes highly repetitive DNA elements such as transposable ele-
ments, LINEs, LTRs, MULEs and SINEs and these accounts for a major part of 
the DNA sequence in the genomes of most higher-order organisms. For exam-
ple, Brachypodium, rice, sorghum and wheat have repetitive fractions of 21, 26, 
54 and over 80 % respectively (Vogel 2010). Prior to computational identifica-
tion of protein coding genes, such highly repetitive and low complexity DNA 
sequences are analyzed and identified by screening against publicly available repeat 
sequence libraries such as the Repeat Element Database-MIPS-REdat (Spannagl, 
Noubibou et al. 2007). MIPS-REdat has an exhaustive collection of plant repeti-
tive elements that is compiled from Repbase (Jurka, Kapitonov et al. 2005), TIGR 
repeats (Ouyang and Buell 2004) and Triticeae Repeat Sequence Database (TREP, 
http://wheat.pw.usda.gov/ITMI/Repeats/index.shtm). The genome sequence 
to be annotated is screened against the repeat databases using Repeat Masker 
(repeatmasker.org), a program that screens DNA sequences for interspersed repeats 
and low complexity DNA sequences (Tarailo-Graovac and Chen 2009), Dust, a pro-
gram for filtering low complexity regions from nucleic acid sequence and Tandem 
Repeat Finder (TRF, http://tandem.bu.edu/trf/trf.html) (Benson 1999), used to 
locate tandem repeats.

http://wheat.pw.usda.gov/ITMI/Repeats/index.shtm
http://tandem.bu.edu/trf/trf.html
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7.2.2  Gene Prediction Using Empirical and Ab Initio 
Approaches

Empirical evidence-based methods are dependent on existing evidence available 
for the encoded mRNA (EST/cDNA/RNA-seq) and or protein sequence. In this 
approach, the first option is to run a BLASTX (Camacho, Coulouris et al. 2009) 
against the GenBank non-redundant (NR) database that could identify the best hit 
cluster loci within the genome assembly. Another option is to use known RNA 
(EST/cDNA/RNA-seq) and/or peptide sequences that are already available for the 
genome of interest, or a closely-related genome. In both methods, genes can be 
directly called using BLAST. Since the expression of genes is highly dependent 
on cell type, developmental, temporal and environmental conditions, many genes 
in an empirical dataset may or may not be represented in EST, cDNA or RNA-
seq libraries and are considered incomplete even with extensive RNA-sequencing. 
Therefore, when annotating the genome of a newly-sequenced species, initial 
round of ab initio gene prediction methods that systematically scan the genomic 
sequence for nucleotide signals predicting the existence of a gene in the unmasked 
regions of the genome are considered a necessity.

Ab initio gene prediction in eukaryotic genomes is a complex process. Unlike 
prokaryotes, the eukaryotic Open Reading Frame (ORF) is not continuous and 
is not part of operons. The eukaryote gene ORFs often contains alternate blocks 
of exon (protein-coding region) and intron (non-protein coding) sequences. 
Transcribed regions in the genome are at a much lower density compared to the 
non-transcribed regions. The splice junctions between exon and interon sequence 
boundaries may have only weak signatures, and very short exons may be buried 
within very long introns. Aside from the transcribed regions of genes, genomes 
also have promoter and other regulatory sequences that are complex and not well 
understood. All the above attributes complicate the distinctive telltale nucleotide 
signatures of eukaryotic genomes and make it more difficult to decipher than 
prokaryotic genomes. Consequently, ab initio programs depend on probabilistic 
models such as Hidden Markov Models (HMM) and use combined sets of signal 
or sensor information to predict gene boundaries and internal gene structures such 
as introns, exons and regulatory elements. Some of the frequently used ab initio 
gene prediction programs include FGENESH (Solovyev, Kosarev et al. 2006), 
GeneID (Blanco, Parra et al. 2007; Blanco and Abril 2009), Augustus (Stanke 
and Morgenstern 2005) and SNAP (Korf 2004). These programs can generally be 
“trained” by developers for different organisms using high-confidence reference 
gene sets or expressed sequence tag (EST)-based gene models.

One of the most widely used gene finding programs, FGENESH, is utilized in 
the standard analysis pipelines of genome sequencing projects and genomic data-
bases such as Gramene. Gramene (www.gramene.org) runs FGENESH against 
each core genome database in its collection and is implemented via the Ensembl 
pipeline (Potter, Clarke et al. 2004). Gramene has also created their own version 
of an evidence-based gene prediction pipeline (the Gramene pipeline) for plants 

http://www.gramene.org
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(Liang, Mao et al. 2009), which can use transcriptional evidence across related 
species. FGENESH is an HMM-based program and can be trained using various 
high-confidence EST gene sets. There are many variations of FGENESH software, 
namely, for the analysis of genomic DNA, cDNA and protein-based gene predic-
tions as well as for the prediction of multiple (alternatively spliced) variants of 
potential genes in genomic DNA.

7.3  Gene Homology Analysis

Gene homology analysis is a comparative procedure where evolutionary relation-
ships between the genes encoded by a genome of interest are compared to genes 
in a well-annotated genome of another species. The choice for the second species 
is often a model organism such as Arabidopsis thaliana or Oryza sativa in plants. 
There are two reasons to perform this analysis. First, it is helpful in elucidating the 
phylogenetic (evolutionary) relationships of genes in the genome of interest with 
respect to genes from other known species. Second, considering that the genome 
of interest being pursued for sequencing is a less-studied model, many of the 
genes have no empirical evidence of known function. Therefore, the homology-
based phylogenetic relationship to the “known” genes with empirical evidence 
from other species (preferably a model plant) can serve as a reference to project 
annotations onto genes from the new species.

The basic premise is that genomes in current living organisms have evolved 
from common ancestral genomes. During this process, they may continue to 
harbor ancestral genes or may have acquired/created novel ones by DNA rear-
rangements, natural variation and/or horizontal transfer as deemed fit for their sur-
vival and adaptation. If a specific set of gene sequences in divergent species has 
originated from a single ancestral gene in the last-shared common ancestor, the 
members of that set are termed orthologs of each other. Such orthologous genes 
in two species that have evolved from a single gene in the last common ances-
tor are likely to have a similar function. Since functionally annotating all newly 
sequenced genomes by empirical means (by experimental evidence) is by no 
means practical or feasible, empirical evidence-based functional information 
already available in an annotated genome (e.g. a model organism) can be mapped 
to the orthologous genes in a newly sequenced genome. As such, gene orthology 
analysis is a crucial step in functional annotation.

Finding the true functional orthologs between two species, however, is not 
trivial. In most cases the genes would have duplicated both before and follow-
ing speciation. Consequently, there is more than one ortholog within a single 
species, and these are termed paralogs. In homology analysis it is important to 
distinguish between the paralogs that arose before speciation from the ones that 
arose after speciation. Remm et al. (2001) have introduced the terms out-para-
logs (paralogs arising from gene duplication before the speciation event) and 
in-paralogs (paralogs that are arising from gene duplication after the speciation 
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event). By definition of orthologs (above) the out-paralogs are not true orthologs. 
In orthology analysis functional equivalence in two species is recognized 
between orthologs and in-paralogs. Out-paralogs are avoided since they are more 
ancient, and had been subjected to different selection pressures and therefore 
may have assumed different functions and may lack functional equivalence. It is 
an important but challenging task to identify the orthologs and in-paralogs dur-
ing homology analysis. Phylogenetic gene trees may be what first come to mind 
in identifying orthologs since orthologs by definition are related by evolution. 
However, building phylogenetic trees is computationally intensive. In our group, 
we use an all-vs-all sequence comparison method called InParanoid (Remm, 
Storm et al. 2001; O’Brien, Remm et al. 2005; Berglund, Sjolund et al. 2008; 
Ostlund, Schmitt et al. 2010). The InParanoid program has been developed to 
identify clusters of orthologs which are in-paralogs, while avoiding the inclusion 
of out-paralogs.

7.3.1  InParanoid Gene Orthology Analysis

This algorithm makes an all-versus-all comparison between the complete set of 
protein sequences of one species (i.e. a newly-sequenced genome) and another 
species (i.e. a model species). It also provides the option to use a third group as 
an out group. The program requires two FASTA format protein sequence file (e.g. 
file-A from species-A and file-B from species-B). All-versus-all BLAST search is 
run and sequence pairs with reciprocal best hits are detected. Sequences from out 
group species are optionally used to detect cases of selective ortholog loss. The 
species A–B sequence pairs are eliminated if either sequence—A from species-A 
or B from species-B—scores higher to the outgroup sequence than they score to 
each other. In-paralogs are clustered together with each remaining pair of poten-
tial orthologs. Finally, an optional bootstrapping technique can be used to estimate 
the probability that a given pair of orthologs have a mutual best score only by 
chance.

Pairwise Similarity Comparisons

Ortholog detection is initiated by calculating the similarity scores between all 
studied sequences. For example all protein sequences of the new genome (species-
A) versus all protein sequences of a model species (Species-B). Generally this 
is done with BLAST or with any other pair-wise alignment program. Similarity 
scores are calculated between the all vs all comparisons that include against self 
and another species (A → B→B → A→ A). User customized score cut off and 
an overlap cut off can be applied to avoid insignificant hits and short domain level 
matches. This is particularly critical since orthologous sequences are expected to 
maintain homology along majority of the sequence length.
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Creating Homologue Gene Clusters

As explained above ortholog detection starts with calculating the similarity scores. 
From the similarity scores best scoring ortholog pair is identified and is marked 
as the main ortholog pair or the seed ortholog pair. In-paralogs are added around 
the main ortholog pair for each species separately. The program runs through all 
main ortholog pairs and adds in-paralogs from the two datasets (two species). If 
two ortholog groups overlap they are either merged or deleted according to pre-set 
rules (Remm, Storm et al. 2001).

Confidence Values for Recognizing In-Paralogs

All in-paralogs should be orthologous to the main ortholog but some are more 
similar to the main ortholog while others are too dissimilar. InParanoid uses a con-
fidence value calculation to call in-paralog to the main ortholog” within a species. 
This value varies from 100 % for the main ortholog to 0 % to a sequence at or 
below the minimum similarity score required to be an in-paralog.

This is calculated by the following method (Remm, Storm et al. 2001).

Confidence for Ap = 100 % × (scoreAAp) − scoreAB / (scoreAA−scoreAB)
Confidence for Bp = 100 % × (scoreBBp − scoreAB / (scoreBB − scoreAB).

Ap is an in-paralog from dataset A, Bp is an in-paralog from dataset B, A is 
the main ortholog from dataset A, B is the main ortholog from dataset B, score is 
the similarity between the two proteins (Remm, Storm et al. 2001). As such each 
member of an ortholog cluster receives an in-paralog score which reflects the rela-
tive distance to the seed in-paralog.

InParanoid Implementation

There are two options for implementing InParanoid, i.e. (1) local installation of 
InParanoid or (2) online analysis using the web interface. Prior to whole genome 
orthology analysis using locally installed InParanoid one needs to locally install, 
BLAST software available from NCBI and a data set of fasta format sequence files. 
In our group we use an in-house installed data set of 45 species downloaded and regu-
larly updated from multi species databases, Phytozome, Gramene, Ensemble Genomes 
and from model species specific databases. Small datasets, on the other hand, can 
be analyzed using the InParanoid web interface (http://inparanoid.sbc.su.se/cgi-bin/
index.cgi). InParanoid 7 at the time of writing this article has a database of eukary-
otic ortholog groups for 100 organisms. These genomes are considered as completely 
sequenced with >6X coverage with <1 % unknown proteins. The data sources are 
Ensemble, NCBI and MODs (model organism databases). The BLAST tool within 
this web interface enables one to find ortholog clusters for hitherto non annotated pro-
tein sequences (e.g. expression analysis derived sequences of a non annotated genome 

http://inparanoid.sbc.su.se/cgi-bin/index.cgi
http://inparanoid.sbc.su.se/cgi-bin/index.cgi
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or a subset of a newly sequenced genome) by doing a BLAST search against the 
above protein data set. On the other hand, a known protein of interest can be analyzed 
using a gene identifier, a protein identifier or a text search.

Creating Super Clusters from Ortholog Clusters of Multiple Pair Wise 
Comparisons

Comparative gene homology analysis of a newly sequenced genome with multi-
ple already annotated genomes provides additional information such as, how many 
orthologous gene clusters of a new genome are (a) shared with other species (b) 
shared with which species (c) unique to the newly sequenced species (e.g. Fig. 7.1) 
and (d) how many are in-paralogs. A multi species view would thus provide infor-
mation on phylogenetic relationships between multiple species and provide signifi-
cant functional links to corroborate orthology based functional annotation of the 

Fig. 7.1  A Venn diagram illustrating unique and shared gene families between rice, maize, sor-
ghum, and Brachypodium: The relationships of gene families among the different species were 
derived from InParanoid analysis of a total of 28 species listed in the figure (Plant species are 
highlighted in grey colored cells). Comparison of the 4 species illustrated here reveals 595, 1129, 
1809 and 367 gene clusters (note that these are not number of genes) being unique to rice, maize, 
sorghum and Brachypodium respectively. The Venn diagram illustrates that, in our InParanod 
analysis of Brachypodium (with comparison to 28 other species from tree of life), out of the 
25,543 Brachypodium genes we have assigned 23,107 genes (~90 %) to the gene (protein) clus-
ters, while 2,436 genes of the total 25,543 genes did not fall in clusters and therefore, are unique 
to Brachypodium. Note that at least two genes/proteins from different species are needed to form 
a cluster. Analysis of the all the 34,441 clusters and comparing the relative uniqueness between 
rice, Brachypodium, maize and Sorghum we find 1,129 clusters unique to Brachypodium
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new species. InParanoid however, performs only pairwise comparisons. Therefore, 
additional methods such as MultiParanoid (Alexeyenko, Tamas et al. 2006) is used 
to generate multi species comparisons. The MultiParanoid program chains together 
the overlapping pairwise groups generated by InParanoid. To reduce false posi-
tives, relatively strict cutoffs for InParanoid scores are used within MultiParanoid. 
The means of the Inparanoid scores are used to calculate the confidence scores for 
the members of the MultiParanoid clusters. Attempting to lower confidence value 
cutoff of MultiParanoid to tighten the ‘MultiParanoid cluster’ and eliminate low 
confidence orthologs can lead to increased false negatives. While doing this analy-
sis it is important to note that to get true ortholog clusters in MultiParanoid the 
proteomes should have diverged at a somewhat similar time point. If not the pro-
gram will not be able to find an ancestral node to represent the last common ances-
tor for clustering true orthologs (Alexeyenko, Tamas et al. 2006).

Parallel to MultiParanoid in our group we have developed an algorithm to con-
struct super clusters from InParanoid clusters (Shulaev, Sargent et al. 2011). This 
algorithm is developed with the premise that a gene can only be in one super clus-
ter. When super clusters are created from InParanoid pairwise clusters, some genes 
cluster into super clusters because they are so called vicarious orthologies (i.e. they 
are connected to each other by common pairwise comparisons). For example if 
there are three genes A, B, and C from three different species. InParanoid may find 
a high degree of homology between genes A–B, B–C, but does not have a direct 
relationship between A–C. If it is just assumed that these can be simply grouped 
together, there is a low confidence that A–C are actually homologous. It could 
have been that gene B was very long and overlapped with A and C, but in differ-
ent regions. To try to minimize the impact of these “vicarious” orthologies, a sim-
ple “voting” algorithm was implemented. This algorithm counts how many times a 
gene is found to have similar paralogs, and then puts those genes in the same super 
cluster. Over the course of many species pairings, this should reduce the super clus-
ter assignment to genes that had a high BLAST score to each other. In an example 
analysis we compared 28 species across many clades and four Kingdoms (Fig. 7.1). 
Based on the super cluster analysis when we query all the super clusters to com-
pare data sets between the four species, rice, Brachypodium, maize and sorghum 
one can easily find that 7,264 super clusters are shared by all the four species, and 
rice has unique genes (among these species) that are listed in 595 super clusters. 
This super cluster analysis is somewhat naïve compared to MultiParanoid, and does 
not include scoring in its analysis, but has the advantage of working across clades 
without a common ancestor and the requirement that all the species diverged at the 
same time.

7.3.2  Other Gene Homology Analysis Methods

OrthoMCL provides a scalable method for constructing orthologous groups 
across Eukaryotic taxa (Li, Stoeckert et al. 2003; Chen, Mackey et al. 2006). 
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This approach is similar to InParanoid but is applicable to multiple species, dis-
tinguishes between divergence and functional redundancy, and requires recent par-
alogs to be more similar to each other than to any sequence in other species. To 
resolve orthologous relationships between genes of multiple species, OrthoMCL 
applies a Markov Cluster algorithm (Li, Stoeckert et al. 2003). Another algorithm 
provided by Ensemble, the Compara GeneTrees (Vilella, Severin et al. 2009) pro-
vides explicit tree topology and takes into account homology relationships and 
duplication consistency score to generate the trees. Compara driven phylogenetic 
tree based clustering method enables researchers to explore evolution of gene fami-
lies and recognize ancestral gene duplications which in turn may be associated with 
positive selection. The Gramene Ensemble Compara pipeline for plants (Youens-
Clark, Buckler et al. 2011) provides homology datasets on select plant genomes 
and pan genome (non-plant) for comparisons.

7.4  Functional Annotation of Genomes Using an Integrative 
Approach

7.4.1  Discovering Protein Signatures Using InterPro

Once the ORF of a gene is identified by ab initio methods, the potential peptide 
sequence—the primary structure of the protein—has been determined. This is 
fundamentally a string of amino acids. This primary structure provides a frame-
work for the protein to fold and form three-dimensional secondary, tertiary and 
quaternary structures which in turn provide functionality to the protein. The three-
dimensional structure is manifested by different structural domains or signatures 
which in turn are brought forth by the string(s) of amino acid sequences, com-
bined with other characteristics such as side chains and modifications. The differ-
ent structural signatures therefore provide crucial information on physiochemical 
properties which determines specific functional characteristics of the protein. The 
proteins of a newly sequenced genome thus can be functionally annotated by iden-
tifying these predictive signatures within each protein.

In the past decade, multiple databases have been built to predict functionality 
of proteins via recognition of predictive signatures. These databases have been 
created independently and may use different methodologies for signature recog-
nition. Their domain and feature libraries for associated protein sequences are 
drawn from a mixed bag of functional domain evidences, and computationally-
driven consensus sequence models. These databases possess individual strengths 
and weaknesses but share redundancies which complement each other in many 
ways. Therefore, the best outcome in searching for predictive signatures and in 
projecting the function based on best hit to a consensus/known domain sequence 
may be achieved by combined searches. A strategy to combine multiple data-
bases was implemented by InterPro (an Integrated resource of Protein Domains 
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and Functional sites) database (Mulder and Apweiler 2007). InterPro is a col-
laborative project which provides an integrated layer upon the most commonly-
used suites of signature databases (Pfam, PROSITE, PRINTS, ProDom, SMART, 
TIGRFAMMs). The collection of domain identities assigned by various resources 
is integrated by InterPro through a curational effort that includes manual and 
computational efforts. If different signatures originating from different mem-
ber databases match the same set of proteins and falls on the same place in the 
experimental/seed sequence they (the set of signatures) are presumed to describe 
the same functional family, domain or site and are placed into a single InterPro 
entry (or InterPro record: IPR). For example, over 50 % of approximately 58,000 
of the current signatures in the member databases had been manually incorporated 
into an InterPro entry and have empirical evidence of associated function that had 
been published in a peer reviewed journal. Once an InterPro entry is created it is 
annotated with attributes such as: a unique accession number, name, a descriptive 
abstract and cross references to other resources including Gene Ontology terms 
(GO terms).

There are different InterPro entry or IPR types, viz. Family, Domain, Region, 
Repeat or Site. Sites are sub-classified into conserved sites, active sites, bind-
ing sites or Post-translational Modifications (PTMs). They are described in 
Table 7.1. InterPro database also maintains links to other databases including 
MEROPS protease resource: (Rawlings, Tolle et al. 2004), IntAct (protein inter-
action database: (Hermjakob, Montecchi-Palazzi et al. 2004), CluSTr (protein 
cluster: (Kriventseva, Fleischmann et al. 2001) and PDB (the 3D protein structure 
database:(Yeats, Lees et al. 2011). For proteins which have a solved 3D structure 

Table 7.1  InterPro (IPR) types

Domain Biological units with defined boundaries, which have structural and func-
tional domains and may include sub-domains

Region Identifies signatures that cannot be classified either as a family or domain
Repeats A signature generally, <50 amino acids and can be repeated many times 

within a sequence
Sites Conserved site (including motifs) is a short sequence that contain a 

unique residue/s but cannot be classified under active/binding/or post 
translation

Active sites Catalytic pockets of enzymes, where distant parts of a protein may come 
together to form the catalytic site which may cover one or more signa-
tures. To be included here, empirical data on mutational inactivation 
data is required

Binding sites Bind to chemical compounds to facilitate a reaction but are not reaction 
substrates, i.e. a cofactor, a site needed for electron transport or for 
protein structure modification, biding is reversible and mutational acti-
vation study reports are required

Post translation  
modifications

Provides activation or de-activation functionality to the protein, e.g. a result 
of glycosylation, phosphorylation, sulphasion etc., the modification is 
either permanent or reversible.
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in PDB, MODBASE : (Pieper, Webb et al. 2011) or SWISS-MODEL: (Kopp and 
Schwede 2006), that information is also displayed in the graphical display of the 
InterPro web interface.

Relationships Between InterPro Entries

Taking into account the protein set mentioned above, if one signature matches 
with only a subset of that protein set as compared to another signature which 
matches with the complete set it is likely that the first signature is functionally 
(and taxonomically) more specific than the second signature. In such a case these 
two signatures are considered related and the first or the more specific signature 
is assigned as a child class of the second parent signature. InterProScan entries 
are developed according to set rules that are described in detail in the InterPro 
user manual (Hunter, Apweiler et al. 2009). Relationships between InterPro 
entries provide depth to protein annotation. For example, parent/child relation-
ships described here in gene families can be used to indicate Super families or 
subfamilies. Parent/child relationships are also permitted for Entry classes Repeats 
and Sites but not others. Another relationship class Contains/Found-in is applied to 
Regions, Domains as well as Repeats and Sites and describes the composition of 
the InterPro entry.

InterPro Implementation

InterProScan, a tool available from InterPro, can be run on a web-based interface 
(http://ebi.ac.uk/interpro/scan.html) or via a local installation. The current web ver-
sion requires a protein sequence as the input file (Fig. 7.2). Single sequences may 
be provided via text box entry, or multiple peptide sequences can be uploaded in any 
of the standard peptide sequence file formats (i.e. GCG, FASTA, EMBL, GenBank, 
PIR, NBRF, PHYLIP or UniProtKB/Swiss-Prot) for batch analysis. If working 
with a DNA sequence the researcher first needs to translate the DNA sequence 
to its amino acid counterpart using a six fame translation tool such as Transeq 
(http://www.ebi.ac.uk/Tools/emboss/transeq) and pick the ORF for analysis. In gen-
eral the query protein sequences used are more than 80 amino acid residues long, 
since shorter sequences are unlikely to have any signature matches. Once the protein 
sequence is entered into the input window, the web interface allows the user to select 
the complete set (or a subset) of member databases to search against (Fig. 7.2). The 
signature recognition approaches used by current member application databases are 
described in detail in Table 7.2. As pointed out earlier, diagnostically, these data-
bases have different areas of optimum application owing to the different underly-
ing analysis methods. While all of the methods share a common interest in protein 
sequence classification, their individual motivations vary amongst divergent domains 
(e.g. Pfam), functional sites (e.g. PROSITE), and hierarchical family definitions  
(e.g. PRINTS).

http://ebi.ac.uk/interpro/scan.html
http://www.ebi.ac.uk/Tools/emboss/transeq
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Retrieving InterPro Results

On the web interface InterProScan will return the results in a graphical “Picture 
View” format (Fig. 7.3), and can be viewed or retrieved in Table View, Raw 
Output, or XPML output. It is important to note that InterProScan calculates a 

Fig. 7.2  The sequence input page of the InterProScan web interface: In this example the trans-
lated sequence (amino acid sequence) of the rice protein LOC-Os01g02350.1 is uploaded into 
the input window. The applications or the databases against which the amino acid sequence will 
be scanned is picked by selecting the appropriate boxes at the bottom of the window and the job 
is submitted
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Table 2  Signature recognition approaches used by current InterProScan member databases

Program name Description Abbreviation

BlastProDom Scans the families in the ProDom database. ProDom 
is a comprehensive set of protein domain families 
automatically generated from the UniProtKB/Swiss-
Prot and UniProtKB/TrEMBL sequence databases 
using psi-blast. In InterProScan the blastpgb program 
is used to scan the database. BLASTPGP performs 
gapped blastp searches and can be used to perform 
iterative searches in PSI-BLAST and PHI-BLAST 
mode

BLASTPRODOM

FPrintScan Scans against the fingerprints in the PRINTS database. 
These fingerprints are groups of motifs that together are 
more potent than single motifs by making use of the 
biological context inherent in a multiple motif method

FPRINTSCAN

HMMPIR Scans the hidden markov models (HMMs) that are pre-
sent in the PIR Protein Sequence Database (PSD) of 
functionally annotated protein sequences, PIR-PSD

HMMPIR

HMMPfam Scans the hidden markov models (HMMs) that are pre-
sent in the PFAM Protein families database.

HMMPFAM

HMMSmart Scans the hidden markov models (HMMs) that are pre-
sent in the SMART domain/domain families database

HMMSMART

HMMTigr Scans the hidden markov models (HMMs) that are pre-
sent in the TIGRFAMs protein families database

HMMTIGR

ProfileScan Scans against PROSITE profiles. These profiles are 
based on weight matrices and are more sensitive for 
the detection of divergent protein families

PROFILESCAN

HAMAP Scans against HAMAP profiles. These profiles are based 
on weight matrices and are more sensitive for the 
detection of divergent bacterial, archaeal and plastid-
encoded protein families

HAMAP

PatternScan PatternScan is a new version of the PROSITE pattern 
search software which uses new code developed by 
the PROSITE team

PATTERNSCAN

SuperFamily SUPERFAMILY is a library of profile hidden Markov 
models that represent all proteins of known structure

SUPERFAMILY

SignalPHMM Predicts the presence and location of signal peptide 
cleavage sites in amino acid sequences from different 
organisms

SIGNALP

TMHMM Predicts transmembrane helices in proteins TMHMM
HMMPanther Is a large collection of protein families that have been 

subdivided into functionally related subfamilies, using 
human expertise. These subfamilies model the diver-
gence of specific functions within protein families, 
allowing more accurate association with function 
(human-curated molecular function and biological 
process classifications and pathway diagrams), as well 
as inference of amino acids important for functional 
specificity. Hidden Markov models (HMMs) are 
built for each family and subfamily for classifying 
additional protein sequences. PANTHER is publicly 
available without restriction

HMMPANTHER
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checksum for your query sequence and uses it to look up precomputed tables to 
find an equivalent signature (that equals that checksum). If the particular signature 
is not integrated, annotation corresponding to that particular signature will not be 

Fig. 7.3  The graphical output from the web interface version of the InterProScan for the rice 
protein LOC_Os01g02350.1: InterPro entries (number on the left-hand side of the image) and 
InterPro name (right-hand side of the image) is returned for seven different applications (domain 
databases). PANTHER, GENE3D,SIGNALP and TMHMM are not included in the integrated 
InterProScan and therefore no InterPro entries are returned for these applications, but if the cor-
responding domains are recognized they are marked on the sequence (bottom of the window)

Program name Description Abbreviation

Gene3D Describes protein families and domain architectures 
in complete genomes. Protein families are formed 
using a Markov clustering algorithm, followed by 
multi-linkage clustering according to sequence 
identity. Mapping of predicted structure and sequence 
domains is undertaken using hidden Markov models 
libraries representing CATH and Pfam domains. 
Functional annotation is provided to proteins from 
multiple resources. Functional prediction and 
analysis of domain architectures is available from the 
Gene3D website

GENE3D

Table 2 (continued)
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returned and therefore you will need to run additional searches for the non inte-
grated signature databases. For bulk data sets such as in a whole genome, a stan-
dalone downloadable version is available from ftp.ebi.ac.uk/pub/databases/interp
ro/iprscan/. In our group we frequently carryout such whole genome level inter-
pro scans for newly sequenced genomes (Shulaev, Sargent et al. 2011). Running 
InterProScan is computationally intensive and the success of the run is based on 
the number of input sequences, choice of parameters, data libraries to run against 
and the availability of compute cluster hardware. A sample output from the stand 
alone command line local applications is shown in Fig. 7.4.

7.4.2  Functional Annotation Using Gene Ontology 
Assignments

As soon as the genomes of model organisms were sequenced in late 1990s 
researchers tried to find mechanisms for assigning functions to genes of their 
newly sequenced organisms and to compare those assignments with that from 
other organisms. The only common mechanism available at that time was the use 
of Enzyme commission numbers (EC) (International Union of Biochemistry and 
Molecular Biology. Nomenclature Committee and Webb 1992). This limited the 
comparison only to proteins having an enzymatic (catalytic) function and cov-
ered only 5–10 % of the genes in the genome. On the other hand, vast majority 
of proteins are involved in gene regulation, transport, development, growth and 
response to abiotic and biotic stresses etc., Therefore, it became very apparent that 

Fig. 7.4  The screen shot of the tabular output from an InterProScan analysis run on an in-house 
installed, stand- alone version of the program: The rice protein LOC-Os01g02350.1 was ana-
lyzed using a locally installed InterProScan tool and domain databases. In this InterProScan run 
the domain databases PATTERNSCAN, PROFILESCAN, HMMPFAM has recognized func-
tional domains and assigned IPR entries and Interpro names, i.e. IPR017441-Protein Kinase as 
well as IPR008271-serine/threonine (from PATTERNSCAN), IPR000719-Protei n kinase (from 
PROFILESCAN), and IPR001245_serine-threonine/tyrosine-protein kinase (from HMMPFAM). 
These also provide GO assignments for Biological Process and Molecular function. In addition, 
the domain databases THMM and SIGNALP recognize transmembrane regions and a signal pep-
tide respectively for this protein. Note that our locally installed InterPro tool has only a selected 
set of five applications as opposed to the web version

http://ftp.ebi.ac.uk/pub/databases/interpro/iprscan/
http://ftp.ebi.ac.uk/pub/databases/interpro/iprscan/
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the community needed a controlled vocabulary that spanned the breadth of pro-
tein functions in order to assign functionality to all genes/proteins. Furthermore 
functions of these genes also depended on the cellular location of the encoded 
protein which the EC was unable to address. In response, the Gene Ontology 
(GO: http://www.geneontology.org/) (Ashburner, Ball et al. 2000) was formed, 
and a structured, controlled vocabulary (ontology) was developed. Initially it was 
based on three model organism databases [i.e. FlyBase, Saccharomyces Genome 
Database and the Mouse Genome Database (Ashburner, Ball et al. 2000)] and 
since then GO consortium has grown to include many plant, animal and micro-
bial databases. This controlled vocabulary is structured to describe gene products 
(RNA/Protein) in terms of their role in a biological process (BP), their location in 
a cellular component (CC), and their molecular function (MF). The GO assign-
ments to genes/gene products are carried out by a set of computational and empiri-
cal methods described as follows.

GO Assignments Based on InterPro Assignments

As described before, proteins with similar signatures identified by unique InterPro 
entries are considered to have common function(s) across all organisms. Protein 
domains associated with a multiplicity of genes carrying similar experimentally-
validated signatures can serve as a reference for assigning function. The InterPro 
database maintains and shares a list of GO terms assigned to majority of InterPro 
entries. These mappings include knowledge integrated from genes sharing the 
same signatures, and therefore they can predict the molecular function (MF), the 
location (CC) and the role (BP) of a particular protein. However, if the InterPro 
entries are determined based on computational analysis only they may/may not 
have GO assignments to them. Mappings between InterPro entries and GO terms, 
also called interpro2go have been generated by the InterPro project team and are 
available at (http://www.geneontology.org/external2go/interpro2go). Using the 
interpro2go mappings and the InterPro assignments (Fig. 7.4), one can infer GO 
assignments for the genes of the genome of interest. GO database maintains sev-
eral such useful mappings listed at http://www.geneontology.org/GO.indices.shtml 
that can be used for enriching the functional annotation of genes in a genome. An 
example is the ec2go mapping that is used often in assigning EC enzyme role to 
genes based on GO or vice versa.

GO Assignments Based on Gene Homology

As described above in the gene homology section, in genome annotation there is 
an option to use the homology based phylogenetic guide trees and gene clusters 
to project/transfer the GO assignments from a well characterized gene of another 
species to the gene of interest of the new species. Within the plant kingdom 
most often Arabidopsis thaliana and/or Oryza sativa (rice) genes have the most 

http://www.geneontology.org/
http://www.geneontology.org/external2go/interpro2go
http://www.geneontology.org/GO.indices.shtml
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studied and characterized information on molecular function, expression and the 
resulting phenotype. Therefore, if the gene cluster has any one of the genes from 
Arabidopsis and/or rice one has the option to pursue it as a reference and to pro-
ject similar function to the genes of interest. However, we should note that it is a 
mere projection of putative function based on sequence similarity. It is therefore 
denoted with the evidence code to indicate that it is inferred by sequence similarity 
(ISS) based on the GO evidence code resource list (http://www.geneontology.org/
GO.evidence.tree.shtml).

7.5  Use of GO Annotations to Understand the Biology  
of an Organism

7.5.1  Why is GO Enrichment Analysis Useful?

Initial analysis of most high-throughput genomic or proteomic experiments yields 
long lists of genes or proteins that are up regulated/down regulated or co-expressed 
during a treatment or developmental state. In interpreting such long gene lists, man-
ual gene-by-gene interrogation is impractical. On the other hand, GO assignments 
to genes via MF, BP, CC gives the opportunity to investigate which GO categories 
are most represented or enriched (Fig. 7.5) under a certain set of conditions (e.g. a 
treatment or a developmental stage). This is termed GO enrichment analysis. The 
enrichment analysis therefore, provides the first line of data/dimensionality reduc-
tion and biological interpretation capacity for transcriptomic and proteomic data. In 

Fig. 7.5  Screen shot of the BinGO tabular output showing statistics of enriched GO categories: 
Information on over-represented GO function categories include, the p value, adjusted p value, 
gene number mapping the GO in the query list and background, the total number in query list 
and background and the IDs of genes within each category

http://www.geneontology.org/GO.evidence.tree.shtml
http://www.geneontology.org/GO.evidence.tree.shtml
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essence enrichment analysis is a statistical method that identifies biological process, 
cellular compartment and molecular function GO assignments for the genes that 
may be over or under-represented in a list of genes that is being analyzed.

7.5.2  GO Enrichment Analysis Methods

Over the years many enrichment analysis tools and software packages have 
been developed (Berriz, Beaver et al. 2009; Tipney H 2010). Gene Ontology 
consortium website lists links to most of the currently available tools 
(http://www.geneontology.org/GO.tools). Publicly available applications such 
as BiNGO (Maere, Heymans et al. 2005), GOStat (Beissbarth and Speed 2004), 
EasyGO/AgriGO (Du, Zhou et al. 2010) and GOEAST (Zheng and Wang 2008), 
based on singular enrichment analysis that iteratively tests GO terms one at a time 
against a list of genes for enrichment, are some of the most popular tools.

7.5.3  Example of GO Enrichment Analysis

As an example here we describe the enrichment analysis of a gene set identified 
in an experiment on circadian control in rice (Filichkin, Breton et al. 2011). The 
cycling genes from a time series global expression profiling study were deter-
mined using a model-based pattern-matching algorithm (Mockler, Michael et al. 
2007). To determine which GO categories are overrepresented in the gene set iden-
tified as diurnally cycling between the dark/night and light/day photoperiods, we 
used the open-source Java tool BiNGO(Maere, Heymans et al. 2005). BiNGO is 
implemented as a “plugin” to the versatile molecular interaction and network vis-
ualization program Cytoscape (Smoot, Ono et al. 2011). This plugin allows the 
mapping of significant functional categories within the gene set of interest and 
presents the results on a graphical GO hierarchy.

To analyze against a reference set of GO annotations, BiNGO provides GO anno-
tation for a range of sequenced organisms primarily extracted form GO information 
available at NCBI (http://www.ncbi.nlm.nih.gov/Ftp/). In this example GO annota-
tions for rice were obtained from Gramene project (http://www.gramene.org/down-
load/index.html) database release 31. If one is analyzing a newly annotated organism 
or an improved annotation that you want to use, the annotation file created by a user/
genome-project by compiling all the GO-gene assignments of your genome of inter-
est can be loaded as a custom annotation in the organism selection menu. BiNGO 
provides two statistical tests (hypergeometric or binomial) for determining the 
enrichment degree of a specific GO term in the test gene list. The hypergeometric 
test, with sampling without replacement gives a probability value for groups of genes 
belonging to a functional category. The binomial test on the other hand samples with 
replacement, requires less computation but only provides an approximate P value. 
To account for multiple hypothesis/statistical tests performed in a single analysis of 

http://www.geneontology.org/GO.tools
http://www.ncbi.nlm.nih.gov/Ftp/
http://www.gramene.org/download/index.html
http://www.gramene.org/download/index.html
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majority of high-throughput data, the obtained P value has to be corrected for type-1 
or false positive error rate. The standard multiple testing correction Bonferroni fam-
ily-wise error rate correction (the probability of making at least a single type-1 error) 
was used in this example. There is also the option of using the popular Benjamini 
and Hochberg false discovery rate (FDR) correction (Benjamini 1995).

Once the statistical test, multiple testing corrections, significance level cutoff 
(0.05 default), ontology type and the annotation file for the organism is selected, 
BiNGO calculation will be displayed as a table (Fig. 7.5) and a graphical display 
as shown in Fig. 7.6). In this specific example GO biological process categories 
overrepresented in the rice gene set that is regulated by circadian control include, 
lipid metabolism, carbohydrate metabolic processes, photosynthesis, nucleotide 
binding, translation, amino acid metabolism and nucleotide metabolism. Similarly, 
the molecular function categories for kinase activity, transporter and nucleotide 
binding functions are significantly enriched. The color intensity of the circles are 

Fig. 7.6  Gene Ontology (GO) enrichment analysis: a The heat map represents a hierarchical 
cluster of all cycling genes in rice showing the rhythmic upregulation of genes at different phases 
of the light/dark cycle. Mean centered expression levels are depicted in red for high expression 
and green for low expression. b GO categories over-represented in rice cycling genes were ana-
lyzed using BinGO, a plugin within Cytoscape. The color intensity of the circles indicate the 
degree of overrepresentation/statistical significance (categories with FDR = 0.05 are shown in 
yellow). The radius of each circle denotes the number of genes in each category
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based on the significance level (yellow = FDR below 0.05), and the radius of each 
circle denotes the number of genes in each category.

7.6  Summary and Outlook

In this chapter, we discussed the structural and functional annotation of plant 
genomes supported by various empirical and computational methods. By undertak-
ing an integrated approach on plant genome annotation, we think that the context 
in which the gene function and its structure is annotated adds more confidence with 
reference to the environment responses, growth, phenotype, cellular and tissue speci-
ficity. The approaches such as those listed and described by us confirm that the plant 
genome is not just a catalog of genes but much more than the sum of its parts and 
derivatives which the researchers have just started to investigate for answering com-
plex biological questions. We would also like to say that though every effort is made 
to suggest a putative function using an integrative and comparative approach, there 
is a lot of dependency on the development, curation, maintenance and updating the 
library of high quality reference annotations and the algorithms adopted by various 
annotation tools which continue to evolve. Therefore, no annotation is final unless 
tested and confirmed by some laboratory based experiment.
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8.1  Introduction

Cereals comprise a number of crops including rice, wheat, maize, barley, rye 
and sorghum. In the form of starch and proteins, the cereal grains provide nearly 
60 % of the calories consumed globally as food and fodder. There is a growing 
challenge to meet the global demand of food security for a human population of 
9 billion expected by the year 2050 (Royal 2009; Sreenivasulu and Schnurbusch 
2012). Current predicted climatic conditions such as prolonged drought and heat 
episodes pose a serious threat for the agricultural production world-wide, affecting 
yield losses estimated at billions of dollars (Mittler 2006; IPCC 2007; Battisti and 
Naylor 2009). Hence, increasing crop productivity in view of escalating popula-
tion as well diminishing cultivable land and natural resources in such challeng-
ing environmental conditions has become a matter of urgency. Although much 
research has been conducted to evaluate the effects of global warming due to a 
variety of human activities (Smit et al. 1988), efforts to search specific and practi-
cal approaches to improve adaptability of plants to the climate change have only 
begun recently (Charng et al. 2006; Montero-Barrientos et al. 2010).

Abiotic stresses lead to a series of changes in the plant that affect molecular, bio-
chemical, physiological and phenological processes eventually affecting the perfor-
mance of plant growth and development impacting overall yield (Wang et al. 2003; 
Sreenivasulu et al. 2007). Plants that successfully withstand stresses are constantly 
monitoring their external milieu and are redefining the appropriate cellular response. 
It depends on the ability of the plants to be equipped with intricate gene regulatory 
mechanisms leading to the appropriate physiological adaptation to survive harsh 
challenging conditions. Therefore, understanding plant abiotic stress responses is 
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now thought to be one of the most important topics in plant science. Different omics- 
approaches have been used to elucidate some of the key regulatory pathways in plant 
responses to abiotic stresses. The plant physiological and molecular responses to abi-
otic stresses have been investigated using various genomics strategies (Vij and Tyagi 
2007; Collins et al. 2008; Hu et al. 2009), which include transcriptomics (Rostoks  
et al. 2005; Mohammadi et al. 2007; Zeller et al. 2009), proteomics (Qureshi et al. 
2007; Caruso et al. 2009) and metabolomics (Shulaev et al. 2008). For a comprehen-
sive understanding of global response we need to integrate these responses at a sys-
tems level and need to build integrative platforms to derive knowledge, which may 
facilitate development of stress tolerance in crop plants.

A systems biology/omics approach is a new upcoming field in plant biology, 
which allows not only a better understanding of molecular processes and cellular 
function (Kitano 2000), but also to identify the molecular targets for crop improve-
ment (Cramer et al. 2011). One of the key challenges of systems biology is to inte-
grate the different omics information to give a more complete picture of living 
organisms. Such an integrated approach would unravel the complex interplay or 
cross-talk between the different components and to understand the dynamic activi-
ties of a tissue/organ/organism in different environments (Cramer et al. 2011). The 
availability of these data in model species not only allowed a comprehensive under-
standing of responses against abiotic stresses, but eventually will make the way for-
ward to identify key targets for engineering abiotic stress tolerance in cereals.

8.2  Status of Genome Sequences in Cereals

The genome sequence, often referred to as the genetic blueprint, provides a foun-
dation for connecting the information from the genome to the phenome via struc-
tural and functional genomics with an extended approach of systems biology. The 
development of genomic resources has progressed in a number of plant species, 
thus creating the gold standard reference genomes in several crops of the grass 
family including rice, maize, Brachypodium and sorghum. Despite variation in 
genetic diversity, genome size and chromo-some number, there is substantial con-
servation in gene order between the grasses which is explored through the study of 
synteny and collinearity. Extensive data on all aspects of cereal genomics are now 
available at GrainGenes (http://wheat.pw.usda.gov/) and Gramene (http://gramene
.org/), the latter having a major emphasis on rice genome and its syntenic relation-
ship with other cereal genomes. Here, we briefly review the current status of avail-
able genomic sequences for cereal crop species (Table 8.1).

8.2.1  Rice

Among cereals, the first draft sequence is released in rice in two sub-spe-
cies japonica and indica (the two subspecies of Asia) by the commercial effort 
from Syngenta, USA (Goff et al. 2002) and public academic effort by Beijing 

http://wheat.pw.usda.gov/
http://gramene.org/
http://gramene.org/
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Genomics Institute, China (Yu et al. 2002), respectively. This effort resulted in 
generating whole-genome shotgun (WGS) genome draft of japonica and indica, 
covering more than 90 % of the 420 megabase (Mb) genome and also suggested 
that genome size is increased by >6 % and >2 %, respectively compared to the 
common ancestor. Also these two sub-species showed a genetic divergence 
through a detection of numerous SNPs, indels within both the unique (coding) 
and the repetitive regions. In 2005, IRGSP released high quality map-based draft 
sequence in the public domain by providing indexing of 37,544 protein cod-
ing genes (International Rice Genome Sequencing Project 2002). Gene predic-
tions developed by the Plant Genomics Group at TIGR (http://rice.plantbiology
.msu.edu/) and RAP-DB released the rice genome annotation for the public use 
(Tanaka et al. 2008). The Rice FOX (full-length cDNA overexpressor) gene hunt-
ing system is a resource of gain-of-function mutants where 13,000 full-length 
rice cDNA clones are overexpressed in Arabidopsis (rice FOX Arabidopsis 
lines, http://ricefox.psc.riken.jp/) to characterize gene functions in a heterolo-
gous system (Kondou et al. 2009; Sakurai et al. 2011). By this way, several full-
length cDNAs from rice were shown to represent function of orthologous genes 
in Arabidopsis as a FOX line mutant collection with interesting phenotypes 
(Sakurai et al. 2011).

8.2.2  Maize

Maize is an important model C4 cereal crop that is predominantly a cross-pollinat-
ing, a feature that has contributed to its broad morphological variability and geo-
graphical adaptability. Maize genome size is estimated to be 2,500 Mb, which is 
six times bigger than the rice genome, owing to the expansion of families of trans-
posable elements, particularly retrotransposons (Berhan et al. 1993). The maize 
genome size has expanded dramatically (up to 2.3 Gb) over the last ~3 million 
years via a proliferation of long terminal repeats of retrotransposons (SanMiguel 
et al. 1998). Comparative analysis of grass genomes also reveals conservation of 
gene order but some local rearrangements interrupt collinearity at molecular level 
(Feuillet and Keller 2002). These rearrangements often prevent maize gene clon-
ing using other cereals genome sequence information as a reference. Thus, having 
completed maize genome sequencing is extremely beneficial to better understand 
gene and genome structure of rice and maize, and to understand the evolution 
of complex grass genomes. The draft genome of maize B73 has been sequenced 
(Schnable et al. 2009) using a minimum tiling path of bacterial artificial chromo-
somes (BACs) (16,848) and fosmid (63) clones derived from an integrated physical 
and genetic map (Wei et al. 2009), augmented by comparisons with an optical map 
(Zhou et al. 2009). Shotgun sequenced clones covered up to 4–6 fold genome and 
followed by automated and manual sequence improvement of the unique regions 
only, which resulted in the B73 reference genome version 1(B73 RefGen_v1). This 
B73 RefGen_v1 contains 855 families of DNA transposable elements that make 

http://rice.plantbiology.msu.edu/
http://rice.plantbiology.msu.edu/
http://ricefox.psc.riken.jp/
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up 8.6 % of the genome. From the genome sequence information 32,540 protein-
encoding genes and 150 microRNA (miRNA) genes were predicted from assem-
bled B73 RefGen_v1. Exon sizes of maize genes were similar to that of their 
orthologous genes in rice and sorghum, but maize genes contained larger introns 
because of insertion of repetitive elements (Wei et al. 2009; Haberer et al. 2005). 
In future, exploring intraspecific gene variability and a study of the role of epige-
netics and retrotransposons will remain an important exercise to resolve the hybrid 
vigour and plant performance in maize.

8.2.3  Brachypodium

The whole genome sequence of Brachypodium reveals that relative to other 
grass genomes, Brachypodium genome is compact (272 Mb), with retrotranspo-
sons concentrated at the centromeres and at the collinearity breakpoints. A total 
of 25,532 protein-coding genes were predicted in the v1.0 annotation. This is 
in the same range as sorghum (27,640) (Paterson et al. 2009). Between 77 and 
84 % gene families are shared among the three grass subfamilies represented by 
Brachypodium, rice and sorghum, reflecting a relatively recent common origin 
(The International Brachypodium Initiative 2010). The similarities in gene con-
tent and gene family structure between Brachypodium, rice and sorghum sup-
port the value of Brachypodium as a functional genomics model for all grasses. 
The relatively small genome of Brachypodium contains many active retroelement 
families, but recombination between these retroelements keeps genome expan-
sion in check. Because of small size and rapid life cycle, and its genetic prox-
imity to tribe Triticeae, Brachypodium has several advantages. The small size of 
some accessions makes it convenient for cultivation in a small space. This has 
led to the development of highly efficient transformation systems for a range 
of Brachypodium genotypes (Vain et al. 2008; Vogel and Hill 2008; Alves et al. 
2009). Also several important resources have been developed, which includes 
germplasm collections (Vogel and Hill 2008; Filiz et al. 2009; Vogel et al. 2009), 
genetic markers (Vogel et al. 2009), a genetic linkage map (Garvin et al. 2010), 
bacterial artificial chromosome (BAC) libraries (Huo et al. 2006, 2008), physi-
cal maps (Gu et al. 2009), large-scale collection of T-DNA tagged lines termed 
‘the BrachyTAG program’ mutant collections (Thole et al. 2010), microarrays and 
databases (Table 8.2). These resources are facilitating the use of Brachypodium 
by the research community, and will allow Brachypodium to be used as a power-
ful functional genomics resource for grasses. Since Brachypodium is more closely 
related to the Triticeae (wheat, barley) than to the other cereals, Brachypodium 
genome also helps in the genome analysis and gene identification in the large 
and complex genomes of Triticeae tribe (wheat and barley), which are among the 
world’s most important crops. It is also an important advance in grass structural 
genomics permitting for the first time, whole-genome comparisons between mem-
bers of the three most important grass subfamilies.
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8.2.4  Barley

Barley (Hordeum vulgare L.) ranks fourth among the cereals in worldwide pro-
duction and due to its broad stress tolerance adaptability, high genetic variabil-
ity and close relationship to wheat and rye, barley is considered as an excellent 
model C3 crop of Triticeae (Koornneef et al. 1997; Hayes et al. 2003; Sreenivasulu  
et al. 2008a). Barley genome comprises seven chromosomes with estimated 
genome size of 5,100 Mb (12 times that of rice) of which 80 % of genome is 
composed of repetitive DNA, which is presently a major challenge to decipher 
the complete genome. The systematic efforts for sequencing the whole barley 
genome were initiated in 2006 by International Barley Sequencing Consortium 
(IBSC) (http://www.public.iastate.edu/~imagefpc/IBSC%20Webpage/IBSC%20
Template-home.html) and the cultivar Morex was recommended as a reference 
genome. Several approaches are being used to unlock the gene content in the 
whole genome by next-generation sequencing of sorted chromosomes, sequenc-
ing of gene-rich BAC clones and full-length cDNA collections (Sreenivasulu et 
al. 2008b; Mayer et al. 2011; Schulte et al. 2011). As a result, Barley Sequencing 
Consortium is continuously generating voluminous sequencing data that is acces-
sible from the website (http://webblast.ipk-gatersleben.de/barley/index.php). A 
novel analytical platform is also available for genome-wide SNP genotyping (9 K 
Infinium array) for barley and has been used to survey genomic variations among 
barley germplasm and to evaluate chromosomal distribution of introgressed seg-
ments of near-isogenic lines. Also several transcriptome platforms are available to 
generate genome wide transcriptome atlas (Druka et al. 2006, 2011; Sreenivasulu  
et al. 2006, 2008a). Natural variants among barley collections were used to inves-
tigate the associations between nucleotide haplotypes and growth habits that are 
witnessed in different geographical distribution (Saisho and Takeda 2011; Pasam 
et al. 2012).

8.2.5  Wheat

Wheat is the most widely grown and important staple cereal crop, which occu-
pies more arable land (17 % of all crop area) and possesses more market share 
($31 billion) than any other cereal crop (Gupta et al. 2008; Safar et al. 2010). 
Wheat is a hexaploid, with A, B and D subgenomes, the entire genome being 
40-fold larger than the rice genome (Arumuganathan and Earle 1991) and each 
individual subgenome being ~5,500 Mb in size. The large genome size, hexa-
ploid nature and a high proportion of repetitive DNA creates significant chal-
lenges in elucidating its genome sequence and to connect genome sequences 
to the phenotypic variance of agronomic traits (Chantret et al. 2005; Paux 
et al. 2008; Wanjugi et al. 2009). International wheat genome sequenc-
ing consortium (IWGSC) has began to target a complete high quality genome 

http://www.public.iastate.edu/~imagefpc/IBSC%20Webpage/IBSC%20Template-home.html
http://www.public.iastate.edu/~imagefpc/IBSC%20Webpage/IBSC%20Template-home.html
http://webblast.ipk-gatersleben.de/barley/index.php
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sequence, by adopting a chromosome-based strategy to construct physi-
cal BAC clone maps and subsequently to sequence each of the individual 
chromosomes (Dolezel et al. 2007). In this context, around 68,000 BAC 
clones of a 3B chromosome-specific BAC library (Safar et al. 2004; Paux  
et al. 2008) have been fingerprinted at the French National Sequencing Centre and 
the sequencing of these BAC clones is under progress (http://urgi.versailles.inra.
fr/index.php/urgi/Projects/3BSeq). Several approaches have been initiated to 
sequence the complex wheat genome. For instance, the consortium from UK 
produced 5X sequence of the bread wheat genome using Roche 454 technology 
(http://www.cerealsdb.uk.net/), and also produced a draft wheat genome assembly 
from the donor species of the wheat D genome, A. tauschii (http://www.cshl.edu/
genome/wheat). Sequences from individual flow-sorted bread wheat chromosome 
arms are also piling up gradually (Berkman et al. 2011; Wicker et al. 2011). With 
the increased availability of wheat genome sequence data, it is necessary to pro-
vide resources that can integrate wheat-specific sequence information to become 
useful for crop improvement (Edwards and Batley 2010). Since wheat genome 
sequencing is still in progress, and a high quality genome sequence is expecting by 
2015, one can foresee the possibilities of launching systems biology approaches 
even in barley and wheat. These systematic attempts to move from genomic to 
post-genomic strategies greatly facilitate researchers who wish to use this infor-
mation to improve this valuable crop. The update about the genome sequencing  
project information and other genetic resources are listed in the Table 1.

Evaluating the impact of genome organization, monitoring dynamic  
alteration of retrotransposons, assessing the impact of epigenetic hallmarks by 
covering genome wide DNA methylation and omics driven systems biology 
approaches are all part of genome dynamic applications. In this review we focus on 
transcriptome, proteome and metabolome data available in cereals and other model 
species. Further we discuss the future needs of implementing systems biology 
applications to derive work flow to identify key target genes for crop improvement.

8.3  Omics Revolution by High Throughput Approaches

Major progress made in the last decade is through the use of new high-through-
put techniques not only in the field of whole genome sequencing but also through 
characterization of genes through functional genomics. Systematic use of differ-
ent omics approaches such as transcriptomics, proteomics, metabolomics, fluxome 
and a way forward to connect the global data to the phenotypic variance (gener-
ated through phenomics) have led to expand the area towards systems biology 
for elucidating the mechanisms underlying the expression of agronomic traits. 
System-based approaches based on a combination of multiple omics analyses has 
been an efficient approach to determine the global picture of cellular systems and 
to reveal the plant responses and adaptation to a specific stress. In this context, the 
integrated approaches with multiple-omics data should contribute greatly to the 

http://urgi.versailles.inra.fr/index.php/urgi/Projects/3BSeq
http://urgi.versailles.inra.fr/index.php/urgi/Projects/3BSeq
http://www.cerealsdb.uk.net/
http://www.cshl.edu/genome/wheat
http://www.cshl.edu/genome/wheat
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identification of key regulatory steps and to characterize the pathway interaction 
in various processes. These illustrative examples demonstrate the power of multi-
omics-based systems analysis for understanding the key components of cellular 
systems underlying various plant functions. The integration of a wide spectrum 
of omics datasets from various plant species is then essential to promote transla-
tional research to engineer plant systems in response to the challenges of emerging  
climate change.

8.3.1  Transcriptomics

Genome-wide transcriptome profiling is a powerful approach to assemble a tran-
scriptome atlas of expressed genes involved in various biological phenomena and 
to reveal the molecular cross-talk of gene regulatory networks of responses to vari-
ous abiotic stresses. Microarray analysis is known to be an important approach to 
elucidate the molecular basis of the plant stress response (Van Baarlen et al. 2008; 
Deyholos 2010). The investigation of gene expression related to several physiologi-
cal and agronomical traits have been reported in different cereals. These responses 
include the following: responses to hormones (Seki et al. 2002b; Rabbani et al. 
2003), various stress responses (Kreps et al. 2002; Rabbani et al. 2003; Takahashi 
et al. 2004), including drought (Kreps et al. 2002; Oono et al. 2003; Rabbani et al. 
2003), cold (Kreps et al. 2002; Rabbani et al. 2003; Yamaguchi et al. 2004), high 
light (Rossel et al. 2002; Kimura et al. 2003), hyperosmolarity, oxidative stress 
(Takahashi et al. 2004), and iron deficiency (Thimm et al. 2001).

More detailed and comprehensive gene expression studies have been conducted 
in the model species like Arabidopsis and rice, and the resulting knowledge can be 
used in cereals through comparative gene networks. In case of cereals, several data 
repositories have been created to store the raw data and normalized expression val-
ues generated from GeneChip arrays including Affymetrix 57 K from Rice, 61 K 
Wheat, 22 K Barley1, full-genome Brachypodium and Maize arrays. Furthermore, 
these databases not only allow storage of data from Affymetrix platform but 
also allow storing data from Agilent and NimbleGen platforms (Sreenivasulu  
et al. 2010). These databases include PLEXdb, GEO, Genevestigator, UniProt, 
PlantGDB (Bombarely et al. 2011) Gramene (Youens-Clark et al. 2011), TAIR 
(Swarbreck et al. 2008) and MaizeGDB (Schaeffer et al. 2011).

Transcriptome studies have also been carried out in cereals and other model 
plants but mainly applying single stress at a time such as drought, salinity, cold or 
heat during the vegetative state (for recent reviews see Ingram and Bartels 1996; 
Sreenivasulu et al. 2004a, 2007; Kishor et al. 2005; Vij and Tyagi 2007; Fleury  
et al. 2010). Interestingly, unique stress responsive pathways such as osmolyte 
metabolism, antioxidant machinery, dehydrin and LEA proteins, chaperones and 
gene machinery involved in protection of cell integrity are preferentially upregu-
lated in both dicots and monocots (Xue et al. 2006; Ergen et al. 2009; Fleury  
et al. 2010; Sreenivasulu et al. 2010). However, within osmolyte metabolism, wide 
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array of biochemical pathways are known to activate preferentially in a species 
and genotype specific manner, which corresponds to compounds proline, manni-
tol, myo-innositol, trehalose, glycine metabolism, accumulation of sugar alcohols 
and free sugars including fructose metabolism. Additionally, some studies have 
identified abundance of various transcripts during heat treatment, including genes 
encoding for galactinol synthase and enzymes in the raffinose oligosaccharide 
pathway, and antioxidant enzymes (Lim et al. 2006; Xu et al. 2007). Comparison 
of transcript profiles between tolerant and susceptible lines under various stress 
responses has revealed differences in stress-responsive pathways reflecting dif-
ference in physiological response and adaptation behavior. Transcriptome analy-
sis also revealed some unexpected results such as a decrease in the expression of 
glutathione-related genes following withholding of water in a tolerant synthetic 
wheat line (Mohammadi et al. 2007), or the accumulation of proline in a drought-
sensitive emmer wheat line (Ergen and Budak 2009), suggesting that some path-
ways/mechanisms are dependent upon genotype, the duration, intensity, and 
type of stress applied. There are some reports, which show decrease in transcript 
abundance related to programmed cell death, basic metabolism, and biotic stress 
responses (Larkindale and Vierling 2008) under heat stress conditions. Recently, 
Pinheiro and Chaves (2011) reviewed 450 research papers on drought-mediated 
changes in photosynthesis.

Until now most of the transcriptome responses have been studied in veg-
etative tissues and recently few attempts were made to reveal the transcrip-
tome alterations in developing seeds to understand the yield stability. In case 
of cereals, transcriptome analyses were recently applied to analyze rice devel-
oping caryopses under high temperature conditions (Yamakawa and Hakata 
2010) and seed developmental alterations in barley under drought (Worch  
et al. 2011). Overall, several extensive attempts have been made to identify sev-
eral genes/pathways in a number of cereal crops including rice (Amudha and 
Balasubramani 2011; Hadiarto and Tran 2011; Yang et al. 2010). However, any 
deeper and/or new insights into mechanisms of the function of genes were miss-
ing. In combination with these reviews, the present review of literature based on 
transcriptome studies should present a pertinent update on genes involved in abi-
otic stress tolerance in crop plants. The effort is to lend a perspective on how 
different pieces may fit into the complicated puzzle and to present the integrated 
view on abiotic stress tolerance.

8.3.2  Proteomics

Although transcriptomics data provides an useful overview of global gene expres-
sion regulation, proteomics is often used as a complementary technique that 
provides the actual state of the condition of cell response to stress. Moreover, pro-
teomics is considered as an essential bridge between the transcriptome and the 
metabolome (Wasinger et al. 1995; Zhu et al. 2003). Compared to transcriptome 
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analysis, proteomics approach has a close relationship to phenotype because of 
their direct action on several biochemical processes. This approach is important in 
evaluating stress responses since the mRNA levels may not always correlate with 
protein accumulation (Gygi et al. 1999) and moreover several regulatory proteins 
are subjected to proteolysis to fine tune the dynamics of transcribed machinery. 
Despite this strategic importance, compared to transcriptomics analysis, plant pro-
teome response to abiotic and biotic stresses is still limited.

In the last decade, good progress has been made in the separation of proteins 
and their identification by mass spectrometry. Studies have evaluated changes in 
protein levels of plant tissues in response to stresses (Canovas et al. 2004; Kim 
et al. 2003). However, these studies have mainly focused on model species such 
as Arabidopsis and rice (Canovas et al. 2004). Implication of proteomic stud-
ies in cereals is mainly based on rice as a model species (Agrawal and Rakwal 
2006, 2011; Komatsu and Yano 2006). A proteomic analysis of drought and 
salt-stressed rice plants found that around 3000 proteins could be detected in a 
single gel and over 1,000 could be analyzed (Salekdeh et al. 2002). The effect 
of salt stress on young rice panicles has been investigated by the same group 
(Dooki et al. 2006). The proteomic analysis of rice leaf sheaths during drought 
stress identified 10 up-regulated and two down-regulated proteins. Among the 
up-regulated proteins, one was an actin depolymerizing factor present at high 
levels in the leaves of non-stressed drought-resistant cultivars (Ali and Komatsu 
2006). Proteome reference maps have been compiled for maize (Mechin et al. 
2004) and wheat (Vensel et al. 2005) endosperm and for barley grain (Finnie  
et al. 2002) during the processes of grain filling and maturation. The effect 
of heat stress on the grain of hexaploid wheat has been thoroughly studied at 
the protein level and down-regulation of several proteins involved in the starch 
metabolism and the induction of HSPs was reported (Majoul et al. 2003, 2004). 
The effect of drought on the wheat grain proteome, involved 121 proteins that 
exhibited significant changes in response to the stress; 57 of these 121 proteins 
could be identified (Hajheidari et al. 2007). Two-thirds of the identified pro-
teins turned out to be thioredoxin targets, revealing the link between drought 
and oxidative stresses. Changes in the protein complement have been moni-
tored in maize under progressive water deficit and several genes/proteins were 
reported to be involved in the drought response (Riccardi et al. 1998). The 
high level of genetic variability observed at the proteome level for the drought 
response in maize (de Vienne et al. 1999) allowed identification of Asr1 (ABA/
water-stress/ripening-related1) gene as a candidate for genetic improvement 
(Jeanneau et al. 2002). Apart from this, some proteomics resources are also avail-
able for grasses, such as the plant proteome database (http://ppdb.tc.cornell.edu/) 
which provides information on the maize and Arabidopsis proteomes. RIKEN 
Plant Phosphoproteome Database (RIPP-DB, http://phosphoproteome.psc.
database.riken.jp) was updated with a data set of large-scale identification of 
rice phosphorylated proteins (Nakagami et al. 2010, 2012). The OryzaPG-DB 
was launched as a rice proteome database based on shotgun proteomics (Helmy  
et al. 2011). Although only a handful of studies have been carried out in cereal 

http://ppdb.tc.cornell.edu/
http://phosphoproteome.psc.database.riken.jp
http://phosphoproteome.psc.database.riken.jp
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crops, it is expected to have a significant increase in the implementation of these 
techniques in cereal crops to study genome wide protein–protein interactions.

8.3.3  Metabolomics and Fluxome

Metabolomics is one of the important component of functional genomics. It 
defines the quantitative metabolite signatures present in a cell/tissue under a given 
set of physiological conditions (Oliver et al. 1998; Kell et al. 2005; Jordan et al. 
2009). Higher plants have the remarkable ability to synthesize a vast array of 
compounds that differ in the chemical complexity, structure and biological activ-
ity, playing indispensable roles in chemical defenses against biotic and abiotic 
stresses (Verpoorte and Memelink 2002; Dixon and Strack 2003; Schwab 2003). 
Moreover, under various stress conditions, crop species are known to modulate 
the primary metabolism due to the impaired photosynthesis and respiration events. 
The main advantage of metabolomics is that it allows one to measure the impact 
of metabolism and to interlink the key metabolic signatures to the phenotype.

Study of metabolic regulation during stressful conditions has been facilitated 
through mass spectrometry-based analytical methods resulting in the detection 
and identification of diverse metabolites (Sawada et al. 2009). Metabolite profil-
ing deals with detection of a wide range of metabolites in diverse concentrations, 
which makes their analysis more complicated. Therefore, more comprehensive 
coverage can only be achieved by using multi-parallel complementary extraction 
and detection technologies subjected to chemical analysis using liquid and gase-
ous chromatography-mass spectrometry (LC–MS and GC–MS), nuclear magnetic 
resonance (NMR) and Fourier transform-infrared spectrometer (FT-IR).

Metabolome analyses of model plants have markedly increased in the recent 
decade and helped to understand the plant response to various stresses. To obtain 
deeper view into cellular conditions under abiotic stresses, metabolomic investiga-
tions have been performed initially in model species like Arabidopsis and other 
plant species (Schauer and Fernie 2006). From the genome sequence informa-
tion of the A. thaliana, it is evident that plants appear to re-organize their meta-
bolic network in order to adapt to such conditions (Kaplan et al. 2004). Therefore, 
metabolomics plays a key role in understanding cellular functions and decoding 
the functions of genes under challenging abiotic stress conditions (Fiehn 2002; 
Bino et al. 2004; Oksman-Caldentey and Saito 2005; Hall 2006; Schauer and 
Fernie 2006; Hagel and Facchini 2008; Saito et al. 2008). Metabolic adjustments 
in response to different stress conditions are dynamic and multifaceted because 
of their intensity and nature of the stress, but it also depends on the cultivar and 
the type of plant species. This approach also covers the extensive comprehensive 
metabolite analyses, illustrating the complexity of metabolic adjustments to dif-
ferent abiotic stresses (Rizhsky et al. 2004; Urano et al. 2009) including salinity 
(Cramer et al. 2007; Kempa et al. 2007; Sanchez et al. 2008; Janz et al. 2010; 
Lugan et al. 2010), and temperature stress (Cook et al. 2004; Rizhsky et al. 2004; 
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Kaplan et al. 2007; Usadel et al. 2008; Espinoza et al. 2010; Caldana et al. 2011). 
Some metabolic changes are common to salt, drought, and temperature stress, 
whereas others are specific to particular stress (Gong et al. 2005; Cramer et al. 
2007; Gagneul et al. 2007; Kempa et al. 2008; Sanchez et al. 2008; Usadel et al. 
2008; Urano et al. 2009; Lugan et al. 2010). Metabolomic profiles illustrate that 
plants have developed a wide range of strategies to adapt their metabolism to unfa-
vorable growth conditions and that enhanced stress resistance is not restricted to 
a single compound or mechanism. Several metabolites/metabolic pathways that 
contribute to stress acclimation also play a role in development (Hanzawa et al. 
2000; Samach et al. 2000; Eastmond et al. 2002; Palanivelu et al. 2003; Imai et al. 
2004; van Dijken et al. 2004; Alcazar et al. 2005; Gupta and Kaur 2005; Satoh-
Nagasawa et al. 2006; Mattioli et al. 2008, 2009; Szekely et al. 2008; Deeb et al. 
2010; Zhang et al. 2011).

Surprisingly, metabolomic research has made a limited progress in cereals. 
A recent metablolome study in rice identified 88 metabolites from the extract of 
leaves. It was found that sugar and amino acid metabolism is dynamically altered 
under stress treatment (Sato et al. 2008). Metablolome study from maize ker-
nels showed wide range of natural variability based on the influence of genetic 
background and growing season (Reynolds et al. 2005), developmental stages 
(Seebauer et al. 2004) and environment (Harrigan et al. 2007). Metabolome 
study of diverse maize genotypes recently explored and highlighted the impor-
tance of grain fatty acid methyl esters, free fatty acid methyl esters, free amino 
acids. Around 167 metabolites were identified from 300 distinct analytes by using 
GC–MS approach (Rohlig et al. 2009). Integrated metabolome and transcriptome 
analysis has also been applied to investigate changing metabolic systems in plants 
growing in field conditions, such as the rice Os-GIGANTEA (Os-GI) mutant 
and transgenic barley (Kogel et al. 2010; Izawa et al. 2011). The application of 
metabolomics in cereals has just begun, and its full potential will be realized only 
in future. Large-scale metabolic analyses are therefore necessary to observe the 
metabolic networks important for plant growth and development under a range of 
environmental conditions.

Measurement of metabolism-wide fluxes through steady-state metabolic flux 
balance analysis (MFA or FBA) by measuring 13C redistribution signatures within 
the primary metabolism at subcellular compartment level, and the information 
about the biomass composition and growth rate generate data, which is collec-
tively described as Fluxome. Predicted flux maps is an important part of meta-
bolic engineering (Becker et al. 2007). Recently, several methods are refined to 
predict metabolic networks that determine the fluxes, which directly report on 
cellular physiology. The most widely used approaches for fluxome analysis are 
based on GC–MS measurement of labelling pattern of metabolites from the tracer 
studies. This approach is optimized and applied to move from gaining informa-
tion of static metabolic signatures to end products. A recent approach to the flux-
ome consists of the comprehensive determination of enzyme activities from cyclic 
robotic assays and determination of the activity of each reaction step in the meta-
bolic pathway (Gibon et al. 2006; Osuna et al. 2007). The most direct information 
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of metabolic regulations can be obtained through the determination of an actual 
metabolic flux. This method also allows gaining precise knowledge of metabolic 
physiology and its engineering (Christensen and Nielsen 2000; Des Rosiers et 
al. 2004). A range of different MFA methods has been applied to plant systems, 
resulting in identifying unique insights into the operation of plant metabolic net-
works. Implementing the emerging MFA methods for plant studies faces consider-
able hurdles because of the greater complexity of plant metabolic networks and 
our ignorance of understanding the biochemical pathway and kinetics at sub-cellu-
lar compartment levels (Sweetlove et al. 2008). For metabolic flux calculation, the 
different labelling data obtained are usually utilized to globally fit the unknown 
flux parameters by a computer flux model combining isotopomer and metabo-
lite balancing strategies (Wiechert et al. 2001; Kiefer et al. 2004; Wittmann et al. 
2004; Frick and Wittmann 2005). It has been recognized that better optimization 
of experimental designs is essential for distinguishing activities between parallel 
metabolic pathways operative in distinct cellular compartments, such as cytosol 
and plastids (Allen et al. 2007; Kruger et al. 2007; Li et al. 2008). Overall, MFA 
and dynamic labeling methods are instrumental for quantifying metabolic fluxes 
of plant responses under ambient and challenging environments (Roscher et al. 
2000; Boatright et al. 2004; Matsuda et al. 2005; Ratcliffe and Shachar-Hill 2006; 
Matsuda et al. 2009). Recently, genome wide metabolic fluxes have been predicted 
in Arabidopsis for high temperature and hyperosmotic stress, so that it was pos-
sible to identify key signatures such as severe reduction in carbon-use efficiency 
through reduction in PEP flux and increased TCA cycle for altered growth rate 
(Williams et al. 2010). Fewer studies have applied MFA in cereals. In maize, fast-
growing excised root tips were used to study the central carbon metabolism by 
keeping them for 12–18 h in a medium containing 13C-labeled glucose (Dieuaide-
Noubhani et al. 1995; Edwards et al. 1998), and then analyzing the most abun-
dant labeled free intracellular metabolites (i.e., sugars and amino acids) by NMR 
or MS; large flux maps of central carbon metabolism were derived in this man-
ner (Dieuaide-Noubhani et al. 1995; Alonso et al. 2005). In other studies 13C 
labeled glucose was used to label maize kernels and barley caryopsis, and label 
was analyzed in both glucose (derived from starch) and amino acids (derived 
from proteins) available in the starchy endosperm (Glawischnig et al. 2001, 2002; 
Grafahrend-Belau et al. 2009; Rolletschek et al. 2011).

8.3.4  Role of Hormones

Abiotic stress response involves a trigger of similar set of transcription fac-
tors involved in both ABA-dependent and ABA-independent manner in both 
dicotyledonous and monocotyledonous plants (reviewed by Sreenivasulu  
et al. 2007). Genes differentially regulated in Arabidopsis and rice in response to 
drought, salinity and cold stress comprise gene-sets enriched with DRE-related 
and ABRE core motifs. Therefore both ABA-dependent and ABA-independent 
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signaling pathways are important in regulating the transcriptome responses 
(Seki et al. 2002a, 2001; Gomez-Porras et al. 2007). Abscisic acid (ABA) 
remains the best-studied hormone for plant stress response. However, other 
hormones such as cytokinins, auxins, gibberellins, brassinosteroids, strigolac-
tones, jasmonic acid, salicylic acid as well as the gaseous hormones, ethylene 
and nitric oxide are being studied for their role in abiotic stress response in the 
recent past. Hence, we need to understand the manipulation of the phytohor-
mone synthesis and action across the plant life-cycle, which is an attractive ave-
nue to understand and engineer abiotic stress tolerance. In barley, the response 
to salinity stress includes the synthesis and the induction of the jasmonate sig-
nalling transduction pathways (Walia et al. 2006, 2007). Recently, modifica-
tion of cytokinin expression, with the critical difference in the use of a stress 
and maturation-induced promoter in rice resulted in elevating drought toler-
ance to produce higher yield under stress (Peleg et al. 2011). The observed dif-
ferences in the content of other phytohormones in the cytokinin-modulated 
transgenic rice lines also suggested synergistic or antagonistic interactions 
between auxins, ethylene, cytokinins and ABA in regulating stomatal behavior. 
Furthermore, gibberellins and brassinosteroids have a strategic importance in tol-
erance to a variety of abiotic stresses (Peleg and Blumwald 2011). Critical altera-
tion in the ratio of cytokinins and abscisic acid and its antagonistic responses is 
known to alter the growth dynamics under abiotic stress response (Nishiyama  
et al. (2011). Also, the effects of three different phytohormones auxin, ABA and 
cytokinins on the single trait of nitrogen acquisition were reported in a recent 
review (Kiba et al. 2011). Nitrogen acquisition and remobilization is an important 
trait to be considered in abiotic stress tolerance to fine tune source-sink relation-
ships in enhancing grain yield (Seiler et al. 2011; Kohli et al. 2012).

8.3.5  Phenomics

Phenomics involves comprehensive capture of a plant’s phenotype that helps to 
explore the germplasm. Unfortunately, there is a large gap in our understanding 
of events that may occur when genotype is translated into phenotype; there is an 
urgent need to fill this gap (Zamboni and Sauer 2004; Furbank and Tester 2011). 
Plant genomes possess great plasticity in the genomes for producing various types 
of phenotypes. However, the genetic variability that may prove useful for develop-
ing stress tolerant lines is limited.

There are large number of initiatives launched (IPPN: International Plant 
Phenomics Network; DPPN: Deutsches Pflanzen Phänotypisierungs Netzwerk; 
EPPN: European Plant Phenotyping Network; APPF: Australian Plant Phenomics 
Facility) to create phenotyping facilities to screen populations, GMO material and 
mutant collections by employing high end image capture technologies in the phyto-
trons and glass houses. The Plant Accelerator (Lemnatech scan analyzer 3D) which 
takes non-destructive measurements of plant biomass (Finkel 2009) can also be 
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used. The core of the Plant Accelerator’s phenotyping facility also measures level of 
watering and nutrient supplementation control, managing plant movement and track-
ing, and records images of plants in a range of different wavelengths, thus provid-
ing enormous information about the diversity of phenotype. Visible cameras quantify 
overall plant morphology, size, colour, shoot mass and other physical characteristics; 
near infra-red cameras detect water content of the leaves and soil; far infra-red pro-
vides information about leaf temperature and transpiration rate. While UV detects 
chlorophyll fluorescence, the GFP fluorescence will be helpful to monitor transgene 
expression. The first phenomics study was the use of quantitative phenotypic assays 
to measure salt tolerance traits such as osmotolerance Na+ exclusion and Na+ tissue 
tolerance in the diploid wheat T. monococcum (Rajendran et al. 2009). The advan-
tage of this approach is that it is non-invasive, allowing other omics approaches to 
analyze cell products from the same plant. Also other non-invasive techniques such 
as magnetic resonance imaging, high resolution based nuclear magnetic resonance 
and positron emission tomography are implemented to gain insights into structure–
function relationship (reviewed by Mir et al. 2012). To fully explore the genotype 
dependent tolerance mechanisms within the breeding programs, field-based high-
throughput phenotyping platforms are essential to monitor the canopy tempera-
ture using infrared thermography. Furthermore, implementations of remote sensing 
technologies are essential to fully explore phenotypic plasticity at the field level. To 
explore the key agronomic traits for the improvement of sustainable agriculture, one 
needs to expand the systematic phenotyping to explore allelic variation in mapping 
populations, breeding programs and large scale mutants and GMO collections.

8.4  Integrative Systems Biology

Integration of the different omic approaches in the area of abiotic stress tolerance 
allows more robust identifications of molecular targets for future biotechnologi-
cal applications in crop plants. Manipulating plant metabolism to better serve the 
future needs requires an improved understanding of the links between genotype 
and phenotype. Therefore, the massive omics data created from multifaceted plat-
forms of genome, transcriptome, proteome, metabolome, flux and enzyme kinetics 
(Table 8.2 and Fig. 8.1) need to be interlinked to the cellular phenotype to under-
stand the cellular physiological status under perturbed environmental conditions 
(Sauer et al. 1999). To address the missing links between molecules and physiol-
ogy, different approaches of systems biology are implemented which includes 
“top–down” and “bottom–up” strategies. The major strengths of top-down systems 
biology are to gain an integrative view of the huge collection of omic data sets like 
transcriptomics and/or proteomics, metabolomics and fluxomics (Westerhoff and 
Palsson 2004). Top–down systems biology identifies molecular interaction net-
works on the basis of correlated molecular behavior observed through genome-
wide ‘omics’ studies. Also, bottom-up systems biology deduces the functional 
properties that could emerge from a subsystem that has been characterized to a 
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high level of mechanistic detail using molecular methods but focuses at the cellular 
level. By employing the systems biology tools in plant science, many abiotic stress-
inducible genes were identified and their functions were precisely characterized in 
the model species.

Also, top–down systems biology concerns the identification of the structure of 
the molecular network that underlies system behavior that is, ‘reverse engineering’ 
from system data alone. Top–down approach starts by (re)constructing a possible 
topology of the network at a low level of complexity and provides a broad overview 
of the system at low resolution. Transcriptional networks through reverse engineer-
ing methods from the collections of gene expression data have been well pioneered 
on single-cell organisms, but have increasingly been applied to higher order organ-
isms including plants where applications of systems biology methods are now 
emerging (Carro et al. 2010; Carrera et al. 2009; Needham et al. 2009). The availa-
ble network models are mainly based on Boolean, Relevance, or Bayesian networks 
or association rules (Hache et al. 2009). These network inference methods are cate-
gorized into (1) those that aim to influence the genes in the general manner to influ-
ence the expression of other genes by forming gene regulatory networks (Bansal et 
al. 2007; Marbach et al. 2010) and (2) those, which aims to having physical interac-
tion between transcription factors and the regulatory genes/motifs by forming the 
gene regulatory networks (Styczynski and Stephanopoulos 2005). The metabolic 
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network reconstructions that are normally done at the genome-scale are the key 
factors to characterize the genotype to phenotype relationships using all sequence 
and functional annotation data that is available in public databases combined with 
manual curation using the available literature and experimental data (Feist et al. 
2009). Most systems biology studies have been implemented in the model plant 
Arabidopsis, where large transcriptomics programs have generated adequate quan-
tities of high-quality data to enable systems analysis (Krishnan et al. 2009). The 
resulting knowledge can be used in cereals through comparative gene networks. 
Therefore, it is important to perform parallel studies in cereals with other charac-
teristics, as well as to develop methods to allow use of data from the Arabidopsis 
system to conduct studies in other plant species.

Integration of different multiple ‘omics’ data is required to reconstruct complex 
networks that characterize the phenotypes in the cell (Moles et al. 2003; Kremling 
et al. 2004). In particular, transcriptome co-expression analysis for delimiting 
genes of interest has been implemented more efficiently using publicly available 
large transcriptome datasets such as AtGenExpress (Schmid et al. 2005; Goda  
et al. 2008) and NASCArrays (Craigon et al. 2004), which contain data from >1000 
microarrays from model species alone. This kind of in-depth data is yet to be gen-
erated among cereal species to elucidate gene regulatory networks. The current 
status of available resources related to integrated databases for cereal crop species 
are listed in the Table 2. Transcriptome data sets are now available for co-expres-
sion analysis of the transcriptome in cereal crops; for instance, RiceArrayNet and 
OryzaExpress databases provide web-accessible co-expression data for rice (Lee  
et al. 2009; Hamada et al. 2011). The ATTED-II database also provides co-expres-
sion data sets for rice in addition to those for Arabidopsis (Obayashi et al. 2007; 
2011). A co-expressed barley gene network was recently generated and then 
applied to comparative analysis to discover potential Triticeae- -specific gene 
expression networks (Mochida et al. 2011). PlaNet (http://aranet.mpimp-golm.
mpg.de/), a database of co-expression networks for Arabidopsis and six plant crop 
species, uses a comparative network algorithm, NetworkComparer, to estimate 
similarities between network structures (Mutwil et al. 2011). This platform inte-
grates gene expression patterns, associated functional annotations and MapMan 
term-based ontology, and facilitates knowledge transfer from Arabidopsis to crop 
species for the discovery of conserved co-expressed gene networks. The KEGG 
PLANT Resource (KEGG; http://www.genome.jp/kegg/) is one of the most widely 
established integrated database which provide information on primary metabolism 
of biosynthetic pathways. It aims to integrate genomic information resources with 
the biosynthetic pathways of natural plant products (Masoudi-Nejad et al. 2007). 
Another information resource for biosynthetic pathways, PlantCyc platform has 
been used for a number of plant species to analyze the computational analysis of 
the genes, enzymes, compounds, reactions and pathways involved in developmen-
tal and stress response. The pathways section in the Gramene databases provides 
RiceCyc, MaizeCyc, BrachyCyc and SorghumCyc, for rice, maize, Brachypodium 
and sorghum, respectively (http://www.gramene.org/pathway/). These resources 
will enable cereal workers to focus on active analysis of regulatory networks that 

http://aranet.mpimp-golm.mpg.de/
http://aranet.mpimp-golm.mpg.de/
http://www.genome.jp/kegg/
http://www.gramene.org/pathway/
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may be involved in different biological functions (de la Fuente et al. 2002; Vlad  
et al. 2004; Kholodenko et al. 2002).

Generally, a preselected set of genes designated as guide genes or bait genes 
for the core part of the network modules is computed for co-expression with other 
genes for the generation of co-expression networks (Horan et al. 2008). If a net-
work frame is formed between unknown and known genes, it is presumed that 
these genes share a common regulatory system and thus are involved in the same 
pathway. This approach was applied for identification of genes involved in sev-
eral biochemical pathways such as cellulose synthesis (Persson et al. 2005), ali-
phatic glucosinolate biosynthesis (Hirai et al. 2007), glucosinolate biosynthetic 
pathway (Hansen et al. 2007; Geu-Flores et al. 2009) and hormone metabolism (Goda  
et al. 2008). In case of cereals, the integrated analysis of metabolome and transcriptome 
was recently conducted to analyze rice caryopses developing under high temperature 
conditions (Yamakawa and Hakata 2010); molecular events underlying pollination-
induced and pollination-independent fruit sets were also examined (Wang et al. 2009). 
Integrated analysis of metabolome and transcriptome has also been applied to investi-
gate changing metabolic systems in field grown plants of rice Os-GIGANTEA (Os-GI) 
mutant and transgenic barley lines (Kogel et al. 2010; Izawa et al. 2011). An integrated 
analysis of proteome and metabolome was also used to compare the differences in 
response to anoxia between rice and wheat coleoptiles (Shingaki-Wells et al. 2011). 
Furthermore, an integrated analysis of transcriptome, proteome and metabolome was 
conducted to characterize the cascading changes in UV-B-mediated responses in maize 
(Casati et al. 2011). In this context, the integrated approaches with multiple omics data 
should contribute greatly to the identification of key regulatory steps and to character-
ize the pathways for various processes. Following these successful efforts, multi-omics-
based systems analyses have improved our understanding of plant cellular systems by 
integrating metabolome analysis with genome and transcriptome resources (Hirai et al. 
2004; Saito et al. 2008; Okazaki et al. 2009). The URLs of each integrative database in 
plant genomics are listed in Table 2.

The main objective of the above strategy is to discover new molecular mecha-
nisms using an iterative cycle that starts with experimental data, followed by data 
analysis and data integration to determine correlations between the molecules. As 
an end process, the formulation of hypotheses concerning co- and inter-regulation 
of groups of those molecules will be revealed. The omics data obtained under a spe-
cific condition such as stress response from a given gene knockouts are used for 
integrated omics analysis in this strategy. Such an analysis allowed the prediction of 
functional relevance of key genes involved in stress-specific regulons determining 
tolerance. This approach has become the key to decipher the functional analysis of 
the genes identified from the whole genome sequencing of the plants. Alternatively, 
it also helps to identify ubiquitous stress regulated pathways. However, more atten-
tion is now focused in the creation of mutants and screening the response to abiotic 
stress using multi-layered omics strategy. To date, more than half a million T-DNA 
mutants have been developed for rice and Arabidopsis (An et al. 2005; O’Malley 
and Ecker 2010). In other cereals, like Brachypodium, a large-scale collection of 
T-DNA tagged lines termed ‘the BrachyTAG program’ have been developed and 
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used to investigate gene functions (Thole et al. 2010). A collection of several knock-
out mutants in cereals has been generated to assess the function of genes involved 
in abiotic stress. The rice full-length cDNA overexpressed Arabidopsis mutant 
database (Rice FOX Database, http://ricefox.psc.riken.jp/) was a new informa-
tion resource for the FOX line (Sakurai et al. 2011). The system was also used to 
screen salt stress-resistant lines in the T1 generation produced by the transforma-
tion of 43 focused stress-inducible transcription factors of Arabidopsis (Fujita et al. 
2007). Then, the system was applied to a set of full-length rice cDNA clones aiming 
for in planta high-throughput screening of rice functional genes, with Arabidopsis 
as the host species (Kondou et al. 2009). Thus, the FOX hunting system is capa-
ble of the high-throughput characterization of gene functions. Furthermore, in rice, 
the endogenous retrotransposon Tos17, which is activated in particular conditions, 
is also available for the study of the insertion mutant lines of a japonica rice culti-
var, Nipponbare (Miyao et al. 2007). Several mutants were isolated in wheat, which 
showed increased resistance towards biotic stress tolerance. In wheat, heat tolerant 
(Mullarkey and Jones 2000) and salt tolerant plants (Huo et al. 2004) have already 
been charecterized to study the genetic basis of stress tolerance. Additionally, the 
maize Enhancer/Suppressor Mutator (En/Spm) element has also been used as an 
effective tool for the study of functional genomics in plants (Kumar et al. 2005). 
Other approach to study the gain-of-function of mutations by activation tagging 
have been developed and performed in Arabidopsis, rice and soybean (Weigel et al. 
2000; An et al. 2005; Kuromori et al. 2009). The current status of available resources 
related to mutants database for cereal crop species were listed in the Table 8.2.

8.5  Identification of Key Candidate Genes for Tolerance  
to Abiotic Stress and Validation of their Functions 
Using Transgenic Approaches

One of the key challenges facing agriculture today is the acute water shortage and 
high temperature caused by worldwide climate change and the increasing world 
population. Fulfilling the needs of this growing population is quite difficult from 
the limited arable land area available on the globe. Although there are legal, social 
and political barriers to the utilization of biotechnology, advances made in this field 
have great potential to substantially improve agricultural productivity under chal-
lenging environments. Both non-GMO and GMO strategies have been implemented 
to improve tolerance in crop plants. Genetic engineering is thus being intensively 
explored to improve plant tolerance to various abiotic stresses, and transgenic crop 
genotypes with improved stress resistance have actually been produced (Bartels 
and Sunkar 2005; Vinocur and Altman 2005; Umezawa et al. 2006; Pennisi 2008; 
Wan et al. 2009). In case of maize, drought tolerance transgenics are also undergo-
ing field trails in Africa, and some other drought tolerant genotypes are also being 
used by the farmers for commercial cultivation. Performance of a number of other 
events in maize and other crops are being subjected to field trials. Partial drought 

http://ricefox.psc.riken.jp/
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tolerance has been achieved in the vegetative phase through gene transfer by alter-
ing the accumulation of osmoprotectants, production of chaperones, protection of cell 
integrity by expression of LEA proteins and improved superoxide radical scaveng-
ing mechanisms (see reviews by Hasegawa et al. 2000; Kishor et al. 2005; Sangam 
et al. 2005; Sreenivasulu et al. 2004b, 2007; Vij and Tyagi 2007). In addition, over-
expression of the key regulators ABF2, ABF3 and ABF4 of Arabidopsis involved 
in ABA-dependent signaling as well as constitutive expression of the Arabidopsis 
DREB1A, DREB1B, DREB1C and DREB2A transcription factors participating in 
ABA-independent signaling pathways have been shown to be effective in engineer-
ing drought tolerance (see reviews by Agarwal et al. 2006; Umezawa et al. 2006; 
Sreenivasulu et al. 2007). Genetic engineering strategy has been successfully applied 
to increase tolerance against a number of other abiotic stresses also. In this context, a 
variety of crops from cereals (rice, maize, barley, Brachypodium and wheat etc.,) have 
been engineered for enhanced resistance to a multitude of stresses, each individually, 
or in combination of biotic and abiotic stresses. Enhancing plant tolerance to abiotic 
stresses involves multiple mechanisms and therefore involves manipulation of differ-
ent physiological and biochemical pathways (Wang et al. 2003; Zhang et al. 2009).

8.6  Summary and Outlook

The availability of complete genome sequence information of model species like 
Arabidopsis thaliana, Oryza sativa and other cereal plants has made valuable contri-
butions in dissecting the stress response at the level of transcriptional regulation, post-
transcriptional, post-translational modifications and epigenetic regulation. Using high 
throughput modern techniques like transcriptomics, metabolomics and proteomics, 
stress-responsive pathway genes have been identified. These strategies enabled us to 
identify key stress regulators by deriving complicated regulatory network. Employing 
the systems biology tools in plant science, many abiotic stress-inducible genes were 
identified and their functions were precisely characterized in the model species.

The identification of stress-regulators gave rise to the idea that plants have 
developed flexible cellular response mechanisms to efficiently respond to vari-
ous abiotic stresses. Numerous genes that are induced by various abiotic stresses 
have been identified using various microarray systems and these gene products are 
classified into two groups. The first group includes proteins functioning in direct 
abiotic stress tolerance; these include the following: chaperones, LEA proteins, 
osmotin, antifreeze proteins, mRNA-binding proteins, key enzymes for osmolyte 
biosynthesis such as proline, water channel proteins, sugar and proline transport-
ers, detoxification enzymes, and enzymes involved in fatty acid metabolism, pro-
teinase inhibitors, ferritin, and lipid-transfer proteins. The second group includes 
factors involved in regulatory function related to signal transduction, hormonal 
response and transcription factors, which are responsive to various stress factors. 
These transcription factors could regulate various stress inducible genes coopera-
tively or independently, and may constitute gene networks.
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Under drought, photosynthesis is affected by decreased intake and diffusion 
of CO2 due to modulation of stomatal opening by phytohormones. In response to 
altered carbon intake, the changed leaf sugar status acts as a metabolic signal. In 
concert with other phytohormones, it inhibits growth, which further alters the car-
bon: nitrogen ratio. The stress conditions generated by severe drought and nutrient 
deprivation triggers energy imbalances, as well further loop-in alteration between 
growth promoting and growth retarding phytohormones (Sreenivasulu et al. 2012), 
generation of reactive oxygen species (ROS) and second messengers such as cal-
cium to affect transcriptional regulation of numerous genes. Their meta-analysis 
indicated that variables on the time and severity of stress and plant species made it 
difficult to find a general trend in relating molecular responses to the physiologi-
cal status of the plant. Functional characterization of stress inducible transcription 
factors should provide more information in the complex regulatory gene networks 
that are involved in responses to drought, high temperature, and high salinity 
stresses. At present, the functions of many of these genes are not fully character-
ized. Some attempts at analyzing large scale high throughput data allows us to 
bring the different elements together, suggesting that the integration of stress cues 
into development and plant growth in dealing with crop yield under stress is rather 
complicated. Such diversity in needs, approaches, opinions and indeed results has 
led to generation of massive literature, which needs to be systematically reviewed 
to derive proper strategies for understanding the stress tolerance mechanisms. 
Therefore methods implied in systems biology approaches remain pivotal to sys-
tematically reveal the function of these stress-responsive pathways.
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9.1  Introduction

Seeds are the product of sexual reproduction in flowering plants. The seeds of cereals 
are the main source of staple food, animal feed and the raw material of food and 
fiber-based industries worldwide (Olsen 2001). More recently, cereal seeds have 
been used as a source of starch for the production of biofuels, although this use has 
become controversial (Fischer et al. 2009). New strategies for raising grain produc-
tion have become a high international priority to help feed a growing world popula-
tion in a scenario where resources are limiting and climate variability is increasing 
(Tester and Langridge 2010). Abiotic and biotic stresses such as drought, frost/cold, 
salt, micronutrient-deficiency, heavy metal toxicity and damage caused by microbes 
and pests can lead to dramatic yield loss and have a great impact on seed quality.

Grain yield is determined by a range of factors related to overall plant develop-
ment. These include the ability of the plant to access water and nutrients through 
the roots, the development of leaves and photosynthetic tissues for carbon fixation 
and storage and the processes of carbon and nutrient relocation during grain filling. 
However, many processes associated with fertilization and grain development are also 
critical in determining the final size, shape and composition of grains, which have an 
impact on yield. The fertilization process is not only important in establishing grain 
number but is also a prime target for modifying the reproductive strategy, for example 
in apomixis. Modification of these pathways and processes requires a detailed under-
standing of the molecular events starting from seed initiation up to seed maturity.
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9.2  Structure of Cereal Seeds

Due to a closely fused seed coat and fruit coat, cereal seed usually refers to the cary-
opsis, which consists of an embryo, a large endosperm and a mass of maternal tis-
sues. Endosperm is the tissue of the main nutritional value, since it comprises over 
80 % of the cereal grain. Mature endosperm consists of five types of cells, known 
as aleurone (AL), sub-aleurone, starchy endosperm (SE), embryo surrounding region 
(ESR) and endosperm transfer cells (ETC). Maternal tissues such as fruit and seed 
coat (testa) enclose the embryo and endosperm. The embryo contains two main parts; 
embryo axis and scutellum. The scutellum is responsible for the transport of nutri-
ents to the developing embryo axis and later, during seed germination, it provides the 
route for sugar transport from the endosperm to the germinating embryo (Aoki et al. 
2006). The nutritional value of the embryo and endosperm for human diets are differ-
ent: the embryo is rich in lipids and enzymes while the endosperm is the storage site 
for starch and proteins. The aleurone layer is rich in soluble protein (about 50 %) and 
is also a source of enzymes, lipids and vitamins. Cell walls in the starchy endosperm 
are thinner compared with other cells in the seeds. Cells of starchy endosperm are 
packed with starch graduals embedded in a protein matrix. Figure 9.1 shows different 
grain tissues in sections of mature barley caryopses at harvest.

Fig. 9.1  Transverse and longitudinal sections of barley grain with the different grain tissues labelled
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9.3  Methods in Cereal Seed Genomics

9.3.1  Micro-dissection

Traditional sampling methods used in cereal functional genomics often lead to a 
mixture of information because of the heterogeneous cell and tissue types present 
in the samples. Microdissection allows either isolation of specific cell or tissue 
types or a significant enrichment for particular cells or tissues of interest (reviewed 
in Brandt 2005; Nelson et al. 2006; Galbraith and Birnbaum 2006). Two methods 
are used in laser microdissection (LM): laser capture and laser cutting. In laser 
capture, cells of interest are captured from tissue sections onto a transfer film with 
the help of an infrared laser. In laser cutting, target cells are cut from tissue sec-
tions with the help of a UV laser and collected into a tube either by gravity or 
under the high pressure of a laser beam (Ohtsu et al. 2007).

LM is usually combined with high throughput technologies, including metab-
olomic, proteomic and transcript profiling (Ohtsu et al. 2007; Moco et al. 2009; 
Thiel et al. 2011). Transcript profiling and gene identification can be achieved by 
using LM in combination with sequencing. For example, transcriptome analysis 
of barley genes expressed in the nucellar projection and endosperm transfer cells 
during early endosperm development were successfully identified by using a 12 K 
microarray on tissue collected using the LM laser pressure catapulted method 
(Thiel et al. 2008).

In some cases, cells can be collected without any use of expensive LM instru-
ments. For example, the presence of the large, liquid multinucleate syncytium 
during early endosperm development in wheat allowed collection of this fraction 
with a thin pipette tip. Sufficient RNA was sampled to allow generation of a yeast 
expression cDNA library. This library was used for the isolation of a number of 
grain specific genes (Kovalchuk et al. 2009, 2012a, b).

9.3.2  Yeast One–Hybrid and Two-Hybrid Screening

The yeast one-hybrid (Y1H) system provides a genetic assay for the identifica-
tion of genes encoding proteins that bind to DNA elements of interest in vivo and 
has proved a useful tool to explore gene regulatory networks (Hens et al. 2012). 
Several different Y1H vector systems have been developed for the isolation of 
transcription factors and other DNA-binding proteins using characterized or pre-
dicted cis-elements or segments of gene promoters as baits (Deplanke et al. 2004; 
Chen et al. 2008; Klein and Dietz 2010; Reece-Hoyes et al. 2011). One example of 
the application of this method to isolate transcription factors potentially involved 
in regulating grain development resulted in the identification of more than 50 
cDNA clones from cDNA libraries prepared from wheat, barley and maize spikes, 
grains and grain fractions (Pyvovarenko and Lopato 2011). The Y1H system 
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provides an opportunity to isolate genes encoding transcription factors and other 
DNA-binding proteins from species, which have complex unsequenced genomes 
and also have poor or limited cDNA resources. Provided the cDNA libraries are 
carefully prepared, the method allows isolation of long cDNAs belonging to genes 
with low abundance (Kovalchuk et al. 2012a).

Yeast two-hybrid (Y2H) screening has been used for the identification of novel 
partners in protein–protein interactions and confirmation of protein interactions pre-
dicted or identified using other methods. Novel members of protein complexes that 
are involved in the regulation of signal transduction pathways and control of grain 
developmental stages were identified using the Y2H approach. A wheat pre-mRNA 
splicing factor, TaRSZ38, has been shown to be expressed in the embryo and also 
in the mitotically active part of syncytial and cellularizing wheat endosperm. Using 
TaRSZ38 as bait in the Y2H screening, several cDNAs belonging to genes encod-
ing known plant splicing factors were identified and some of these proteins were 
subsequently selected as baits for further Y2H screens. As a result, a large number 
of novel proteins involved in the pre-mRNA processing and mRNA transport have 
been reported (Lopato et al. 2006). The Y2H screen was also used to identify inter-
acting partners of the ETC-specific lipid transfer protein TaPR60 (Kovalchuk et al. 
2009) and grain-expressed NF-Y transcription factors (Lopato et al. unpublished).

Several interesting modifications of the Y2H system have been described. One 
of them, the nuclear transportation trap (NTT) system was used to isolate a num-
ber of nuclear proteins from rice NTT cDNA libraries (Moriguchi et al. 2005). 
Another efficient yeast-based system was developed for the isolation of plant 
cDNAs for genes encoding transcription factors and proteins with transcription 
activation functions (co-activators) in the developing rice embryo (Ye et al. 2004).

9.3.3  In vitro Fertilization (IVF)

Development of micromanipulation techniques, such as microdissection, facili-
tated selection and isolation, of single egg and sperm cells (reviewed in Weterings 
and Russell 2004). Fusion of defined gametes in vitro can be achieved by elec-
trical or chemical methods, for example using calcium and polyethyleneglycol 
(Kranz and Lörz 1994; Kranz et al. 1998). IVF has provided new possibilities in 
the study of zygotes, primary endosperm cells, embryos and endosperm devel-
opment after fertilization. It also enabled the analysis of events occurring imme-
diately following fertilization. To date, complete IVF resulting in successful 
embryogenesis has been achieved only for maize and rice (for a review see Kranz 
and Scholten 2008).

By using molecular techniques and the IVF system, it is possible to perform the 
following studies: (1) identification of genes from isolated reproductive cells, (2) 
analysis of gene expression on a single-cell basis, (3) molecular analysis of differ-
entially expressed genes with a targeted approach, (4) protein expression analysis, 
and (5) analysis of epigenetic modification (Kranz and Scholten 2008).
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9.3.4  Somatic Embryogenesis

Highly differentiated somatic cells under optimum conditions remain competent 
to undergo embryogenesis; defined as totipotency. Non-zygotic or somatic 
embryos, commonly known as embryoids can be formed in tissue culture. The 
induced embryoids are structurally polarized and their developmental behavior 
is similar to zygotic embryos. Somatic embryogenesis was initially discovered 
in carrot and later proved to be a model system for analysis of hormonal regu-
lation of cell competence and identification of proteins and molecules affecting 
cell fate (Raghavan 2006). Successful callus induction followed by embryogen-
esis was observed for a number of Poaceae species. However, due to slow growth 
of the embryo and rapid loss of embryogenesis potency, the application of the 
system was limited. In contrast, in some other monocotyledonous plants, such as 
orchard grass, embryogenesis can be easily achieved directly from the leaf meso-
phyll cells.

Several factors can affect somatic embryogenesis, including genotype, explant, 
tissue culture medium, growth regulators, source of carbohydrates and culture 
conditions such as temperature, light intensity and cycle. Somatic embryogenesis 
has a potential for large-scale plant propagation. Somatic embryos obtained in 
vitro are often free of viruses and pathogens; they can be a potential source for the 
production of synthetic seeds (Aquea et al. 2008; Thobunluepop et al. 2009).

9.3.5  Embryo Rescue and Endosperm Cultures

Major barriers to the formation of normal seeds can result from inter-specific or 
inter-generic crosses due to post-zygotic endosperm failure following double fer-
tilization (Brink and Cooper 1947). These wide crosses have been important for 
cereal breeders since they allow the introgression of novel alleles for disease 
resistance, abiotic stress tolerance or grain quality from wild relatives. However, 
due to genomic incompatibility of the parents, double fertilization and endosperm 
formation is often prevented and these crosses frequently lead to seed abortion 
(reviewed in Haslam and Yeung 2011). Embryo rescue allows zygotic or immature 
embryos obtained from such crosses to grow and develop further into full-term 
embryos and to overcome seed dormancy (Raghavan 2003).

Embryo rescue has been successfully used for producing intergeneric hybrids 
involving a number of agriculturally important crops, particularly those belong-
ing to Triticeae. The intergeneric combinations used for this purpose included the 
following: Hordeum × Secale, Hordeum × Triticum, Hordeum × Agropyrum, 
Triticum × Aegilops and Triticum × Secale.

Embryo culture has also been widely used in plant transformation since this 
tissue is usually highly receptive to transformation using both Agrobacterium 
tumefaciens and biolistic bombardment, thus making it possible to obtain trans-
genic plants (Tingay et al. 1997).



220 M. Li et al.

The first endosperm suspension culture was obtained for ryegrass and maize 
(Ashton and Polya 1978; Shannon 1982). These cultures were used for stud-
ies of hormonal regulation of cell division and expansion, and for the identifica-
tion of genes controlling protein biosynthesis. In maize, effects of nitrogen-rich 
nutrients on the accumulation of seed storage proteins was also carried out using 
endosperm cell cultures derived from explants taken from developing seeds of 
several opaque2 mutants harvested at 10 day after pollination. All mutants except 
Mo17o2R showed increased fresh and dry weight in response to increased nitro-
gen. The different response of Mo17o2R resulted from the absence of a tran-
scription factor involved in the regulation of transcription of α-zein polypetides 
(Locatelli et al. 2001).

9.4  Development of Component Grain Tissues

9.4.1  Embryo Development

The life cycle of diploid angiosperm alternates between the diploid sporophytic 
and haploid gametophytic stages. The sporophytic phase usually lasts longer and 
supports the development of flowers where male and female gametophytes are 
produced. The male gametophyte or pollen grain develops in the anther and the 
female gametophyte, the embryo sac develops in the ovule (Raghavan 2006). 
In many angiosperm species, pollen grains usually comprise two cells, genera-
tive and vegetative cells. A polygonum type embryo sac consists of eight nuclei in 
seven cells defined as an egg, two synergids, three antipodals and one diploid cen-
tral cell embedded in maternal ovule tissues (Drews and Yadegari 2002).

For the development of seed, several events take place sequentially start-
ing from pollination to fertilization. Mature pollen grains hydrate and germinate 
after landing on stigmas, producing pollen tubes, which grow through the style 
and eventually reach the ovary. Upon arrival in the ovary, two sperm nuclei are 
released from the pollen tube into the embryo sac and migrate to the egg cell 
before fusion to the polar nuclei. During fertilization, one sperm nucleus fuses 
to the egg to form a diploid zygote, which develops into the embryo. The sec-
ond sperm nucleus fertilizes the homo-diploid central cell which gives rise to a 
triploid endosperm. After fertilization, ovules develop into seeds containing the 
fertilized embryo and endosperm (Lopes and Larkins 1993; Reiser and Fischer 
1993; Russell 1993; van-Went and Willemse 1984). The tissues derived from 
the sporophyte contribute to the remainder of the seed, such as the integuments, 
which develop into the seed coat and the ovary that becomes the bulk of the fruit 
(Koltunow 1993; Tucker et al. 2003; van-Went and Willemse 1984).

In angiosperms, the fertilized egg develops into a diploid zygote, which is the 
progenitor of the embryo. Cell division, expansion, differentiation and matura-
tion are involved in the process of transforming a zygote into a mature embryo. 
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The polarity of the embryo is established with the first mitotic division. Cell 
divisions of the zygote occur synchronically with or later than those in the primary 
endosperm nucleus. Zygotes in some species may undergo a short “rest” period, 
which differs in length from a few hours to several days varying between species. 
In rice, the primary endosperm nucleus starts dividing about 3 h after fertilization 
(HAF), while zygotic nuclear division occurs at 6 HAF (Hu 1982).

The first four rounds of mitotic divisions following fertilization appear to be 
conserved in both monocots and eudicots. The apical-basal pattern known as 
embryo proper-suspensor is formed at the octant embryo stage, but embryo devel-
opment in monocots differs from that in eudicots beyond this stage (Natesh and 
Rau 1984; Raghavan 2006). From embryo ontogeny to the mature seed, grasses 
(Poaceae), share some common features with other monocots and eudicots. 
However, the apical cell in monocots undergoes irregular divisions to generate the 
embryo proper, which shows radial symmetry while the basal cell produces a club-
shaped suspensor complex at the same time (Raghavan 2006). In wheat, embryos 
initiate development of a scutellum and embryo axis at about 6 days after pollina-
tion (Hu 1982). The anterior part of the embryo axis gives rise to the coleoptile 
and shoot apex, while the posterior face forms the root apex. The mesocotyl lies 
between the nodes of the coleoptile and the scutellum (Raghavan 2006). Leaf pri-
mordia and other structures can be easily distinguished at about 40-45 DAP in the 
mature embryo (Hu 1982).

9.4.2  Endosperm Development

Three types of endosperm development, defined as nuclear, cellular and helo-
bial, have been observed in angiosperms on the basis of whether there are walls 
formed with or without nuclear division (Vijayaraghavan and Prabhakar 1984). 
In the nuclear type, the primary endosperm cell undergoes mitotic divisions fol-
lowed by repeated divisions of the daughter nuclei in the absence of wall forma-
tion. A distinct feature of cellular endosperm development is that the initial and 
subsequent divisions of the nuclei are accompanied by the formation of cell-
plates. Hence, the endosperm remains in cellular form throughout development. 
Helobial type endosperm development is an intermediate type, in which the pri-
mary endosperm nucleus divides once, resulting in two cells differing in size and 
occupying a larger micropylar chamber and a smaller chalazal chamber. The cha-
lazal chamber usually remains uninucleate or multinucleate resulting from a lim-
ited series of mitoses, whereas in the micropylar chamber, free-nuclear divisions 
take place before cytokinesis (Brink and Cooper 1947; Hu 1982; Vijayaraghavan 
and Prabhakar 1984).

In the nuclear endosperm development, several stages that are considered to 
be landmarks include syncytium, cellularization, differentiation and maturation 
(reviewed in Olsen 2001, 2004; Sreenivasulu et al. 2010). Many monocots, such 
as wheat, rice, barley and maize, and some eudicots like Arabidopsis, soybean 
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and cotton have nuclear endosperm and share the features of early endosperm 
development in the syncytial and cellular stages (Brown et al. 1999, 1994, 1996b; 
Klemsdal et al. 1991; Lid et al. 2004; Linnestad et al. 1998). The fate of endosperm 
cells differs dramatically after cellularization between some monocotyledonous and 
eudicotyledonous species, as demonstrated in cereals and Arabidopsis. Usually, 
the endosperm is persistent and turns into the storage site for cereals as the seed 
matures. By contrast, the endosperm of Arabidopsis is consumed by the developing 
embryo and degrades to a single cell layer in the mature seed, and in soybean it is 
absorbed entirely by the two distinct cotyledons (Linnestad et al. 1998).

Syncytial and cellularization phases of endosperm development are conserved 
among all groups of angiosperms (reviewed in Olsen 2001, 2004). The nuclear 
migration and cellularization happens in a radial manner initiated from the outmost 
layer of peripheral nuclei and gradually waves inwards to the center of the central 
cell. Microtubules are involved in endosperm ontogeny (Brown et al. 1994, 1997; 
Webb and Gunning 1991). In cereals, during the syncytial stage, successive and 
rapid mitotic divisions turn the triploid primary endosperm nucleus into a multinu-
clear peripheral lining of the cytoplasmic domain surrounding the large central vacu-
ole (reviewed in Olsen 2004). A two-day mitotic interval in barley and, presumably 
in other cereals has been found for the period preceding cellularization (Linnestad 
et al. 1998). During this pause, the daughter nuclei that have already migrated to the 
distal cytoplasm are re-organized in the nuclear cytoplasmic domains (NCDs) by the 
radial-microtubule systems (RMS) set out from the surface of each nucleus at telo-
phase. The anticlinal walls are deposited in the interzones restrained by the neigh-
boring NCDs. No mitosis or phragmoplast is involved in this free-growing anticlinal 
wall (Brown et al. 1994, 1996b). The polarization of the coenocytic endosperm is 
marked with the elongation of NCDs along the axes perpendicular to the central cell 
wall, and intrude into the central vacuole. The unidirectional anticlinal walls con-
tinue growing, guided by adventitious phragmoplasts formed at the interfaces of 
microtubule systems emanating from the adjacent NCDs. As a consequence, the cen-
tral cytoplasm is compartmentalized into a tube-like alveoli structure with the open-
end pointing toward the central vacuole. Periclinal divisions followed by cytokinesis 
of the open-ended alveoli results in a peripheral cell layer along the integument and 
this growth moves inwards to the center of the enlarged embryo sac. The renewed 
anticlinal wall formation occurscentripetally to complete cellularization of the cen-
tral cell (Brown et al. 1994, 1996a) (Fig. 9.2).

Comparison of aniline blue and immunofluorescence images show that all 
three types of walls, known as the free-growing anticlinal walls, anticlinal walls 
and periclinal walls, are deposited during the cellularization process and are rich 
in callose (1 → 3 β-glucan) (Brown et al. 1994, 1997). Cell wall deposition in the 
multinucleate cytoplasm is wave-like, moving bidirectionally from the small ven-
tral region near the nucellar projection towards the large dorsal area (Brown et al. 
1996a; Mares et al. 1975) (Fig. 9.3).

In cereals, the free-nuclear divisions in the absence of cytokinesis last for a 
few days after pollination depending on growth conditions. The first division 
of the primary endosperm nucleus can be seen as early as 5 h after pollination 
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(HAP) (Bennett et al. 1973). Wall formation starts from 3–4 days after pollination 
(DAP) and cellularization is complete for the entire endosperm at 6–8 DAP. In 
wheat, rice and maize, cellularization ends at 4–5 DAP, but ends 6–8 DAP in bar-
ley (Brown et al. 1994, 1996a; Lid et al. 2004; Mares et al. 1975, 1977; Olsen 
2001). The outermost layer of peripheral cells at the dorsal surface and extend-
ing into the nucellar projection is rich in cytoplasm during the period of the first 
anticlinal wall deposition (Brown et al. 1996a, b; Mares et al. 1977). At 5 DAP, in 
wheat, these cells show signs of differentiation to form the Aleurone Layer (AL) 
at the end of cellularization (Mares et al. 1977). The ingrowths of anticlinal and 
peripheral walls perform centripetally from outer layers towards the center of the 
embryo sac and result in the Central Starchy Endosperm (CSE). Differentiation 
of the Transfer Cell Layer (TL) or Basal Endosperm Transfer Layer (BETL), and 
Embryo Surrounding Region (ESR) continue in the cellular endosperm until 21 
DAP, when the grains reach their maximum size (Bosnes et al. 1992).

By using high-pressure-frozen/freezing substitution and electron micros-
copy, a detailed description of cell plate formation and the unique structure of the 
mini-phragmoplasts in the cytoplasmic endosperm have been observed (Otegui 
and Staehelin 2000). Besides callose, a new type of cell plate, which lacks fruc-
tose residues in backbones of xyloglucans synthesized in the Golgi body of the 
endosperm cytoplasm, was found to be a major component of the endosperm cell 
walls (Otegui et al. 2001; Otegui and Staehelin 2000).

Fig. 9.2  Schematic representation of wheat endosperm cellularization process. a Free mitotic 
nuclear divisions in the coenocyte. b Nuclear migration to peripheral part of the multinucleate 
coenocyte. c Formation of the first anticlinal cell walls and nuclear divisions directed to the cen-
tre of multinucleate endosperm. d Formation of periclinal cell walls and growth of the second 
layer of anticlinal cell walls. e Periclinal divisions followed by cytokinesis of the open-ended 
alveoli resulting in one more peripheral cell layer. Further growth moves inwards to the center of 
partially cellularized endosperm until the end of cellularization (f)
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Digital models of developing barley (Hordeum vulgare) grains were reconstructed 
from serial sections to visualize the complex three-dimensional (3D) grain anatomy. 
They provided detailed spatial descriptions of developing grains at anthesis, at the 
syncytial stage of endosperm development and at the onset of starch accumulation, 
visualizing and quantifying 18 tissues or tissue complexes (Gubatz et al. 2007).

Fig. 9.3  Activity of grain specific promoters in transgenic wheat, barley and rice. a–d Activity 
of the TdPR61 promoter in: a embryo and embryo-surrounding endosperm of wheat grain at 
9 DAP, b radicals of the embryo axis of barley at 20 DAP, c rice ETC layers at 8 DAP, d rice 
embryo at 10 DAP. e–h Activity of the wheat defensin (PRPI) promoters in transgenic wheat 
and barley: e, f the TdPRPI-10 promoter in epidermal layers of wheat grain at 3 DAP, g the 
TdPRPI-11 promoter in the epidermal layers of rice grain at 2 DAP, h the TdPRPI-11 promoter 
in the vascular tissues of rice lemma. i Activity of the TdPR60 promoter in ETC of transgenic 
wheat at 31 DAP. j–l: j Activity of the TdGL7 promoter in the main scutellar vascular bundle of 
transgenic wheat grain at 23 DAP, k barley grain at 28 DAP, l rice grain at 25 DAP. m–o Activity 
of the OsPR602 promoter: m, n in ETC and vascular bundle of transgenic rice grain at 9 DAP, o 
in ETC layer of barley grain at 30 DAP. Activity of the OsPR9a promoter p, q: p in ETC of rice 
grain at12 DAP, q barley grain at 20 DAP. r, s Activity of the OsPRPI promoter: r in the vascular 
bundle of the rice lemma, s main vascular bundle of transgenic rice grain at 12 DAP. t Induction 
of the same promoter by mechanical wounding in epidermal layers of transgenic rice grain
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The mature endosperm of cereals is persistent and contains at least four 
tissue types, the AL, BETL/TL, CSE and ESR (Klemsdal et al. 1991). Cell fate 
specification has been better understood through the analyses of endosperm 
development mutants in maize. However, little is known about endosperm cell 
specification in wheat, barley, rice and other small grain cereals. Moreover, the 
studies in maize have mainly focused on late stages of grain filling. The early 
stages, crucial for endosperm cell identity and development, have not been well 
studied. The four types of cells in the cereal endosperm will be discussed in the 
following sections.

Aleurone Layer

The cells of aleurone layer (AL) are believed to function in conditioning 
desiccation toward the end of seed maturation. During seed germination, upon 
receiving a gibberellic acid (GA) signal from the embryo, aleurone cells become 
active in producing hydrolytic enzymes including glucanases and proteinases for 
mobilization of the starch and storage proteins in the starchy endosperm (Fincher 
1989; Lopes and Larkins 1993). This thin but uniformly arranged layer(s) of cells 
is morphologically distinct from the irregular-shaped starchy endosperm. There is 
one aleurone cell layer in wheat and maize, while three layers are present in barley 
and one to six layers in rice grains (reviewed in Olsen 2004; Becraft and Yi 2011).

The fate of the aleurone cell is most likely fixed after the first periclinal divi-
sion in the barley endosperm alveoli at 5 DAP (Brown et al. 1994). Developing 
aleurone cells can be first distinguished at 8 DAP in barley, 10 DAP in wheat and 
10–14 DAP in maize depending on the genotype (Becraft and Asuncion-Crabb 
2000; Bosnes et al. 1992; Morrison et al. 1975, 1978).

It has been shown that specification of aleurone cells depends on positional sig-
nals set off from the embryo and also on cell signaling. Most gene products pref-
erentially produced in the aleurone cells are also detected in the embryo (Aalen 
et al. 1994; Becraft and Asuncion-Crabb 2000; Opsahl-Sorteberg et al. 2004; 
Sreenivasulu et al. 2008). Characterization of AtDEK1, ZmDEK1, ZmCR4, and 
ZmSAL1 (SUPERNUMERARY ALEURONE LAYER 1) suggests a current model 
for the specification of aleurone cell fate in maize and presumably also for epider-
mal cell differentiation in other plants (Tian et al. 2007). In this model, it has been 
proposed that DEK1 senses the positional cues in the outer plasma membrane of 
the cells located at the endosperm surface and possibly interacts with a membrane-
bound transcription factor (Kim et al. 2006; Tian et al. 2007). The dek1 mutants 
have pleiotropic phenotypes including a lack of aleurone cells, aborted embryos, 
carotenoid deficiency, and a soft, floury endosperm that is deficient in zeins. 
Recently, the thick aleurone1 (thk1) mutant was described, which defines a novel 
negative function in the regulation of aleurone differentiation (Yi et al. 2011). The 
thk1 mutants possess multiple layers of aleurone cells as well as aborted embryos. 
Double thk1/dek1 mutants restored the ability of endosperm to accumulate carot-
enoids and zeins and to differentiate aleurone. Therefore, the thk1 mutation 
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identified a negative regulator that functions downstream of dek1 in the signaling 
system that controls aleurone specification and other aspects of endosperm devel-
opment (Yi et al. 2011).

The gene ZmCR4 encodes a receptor-like kinase involved in cell-to-cell signal-
ing, suggesting that CR4 mediates lateral signaling of aleurone cell identity in the 
symplastic sub-domain of the specialized plasmodesmata. This proposed function 
is based on its high similarity to the mammalian Tumor Necrosis Factor Receptor 
(TNFR) (Becraft et al. 2001; Tian et al. 2007). SAL1 is located in the plasma 
membrane and is thought to maintain the balanced concentrations of DEK1 and 
CR4 by internalization and degradation through the SAL-positive endosomes 
(Shen et al. 2003; Tian et al. 2007). However, the expression of these three genes 
in diverse maize tissues implies that some of the cues necessary for aleurone cell 
specification are present throughout development. By studying the maize mutant, 
described as extra cell layers 1 (xcl1), which has multiple epidermal cell layers 
including aleurone cells, Kessler and co-workers (2002) concluded that positional 
information is adopted by the early dividing cells without differentiation signals, 
while the late dividing cells acquire differentiation signals via lineage information. 
Another mutated gene Hvdes5 whose product affects secondary wall formation in 
aleurone cells is also thought to be involved in the signaling process in the above 
model (Olsen et al. 2008). A better understanding of the mutated des5 gene will 
provide more hints on the control of aleurone cell fate specification.

So far, many genes are found to be predominately expressed in aleurone cells, 
such as LTP1, LTP2, Chi26, Chi33, B22E, ole-1, ole-2, pZE40 and per-1 in barley, 
Glu-B-1 in rice and C1 in Maize (Becraft and Asuncion-Crabb 2000; Klemsdal 
et al. 1991; Leah et al. 1994; Lid et al. 2004; Madrid 1991; Opsahl-Sorteberg et al. 
2004; Skriver et al. 1992; Smith et al. 1992; Stacy et al. 1999). More research 
needs to be done to focus on the biochemical pathways and cell-to-cell signaling 
in cereals to further optimize this model for aleurone cell identity specification.

Basal Endosperm Transfer Layer

In a transverse section from the middle of a developing caryopsis of a small grain 
cereal such as wheat, barley or rice, a few layers of cells over the nucellar projec-
tion, which join the aleurone layer on the ventral side, can be easily distinguished 
due to their thickened cell wall and dense cytoplasm. These are transfer cells, 
which constitute the so-called modified groove aleurone layer or crease aleurone 
layer (Drea et al. 2005; Klemsdal et al. 1991; Stacy et al. 1999). These cells help 
in transferring nutrients such as sucrose, monosaccharides and amino acids, from 
maternal vascular tissue into the developing seed for starch and protein biosynthe-
ses and accumulation. Studies on sugar transport in developing seed of legumes 
suggest that the transfer-cell mediated uptake mechanism is an energy-coupled 
process. The wall in-growth during endosperm cellularization creates a gradient 
of enlarged plasma membrane surface area to promote solute transport (Serna 
et al. 2001). Transfer cells are thought to be involved in sugar transport from 
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the maternal tissue to the endosperm and in turn, sugar supplies directly affect 
transfer cell formation. Associated molecular markers from barley indicate that 
the fate of transfer cells is specified at the endosperm coenocyte stage (Becraft 
2001; Lid et al. 2004). ENDOSPERM1 (END1) transcripts are detected in the 
transfer-cell area of the syncytial barley endosperm over the nucellar projection in 
the developing barley grains at 6 DAP (Doan et al. 1996). At 10 DAP, when cellu-
larization is complete in barley, transfer cells and the adjacent starchy endosperm 
cells show a strong END1 signal (Doan et al. 1996). Abundant END1 transcripts 
were also detected in the transfer cells of developing wheat caryopsis at 9 DAP 
(Drea et al. 2005). Promoter activation of END1-like genes from durum wheat 
and rice (TdPR60 and OsPR602) in ETC of transgenic wheat and rice plants was 
observed at 7–9 DAP (Li et al. 2008; Kovalchuk et al. 2009). Although the func-
tion of END1-like genes remains unknown, the expression of these genes does 
give some hints to the time of fate specification of the transfer cells. Four genes 
designated as BETL1-4 (Basal Endosperm Transfer Layer1-4) isolated from 
maize provide molecular evidence of the function of transfer layers. This group 
of genes encoded small, cysteine-rich proteins with putative signal peptides. They 
were predominantly expressed in transfer cells during a short period in early- to 
mid- grain development (Hueros et al. 1995; Hueros et al. 1999). Sequence simi-
larity of these proteins with defensins and proteinase inhibitors suggests that they 
may have anti-pathogen activities (Hueros et al. 1995; Hueros et al. 1999; Serna 
et al. 2001). Basal layer antifungal protein1 (Bap1) belongs to another group 
of potential anti-fungal proteins identified from maize. Using in situ hybridiza-
tion, mRNA for Bap1 and Bap3 was detected exclusively in the developing 
endosperm at 10–18 DAP. In an immunolocalization experiment, Bap2 (syno-
nym Betl2) was detected in the intracellular matrix of the in-growth transfer cells 
in the endosperm and the adjacent placento-chalazal cells of the pedicel (Serna 
et al. 2001). Heterologous expression of Bap2 peptide in E. coli and an in vitro 
test for fungistatic activity provided evidence for its possible role in antifungal 
defense during grain development. Unlike BETL1, which is tightly bound to the 
cell wall, BAP2 is secreted to a high level and is released by transfer cells (Serna 
et al. 2001).

Mutants of the maize gene Miniature1 (mni1) show an anatomical lesion in 
the pedicel region and reduced size of the kernel. Miniature1 encodes a cell wall 
invertase (INCW2) that is localized in the basal endosperm and pedicel (Cheng 
et al. 1996; Miller and Chourey 1992). A recent study of the barley cell wall-
bound invertase genes revealed a similar expression pattern. HvCWINV1and 
HvCWINV2 were preferentially expressed in the maternal-basal endosperm 
boundary from 3 DAP to 6 DAP just before cellularization (Weschke et al. 2003). 
Interestingly, a fructosyltransferase gene HvSF6FT1 was also expressed in the 
inner cell layers of maternal pericarp above the dorsal cells at 3 DAP. The expres-
sion of HvSF6FT1 then moved to the ventral pericarp and to the transfer cells at 
4 DAP and is exclusively detected in the transfer layers at 6 DAP (Weschke et 
al. 2003). These findings indicate that cell wall invertases participate in the pro-
cess of establishing a sucrose concentration gradient between maternal symplast 
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and endosperm apoplast by hydrolysis of sucrose to hexose (fructose and glucose) 
for subsequent import into the endosperm via SF6FT1 in the transfer cells (Cheng  
et al. 1996; Miller and Chourey 1992; Weschke et al. 2003).

Another mutation Reduced grain filling (rgf1) causes grain weight loss of up 
to 70 % in maize (Maitz et al. 2000). Morphologically similar to the mni1 mutant, 
rgf1 is expressed in the endosperm transfer cell layer of rgf1 mutant. The Rgf1 
gene product causes a decrease in the level of expression of BETL1 and BETL2 in 
transfer cells and maternal placentochalaza. In vitro culture experiments show that 
high sugar concentrations suppress placentochalaza formation. Starch accumula-
tion (not synthesis) is reduced in rgf1 kernels. Therefore, Rgf1 may be involved in 
sugar sensing or transport in endosperm transfer cells (Maitz et al. 2000).

Transcription factors are also involved in mobilizing photosynthates into 
developing seed. ZmMRP-1 was the first transfer cell-specific transcription fac-
tor identified in cereals (Gómez et al. 2002). This single-copy gene encodes a 
nuclear protein with a MYB-related DNA binding (DB) domain and a nuclear 
localization signal. ZmMRP-1 transcript is detected in the cytoplasmic region 
of the basal endosperm coenocytes, which gives rise to transfer cells in maize, 
as early as 3 DAP. High-level expression is restricted to the transfer cell layers 
from 3 DAP until 16 DAP and peaks at 11 DAP (Gómez et al. 2002). Strikingly, 
ectopic expression of ZmMRP-1 under the control of the ubiquitin promoter in 
BETL-1:GUS transgenic maize plants, revealed that ZmMRP-1 is able to transac-
tivate the transfer cell-specific gene expression. However, expression of ZmMRP-
1 occurred prior to the BETL gene transactivation. Co-transformation in tobacco 
protoplasts showed a possible in vitro interaction between ZmMRP-1 and the pro-
moter of BETL genes (Gómez et al. 2002). In addition to this finding, the pro-
moter of maternally expressed gene1 (Meg1) was also found to be activated by 
ZmMRP-1 in a separate study (Costa et al. 2004; Gutiérrez-Marcos et al. 2004) 
when the transcriptional GUS fusion construct of MEG1 and a transcriptional 
35S:MRP1 construct were co-transformed into tobacco protoplasts (Gutiérrez-
Marcos et al. 2004). It was shown that MEG1 was expressed in the basal transfer 
cells from 10 to 20 DAP, peaking at 10–12 DAP (Costa et al. 2004; Gutiérrez-
Marcos et al. 2004). Using MEG1-specific antibody in an immunolocaliza-
tion experiment, MEG1 was found to localize to the cell wall ingrowths of the 
endosperm transfer layers (Gutiérrez-Marcos et al. 2004).

ZmTCRR-1 and ZmTCRR-2 encode members of the type-A response regulators 
of the two-component system (TCS), which is responsible for the phosphotransfer-
based signal transduction (Muñiz et al. 2006, 2010). The genes were found to be 
expressed exclusively in the endosperm transfer-cell layer 8–14 days after pollina-
tion, when transfer-cell differentiation is most active. The promoter of ZmTCRR-1 
was strongly transactivated in heterologous systems by the transfer cell-specific 
transcription factor ZmMRP-1. It was suggested that the possible role of TCCR 
proteins is to integrate external signals with seed developmental processes (Muñiz 
et al. 2006, 2010).

Recently the new rice gene, AL1, expressed in the ETC-containing region was 
isolated. The gene encodes a putative anthranilate N-hydroxycinnamoyl/benzoylt



2299 Functional Genomics of Seed Development in Cereals

ransferase and is expressed in the dorsal aleurone layer adjacent to the main vas-
cular bundle. In rice, transfer cells are differentiated in this region (Kuwano et al. 
2011).

Taken together, the molecular markers identified from maize, wheat, barley and 
rice help determine when transfer cells identity is defined. A popular hypothesis 
for transfer cell identity is that two to three layers of cells in the basal endosperm 
region give rise to transfer cells at the syncytial stage and their subsequent devel-
opment is subject to elevated signals derived from the adjacent maternal pedicel 
tissues (reviewed in Olsen 2004). This proposed mechanism differs from the ear-
lier proposed mechanism of aleurone cell fate specification (Becraft and Asuncion-
Crabb 2000; Morrison et al. 1975, 1978). Characterization of maize globby-1 
(glo-1) mutants in which cell fate acquisition and differentiation of endosperm tis-
sues are affected, suggests that transfer cell identity is defined irreversibly within a 
narrow window of syncytium development (Costa et al. 2003).

Central Starchy Endosperm

CSE forms the main body of a cereal seed (caryopsis) and represents the major stor-
age site for carbohydrate and protein reserves (reviewed in Becraft 2001; Olsen 
2004). Maize endosperm consists of nearly 90 % starch and about 10 % protein 
(Gibbon and Larkins 2005). The CSE is the factory for carbohydrate and protein 
biosyntheses and accumulation. In most angiosperm species, starch is the main form 
of storage carbohydrate and comprises two α-glucan polymers, amylose and amy-
lopectin (reviewed in Lopes and Larkins 1993). After transport into the endosperm, 
sucrose is converted to glucose-1-phosphate which in turn is incorporated into ADP-
glucose for starch synthesis and storage (reviewed in Lopes and Larkins 1993).

Recently, a comprehensive temporal and spatial picture of the deposition and 
modification of cell wall polysaccharides during barley grain development, from 
endosperm cellularization at 3 DAP through differentiation to the mature grain at 
38 DAP was obtained by using immunolabeling, combined with chemical analyses 
and transcript profiling (Wilson et al. 2012).

Storage proteins which mainly store nitrogen and sulfur for germinating seed 
are also synthesized and deposited in the CSE. Almost 70 % of the proteins in the 
maize endosperm are zeins composed of prolamin proteins (Gibbon and Larkins 
2005). Prolamins consist of large amounts of the non-charged amino acids pro-
line and glutamine, resulting in insolubility of these proteins in aqueous solvents. 
Gliadins and glutenins are two basic types of prolamin protein found in wheat. 
Other proteins believed to participate in defense, namely α-amylase inhibitors, 
protease inhibitors, ribosome-inactivating proteins (RIPs), lectins and thionins are 
also accumulated in CSE (reviewed in Lopes and Larkins 1993).

Although starchy endosperm plays an important role in accumulation of stor-
age products for later use by the developing embryo and germinating seed, the 
genetic regulators of metabolic pathways, in particular during seed develop-
ment, are poorly understood. Opaque 2 (O2) is considered to be the first direct 



230 M. Li et al.

genetic regulator identified for zein synthesis in maize (reviewed in Becraft 2001). 
Mutations in maize opaque genes alter zein synthesis, resulting in reduced num-
ber, size and abnormal morphology of protein bodies. O2 encodes a basic domain/
leucine-zipper (bZIP) transcription factor (Schmidt et al. 1987), which predomi-
nantly regulates the expression of genes encoding 22-kD α-zeins (Damerval and 
Guilloux 1998; Habben et al. 1993). Floury2 (Fl2) is another mutant characterized 
at the molecular level. It carries a point mutation altering the signal peptide of a 
22-kD α-zein protein, which leads to a soft texture of the starchy endosperm due 
to the failure of correct processing of the signal peptide during protein biosynthe-
sis on the rough endoplasmic reticulum (Coleman et al. 1997; Gillikin et al. 1997). 
Quality protein maize (QPM) was created by selecting genetic modifiers that con-
vert the starchy endosperm of an o2 mutant to a hard, vitreous phenotype. Genetic 
analysis identified multiple, unlinked O2 modifiers (Opm) of unknown origin. Two 
independently developed QPM lines were used to map several major Opm QTLs 
to chromosomes 1, 7 and 9. A microarray hybridization performed with RNA 
obtained from true breeding o2 progeny with vitreous and opaque kernel pheno-
types identified a small group of differentially expressed genes, some of which 
were mapped at or near the Opm QTLs. Several of identified genes are associ-
ated with ethylene and ABA signaling that might suggest a potential linkage of o2 
endosperm modification with programmed cell death (Holding et al. 2008).

Zein protein synthesis in a number of maize mutant lines, namely W64A 
opaque 2, DeB30 (Defective endosperm B30) and floury2, can be reduced by 
45–65 % compared of the wild type (Hunter et al. 2002; Scanlon and Meyers 
1998). Most dek (defective kernel) mutants were identified from maize mutated 
either chemically or by Mu transposition (Olsen 2004). Among these genes, Emp2 
(Empty pericarp2) and Dsc1 (Discolored 1) have been isolated (Balasubramanian 
and Schneitz 2000, 2002; Scanlon and Meyers 1998). The Dsc1 transcripts accu-
mulate specifically in the developing kernel at 5–7 DAP (Scanlon and Meyers 
1998). EMP2 is a putative protein similar to Heat-shock protein1. The emp2 
mutant showed embryo lethality due to abortion of the kernel during early embry-
ogenesis (Balasubramanian and Schneitz 2002). Although studies of Emp2 and 
Dsc1 indicate that they may play important roles in kernel development, the func-
tions of these genes remain unknown at the molecular level.

Two maize mutants, zmsmu2-1 and zmsmu2-3 are a result from insertion of a 
Mutator (Mu) transposable element in the first exon of a gene homologous to the 
nematode gene, smu-2, which is involved in RNA splicing. Besides other pheno-
typical changes, the mutants had reduced levels of zein storage proteins in a starchy 
endosperm. The gene encoding ZmSMU2 is expressed in the endosperm, embryo, 
and shoot apex, and is required for efficient ribosomal RNA processing, ribosome 
biogenesis, and protein synthesis in developing endosperm. Apart the pleiotropic 
nature of the mutations, a possible role for ZmSMU2 in the development of maize 
endosperm has been proposed (Chung et al. 2007). A series of maize seed mutants 
demonstrate increases in lysine content and decreased amounts of zeins in starchy 
endosperm. One of them is opaque7 (o7) is a classic maize starchy endosperm 
mutant was characterized and O7 gene was cloned by map-based cloning and 
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gene function was confirmed by functional complementation in transgenic plants 
and using an RNAi approach. The O7 gene encodes an acyl-activating enzyme 
with high similarity to AAE3. Analysis of metabolites suggested that the O7 gene 
might affect amino acid biosynthesis by modifying levels of α-ketoglutaric acid 
and oxaloacetic acid. The cloning of O7 revealed a novel regulatory mechanism for 
storage protein synthesis, which may be an effective target for the genetic manipu-
lation of storage protein contents in cereal grains (Wang et al. 2011).

The determinant of CSE cell identity is unclear. Olsen and co-workers pro-
posed that two types of cells are the sources of starchy endosperm (Lid et al. 
2004). One source is the periclinal divided inner layer of the daughter cells of 
aleurone cells (also known as subaleurone cells). The other source is the ran-
domly-oriented cells growing inward into the central vacuole (Lid et al. 2004). 
Diverged from transfer cells, the CSE and AL may share the same determinant 
but result from different positional signals set off by the maternal tissues (Becraft 
and Asuncion-Crabb 2000). The maize dek1 and crinkly4 mutants both lack aleu-
rone cells. However, CSE cells are differentiated in place of the aleurone (Becraft 
and Asuncion-Crabb 2000; Becraft et al. 1996; Lid et al. 2002). Mutants in which 
aleurone cell development is disrupted also show shrunken CSE and various 
defects in embryo development; these include dek1, cr4, dal1 and dal2 (Becraft 
et al. 2002, 1996; Klemsdal et al. 1991; Lid et al. 2002).

Current research on the genetic control of CSE development still focuses on 
genes encoding enzymes that are involved in the biosynthesis of starch and storage 
proteins. In addition, the study of genes that are co-expressed in the TL and CSE 
during endosperm cell differentiation will be of high priority for understanding 
grain development and the process of sugar and amino acid transport.

Embryo Surrounding Region

The ESR is a specialized endosperm tissue in cereals. Based on its morphologi-
cal and positional features in the grain, this “shield” is believed to act as a physi-
cal barrier, nutritional path, and messenger between the endosperm and embryo 
(reviewed in Olsen 2004; Kawashima and Goldberg 2010). The ESR has been 
intensively studied but little is known about this specialized region in small 
grain cereals. In maize, Esr1, Esr2, Esr3 were the first genes identified as being 
expressed in the ESR (Schel et al. 1984). Expression levels of these genes differ in 
the ESR from 5 to 9 DAP, and peak at 7 DAP (Bonello et al. 2000, 2002; Opsahl-
Ferstad et al. 1997). The Esr3 gene product belongs to a family of small hydro-
philic proteins, which share a conserved motif with Clavata3 (Clv3), the ligand of 
the receptor-like kinase CLV1 (Bonello et al. 2002). This finding suggests a role 
for ESR in the signaling pathway between endosperm and embryo during embryo-
genesis. ESR1, 2 and 3 proteins were subcellularly localized to the cell walls of 
the ESR. ZmAE1 (Zea mays androgenic embryo1) and ZmAE3 were found to be 
preferentially expressed in the ESR between 5 and 20 DAP (Magnard et al. 2000). 
ZmEBE-1 and ZmEBE-2 represent genes of unknown function, with expression 
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in the central cell before fertilization, and in the resulting TL and the ESR up to 
20 DAP with a peak at 7 DAP. Expression of ZmEBE-1 is at least one tenth that 
of ZmEBE-2 and is subject to a maternal effect (Magnard et al. 2003). A defen-
sin gene, ZmESR-6, was reported to play a protective role for the ESR (Balandin  
et al. 2005). ZmESR-6 possesses a central domain and a C-terminal acidic 
domain, which is present in many characterized defensins and thionins. Its anti-
fungal activity has been shown in vitro. Expression of this gene is localized to the 
ESR and the pedicel region from 11 to 16 DAP and is strongest in the placento-
chalazal region of the pedicel adjacent to the ESR (Balandin et al. 2005). The gene 
encoding another lipid transfer protein, TdPR61, was found to be expressed in the 
endosperm transfer cells, the embryo surrounding region, and in the scutellum and 
radicals of embryo. This pattern of expression suggests similarity in functions of 
these grain tissues, all of which have a role in nutrient/lipid and/or signal transfer 
from maternal tissues to the developing embryo (Kovalchuk et al. 2012b).

Like the transfer layer (TL), the ESR has similar functions for the protection 
of developing kernels in maize. Cell fate specification of the ESR is postulated to 
occur in the endosperm coenocyte around the embryo (reviewed in Olsen 2004). 
The TaGL9 transcription factor, which is produced in the syncitial endosperm 
around embryo as early as at 3 DAP, may be involved in the regulation of ESR 
formation (Kovalchuk et al. 2012a). However, cell identity of the specialized 
endosperm domains may be specified in the central cells prior to fertilization, 
based on the continuous expression pattern of the ZmEBE genes (Magnard et al. 
2003). Further study on functions of ZmEBE genes may provide insights into the 
initiation of the TL and ESR.

9.4.3  Maternal Tissues

Although maternal tissues do not contribute significantly to the final grain, some 
components, such as the nucellus, serve as an important nutrient supply path-
way for nurturing the developing embryo at early stages of seed development. 
Moreover, maternal tissues including nucellus, pericarp and testa form a barrier to 
protect developing seed from pathogen attack. These tissues can also represent a 
physical restraint for the growth of the embryo and endosperm.

The nucellus provides nutrients to the syncytial and cellularizing endosperm 
and degenerates through programed cell death (Domínguez et al. 2001). Proteolytic 
enzymes are thought to be involved in degradation of the nucellar projection cells 
(Morrison et al. 1978). These cells are part of nucellar tissues and morphologically 
highly similar to endosperm transfer cells in developing wheat grains. In cereal 
seed, there are no symplastic connections between the maternal tissues and the 
endosperm. In order to facilitate solute transport, both the nucellar projection and 
the adjacent endosperm epithelial cells in the wheat caryopsis differentiate into 
nucellar projection transfer cells (NPTC) and endosperm transfer cells (ETC). It 
was demonstrated that ETC and NPTC developed synchronously and have both 
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similarities and differences in their morphological features. Wall ingrowths of ETC 
and NPTC form initially in the first layer nearest to the endosperm cavity, and 
later in the inner layer further from the endosperm cavity. The mature ETC usually 
comprises three layers of cells and the mature NPTC comprise four layers. Wall 
ingrowths of ETC are flange type and wall ingrowths NPTC are reticulate. NPTC 
are not nutrient-storing cells; in contrast, the first layer of ETC shows aleurone cell 
features, and the second and third layers of ETC accumulate starch granules and 
protein bodies (Zheng and Wang 2011). There are clear differences in the regula-
tion of transcription of the ETC-specific END1-like genes in wheat/barley and rice. 
Promoters of both OsPR602 and TdPR60 are activated strictly in ETC of transgenic 
wheat and barley, while in rice grain they are also active in NPTC and some other 
adjacent maternal tissues (Li et al. 2008; Kovalchuk et al. 2009).

Studies have shown that the degeneration of nucellus occurs early in grain 
development (Morrison et al. 1978). MADS box family member, MADS29, which 
is preferentially expressed in the nucellus and the nucellar projection of rice grain, 
was shown to be responsible for the programmed cell death of the nucellus and 
nucellar projection at early stages of grain development (Yin and Xue 2012). The 
seed coat of wheat grain is comprised of nucellar epidermis and testa, which is 
derived from the inner integument of the ovary and is thought to be the true seed 
coat. In milling technology, nucellar epidermis and testa form the intermediate 
layer of wheat bran and are regarded as important for the human diet and animal 
feed (Antoine et al. 2003). Red pigment in the testa of wheat grains is associated 
with tolerance to pre-harvest sprouting controlled by R-1 genes. It is now clear 
that Tamyb10 genes encode R2R3-type MYB domain proteins, which control the 
synthesis of the red pigment, proanthocyanidin. Molecular markers developed for 
Tamyb10 genes are used for detecting R-1 genes (Himi et al. 2011).

The maternal pericarp consists of tube, cross, hypodermal and epidermal cells 
(Bradbury et al. 1956). Early in grain development, the pericarp supplies nutri-
ents to the young endosperm and embryo. Studies of cell wall composition of the 
pericarp suggest that cell walls of the pericarp function to protect the developing 
grains from pathogen invasion (Antoine et al. 2003). Another level of grain protec-
tion from pathogens might be provided by defensins, which represent small pro-
teins with anti-fungal properties. After fertilization a group of PRPI defensins are 
strongly expressed in the outer cell layers of the pericarp and in the main vascular 
bundle of the grain. Expression of defensins was observed in epidermal layers of 
developing grain until maturation and drying of outer grain cell layers at about 
18–20 DAP (Kovalchuk et al. 2010).

9.5  Modified Grain Composition and Structure

Several technologies are now available for the targeted modification of cereal 
grain composition to enrich content of certain proteins, starch and micronu-
trients such as iron, zinc and β-carotene. These include modification through 
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genetic engineering or through selection of genotypes with elevated level of 
micronutrients (Nestel et al. 2006; Welch and Graham 2004).

9.5.1  Micronutrients

Zinc and iron are micronutrients which are important for human health. In higher 
plants, nicotianamine (NA) is involved in the transport of metal cations such as Fe2+ 
and Fe3+. Biosynthesis of NA is catalyzed by NA synthase enzymes in the trimeri-
zation of S-adenosylmethionine. It has been shown that over-expression of OsNAS 
genes in conjunction with ferritin can increase iron concentration in rice endosperm 
by 2–6 fold. Amongst the three OsNAS genes, OsNAS2 has been shown to carry 
a particularly high potential to biofortify iron and zinc in the rice endosperm and 
therefore could provide a sustainable yet simple genetic solution to iron and zinc 
deficiency disorders that affect billions of people worldwide (Johnson et al. 2011).

Plants also contain anti-nutrients such as polyphenolics (tannins) or phytate 
(IP6), which impairs absorption of iron, zinc and calcium by gut. To reduce 
the phytate content in grains for food, knocking down key enzymes involved in 
phytate biosynthesis pathway or over-expression of phytase, which degrades 
phytate in the target grain tissues provide two approaches (White and Broadley 
2005). Developing lines with low concentration of phytate through selection of 
low phytate varieties represents a non-transgenic approach.

9.5.2  Starch Composition

The ration of amylose to amylopectin also represents an important nutritional trait. 
High amylose content starch helps prevent several diseases such as colon cancer, 
diabetes, obesity, osteoporosis and cardiovascular diseases in human. It has been 
demonstrated that silencing genes encoding starch branching enzymes of class II 
(SBEIIa) using RNAi in durum wheat under the control of an endosperm-specific 
promoter resulted in an increase of amylose content (Sestili et al. 2010).

9.5.3  Oil Content

In maize, over-expression of ZmLEC1 leads to increased oil content by up to 
48 %. However, these lines also suffered from negative pleiotropic effects includ-
ing reduced germination, seedling growth, and grain yield. Over-expression 
of ZmWRI1 leads to increased oil content similar to that in over-expression of 
ZmLEC1 but without the concomitant undesirable traits (Shen et al. 2010). Plant 
oil content was also improved by constitutive overexpression of genes encoding 
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plant non-specific lipid-transfer proteins Puroindoline a and b (PINA and PINB) 
under maize Ubiquitinin promoter in transgenic corn. Over-expression of Pin 
resulted in a siginificant increase in germ or embryo size without negatively 
impacting seed size. Germ yield increased 33.8 % while total seed oil content 
increased by 25.23 %. Seed oil content increases were primarily the result of 
increased germ size (Zhang et al. 2010).

9.5.4  Cell Walls and Dietary Fibre

Grain structure can also be modified by manipulating cell wall composition in the 
endosperm. It has been shown that over-expression of the barley CslF6 gene under 
the control of an endosperm-specific promoter, results in increases of over 80 % 
in (1,3;1,4)-β-D-glucan content in grain of transgenic barley. Over-expression of 
HvCslF under the control of 35S promoter leads to an increase of (1,3;1,4)-β-D-
glucan content in both leaf and grain. In a recent study, it was shown that there is 
scope and potential to alter cell wall biomass for animal feed and dietary fiber for 
human (Burton et al. 2011).

9.5.5  Seed Storage Proteins

Seed storage proteins (SSPs) are synthesized and deposited in storage organelles in 
the endosperm during seed maturation as a nitrogen source for germinating seed-
lings. Rice glutelin, globulin, and prolamin knockdown lines showed that reduction 
of one or a few SSP(s) was compensated for by increases in other SSPs at both the 
mRNA and protein levels. Reduction of glutelins or sulfur-rich 10-kD prolamin lev-
els was preferentially compensated by sulfur-poor or other sulfur-rich prolamins, 
respectively, indicating that sulfur-containing amino acids are involved in regulating 
SSP composition. Furthermore, a reduction in the levels of 13-kD prolamin resulted 
in enhancement of the total lysine content by 56 % when compared with the wild 
type. This observation can be mainly accounted for by the increase in lysine-rich 
proteins. Hence, manipulation with expression of particular groups of SSPs can be 
used to improve the nutritional quality of grain (Kawakatsu et al. 2010).

9.5.6  Animal Proteins

Cereal grain can also be used for the production of animal proteins, e.g. collagen 
and gelatin-related proteins with predetermined composition and structure. Full-
length collagen type I alpha1 (rCIa1) was successfully expressed in transgenic bar-
ley and corn seeds (Eskelin et al. 2009; Zhang et al. 2009).
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9.5.7  Allergens

Another area of biotechnological application for improvement of seed quality is 
sequential deletion/reduction of grain-localized allergens and the development of 
hypo-allergenic transgenic lines. For example, rice seed proteins are known to be a 
causative antigen in some patients with food allergy, especially cereal allergy, with 
clinical symptoms such as eczema and dermatitis. The α-amylase/trypsin inhibitors 
(14–16 kDa), α-globulin (26 kDa) and β-glyoxalase I (33 kDa) are regarded as major 
potential allergens of rice seed, based on specific recognition by serum IgE from 
allergy patients. In order to suppress the production of these major allergens in rice 
grains, a mutant in the ‘Koshihikari’ background lacking the 26 kDa allergen (GbN-
1) was used as a host for RNA silencing. A binary vector harboring two RNAi gene 
cassettes for suppression of 14–16 and 33 kDa allergens driven by the 13 and 10 kDa 
prolamin endosperm-specific promoters, respectively, was introduced into the GbN-1 
genome by Agrobacterium-mediated transformation. In the most promising trans-
genic lines, the content of the three potential allergens was remarkably reduced to a 
very faint level without a change in seed phenotype (Wakasa et al. 2011).

9.5.8  Seed-Specific Promoters—Tools for Grain 
Biotechnology

Earlier in this section, we outlined several areas where genetic modification of 
grain composition offers opportunities for increasing the nutritional or processing 
quality. In most of these applications, grain-specific expression of the transgene is 
required. For this purpose, a series of cereal grain-specific promoters have been 
identified and characterized over the past decade. Using reporter genes in trans-
genic cereals, these promoters have been shown to induce spatial and temporal tis-
sue- and/or cell-specific expression. The main group of grain-specific promoters 
comprise starchy endosperm-specific promoters; for example, alpha-gliadin pro-
moter induced expression primarily in the cells of the starchy endosperm, subaleu-
rone and aleurone layers from 11 days after anthesis (DAA) until grain maturity 
(Van Herpen et al. 2008). Promoters of 15 genes including 10 seed storage protein 
genes and five genes for enzymes involved in carbohydrate and nitrogen metabo-
lism were also tested in transgenic rice. The promoters for the glutelins and the 
13 and 16 kDa prolamins directed endosperm-specific expression, especially in 
the outer portion (peripheral region) of the endosperm, whilst the embryo glob-
ulin and 18 kDa oleosin promoters directed expression in the embryo and aleu-
rone layer (Qu and Takaiwa 2004). A characterization of the promoter of a wheat 
high molecular weight glutenin subunit (HMW subunit) gene, Glu-1D-b using 
transgenic wheat plants revealed that expression of the reporter gene was initi-
ated first in the central lobes of the starchy endosperm, and then spread through-
out the endosperm tissue, while no expression was detected in the aleurone layer 
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(Lamacchia et al. 2001). This group of promoters can be used for improvement of 
endosperm quality and for expression of animal proteins important for technologi-
cal and medical purposes.

Another important group of promoters comprise promoters specific for ETC 
(Fig. 9.2). Two promoters of LTP genes, OsPR602 and OsPR9a, identified from 
rice have shown similar activity in the endosperm transfer cells during cell dif-
ferentiation and seed maturation in transgenic rice and barley grains (Li et al. 
2008) (Fig. 9.2m–q). The promoter of TdPR60, a gene homolologous to OsPR602, 
demonstrated transfer cell-specific activity in transgenic bread wheat and barley, 
although in transgenic rice it was less specific (Kovalchuk et al. 2009) (Fig. 9.2i). 
ETC-specific expression was also demonstrated for a putative anthranilate N-hydr
oxycinnamoyl/benzoyltransferase (AL1) gene (Kuwano et al. 2011). ETC-specific 
promoters will be useful for enhancing uptake of nutrients from the maternal tis-
sues and protecting seeds from pathogen attack.

The promoter of another member of the TdPR60 clade, designated as TdPR61 
showed a more complex pattern of expression (Kovalchuk et al. 2012b). TdPR61 
encodes a non-specific lipid transfer protein involved in lipid transfer to apoplast. 
The activity of TdPR61 promoter was detected predominantly in the embryo, 
embryo surrounding region and the endosperm transfer cells in transgenic wheat, 
barley and rice (Fig. 9.2a–d). The activity of a very strong embryo-specific pro-
moter, 1 Cys-Prx, was analyzed in transgenic rice (Kim et al. 2011). The reporter 
gene expression driven by the 1 Cys-Prx promoter was strong in the embryo and 
aleurone layer. The activity of the 1 Cys-Prx promoter was higher than that of 
previously-identified embryo-specific promoters, and comparable to that of strong 
endosperm-specific promoters in rice (Kim et al. 2011). The promoter of Early 
methionine (Em) gene from wheat had similar spatial specificity of expression 
as 1 Cys-Prx when it was tested in transgenic barley (Furtado and Henry 2005). 
Several strong maize promoters preferably active in embryo were isolated and 
assessed by transgene expression. One of the most active was the globulin-1 pro-
moter. Several other highly active embryo-specific promoters were also identified 
and can be used for the simultaneous expression of multiple foreign proteins in 
embryo tissues (Streatfield et al. 2010).

The PRPIs are promoters of defensin genes and have been identified and iso-
lated from rice and wheat. The activity of PRPI has been shown in the ovary 
shortly before anthesis in wheat and in the outer layer of the pericarp and vascu-
lar bundle of developing grains (Kovalchuk et al. 2010). The wheat PRPI promot-
ers are also active during seed germination in transgenic rice plants. All PRPIs are 
strongly inducible by wounding in leaves, stems and grains from transgenic rice 
plants (Fig. 9.2e–h, r–t). PRPI promoters can be applied in cases when specific tar-
geting and accumulation of proteins conferring resistance to pathogens in vulner-
able tissues of developing and germinating grain is required.

The promoter of a HD-Zip IV transcription factor from durum wheat, desig-
nated as TdGL9H1 was activated in embryo and embryo surrounding part of the 
syncytial endosperm in transgenic wheat and barley. However, after endosperm 
cellularization the promoter activity was observed exclusively in the scutellar 
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vascular bundle. Expression was still detectable several weeks after grain harvest, 
but vanished shortly after imbibition. (Kovalchuk et al. 2012a) (Fig. 9.2j–l). The 
TdGL9H1 promoter could be a useful tool for engineering early seedling vigor and 
protecting the endosperm to embryo axis pathway from pathogens during grain 
desiccation and storage.

9.6 Summary and Outlook

Cereal grains provide a major source of food for humans and farm animals. Over 
the past few years, grains have also been widely used as a source of industrial 
starch and for biofuel production. The demand for cereals is predicted to grow 
substantially over the next few decades and this has triggered renewed research 
activity into a range of aspects of cereal production. Modifications in fertiliza-
tion process and grain characteristics have become important targets for improve-
ment. As a consequence, seed development, particularly endosperm initiation 
and development in cereals has been intensively studied in maize, barley, wheat 
and rice. However, our knowledge and understanding of the regulation of grain 
development is still incomplete and many important objectives, such as inducing 
apomixis, remain elusive. Progress in modifying grain composition is proving 
far more encouraging with a wide range of projects and targets and several novel 
grains now in commercial production.
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10.1  Introduction

Functional foods have been defined by the Food and Nutrition Board (FNB) of the 
National Academy of Sciences, USA as “any modified food or food ingredient that 
may provide a health benefit beyond that of the traditional nutrients it contains”. Japan 
was the first country to promote the concept of functional foods as Food for Specific 
Health Use (FOSHU) endorsed by the Japanese Ministry of Health (Arai 1996). With 
the increase in public awareness about nutrition and health, functional foods or “foods 
with a purpose” have gained increased popularity (Verbeke et al. 2009).

Fruits, nuts, berries and vegetables are the most widely known sources of bio-
active compounds, whereas cereals, with an annual consumption of 332 kg/
person (estimation for 2015, FAO Corporate Documentary Repository, 
http://www.fao.org/docrep/005/Y4252E/y4252e05.htm, accessed on May 16, 2012), 
have often been marginalized as functional foods. Recent findings about the health 
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benefits of whole-grain cereals and cereal products (Behall et al. 2006; Fardet et al. 
2008; He et al. 2010) have renewed interest in the potential of cereals as functional 
foods. Whole grain cereals have greater nutritional value than the refined or polished 
cereals, because the bran and germ portion have high fiber content and the majority 
of bioactive compounds (Champ 2008; Fardet et al. 2008; He et al. 2010). Cereal-
based foods have functional food properties due to their carbohydrate constituents 
(β-glucans, arabinoxylans, inulin), and bioactive compounds such as phenolics (fla-
vones, chalcones, alkylresorcinols, ferulic acid, anthocyanins), carotenoids (β-carotene, 
xanthophylls), and vitamin E. The physical location of functional components present 
in the various parts of grains of common cereals is summarized in Table 10.1.

Cereals can be a good source of both probiotic and prebiotic foods because of 
their diverse carbohydrate composition (Charalampoulos et al. 2002). Probiotic 
foods contain microorganisms that benefit the consumer’s health by improving their 
intestinal microbial balance (Fuller 1989). Prebiotic food on the other hand, is not 
digested in the upper gastrointestinal tract but beneficially affects the host health 
by selectively stimulating the growth and/or activity of useful bacteria in the colon 
(Gibson and Roberfroid 1995). Table 10.2 summarizes the content of carbohydrate-
based functional components in common cereals. Bioactive compounds present in 
cereals, like phenolic acids, flavonoids, carotenoids, and tocopherols have useful 
antioxidant properties. They help reduce oxidative stress in the cells and quench the 
damaging free-radicals, thereby protecting cells from ageing, degeneration, and car-
cinogenesis (Astorg 1997; He et al. 2010). In fact, bioactive compounds like tocot-
rienols even reduce the bad cholesterol levels in blood thereby playing protective 
role against cardiovascular diseases (Das et al. 2008).

The genome sequencing and gene annotation of cereals such as rice (http://rice.plant
biology.msu.edu/), maize (http://magi.plantgenomics.iastate.edu/), barley (International 
Barley Sequencing Consortium, 2012) and sorghum (Paterson et al. 2009), and the 
ongoing genome sequencing of wheat (http://www.wheatgenome.org/), have provided 
a wealth of information about the genes related to bioactive components. Genetic vari-
ation studies indicated high heritability for arabinoxylan fiber, carotenoids, and other 
bioactive compounds, but, significant genotype x environment interactions make it 
difficult to identify breeding lines with consistently high bioactive compounds across 
environments and years (Shewry et al. 2010). Here we summarize recent advances in 
the genomics of various functional food components of common cereals based on their 
carbohydrate components (Class I) and bioactive components (Class II).

10.2  Carbohydrate-Based Functional Food Components 
(Class I)

10.2.1  Beta Glucans

The cell walls of grasses are characterized by the presence of (1,3: 1,4)-β-D-
glucans composed of unsubstituted, unbranched polysaccharide containing 

http://rice.plantbiology.msu.edu/
http://rice.plantbiology.msu.edu/
http://magi.plantgenomics.iastate.edu/
http://www.wheatgenome.org/
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β-D-glucopyranosoyl monomers linked through C(O)3 and C(O)4 atoms with the 
(1,4)-linkage being more abundant (Burton and Fincher 2009; Burton et al. 2010). 
Generally, the degree of polymerization (DP) of (1,3: 1,4)-β-D-glucans may vary 
up to 1,000-fold or more in most grasses (Fincher 2009). Among the cereals, bar-
ley has the highest content of (1,3: 1,4)-β-d-glucan (2.5–11.3 %), followed by oat 
(2.2–7.8 %), rye (1.2–2 %) and wheat (0.4–1.4 %) (Izydorczyk and Dexter 2008). 
Beta-glucans have been reported to lower serum cholesterol, improve lipid metabo-
lism, reduce glycemic index and even reduce the risk of colorectal cancer (Keegstra 
and Walton 2006; Pennisi 2009). Beta-glucans are excellent prebiotic components of 
functional foods because they selectively promote the growth of lactobacilli and bifi-
dobacteria in vivo (Snart et al. 2006) and in vitro (Jaskari et al. 1993).

Genetic and environmental variation of β-glucan content in barley has been 
investigated by various workers (Stuart et al. 1988; Kenn et al. 1993; Fastnaught 
et al. 1996). Although the genetic variation exists for breeding high β-glucan bar-
ley lines, environmental variation strongly impacts the β-glucan content and hence 
breeding for consistently high β-glucan content (Shewry 2008). Manickavelu et al. 
(2011) mapped four quantitative trait loci (QTL) on chromosomes 3A, 1B, 5B and 
6D in a wheat recombinant inbred population contributing up to 43 % of variation 
in β-glucan content.

The synthesis of (1,3: 1,4)-β-D-glucan is mediated by cellulose synthase-like 
(Csl) genes that share a superfamily with cellulose synthase (CesA) genes. The Csl 
proteins are predicted to be integral membrane proteins having a “DDDQXXRW” 
motif (Hazen et al. 2002). Thirty-seven Csl genes are known in rice which belong 
to six families, CslA, CslC, CslD, CslE, CslF, and CslH, having 10, 9, 4, 5, 8 and 
2 genes, respectively.

Burton et al. (2006) used a comparative genomics approach to clone the CslF 
group of genes on rice chromosome 7 that correspond to a highly significant QTL 
on barley chromosome 2H affecting (1,3: 1,4)-β-D-glucan content in mature bar-
ley grain (Han et al. 1995). Burton et al. (2006) identified six genes (OsCslF1, 
OsCslF2, OsCslF3, OsCslF4, OsCslF8 and OsCslF9) located on a 118 kb interval 
on chromosome 7 in rice. These genes when mobilized into Arabidopsis resulted 
in (1,3: 1,4)-β-D-glucan synthesis in cell walls, which is lacking in wild type 
plants. The other two genes of this family, OsCslF6 and OsCslF7, are located on 
rice chromosomes 8 and 10, respectively (Burton et al. 2006).

Burton et al. (2008) identified and mapped seven genes of the HvCslF fam-
ily in barley. Of these seven genes, HvCslF3, HvCslF4, HvCslF8 and HvCslF10 
were located in the centromeric region of chromosome 2H; HvCslF6 near the cen-
tromere on 7H; HvCslF7 on 5H long arm and HvCslF9 on 1H short arm near the 
centromere. Transcript profiles of the HvCslF family members showed individual 
patterns of abundance in different tissues, with the exception of HvCslF6, which 
showed consistently higher expression in many of the tissues examined (Burton 
et al. 2008). Later, Burton et al. (2010) reported that over-expression of barley 
HvCslF6 under the control of endosperm specific oat globulin promoter resulted 
in more than 80 % increase in (1,3: 1,4)-β-D-glucan content in transgenic barley 
grains.
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Nemeth et al. (2010) used microarray analysis to identify potential candidate 
genes involved in (1,3: 1,4)-β-D-glucan synthesis in wheat using cDNA isolated 
from whole caryopses and fractions enriched with starchy endosperm tissue, dur-
ing various stages of development. They found that TaCslF6, an ortholog of barley 
gene HvCslF6, had high expression in wheat endosperm and, moreover, its down 
regulation by RNAi resulted in decreased (1,3: 1,4)-β-D-glucan content in the 
endosperm. In oat, Chawade et al. (2010) used Targeting induced Local Lesions 
in Genome (TILLING) to identify mutants in the AsCslF6 gene that affected (1,3: 
1,4)-β-D-glucan content. Comparative genomics, expression profiling, mutant 
selection and gene knockouts are providing better understanding of the enzymes 
and genes regulating cell wall synthesis and it will be possible to manipulate cell 
wall composition of cereal grains in the near future to meet the dietary and indus-
trial requirements.

10.2.2  Arabinoxylans

Arabinoxylans are linear chain backbone consisting of β-D-xylopyranosyl (Xylp) 
residues linked through (1 → 4) glycosidic linkages. Some of the Xylp residues 
have α-L-arabinofuranosyl (Araf) residues attached to them, leading to four struc-
tural elements in the molecules of arabinoxylans viz., monosubstituted Xylp at 
O-2 or O-3, di-substituted Xylp at O-3, and unsubsituted Xylp. The relative ratios 
of these structural elements vary across species (Izydorczyk and Dexter 2008). 
Arabinoxylans (AX) improve gut health, by promoting growth of useful bifido-
bacteria (Glei et al. 2006; Neyrinck et al. 2011). Neyrinck et al. 2012 found that 
wheat-derived arabinoxylans increased satietogenic gut peptides and reduced 
metabolic endotoxemia in diet-induced obese mice. The genes for the assem-
bly of arabinoxylans are not well characterized, although the genes of cellulose 
synthase-like (Csl) and Glycosyl trasferases (GT) families have been reported to 
play important roles in synthesis and feruloylation of arabinoxylans (Urahara et al. 
2004; Mitchell et al. 2007). Mitchell et al. (2007) used a bioinformatics approach 
with differential expression of orthologous genes between Arabidopsis and rice, 
to identify genes involved in AX synthesis and feruloylation, assuming that AX 
synthesis genes will be expressed more in grasses than in dicots. Genes of fami-
lies GT43, GT47 and GT61 and proteins containing the PF02458 domain, which 
are expressed at higher levels in grasses and are integral membrane proteins, 
were reported to be the candidates for AX synthesis (Mitchell et al. 2007). They 
reported that genes in GT43 family coded β, 1 → 4 xylan synthase, GT47 fam-
ily encoded xylan α-1,2 or α-1,3 arabinosyl transferases and genes in GT61 fam-
ily encoded feruloyl-AX-β-1,2 Xylosyl transferases. Oikawa et al. (2010), using 
plant protein family information-based predictor for endomembrane (PFANTOM) 
reported that GT43 and GT47 family genes play important role in xylan synthesis 
in rice. Bosch et al. (2011) while studying cell wall biogenesis in maize elongat-
ing and non-elongating internodes found maize ortholgoues of rice GT61, GT43 
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and GT47 to be the most promising candidates for xylan synthesis. More studies 
are needed to develop better understanding of cell wall biosynthesis in cereals to 
manipulate the levels of AX to be nutritionally beneficial (Bosch et al. 2011).

10.2.3  Resistant Starch

Starch is composed of two structural components, amylose and amylopectin. 
Amylose is a long, essentially linear, polymer of glucose monomers with α-1,4 link-
ages whereas amylopectin is more complex with α-1,6 branching in addition to the 
α-1,4 bonds. Generally reserve starches contain amylose and amylopectin in the 
ratio of about 1:3 (Rahman et al. 2007). High amylose content is associated with 
starch resistant to digestion by the amylolytic enzymes present in the upper digestive 
tract and acts as a substrate for fermentation by the microflora inhabiting the large 
intestine (Bird and Topping 2001; Ito et al. 1999). Short-chain fatty acids produced 
as a result have been reported to benefit gut health (Topping and Clifton 2001). 
Figure 10.1 shows the amylose biosynthesis pathway in cereals. Enzymes signifi-
cantly affecting amylose content in cereals are Granule Bound Starch Synthase-I 
(GBSS-I), Starch Synthase (SS) I–IV and Starch Branching Enzymes (SBE) I-II.

GBSS-I (Wx) is essential for amylose biosynthesis in wheat, rice and maize, 
and the absence of GBSS-I leads to waxy endosperm with no amylose (Shannon 
and Garwood 1984; Kirubuchi-Otobe et al. 1997). Nakamura et al. (1995) com-
bined the null alleles of GBSS-I homoeoloci of wheat to produce waxy or amyl-
ose-free wheat. Slade et al. (2005) used TILLING to identify mutations in all the 
three homoeoloci of GBSS-I in hexaploid and tetraploid wheat cultivars and com-
bined all the mutant homoeoalleles to produce a waxy phenotype with a signifi-
cantly reduced level of amylose content. Amylopectin branching or content does 
not appear to be affected by the absence of GBSS-I (Rahman et al. 2007). Itoh et 
al. (2003) showed overexpression of Wx to increase amylose content in rice, but 
more studies are needed to propose this as a method of choice.

Yamamori et al. (2000) demonstrated SSIIa to be more important in determin-
ing the structure of amylopectin. Mutation in this gene in wheat resulted in shorter 
chain starch molecules and about 35 % higher amylose content over wild type 
(Yamamori et al. 2000). The amount of resistant starch in the high amylose SSIIa 
mutant increased by more than 10-fold after autoclaving as compared to wild type 
wheat in the native state (Yamamori et al. 2006). In barley, mutation in SSIIa leads to 
even higher increase (65 %) in amylose content compared to the wild type (Morell et 
al. 2003). In maize, Zhang et al. (2004) demonstrated that an insertion in SSIIa leads 
to a sugary-2 mutation with a simultaneous increase of 26–40 % in amylose content. 
SSIa mutants did not affect amylose content in rice (Fujita et al. 2006). Mutants for 
the SSIa gene have not been reported in other cereals (Rahman et al. 2007).

OsSSIIIa may play an important role in generating long chains of starch mol-
ecules in rice (Ryoo et al. 2007). Null mutants of rice SSIIIa, generated by T-DNA 
insertions, had smaller and rounder starch granules that were loosely packed in 
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the endosperm. Hence, the Oryza sativa SSIIIa (OsSSIIIa) mutations were named 
white-core floury endosperm 5–1 (flo5–1) and flo5–2 and had reduced content of 
long chains having DP 30 or above. The loss in SSIII of maize led to the dull-I 
phenotype (Gao et al. 2001) and only moderate increase in amylose content.

SBE induces 1,6 branching in starch and thus is important for amylopectin for-
mation. SBE-I, SBE-IIa and SBE-IIb are the three isoforms of the enzyme. Loss 
of SBE activity leads to an increased level of amylose. In maize, loss of SBEIIa 
leads to nearly 80 % higher amylose content and has been commercially exploited 
as amylose extender to produce Hi-maize (Brown 2004). A similar mutation in 
rice led to an increase in amylose content of only 25–35 % (Nishi et al. 2001). In 
wheat, down-regulation of SBEIIa and SBEIIb by RNAi increased amylose con-
tent by 80 % (Regina et al. 2006). The high amylose wheat lines in rat feeding 
trials showed the benefits of resistant starch on gut health (Regina et al. 2006). 
Likewise, in durum wheat silencing of SBEIIa by RNAi led to an increase of 
amylose content up by 75 % (Sestili et al. 2010). However, a similar approach 
with SBEIIb did not increase amylose content. In barley, simultaneous down-
regulation of both SBEIIa and SBEIIb by RNAi by more than 80 % produced a 
high amylose phenotype (>70 %) whereas a reduction in the expression of either 

Fig. 10.1  Starch synthesis in cereals and the role of various enzymes in different steps of starch 
synthesis. Modified from Tian et al. (2009)
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of these isoforms alone had only a minor impact on amylose content (Regina et 
al. 2010). Thus, increasing the expression of GBSS and decreasing SSII and SBEII 
activities have been successfully used to increase resistant starch in cereal grains.

10.2.4  Inulin

Inulin is a member of fructan group of polysaccharides having chains of β (2–1) 
linked fructose units (Degree of polymerization, DP: 2–60) attached to a sucrose 
molecule. It is highly water soluble alternative storage form of carbohydrate and 
occurs in the cell vacuoles of about 15 % of the species of the flowering plants 
(Hellwege et al. 2000). The most common dietary sources of inulin are wheat, onion, 
garlic, banana and leek. Because of the β-configuration of the anomeric C2 in its 
fructose monomers, inulin resists hydrolysis by the human small intestine digestive 
enzymes which specifically hydrolyze α-glycosidic bonds (Roberfroid 2007). In 
the colon, inulin supports growth of useful bacteria that are beneficial in prevent-
ing colon cancer (Reddy et al. 1997; Poulsen et al. 2002). As an ideal dietary fiber, 
inulin increases fecal biomass and regularizes bowel habits (Gibson et al. 1995; 
Kleessen et al. 1997). It is also known to enhance bioavailability of minerals in the 
diet (Abrams et al. 2007) and to improve body defense mechanisms (Guarner 2005).

The inulin biosynthesis model was first proposed by Edelman and Jefford (1968) 
in Helianthus tuberosus. Of the two enzymes, sucrose: sucrose 1-fructosyltrans-
ferase (1-SST) and fructan: fructan 1-fructosyltransferase (1-FFT), 1-SST cata-
lyzes the synthesis of the trisaccharide 1-kestose from two molecules of sucrose. 
Subsequently, 1-FFT transfers fructosyl residues reversibly from one fructan to 
another, producing a mixture of fructans with variable chain lengths. Some modi-
fications have been reported in this generalized model (Duchateau et al. 1995). In 
vitro synthesis of inulin using 1-SST from H. tuberosus (Lüscher et al. 1996) and 
1-FFT from Chicorium intybus (Van den Ende and Laere 1996) yielded fructans 
with DP less than 25. In the modified model, enzyme 6-fructosyltransferase (6-FST) 
introduces new fructosyl units in the elongating fructan chain (Nagaraj et al. 2004). 
Furthermore, enzymes such as fructan exohydrolases (FEHs) can modify the struc-
ture of synthesized fructan by specific trimming of fructosyl chains.

Sprenger et al. (1995) were the first to clone a gene for a plant enzyme for fructan 
biosynthesis, 6-FST, from barley. Transformation of Nicotiana plumbaginifolia, 
lacking fructans, with barley 6-FST led to fructan production (Sprenger et al. 1995). 
Kawakami and Yoshida (2002) cloned 6-FST and 1-SST from wheat. Functional 
characterization was done in the methylotrophic yeast Pichia pastoris, which 
showed fructosyltransferase activity upon transformation. Kawakami and Yoshida 
(2005) cloned 1-FFT gene from wheat and studied its function by overexpressing 
it in P. pastoris. Their results indicated that 1-FFT is essential for biosynthesis of 
fructans accumulating in frost-tolerant wheat. Fructan accumulates in wheat stems 
during growth and anthesis, from where it is mobilized to grains by fructan 1-exohy-
drolase (1-FEH) activity during grain filling. Van den Ende et al. (2003) cloned two 
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isoforms of 1-FEH in wheat and showed that they play important role in trimming 
fructans not only during grain filling but also during active fructan synthesis. Van 
Riet et al. (2006) cloned fructan 6-exohydrolase (6-FEH) from wheat and found that 
it plays an important role in the trimming of the fructans in conjunction with 1-FEH.

Huynh et al. (2008) mapped five QTL for fructan accumulation on wheat chro-
mosomes 2B, 3B, 5A, 6D and 7A. The QTL on 6D and 7A contributed to the largest 
phenotypic variance of 17 and 27 %, respectively. Zhang et al. (2008) determined 
the intron–exon structure of 1-FEH genes in wheat, mapped them on chromosomes 
6A, 6B and 6D and verified their postulated role in fructan accumulation in grains.

Long-chain inulin molecules are desirable for foodstuffs such as ice-cream, 
milkshakes, yogurt, cookies, cakes, pudding, breakfast cereal, and as a neutral 
base in cosmetic applications and pharmaceuticals. Jenkins et al. (2011) reported 
recently that long-chain inulin molecules (with DP>15) beneficially modulate 
microbial growth in the gut that yield healthy short chain fatty acids (SCFAs). The 
processes for accumulating long chain inulin molecules rather than crude mixtures 
of long and short chain inulin molecules in root extracts of artichoke have been 
developed (Hellwege et al. 2008). Manipulating the trimming enzymes of the inu-
lin biosynthesis pathway (FEH) may be a feasible approach to accumulate long-
chain inulin molecules, preferentially in the cereal grains. Bird et al. (2004a, b) 
reported a mutant (M292) in in a hull-less barley variety ‘Himalaya’ that lowered 
plasma cholesterol and enhanced short-chain fatty acids in the guts of rats and 
pigs. Clarke et al. (2008) reported that M292 had a mutation in Starch synthase 
(SSIIa) gene which, in addition to enhancing free sugars, β-glucans and arabinoxy-
lans also increased inulin content by 42-fold compared to the wild type variety. 
The wild type variety ‘Himalaya’ had 0.1 mg/kg inulin in the grains, whereas the 
mutant M292 had 4.2 mg/kg grain inulin content (Clarke et al. 2008). More stud-
ies are needed to validate the role of SSIIa in increasing grain inulin content.

10.3  Bioactive Compounds (Class II)

10.3.1  Polyphenols

Polyphenols are compounds bearing one or more aromatic rings with one or more 
hydroxyl groups (Liu 2007). Though termed secondary metabolites, polyphe-
nols play an essential role in protecting plants from UV radiation (Stalikas 2007), 
inhibiting pathogens (Abdel-Aal et al. 2001) and providing structural integrity to 
the cell wall (Klepacka and Fornal 2006). Cereals contain high levels of polyphe-
nols that contribute in the prevention of degenerative diseases such as cancer and 
cardiovascular diseases (Liu 2007; He et al. 2010). The health effects of phenolic 
compounds depend on the amount consumed and on their bioavailability (Manach 
et al. 2004).

Cereals contain a variety of polyphenols including phenolic acids, fla-
vonoids (flavonols, flavones, flavonones, isoflavones and anthocyanins), 



25710 Genomics of Cereal-Based Functional Foods

proanthocyanidins, condensed tannins, catechins and lignans. The majority 
of phenolics in cereals are present in the bran fraction as insoluble and bound 
compounds in the form of ester and ether linkages with polysaccharides such 
as arabinoxylan and lignin in the cell wall (Liyana-Pathirana and Shahidi 2006; 
Fernandez-Orozco et al. 2010).

Genetic variation for polyphenol accumulation and composition has been docu-
mented among different cereals (Adom et al. 2003; Menga et al. 2010; Shewry et 
al. 2010). Significant correlations between the contents of bioactive components 
and environmental factors were found and even highly heritable components dif-
fered in amount over different years and sites (Fernandez-Orozco et al. 2010; 
Shewry et al. 2010). Bound phenolics, which comprise the greatest proportion 
of the total phenolics, resulted in the most heritable compounds compared to the 
free and conjugated forms (Fernandez-Orozco et al. 2010). Higher levels of total 
phenolics, ferulic acid and flavonoids were detected in Emmer wheat compared to 
Einkorn and bread wheat species (Li et al. 2008; Serpen et al. 2008), but further 
studies are needed on a larger sample of wheats with various ploidy levels.

The biosynthesis of phenolics is initiated by the shikimic acid pathway (Heldt 
2005) which produces phenylalanine, the first substrate of the phenyl propanoid 
pathway and proceeds with the synthesis of different classes of compounds, 
including phenolic acids and flavonoids (Fig. 10.2). The pathway is known to 
be strongly affected by various stimuli including light, pathogens and wounding 

Fig. 10.2  Schematic representation of the general phenylpropanoid pathway in plants, leading 
to the synthesis of phenolic acids, lignin, different classes of flavonoids and proanthocyanidins. 
Modified from Deluc et al. (2006)
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(Weaver and Herrmann 1997). Possible strategies to enhance the biosynthesis of 
specific phenolics include over-expression of structural genes involved in rate-lim-
iting steps, and the manipulation of transcription factors that simultaneously acti-
vate several genes in one pathway (Grotewold 2008).

Phenolic Acids

Phenolic acids represent the most common form of phenolic compounds found in 
whole grains. Among these, the most abundant are derivatives of hydroxycinnamic 
acids (Sosulski et al. 1982). The biosynthesis of hydroxycinnamic acids begins 
with the deamination of phenylalanine to produce cinnamic acid by the enzyme 
phenylalanine ammonia-lyase (Fig. 10.2). Further enzymatic reactions include 
hydroxylation of the aromatic ring, methylation of selected phenolic hydroxyl 
groups, activation of the cinnamic acids to cinnamoyl-CoA esters, and reduction 
of these esters to cinnamaldehydes and cinnamyl alcohols.

In most plants, the enzyme phenylalanine ammonia-lyase (PAL) is encoded 
by a small gene family (Wanner et al. 1995; Zhu et al. 1995). In monocotyle-
dons, genes involved in the synthesis of PAL were isolated from DNA libraries 
in rice (Minami and Tanaka 1993; Zhu et al. 1995) and wheat (Li and Liao 2003). 
Kervinen et al. (1998) isolated five different genes in barley encoding PAL from a 
root cDNA library that were highly similar to the wheat and rice PAL sequences. 
Similar approaches were used to clone other key genes involved in the biosynthe-
sis of phenolic acids in maize (Collazo et al. 1992), wheat (Ma et al. 2002) and 
rice (Yang et al. 2005).

Only a few attempts have been made to specifically increase the content of phe-
nolic acids in cereal crops. Dias and Grotewold (2003) reported higher content of 
ferulic, chlorogenic and other phenolic acids in cultured maize cells transformed 
by the transcription factor ZmMyb-IF35. Mao et al. (2007) studied secondary 
metabolism in maize lines transformed with the wheat oxalate oxidase (OxO) 
gene. In leaves of the OxO maize lines, the amount of phenolic acids significantly 
increased while synthesis of DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxa-
zin-3-one), a naturally occurring hydroxamic acid insecticide was reduced. Ferulic 
acid exhibited the largest increase and accounted for 80.4 % of the total soluble 
phenolics. These results depend on a diversion in the shikimate pathway leading to 
production of phenolic and hydroxamic acids. More studies are needed to manipu-
late phenolic acid synthesis pathway in a nutritionally applicable way.

Flavonoids

Flavonoids represent a large family of low-molecular-weight phenolics involved 
in a wide range of functions (Dixon and Paiva 1995). In cereals, dozens of dif-
ferent flavonoids have been identified mostly conjugated to various sugar moie-
ties (Dykes and Rooney 2007). Variation in flavonoid synthesis depends upon the 



25910 Genomics of Cereal-Based Functional Foods

enzymatic function/activity of genes in either the core or side branches of the fla-
vonoid pathway (Fig. 10.2). Multiple copies of genes and specific regulatory fac-
tors are responsible for the variation in flavonoids in different tissues and organs of 
plants (Dias and Grotewold 2003; Zhou et al. 2010).

The biosynthesis of flavonoids is initiated by the step catalysed by the enzyme 
chalcone synthase (CHS) which produces the aglycone flavonoid naringenin chal-
cone from malonyl-CoA and coumaroyl-CoA precursors (Heller and Forkmann 
1994). In maize, CHS is encoded by a duplicated genetic locus (Wienand et al. 
1986; Franken et al. 1991). In the majority of plants including cereals, chalcones 
are not the end-products. The pathway proceeds with several enzymatic steps to 
flavanones, dihydroflavonols and, finally, to the anthocyanins, the major water 
soluble pigments in flowers and fruits (Grotewold and Peterson 1994; Deboo et 
al. 1995). The synthesis of isoflavones, aurones, flavones, proanthocyanidins and 
flavonols is well documented in maize and more than 20 structural and regulatory 
genes have been identified (Mol et al. 1998; Grotewold 2006). However, little is 
known about the final transfer of anthocyanins into the vacuole (Marrs et al. 1995; 
Alfenito et al. 1998).

Most of the structural genes involved in the flavonoid pathway have been iden-
tified, characterized and mapped in wheat (Munkvold et al. 2004; Himi and Noda 
2004, 2005; Himi et al. 2011). Khlestkina et al. (2008a) identified four distinct 
copies of Flavanone 3-hydroxylase (F3H) gene in bread wheat by PCR-based 
cloning. In barley, a cDNA library screened with a probe from Antirrhinum majus 
was used to clone the gene encoding flavanone-3-hydroxylase (Meldgaard 1992). 
Some of the genes involved in the synthesis of flavonoids in cereals have also been 
mapped. In wheat, CHS was found to map to chromosomes of homoeologous 
groups 1 and 2 (Li et al. 1999), CHI to homoeologous group 5 and 7D (Li et al. 
1999), F3H and DFR to homoeologous groups 2 (Khlestkina et al. 2008b) and 3 
(Himi and Noda 2004), respectively.

The regulation of flavonoid metabolism is achieved mainly through transcrip-
tional regulation of genes involved in biosynthetic pathway (Martin et al. 2001; 
Davies and Schwinn 2003). A number of regulatory genes required for anthocya-
nin regulation have been identified, cloned, and characterized in several species. 
These transcription factors belong to two classes, MYB superfamily and basic-
Helix-Loop-Helix (bHLH), and together with a WD40 protein, are thought to reg-
ulate the anthocyanin biosynthetic genes co-operatively (Koes et al. 2005).

Regulatory genes controlling the tissue specificity of structural genes were 
identified by mutant analysis in maize (Paz-Ares et al. 1986; Cone et al. 1993a, 
b; Pilu et al. 2003), Arabidopsis (Paz-Ares et al. 1987; Vom Endt et al. 2002), 
Antirhinum (snapdragon; Martin et al. 1991), Petunia (Quattrocchio et al. 1993), 
Vitis vinifera (grape; Deluc et al. 2008) and wheat (Himi et al. 2011). Two types 
of transcription factors grouped as the R/B family (basic helix–loop–helix, bHLH-
type) and the C1/Pl family (Myb-type) were shown to upregulate the structural 
genes required for the production of anthocyanin (Consonni et al. 1993; Pilu et al. 
2003). In addition, transcription factors P, TT2, TT8 and Del also regulate part of 
the flavonoid biosynthesis (Martin et al 1991; Vom Endt et al. 2002).
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The enzymes that direct the splitting of flavonoid synthesis pathway from the 
phenylpropanoid pathway are critical for the increased production of various fla-
vonoids. Shin et al. (2006) obtained the novel synthesis of several classes of fla-
vonoids in the endosperm of rice by expressing two maize regulatory genes (C1 
and R-S) using an endosperm-specific promoter. C1, when transferred to wheat 
induced anthocyanin pigmentation in otherwise non-pigmented wheat coleoptiles 
(Ahmed et al. 2003). In addition, the R and Rc-1 genes were shown to upregu-
late key genes of the flavonoid pathway in wheat (Hartmann et al. 2005; Himi and 
Noda 2005; Himi et al. 2011).

10.3.2  Carotenoids

Carotenoids are pigments conferring the characteristic yellow to red color to 
fruits and flowers. Structurally, they are isoprenoid compounds having gener-
ally eight isoprene units and long polyene chains with 3–15 conjugated double 
bonds (Weedon and Moss 1995). More than 600 carotenoids have been identified 
in plants including α-carotene, β-carotene, lycopene, lutein, zeaxanthin, cryptox-
anthin, citroxanthin and violaxanthin, etc., (Kahlon and Keagy 2003). The most 
famous member of the carotenoids is β-carotene, which is a precursor of vitamin 
A; its deficiency leads to xerophthalmia and also cataracts and macular degenera-
tion with ageing. Carotenoids may also have protective effects in cardiovascular 
diseases and cancer (Kohlmeier and Hastings 1995; Astorg 1997).

Carotenoid synthesis starts in the plastids of higher plants by the action of IPP 
isomerase and GGPP synthase converting four molecules of isopentyl diphosphate 
(IPP), to geranyl geranyl diphosphate (GGPP) (Giuliano et al. 2008). Phytoene 
synthase subsequently condenses two molecules of GGPP to form 15-cis-phy-
toene, which is the first dedicated step in the carotenoid biosynthesis (Beyer et al. 
1985). Figure 10.3 gives a schematic representation of the carotenoid biosynthesis 
pathway in plants.

Ye et al. (2000) produced golden rice with increased β-carotene content by 
introducing the phytoene synthase (psy) gene from daffodil together with a bacte-
rial phytoene desaturase (crtI) gene from Erwinia uredovora placed under control 
of the endosperm-specific glutelin (Gt1) and the constitutive cauliflower mosaic 
virus (CaMV) 35S promoters, respectively. Paine et al. (2005) developed golden 
rice-2 with 23-fold higher total carotenoid accumulation by introducing the maize 
psy gene compared to the original golden rice (Ye et al. 2000). Giuliano et al. 
(2008) estimated that 100 % of the recommended dietary allowance (RDA) of 
vitamin A for children and 38 % for adults can be obtained with 60 g/day con-
sumption of golden rice-2.

Wong et al. (2004) reported QTL mapping of β-carotene synthesis pathway 
genes in maize. The β-carotene biosynthetic pathway in maize was also studied 
using loss-of-function mutants (Buckner et al. 1990, 1996; Li et al. 2007; Zhu 
et al. 2008). A mutant of phytoene synthase (y1) of maize has white endosperm 
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and very low carotenoid levels. Phytoene desaturase is the second enzyme and is 
responsible for a two-step desaturation of phytoene to ζ (Zeta)- carotene which 
is then further desaturated to other forms of carotenoids such as lycopene and 
β-carotene. Yan et al. (2010) reported cloning of gene β-carotene hydroxylase-1 
(crtRB1) in maize and further demonstrated a rare genetic variation in crtRB1 to 
enhance β-carotene levels in maize.

Hexaploid bread wheat (T. aestivum) has low carotenoid levels (1.94 μg/g), 
whereas diploid einkorn wheat and tetraploid emmer wheat have relatively higher 
carotenoid content (9.62 and 6.27 μg/g, respectively), which is however, lower 
than that of corn (35.11 μg/g) (Panfili et al. 2004; Abdel-Aal et al. 2002, 2007). 
Lutein is the predominant carotenoid in wheat and comprises 80–90 % of the total 
carotenoid content, the remaining being zeaxanthin, β-carotene, and lutein esters 
(Abdel-Aal et al. 2002). Lutein content has been reported to be higher in the flour 
than the bran portion in all the wheat species analyzed (Abdel-Aal et al. 2002). 
Zhang et al. (2005) transferred yellow pigment gene (Y) from Lophopyrum pon-
ticum to wheat cultivars. They proposed Y gene to be either an efficient enzyme 
in early steps of carotenoid biosynthetic pathway or a regulatory factor that 
affects several steps of the carotenoid biosynthetic pathway (Zhang et al. 2005). 

Fig. 10.3  Carotenoid biosynthesis pathway in plants. Modified from Giuliano et al. (2008)
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Pozniak et al. (2007) mapped genes psy1 and psy2 on group-7 and -5 chromo-
somes, respectively, in durum wheat, of which psy1 had a strong association with 
yellow pigment content of endosperm (Pozniak et al. 2007; Singh et al. 2009). A 
similar association is known in maize endosperm yellow pigment and maize psy1 
gene (Gallagher et al. 2004). Zhang and Dubcovsky (2008) isolated the psy1-A 
and psy1-B1 genes from two durum cultivars, which was followed by the develop-
ment of functional markers for flour color in wheat by He et al. (2009). Wang et 
al. (2009) cloned and made a phylogenetic analysis of the psy1 gene in common 
wheat and related species. All the genes had six exons and five introns. Sequence 
divergence due to single nucleotide polymorphisms (SNPs) and insertion dele-
tions (InDels) were present among the different clusters. Cong et al. (2010) cloned 
cDNA and made an expression analysis of the wheat phytoene desaturase (PDS) 
and ζ-carotene desaturase (ZDS) genes and found them to have high homology 
with those of other higher plant species.

10.3.3  Tocopherols and Tocotrienols (Vitamin E)

Vitamin E is a family of fat-soluble antioxidants consisting of α-, β-, γ-, and δ- 
tocopherols and the corresponding α-, β-, γ-, and δ- tocotrienols. Alpha-tocopherol 
is the form of vitamin E that is preferentially absorbed and accumulated in humans 
(Rigotti 2007). Compared to tocopherols, tocotrienols have been less investigated, 
although they show higher antioxidant potential (Sen et al. 2006). This is due to 
widespread occurrence of tocopherols in plants as the principal vitamin E compo-
nents of leaves and seeds in most dicot species (Padley et al. 1994). On the other 
hand, tocotrienols typically account for the majority of the total vitamin E con-
tent in the seeds of monocots, such as rice, wheat and oats (Peterson and Qureshi 
1993; Padley et al. 1994). From the human health point of view, tocotrienols have 
been shown to have specialized roles in protecting neurons from damage (Sen et 
al. 2006) and in cholesterol reduction (Das et al. 2008). Tocopherol compounds, in 
both durum and bread wheat are mostly present in the germ fraction (Panfili et al. 
2003; Borrelli et al. 2008). Table 10.3 summarizes the content of various compo-
nents of vitamin E in the grains of common cereals.

The tocopherol biosynthetic pathway in plants has been extensively studied 
for over 30 years (Whistance and Threlfall 1970; Grusak and DellaPenna 1999) 
and the enzymes and genes of the pathway have been isolated (DellaPenna 2005). 
With the exception of Vitamin-E-defective (VTE3) (Cheng et al. 2003), tocopherol 
biosynthetic enzymes share significant homology between plants and cyanobacte-
ria, underscoring the evolutionary relationship between these organisms.

The first step in tocopherol synthesis involves the production of the aromatic 
head group, homogentisic acid (HGA), from p-hydroxyphenylpyruvic acid (HPP) 
by the enzyme p-hydroxyphenylpyruvic acid dioxygenase (HPPD), as reviewed by 
DellaPenna (2005). Cahoon et al. (2003) isolated HPT from tocotrienol-accumu-
lating seeds of barley, wheat and rice and expressed barley HPT in tobacco calli 
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using the CaMV 35S promoter. Barley HGGT was expressed in Arabidopsis thali-
ana leaves, which accumulated large amounts of tocotrienols upon transformation. 
High tocotrienol corn was designed by expressing barley HGGT in maize, under 
the control of embryo specific promoter for corn oleosin gene, showing that a sin-
gle metabolic step was sufficient to enhance the effective level of vitamin E six-
fold (Cahoon et al. 2003).

10.4  Future Perspectives

Functional food components vary across the cereal crops and within different tis-
sues of the grain. Knowledge of the genetics, biochemistry and genomics of func-
tional food components also differs among crop plants and is more advanced in rice 
and corn than in wheat, barley and oats. Moreover, large genome size of wheat, 
barley and oats, together with polyploidy in wheat and oats further complicate 
genetic and genomic analysis. High-quality sequences of wheat genome and genes 
are urgently needed and will greatly accelerate functional food component research.

The next challenge will be to elucidate metabolic pathways and structural 
and regulatory genes for functional food components. As the reviewed literature 
reveals, this work is already in progress and needs to be continued at an accel-
erated pace. Comparative genomics and bioinformatics-based approaches will be 
useful in leveraging information from model organisms, rice and maize to other 
cereal crops. However, many genes are crop-specific, so that functional genom-
ics tools must be developed in each cereal crop plant. In this regard, TILLING 
appears to be a versatile tool for crops such as wheat and barley where other func-
tional tools are not that well developed. TILLING will be useful for mining novel 
alleles of genes of metabolic pathways, increasing diversity in the trait of inter-
est, as demonstrated by the directed search of specific mutants for high amylose 
starch. However, TILLING may not be feasible for multigene families where tech-
niques such as RNAi may be more appropriate for knocking down specific gene 
activity. A transgenic approach was used to produce golden rice but public accept-
ance has been problematic. TILLING is a promising strategy for the targeted 
breeding for genes of interest with no biosafety issues because it is an entirely 
non-transgenic approach. Genetics, breeding and transgenic approaches have been 
and can be used to design cereal crops with optimum expression of functional 
food compounds such as β-glucan, amylose, inulin, phenolics, flavonoids, carot-
enoids, and vitamin E.

Wild germplasm is another untapped resource of useful genetic variation in the 
functional food compounds. In the past, related wild species have been used as 
sources of many useful genes for resistance against biotic and abiotic stresses, but 
they have not been used so far in improvement of cereals for their use as func-
tional foods. Evaluating natural variation in the wild relatives of crop plants for 
functional food components and molecular breeding of those traits for increasing 
the functional food value of cereal crops should be fully explored.
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10.5 Summary and Outlook

Cereals are major components of the human diet, and the content of compounds 
that are beneficial to human health has become a fascinating and important subject 
of research. With increasing knowledge of the biosynthetic pathways of functional 
food components, the exact roles played by the various genes involved and the fac-
tors affecting the end product, it is becoming increasingly possible to design cereal 
crops as functional foods, with nutritional role beyond use as a source of calories.
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11.1  Introduction

Quantitative trait loci (QTL) mapping in crop plants has now become routine 
due to the progress made in this area during the last two decades. Although, ini-
tial QTL studies mainly focused on the identification of QTLs for only some 
important quantitative traits (QTs) in any individual crop, QTLs could later be 
identified for majority of the QTs in each of a number of crops, in many cases 
leading to cloning of individual QTLs. Consequently, in different crops, more 
than 10,000 QTLs/genes (also described as marker-trait associations; MTAs) 
were already detected by 2008 (over 5,000 QTL have been detected in rice alone; 
http://www.gramene.org/qtl/), suggesting enormous research activity in this area in 
the recent past (Bernardo 2008), although not many of these studies could be uti-
lized for crop improvement. It is also apparent that majority of these studies have 
been conducted in cereals, primarily because of their relative importance in our 
food security system. Advances in the techniques of QTL mapping were also facil-
itated by developments that took place in the field of genomics research includ-
ing statistical genomics (Liu 1998; Mauricio 2001; Borevitz and Chory 2004). 
Keeping in view the importance of the subject and the enormous research activity 
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witnessed in this area of research, several reviews on QTL analysis in plants 
appeared in the past (Tanksley 1993; Mackay 2001; Doerge 2002; Hackett 2002; 
Collard et al. 2005; Jansen 2007; Nordborg and Weigel 2008; Moose and Mumm 
2008; Zhang and Gai 2009; Myles et al. 2009; Van Eeuwijk et al. 2010).

In the first edition of edited volume entitled ‘Cereal Genomics’, two chapters 
were devoted to QTL mapping; one was focused on QTLs and genes for disease 
resistance in barley and wheat (Jahoor et al. 2004), while the other was focused 
on QTLs and genes for tolerance to abiotic stress in cereals (Tuberosa and Salvi 
2004). After the publication of this edited volume, significant advances have been 
made during the last 8 years, so that in this chapter, we give an updated version of 
the various resources (including mapping populations), methods and their applica-
tions in cereals, which became available for linkage-based simple QTL mapping 
(QM), joint linkage mapping, linkage disequilibrium (LD)-based association map-
ping (AM) and joint-linkage association mapping (JLAM) in cereals (Fig. 11.1). 
Genetical genomics along with eQTLs (expression QTLs), pQTLs (protein QTLs) 
and mQTLs (metabolite QTLs) have also been discussed briefly. While discussing 
linkage-based QM, we also discuss the desirability of using either joint linkage 
analysis or meta-QTL analysis (involving several mapping populations together) 
to emphasize the importance of QTL studies for the same trait in a crop conducted 
using a number of biparental mapping populations. Two other areas of research 
which are discussed briefly in this review include QTL studies undertaken to study 
quantitative disease resistance and genetics of domestication syndrome in cereals. 

Mapping populations

Traditional (bi-parental) 
mapping populations

Next-generation (multi-parent) 
mapping populations

Germplasm/breeding 
lines/core collection etc.
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Fig. 11.1  Systematic representation of various steps involved in QTL identification
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Finally, towards the end of this chapter, we summarize the results available on 
cloning of QTL in cereals. However, keeping in view the enormous literature pub-
lished on the subject, we find it neither possible nor desirable to collect and present 
all the available literature in this article.

11.2  QTL Mapping Based on Linkage Analysis

11.2.1  Mapping Populations for QTL Analysis in Cereals

The importance of mapping populations for QTL analysis is widely known. 
Generally individual mapping populations for QTL analysis are developed using 
two or more parental genotypes, which differ for the trait of interest. In some 
other cases, mapping populations are developed primarily for construction of 
linkage maps, but are subsequently also utilized for QTL analysis, so that the par-
ents of such a mapping population are diverse, but were not selected keeping in 
mind any trait of interest. International Triticeae Mapping Population (ITMIpop) 
in wheat is one such example, which was developed for construction of genetic 
maps, but was subsequently used for many QTL studies, since parental genotypes 
of ITMI were chosen to be diverse and consequently the recombinant inbred lines 
(RILs) segregated for a number of traits of economic importance, thus permitting 
QTL analysis for these traits (Röder et al. 1998; Borner et al. 2002; Kulwal et 
al. 2003, 2004). In some of these studies, it was observed that significant varia-
tion for a trait of interest was available among RILs, even when the parents did 
not differ for the trait. This may happen when the parents differ genetically for 
the trait of interest, but may not differ phenotypically for this trait, so that simi-
lar phenotypes result due to the presence of different sets of QTL for the same 
trait in the two parents. In our own studies, such a situation was observed, when 
we utilized ITMI population for QTL analysis for pre-harvest sprouting toler-
ance (PHST) (Kulwal et al. 2004). However, during the last couple of decades, 
use of different types of mapping populations including biparentals, germplasm 
and breeding populations has been suggested, each having its own advantages 
and limitations in terms of their use in QTL mapping (see following sections and 
Fig. 11.2), suggesting that the choice of material also depends upon the objective 
of the study.

Bi-Parental Mapping Populations

F2, BC, RIL and DH Populations

Biparental mapping populations that are used for QTL analysis include F2, backcross 
(BC1), RIL and doubled haploid (DH) populations, although initially F2 populations 
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that were actually developed with the aim of constructing linkage maps, were also 
utilized for QTL mapping (Fig. 11.1). Some of the earlier high density maps in rice 
(Harushima et al. 1998), barley (Graner et al. 1991), maize (Gardiner et al. 1993), 
wheat (Gill et al. 1991) and sorghum (Whitkus et al. 1992) were also based on F2 
mapping populations, which were also used for QTL analysis. Since a F2 population 
is the product of only one cycle of recombination and RILs result from several such 
cycles of recombination, a linkage map prepared using F2 population is not as fine as 
that obtained using RILs. This problem can be overcome by using sufficiently large 
F2 population (Hackett 2002; Collard et al. 2005), but this incurs substantial costs, 
so that aletrnative strategies have, therefore, been developed through intermating F2 
individuals for one or more generations, sometimes leading to the development of 
of the so-called advanced intermated lines, the AILs, as done in maize (Darvasi and 
Soller 1995). Moreover, since a linkage map is often used for QTL mapping, and 
since an F2 population cannot be replicated, it offers limited utility in terms of study-
ing the genetic architecture of the trait. Thus, majority of the linkage and QTL map-
ping studies carried out in cereals made use of RIL populations, mainly due to higher 
mapping resolution and due to the possibility, which they offer for the study of geno-
type × environment interactions. However, the time required for the development of 
RILs often discourages researchers from developing these mapping populations.

In view of the time needed for developing RILs, DH populations are often pre-
ferred, since they still retain some of the advantages of RILs and can be produced 
within a reasonable period of time (Gupta et al. 2010a). Techniques for production 
of DH populations have been standardized in most cereals and these populations 
are now being increasingly used for QTL analysis. This has been successfully 
achieved in almost all cereals including wheat (Cadalen et al. 1998; Perretant et 
al. 2000), barley (Graner et al. 1991; Kleinhofs et al. 1993; Langridge et al. 1995), 

Fig. 11.2  Hypothetical 
figure showing comparison of 
various mapping populations 
used in QTL mapping in 
terms of resolution and 
research time (modified after 
Yu and Buckler 2006)
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rice (Lu et al. 1996; Xu et al. 1997) and oats (Tanhuanpää et al. 2008, 2010). Thus, 
both, RILs and DH populations represent eternal resources for QTL mapping and 
therefore often described as ‘immortal populations’, although immortalized F2 
populations have also been developed and utilized in crops like rice and maize, 
with the sole objective of studying dominant gene effects for heterosis breeding 
(Hua et al. 2003; Tang et al. 2010 see later).

Advanced Generation Populations

Advanced generations following a cross between two diverse parents may also give 
suitable populations for QTL analysis. One such example is advanced backcross 
population, which can be utilized for simultaneous QTL analysis and marker assisted 
selection (Tanksley and Nelson 1996; for more details on the use of these popula-
tions, consult Advanced Backcross QTL Analysis, discussed later in this chapter).

Immortalized F2 Populations and NC III Design Populations

One of the limitations of using eternal RIL/DH mapping populations is that 
these populations cannot be used for studying the dominant genetic effects of 
QTLs, which is necessary when heterosis is exploited for enhanced crop pro-
ductivity. We know that F2 or backcross (BC) populations, which can be used 
for the study of dominant genetic effects, cannot be subjected to multi-loca-
tion trials, nor can the trials be repeated over years to study QTL × environ-
ment interactions. Therefore, efforts have been made to develop immortalized 
F2 (IF2) populations both in self-pollinated and cross-pollinated crops (rice and 
maize), where heterosis is being exploited (Hua et al. 2003; Tang et al. 2010). 
These immortalized F2 populations are derived from RILs/DH lines of one or 
more mapping populations by intercrossing RILs/DH lines in pairs, so that a 
large number of F1 hybrids obtained from hundreds of RIL/DH pairs (without 
repetition) will mimic a F2 population. Such an IF2 population can be repeatedly 
produced again and again depending upon the need and can therefore be used 
for multi-location trials over years, thus providing an opportunity for detection 
of QTLs involved in dominant, dominant × dominant and dominant × additive 
effects. These populations can also be used for a study of the mechanism of het-
erosis in a particular crop.

In maize, North Carolina III (NCIII) design has also been used for develop-
ing populations that are suitable for study of dominant effects. For instance, in a 
recent study, crosses of hybrids between RILs (belonging to three mapping popu-
lations), each with both the corresponding parental inbred lines, have been used 
for developing populations of F1’s in maize which are comparable to immortalized 
F2 populations utilized in rice (Larièpe et al. 2012). In this study, a high corre-
lation between heterosis and heterozygosity of Hybrids for a number of markers 
confirmed the complex genetic basis and the role of dominance in heterosis.
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Next-Generation Multi-Parental Mapping Populations

Next-generation mapping populations include a variety of mapping populations, 
which should overcome several limitations associated with traditional bi-parental 
and association mapping populations (Morrell et al. 2012; Fig. 11.1). Some of the 
advantages of these populations over bi-parental and association mapping popula-
tions include the following: (1) increase in the rate of effective recombinations per 
generation, (2) higher level of genetic variability, (3) higher resolution, (4) effective 
sampling of rare alleles, (5) no problem of population structure and (6) better esti-
mation of allelic effects. These advantages associated with the next generation mul-
tiparental mapping populations have been attributed to the involvement of multiple 
parents in both controlled crosses (as in QTL mapping) or inter-mating over a num-
ber of generations (as in association mapping). ‘Multiparent Advanced Generation 
Intercross’ (MAGIC) populations, ‘Nested Association Mapping’ (NAM) popula-
tions, Multiline Cross Inbred Lines (MCILs) and Recombinant Inbred Advanced 
Intercross Lines (RIAILs) are the most important examples of these next generation 
multi-parental populations that are being developed in cereals. Similarly, in case of 
Arabidopsis, eight founder accessions were crossed to produce six sets of recombi-
nant inbred lines, which together make an Arabidopsis multiparent RIL (AMPRIL) 
population (Huang et al. 2011). In a recent study, these multiparental mapping popu-
lations (e.g., MAGIC and AMPRIL) were compared with biparental mapping popu-
lations for their use in QTL mapping (Rakshit et al. 2012).

‘Multiparent Advanced Generation Intercross’ (MAGIC) Populations

In case of a MAGIC population, multiple parents (involving 4–20 parents) are used 
for the development of a mapping population (Cavanagh et al. 2008; Lehmensiek et 
al. 2009). One such MAGIC population in model plant system Arabidopsis consisted 
of 527 RILs that were developed using a heterogeneous stock derived from 19 inter-
mated accessions; this population helped in mapping of a number of already known 
QTLs with high precision (Kover et al. 2009). MAGIC populations are also being 
developed in a number of cereal crops including wheat (for details, see Gupta et al. 
2010b), rice and sorghum (CGIAR Generation Challenge Programme 2009). At the 
International Rice Research Institute (IRRI), Philippines, efforts are underway to 
develop a number of rice MAGIC populations based on sixteen diverse founder lines 
involving eight each from the indica and japonica eco-geographic races of Oryza 
sativa (Bandillo et al. 2011). Although, these populations offer a definite advantage 
over any of the other types of populations, one needs to subgroup these populations 
based on their adaptive traits (like plant height, days to maturity) before using them 
for phenotyping for traits like drought and heat stress.

‘Nested Association Mapping’ Populations

A NAM population was developed in maize by crossing one common par-
ent B73 with 25 diverse maize founder inbreds followed by selfing the F1’s 
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to generate 25 F2 populations. These F2 populations were advanced through 
single seed descent (SSD) to generate 25 RIL populations each with 200 RILs, 
thus making a NAM population of 5,000 RILs, which captured an estimated 
number of 136,000 recombination events. This allowed the use of both link-
age analysis and association mapping in a single, unified mapping population, 
since it takes into account both historic and recent recombination events (Yu 
et al. 2008). Besides this, NAM population also offers the advantage of high 
allele richness coupled with high resolution and high statistical power, without 
the associated disadvantages of either linkage mapping or association mapping 
(McMullen et al. 2009). Since its development, this NAM population has been 
used in several linkage and association mapping studies (see association map-
ping section), involving genetic dissection of flowering time, leaf architecture, 
northern and southern leaf blights in maize (Buckler et al. 2009; Kump et al. 
2011; Poland et al. 2011; Tian et al. 2011). Using the data recorded on about 
a million plants, these studies identified a large number of small effect QTLs 
and also the epistatic and/or environmental interactions for each of the trait 
studied.

Multiline Cross Inbred Lines

The MAGIC and NAM populations discussed above are specially designed for 
the purpose of QTL mapping. However, multiparental inbred lines are also gen-
erated during regular routine plant breeding programs, although not in a manner 
like MAGIC or NAM. These multiline cross inbred lines and/or breeding popu-
lations can also be utilized for QTL mapping, because these are available with-
out any extra cost and effort and can have direct relevance to crop improvement 
(Wurschum 2012). The advantage of using such material is that the mating is con-
trolled by the breeder, so that the ancestry is known and the phenotypic data is 
available for free.

Unfortunately, most of the methods and computer programs of QTL map-
ping have been designed for simple-line crosses or multi-line crosses that are 
based on a regular mating system. These methods, therefore, are not suitable 
for multi-line cross inbred lines produced through routine and complicated 
mating designs of commercial plant breeding. Newer methods have, there-
fore, been proposed for conducting QTL analysis using these multi-line cross 
inbred lines (Xie et al. 1998; Yi and Xu 2002). Software like MCQTL and 
INTERQTL have also been developed for this purpose (Crepieux et al. 2004; 
Jourjon et al. 2005). While using multiline cross inbred lines (including breed-
ing populations), one needs to ensure that some common checks were included 
in the trials so as to make the phenotypic data balanced one, as all the lines 
are not evaluated every year (for more details see Wurschum 2012). In maize, 
using 404 multi-cross inbred lines, eight QTL were mapped for a male flow-
ering trait, described as ‘growing degree day heat units to pollen shedding’ 
(GDUSHD). These QTLs contributed 80% of the variance observed among the 
inbred lines (Zhang et al. 2005).
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Recombinant Inbred Advanced Intercross Lines

As mentioned above, like MAGIC populations, Recombinant Inbred Advanced 
Intercross Lines (RIAILs) represent a new class of next generation multiparen-
tal mapping populations (Rockman and Kruglyak 2008). Some other similar 
advanced intercross populations have been described as intermated recombinant 
inbred populations (IRIP) or intermated recombinant inbred lines (IRIL) (see Liu 
et al. 1996; Rockman and Kruglyak 2008). Like MAGIC populations, RIAILs also 
involve intercrossing of multiple parental genotypes and form a single population 
with large number of RIAILs (see Morrell et al. 2012). The use of multiple parents 
and advanced intercrosses allows increase in the number of recombination break-
points in these RIAILs (Rockman and Kruglyak 2008). Therefore, RIAIL map-
ping populations have the merits of both AILs and RILs, and among plant systems, 
have already been produced and utilized for QTL mapping in Arabidopsis (Liu  
et al. 1996) and maize (Lee et al. 2002).

11.2.2  Methods of Linkage-Based QTL Mapping

A number of linkage-based approaches have been used for QTL mapping in cere-
als. These approaches include single marker analysis (SMA) and QTL interval 
mapping, the latter in its turn including single-locus and two-locus analyses. The 
most common and simple approach of mapping genes makes use of linear regres-
sion and was used as early as 1920s (Sax 1923). However, due to the availabil-
ity of molecular markers and newer statistical tools, significant improvement in 
methods used for QTL mapping has been possible in recent years. Also, the focus 
shifted from marker analysis to simple, composite and multiple interval map-
ping (Lander et al. 1987; Lander and Botstein 1989; Zeng 1994; Kao et al. 1999). 
Emphasis has also shifted from single-locus analysis to two-locus analysis involv-
ing epistatic QTLs (with and without main effects) and from maximum likeli-
hood approach to the use of Bayesian approach in QTL mapping in plants. These 
approaches of QTL mapping are discussed in brief in the following sections.

Bulk Segregant Analysis

In the initial years, when marker resources were only being developed and link-
age mapping was time-consuming, marker-trait associations were generally deter-
mined using bulk segregant analysis (BSA) (Michelmore et al. 1991), which is still 
considered as a rapid approach for detecting linkage of a marker with a QTL for 
a trait of interest. Several significant marker-trait associations (MTAs) that were 
detected in wheat using BSA were later confirmed through QTL interval mapping. 
For example, in wheat, through BSA, Prasad et al. (1999) found a microsatellite 
marker mapped on chromosome 2DL associated with grain protein content, which 
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was later confirmed through simple interval mapping (SIM) and composite inter-
val mapping (CIM) based on the genetic map developed for the concerned map-
ping population (Prasad et al. 2003). Similarly, the marker associated with grain 
weight identified by Varshney et al. (2000) through BSA was confirmed by Kumar 
et al. (2006). In maize, BSA has been used for the mapping of QTL for drought 
resistance (Quarrie et al. 1999). Recently, BSA also led to the identification of two 
QTLs for shoot fly tolerance loci in sorghum (Apotikar et al. 2011), fine mapping 
of a QTL for drought resistance in rice (Salunkhe et al. 2011), and an eQTL for 
leaf rust resistance in barley (Chen et al. 2010).

Other Linkage-Based Approaches for QTL Mapping

During 1990s and later, with the availability of newer molecular markers in all 
cereal crops (SSRs, AFLPs, SNPs, DArT), high density linkage maps were devel-
oped (see databases Graingenes, Panzea and Gramene). Framework maps using 
mapping populations were also developed for a number of cereal crops and used 
for QTL interval mapping. Both, SIM and CIM were conducted using a variety of 
software's like MAPMAKER/QTL and QTL Cartographer (Lander and Botstein 
1989; Zeng 1994). The shortcomings of SIM and the improvements provided 
by CIM have been discussed in several articles (Doerge 2002; Mackay 2001; 
Mauricio 2001; Hackett 2002; Gupta and Kulwal 2006). Later, multiple interval 
mapping (MIM; Kao et al. 1999) and inclusive composite interval mapping (ICIM; 
Li et al. 2007) were also developed, thus leading to successive improvement in the 
dissection of genetic system for a variety of traits in all crops including cereals.

In most linkage-based approaches, generally maximum likelihood (ML) 
approach involving Expectation-Maximization (EM) algorithm is used to find out 
the likelihood of the observed trait distribution with and without QTL effect. The 
likelihood ratio (LR) and/or LOD scores estimated through ML approach are used 
for finding out the presence/absence of a QTL at a specified position in an interval 
(Lander and Botstein 1989). A method for determining the threshold value of LOD 
score for the given set of data was also suggested (Churchill and Doerge 1994; 
Doerge and Churchill 1996) in order to avoid detecting false QTLs. However, this 
EM approach was initially considered to be computationally demanding, so that 
regression approach for interval mapping was also developed (Haley and Knott 
1992; Martinez and Curnow 1992). However, with improved computation facility 
available everywhere now, this seems to be no longer an issue.

As mentioned above, the composite interval mapping (CIM) approach proposed 
by Zeng (1994) has been the method of choice for QTL mapping involving bi-paren-
tal crosses. However, one of the drawbacks associated with this approach is that the 
results are influenced by the choice of cofactors (background markers) used and there 
is no set rule to select for the cofactors. The method of inclusive composite inter-
val mapping (ICIM) proposed by Li et al. (2007) takes into account the significant 
cofactors and calculates their effects using stepwise regression. As this is done before 
the interval mapping is conducted and as the effects are fixed during the genome 
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scanning, it eliminates the arbitrariness of cofactor selection. Through simulation, Li 
et al. (2007) compared CIM using QTL Cartographer with that of ICIM using their 
own software and observed that the average LOD profiles of ICIM showed increased 
and clear peaks around most of the pre-defined QTL, as against those detected by 
CIM especially on chromosomes with multiple QTLs. Similar results were also 
obtained by Li et al. (2010), when they compared interval mapping (IM) with ICIM. 
The utility of this method was also demonstrated for mapping digenic epistatic QTLs 
(Li et al. 2008), as has been done for flowering time in maize (Buckler et al. 2009). A 
comparison of some of the methods of QTL mapping is presented in Table 11.1.

Interacting Epistatic QTLs

In the initial QTL interval mapping studies, QTL × QTL and QTL × environment 
(QE) interactions were not examined, although these interactions are known to be 
significant for majority of quantitative traits in all major crops. The approaches 
like multiple interval mapping (Kao et al. 1999; Zeng et al. 1999) and several other 
approaches addressed this issue, but in most of these cases, we could examine inter-
actions among only those QTL, which had their own main effects (M-QTLs) and 
were detected through CIM. However, there can be QTLs, which have no main 
effects and influence a trait only through epistatic interactions. These QTLs are spe-
cifically described as epistatic QTL or E-QTL. QTLNetwork developed by Jun Zhu 
at Zhejiang University (Hangzhou, China) has the ability to detect these E-QTLs and 
the associated interactions. Several studies involving detection of E-QTLs have now 
been conducted in cereals including those in rice (Li et al. 1997, 2003; Fan et al. 
2005), wheat (Kulwal et al. 2004, 2005; Kumar et al. 2007; Mohan et al. 2009), bar-
ley (Xu and Jia 2007), and maize (Ma et al. 2007). It is thus obvious that no molecu-
lar breeding program can ignore the occurrence of these interacting QTLs.

Multi-Trait Mapping

In nature, often more than two traits are correlated and the ability to detect a com-
mon QTL for more than one trait (pleiotropic QTL) can accelerate marker-assisted 
selection program, if the traits are positively correlated. In majority of the QTL 
mapping studies, several traits are analyzed separately, although some of these 
traits are correlated. Advantages of multi-trait analysis in the detection of linked 
or pleiotropic QTLs have long been advocated (Korol et al. 1995, 1998). It was 
also shown empirically and by simulation studies that use of correlation informa-
tion can increase the power and precision of QTL detection. In barley, Korol et al. 
(1998) demonstrated the usefulness of multi-trait mapping in increasing the power 
of QTL detection using an example of two correlated traits (α-amylase and malt 
extract). Some QTL mapping programs like MultiQTL have also been developed 
for this purpose. Provisions for multiple trait mapping have also been made in 
QTL Cartographer and other software.
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A number of multi-trait QTL studies have also been conducted in wheat and sor-
ghum. For example, in wheat, Kulwal et al. (2003) used multi-trait composite interval 
mapping (MCIM) for detection of a common QTL on chromosome 2D, which con-
trolled three correlated traits including early growth habit, days to heading and days 
to maturity. Similarly, Kumar et al. (2007) used this approach and detected common 
QTLs on different chromosomes for yield and yield contributing traits in two mapping 
populations of wheat. Recently in sorghum, Apotikar et al. (2011) used MCIM and 
detected two pleiotropic QTLs for shoot fly resistance component traits. In all these 
studies, it is interesting to note that MCIM also detected a common QTL for corre-
lated traits, which was not detected for the individual traits following CIM. However, 
caution should be exercised to know whether these correlations are due to pleiotropy 
or due to the presence of closely linked loci in the same genomic region. More studies 
involving high density maps are needed in future to address this concern.

Bayesian Approach for QTL Mapping

Bayesian approach of QTL mapping has some advantages over the so-called fre-
quentist approaches described above. In this method, prior information is incor-
porated in a very specific manner and is combined with information from the 
observed data to generate the posterior distribution over the parameter values 
according to Bayes’ rule. Besides this, it also offers straightforward interpreta-
tion of the results (for reviews, see Shoemaker et al. 1999; Beaumont and Rannala 
2004). In the past, due to its computationally intensive nature, its application was 
rather restricted and used mostly in animal systems. However, with the advance-
ments in the computation power, this is no longer an issue and the use of Bayesian 
approach is widely gaining momentum in almost every field of genetics includ-
ing plant breeding. In one of its early application in QTL mapping in crop plants, 
Satagopan et al. (1996) used this approach to detect QTLs using Markov Chain 
Monte Carlo (MCMC) for estimating the locations and effect parameters for 
multiple QTLs with pre-specified number of QTLs in a DH progeny of Brassica 
napus. Later, with the increasing popularity of this approach, new methods/mod-
els were proposed. Using barley as an example, Xu (2003a) proposed a Bayesian 
regression method to estimate simultaneously the genetic effects associated with 
markers of the entire genome. Similarly, Yi et al. (2003a, b) gave a search strategy 
for mapping interacting QTLs using Bayesian approach.

In order to take into account the effects of multiple QTLs and marker × envi-
ronment interactions, Bauer et al. (2009) used a Bayesian multi-locus multi-
environmental method of QTL mapping in barley and compared their results 
with those of restricted maximum likelihood (REML) single-locus method; they 
observed that Bayesian approach was computationally more demanding than the 
REML method. Wang et al. (2009) proposed a Bayesian multiple interval method 
for mapping QTL underlying endosperm traits in cereals and observed that 
Bayesian method proposed by them estimates multiple QTLs and their effects, and 
distinguishes the two dominant effects of endosperm QTL. Recently, Sharma et 
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al. (2011) used empirical Bayes method in wheat for root traits to estimate addi-
tive and epistatic effects for all possible marker pairs simultaneously in a single 
model in order to minimize the error variance and to detect interaction effects 
between loci with no main effect. Besides its use in QTL interval mapping involv-
ing biparental populations, recently its application in pedigreed populations from 
the ongoing breeding programs has also been demonstrated (Bink et al. 2008).

One of the few limitations of Bayesian approach often pointed out is that the 
choice of the prior distribution in Bayesian framework is too subjective and that two 
researchers using the same data could reach different conclusions, if they use different 
priors (Shoemaker et al. 1999). Disregarding its limitations, there is no doubt that in 
future Bayesian methods will bring new insights into the genetics of complex traits.

Genetical Genomics and Expression QTLs (eQTLs)

A large numbers of QTL studies involving phenotypic traits have been con-
ducted in plants; sometimes, these QTLs are referred to as PhQTL (Jansen et al. 
2009). However, in the age of genomics, one would like to use genomics data for 
QTL analysis. An approach of expression QTL mapping (eQTL) involving use 
of microarray also called as genetical genomics is one such powerful approach 
(Jansen and Nap 2001). In this approach, expression profile of each gene in a map-
ping population is used as a quantitative trait, so that for each gene (cDNA) or 
gene product analyzed in the segregating population, QTL analysis can pinpoint 
the region (eQTL) of the genome involved in its expression either in cis or in trans 
orientation with respect to the gene involved (for a review, see Hansen et al. 2008).

The eQTL studies have been carried out in a number of cereals. The success of 
this technique was first shown in maize by Schadt et al. (2003). In wheat, using a 
rather small DH population (39 DH lines), Jordan et al. (2007) observed the presence 
of cis—and trans-acting eQTLs controlling seed development. In barley, Potokina 
et al. (2008a, b) reported genome-wide occurrence of limited pleiotropy of cis-reg-
ulatory mutations. Chen et al. (2010) used this approach to study the partial resist-
ance to barley leaf rust and identified strong candidate genes underlying phenotypic 
QTL for resistance to leaf rust. However in maize, using IBM population and the 
hybrids between the individual RILs and both the parents, Swanson-Wagner et al. 
(2009) found that over three-quarters of ~4000 eQTL, which they detected are trans 
acting. The eQTL analysis thus would certainly help in understanding the genetics 
and the biosynthetic pathways of complex traits at the molecular level. Although, it 
is resource and cost-intensive approach, it is going to be increasingly used in future.

Protein Quantity Loci (pQTLs)

Regulatory genes which are responsible for the occurrence of variability in a spe-
cific protein are described as protein quantity loci (pQLs; Damerval et al. 1994). 
The variation in protein abundance can be used as a molecular phenotype and QTL 
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mapping can be performed, which became possible due to several technological 
advances (Jansen et al. 2009). In actual practice, pQLs were detected for drought 
tolerance in maize (de Vienne et al. 1999), and for metabolism and disease/
defense-related processes in barley (Katja et al. 2011). More such studies will cer-
tainly help in understanding the molecular mechanism underlying complex traits.

Metabolite QTL (mQTL)

Like proteins, metabolites can also be mapped through QTL analysis using metab-
olite profiles in mapping population of an individual species. This can be done by 
measuring the abundance of a specific metabolite in all the lines of a mapping popu-
lation and using it as a phenotypic trait. Such a quantitative genetic analysis has been 
used for molecular dissection of several secondary metabolite biosynthetic pathways 
in plant systems through QTL mapping of the abundance of individual plant metabo-
lites (Szalma et al. 2005; Keurentjes et al. 2006; Schauer et al. 2006; Meyer et al. 
2007). For instance, >1,200 ‘metabolite QTLs,’ were detected in tomato using intro-
gression lines that were generated by crossing an elite cultivar, Solanum lycopersicum 
var. Roma, with a wild or ‘ancestral’ tomato plant, Solanum pennellii (Schauer et al. 
2006). Similarly, in Arabidopsis also, using a mapping population consisting of 210 
RILs, 438 QTLs affecting 243 metabolites were identified, when composite interval 
mapping (CIM) was conducted for 557 metabolites (Rowe et al. 2008). In Eucalyptus 
also, more than 80 metabolite QTLs (mQTLs), representing variation in 22 known 
metabolites were identified using a backcross population (van Dyk et al. 2011).

In cereals and grasses also, some studies on the genetics of the accumulation 
of individual metabolites have been undertaken, although no major study on the 
identification of QTLs for a large number of metabolites has ever been undertaken. 
For instance, resistance to Fusarium head blight (FHB) disease in wheat was found 
to be associated with abundance of 27 metabolites (Hamzehzarghani et al. 2008), 
accumulation of ABA was found to be associated with leaf size and tiller number in 
rice and wheat (Quarrie et al. 1997), and QTLs for the main steps of nitrogen (N) 
metabolism in developing ear and their co-localization with QTLs for kernel yield 
and putative candidate genes were reported in maize (Canas et al. 2012). In future, 
more such studies will be conducted in cereals and will facilitate study of metabo-
lites biosynthetic pathways and their use for improvement of yield and quality.

QTL Mapping for Dynamic Traits

Quantitative traits for which phenotypic values change over time during the period 
of growth are called dynamic traits. Mapping of QTLs for such traits have also been 
termed as time-related mapping (TRM) as against time-fixed mapping (TFM) for 
the traits on which the data is recorded at fixed time or stage (Wu et al. 1999). It is 
logical to think that during the process of development, different QTLs express at 
different times, although they may have same effect at the end. Wu and Lin (2006) 
termed it as functional mapping. Examples of such traits can be plant height, tiller 
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number, pre-harvest sprouting, disease incidence, etc. It is therefore important that 
phenotypic data on such traits should be recorded at different stages of growth so 
that it will help in revealing the expression dynamics of individual QTL as done in 
rice, while detecting 5 QTLs for tiller number (Wu et al. 1999). Following the same 
approach, Takai et al. (2005) detected two QTLs strongly associated with increased 
grain filling percentage per panicle in rice. In wheat, this approach was recently used 
in an association mapping study for pre-harvest sprouting tolerance, where differ-
ent durations of after-ripening period were used for QTL mapping. Although, the 
PHS data could not be recorded at regular intervals on the same spikes, functionality 
of the trait was studied as a response to different durations of after-ripening period 
(Kulwal et al. 2012). The advantage of this approach is that, one can find the stage at 
which heritability of the trait is highest, so that the QTLs identified at this stage will 
be more useful for a breeding program involving MAS.

QTL Mapping for Ordinal Traits

Many quantitative traits in plants are ordinal in nature meaning that observations 
on such traits are recorded in several ordered categories. Generally the data on 
disease incidence and many other traits in plants in most cases is recoded on a 
scale of 0 through 5 or 0 through 9 or 0 through 100 based on the severity of the 
incidence; this data is subjected to QTL analysis like any other quantitative trait. 
However, it has been suggested that different statistical approaches should be used 
to analyse the data on quantitative traits and ordinal/categorical traits (Li J. et al. 
2006). One of the reasons for similar treatment of all these different types of traits 
in earlier studies was partly the lack of availability of statistical tools to deal with 
these traits. Using simulated data, Hackett and Weller (1995) suggested an ordi-
nal model to estimate the parameters more accurately, especially when the number 
of categories is small or when only one linked marker is available. Rao and Xu 
(1998) also tried to address this issue using example of four-way crosses through 
simulation. Li J. et al. (2006) proposed multiple interval mapping (MIM) for ordi-
nal traits and implemented this strategy in QTL Cartographer and Yi et al. (2007) 
used Bayesian framework for mapping of interacting QTL for ordinal traits.

QTL Analysis for Quantitative Disease Resistance and QRLs

It is now widely accepted that disease resistance is a quantitative trait, which in 
each case involves few major QTLs and many minor QTLs influencing the level of 
resistance in a quantitative manner. While major QTLs are sometimes described as 
R genes, both major and minor QTLs are together described as quantitative resist-
ance loci or QRLs (Young 1996). Some QRLs have also been reported to be coinci-
dent with major R-genes for disease resistance in cereals (Wisser et al. 2005; Friedt 
and Ordon 2007). Hundreds of these so-called QRLs have already been identified in 
different crop plants including cereals, and some of these were even cloned through 
map-based cloning (see section on cloning of QTLs). A distinction has also been 



290 P. K. Gupta et al.

made between, quantitative disease resistance (QDR) and qualitative disease resist-
ance, sometimes even erroneously (Poland et al. 2009; St.Clair 2010), and the term 
QTL has also often been erroneously used as a synonym to QDR (St.Clair 2010). 
We feel that it is unnecessary to make a distinction between QRLs and QTLs.

The principle of linkage-based QTL mapping, when extended to QDR and 
QRLs, certainly facilitated a better understanding of the roles of specific resistance 
loci in providing race-specificity and partial resistance (Young 1996; Poland et al. 
2009; Kou and Wang 2010; St.Clair 2010). The notable examples of QDR include 
resistance against blast disease of rice, different types of rusts in cereals, Fusarium 
head blight in wheat and southern and northern leaf blights in maize. Generally the 
data on QDR is recorded visually leading to variation in the data recorded by dif-
ferent persons, so that the results of QTL mapping are not always accurate. In one 
of the interesting studies in maize, however, data on northern leaf blight gave con-
sistent results among raters with respect to QTL identification, although estimated 
allelic effects of these QTLs differed (Poland and Nelson 2011).

A thorough understanding of QDR will also help in the development of durable 
resistance in high yielding crop cultivars using DNA markers tightly linked with 
QRLs controlling the QDR (Young 1996; Poland et al. 2009; St.Clair 2010). A long 
list of these QRLs and the associated markers is now available in cereals, which can 
be effectively used for MAS for developing durable resistance in cereals. However, 
QDR and QRLs represent a relatively new terminology, as evident from the fact that 
while dealing with the QTLs and genes for disease resistance in wheat and barley in 
the first edition of Cereal Genomics, Jahoor et al. (2004) did not use this terminology.

Advanced Backcross QTL Analysis

QTL detection and use of identified QTL in the breeding program are often treated 
as separate activities. Perhaps, this is the reason, why not many QTL mapping 
studies have successfully been translated into the varietal development programs. 
To address this concern and to exploit the potential of the wild/unadapted germ-
plasm in breeding program, a method of QTL mapping called advanced backcross 
QTL (AB-QTL) analysis was proposed by Tanksley and Nelson (1996). The goal 
of this approach was the simultaneous detection and transfer of useful QTLs from 
the wild/unadapted relatives to a popular cultivar for improvement of a trait. In this 
method, a backcross population (BC2, BC3) is developed from a cross between the 
superior cultivar/variety and a wild species carrying the desirable target trait, and 
molecular markers are used to monitor the transfer of QTLs. QTL analysis in this 
approach is postponed until an advanced backcross generation (BC2, BC3, etc.).

AB-QTL analysis was initially used in tomato to improve the fruit phenotypes 
(Tanksley et al. 1996; Fulton et al. 1997), but was later used in several cereal crops. 
For example, in wheat, Huang et al. (2003) used this approach to detect QTLs for 
yield and yield components in a BC2F2 population derived from a cross between 
the German winter wheat variety ‘Prinz’ and the synthetic wheat line W-7984. 
Out of a total 40 QTLs detected, alleles for 24 of them belonging to synthetic 
wheat W-7984 were associated with a positive and desirable effect. Similarly, 
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Narasimhamoorthy et al. (2006) used this approach for detecting QTLs for yield 
and yield components in a backcross population developed from a cross between 
hard red winter wheat variety Karl 92 and the synthetic wheat line TA 4152-4.

In rice, using AB-QTL, Moncada et al. (2001) observed that 56% of the detected 
QTLs were derived from O. rufipogon, despite the fact that phenotypic perfor-
mance of the wild germplasm would not suggest its value as a breeding parent for 
transfer of QTL alleles of higher value from wild rice (Oryza rufipogon). This also 
shows the power of using this approach in QTL mapping and introgression of the 
QTL in the breeding program. Thomson et al. (2003) also used this approach to 
introgress QTLs from O. rufipogon to US tropical Japonica cultivar Jefferson. In 
maize, Ho et al. (2002) used this strategy to identify QTLs of agronomic impor-
tance in a cross between two elite inbreds of maize. In barley also, Pillen et al. 
(2003) observed that H. vulgare. ssp. spontaneum genotype ISR101-23 was associ-
ated with a yield increase of 7.7% averaged over the environments tested.

Mapping As You Go (MAYG)

It is well known and documented now that the detection of QTLs and estimation 
of the QTL effects are influenced by the genetic background and the environment. 
This is one reason why MAS programs are not always successful. This limitation 
can be largely overcome by continuously revising the estimates of QTL effects 
by remapping the QTLs in the new and elite germplasm generated in each cycle 
of selection. This approach was described as “Mapping As You Go” (MAYG) by 
Podlich et al. (2004) and requires that the results of QTL analysis are revised/
updated over time during the MAS program so that the QTL estimates remain 
valid for each cycle of the breeding program.

Meta-QTL Analysis and its Application in Cereals

During the last two decades, the activity involving QTL mapping in plants increased 
exponentially and as many as ~ 34,300 papers (up to 2010) were published in this 
area (Danan et al. 2011). It is also well known that there is multiplicity of reports 
on the same trait in the same crop, so that the use of different parental combinations 
and/or different environments often resulted in identification of QTLs on the same 
individual chromosomes involving same genomic regions (Rong et al. 2007). It may, 
therefore, be necessary to know whether the QTLs identified in a specific genomic 
region in one study correspond to those detected in the same genomic region in other 
studies. This issue can be resolved through meta-QTL analysis.

Initially, Chardon et al. (2004) applied Goffinet and Gerber’s approach for iden-
tification of “hot-spots” for flowering time in maize. A new statistical method based 
on Gaussian mixture model leading to the development of MetaQTL software was 
also proposed by Veyrieras et al. (2007). These statistical methods have been utilized 
for conducting meta-analysis in several crops including wheat, maize, rice and bar-
ley, where meta-QTL analysis was conducted for a variety of traits (Table 11.2).
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Mixed-Model Analysis of Multi-Environment Data

In the Interacting Epistatic QTLs section above, we discussed the importance of 
QTL × environment interactions (QE) in QTL mapping. Similarly, in Multi-Trait 
Mapping, we also discussed the use of multi-trait QTL analysis that permits detec-
tion of tightly linked or pleiotropic QTL for a number of correlated traits. Most 
QTL studies, however, are generally conducted each on a single trait using pheno-
typic data recorded in a single environment. Even when trait data is recorded at sev-
eral locations and/or years, often only means over locations/years are used for QTL 
analysis. Only few studies are available, where multi-trait and/or multi-environment 
(MTME) data is collected and used for QTL analysis. In a plant breeding program, 
however, a breeder records data on several traits across several locations and years; 
it is also widely known that genotype by environment interactions (GEI) are gen-
erally significant for complex traits with variable heritability. In order to overcome 
this limitation, mixed models approach was used for analysis of MT or ME data for 
QTL analysis in barley (Piepho 2000; Malosetti et al. 2004, 2006), maize (Boer et 

Table 11.2  A summary of meta-QTL analysis studies conducted in cereals

Crop and trait Number of QTL Number of metaQTL Reference

Wheat
Ear emergence 127 19 Griffiths et al. (2009)
Earliness 84 18 Hanocq et al. (2007)
Fusarium head blight 79 18 Haberle et al. (2009)
Fusarium head blight 77 21 Loffler et al. (2009)
Crop height 104 16 Griffiths et al. (2012)
Yield contributing traits 257 55 Zhang et al. (2010)
Grain dietary  

fiber content
12 3 Quraishi et al. (2011)

Pre-harvest sprouting 50 8 Tyagi and Gupta (2012)
Grain weight 92 23 Unpublished
Rice
Drought tolerance 401 32 Khowaja et al. (2009)
Blast resistance 347 165 Ballini et al. (2008)
Root growth 165 9 Norton et al. (2008)
Maize
Flowering time 313 62 Chardon et al. (2004)
Silage quality 59 (digestibility)  

and 150 (cell wall  
composition)

26 (digestibility)  
and 42 (cell wall 
composition)

Truntzler et al. (2010)

Plant height 1,201 40 (Wang et al. 2011)
Drought tolerance 399 75 Hao et al. (2010)
Grain yield component 138 16 Li et al. (2011)
NUE 190 37 Liu et al. (2012)
N-remobilization  

and post silking 
N-uptake

608 72 (Coque et al. 2008)
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al. 2007) and rice (Emrich et al. 2008). Later Malosetti et al. (2008) proposed mixed 
models for an efficient QTL analysis using MTME data, and found it to be very 
effective while analyzing the data on five traits in maize (Malosetti et al. 2008). The 
software Genstat has a provision for conducting such an analysis.

11.2.3  Domestication Related QTLs in Cereals

Crop domestication is a co-evolutionary process, where a plant species undergoes 
transition from a wild to cultivated environments (Purugganan and Fuller 2009; 
Glemin and Bataillon 2009). In recent years, the advent of molecular marker tech-
nology and advances in genomics technologies helped in the genetic dissection of 
complex domestication traits via QTL analysis (Peleg et al. 2011). The QTLs for 
domestication traits have largely been identified through ‘top-down approaches’ 
(sometimes also called phenotype-first approaches) where we move from pheno-
type to candidate genes using both linkage-based interval mapping and LD-based 
association mapping. However, a ‘bottom-up approach’ can also be used, where we 
first identify genes with signatures of adaptation using population genetics tools and 
then identify the phenotype to which these genes contribute. In crops like rice, maize 
and barley, where significant progress has been made towards the development of 
genomics resources like ESTs, microarrays, targeted mutagenesis lines, genetic 
linkage maps, genome sequence, etc., the linking of a candidate gene to phenotype 
through bottom-up approach is no longer a challenge (Wright et al. 2005; Peleg et al. 
2011). The various steps involved in these two approaches are presented in Fig. 11.3.

QTLs involved in domestication have not been uniformly distributed throughout 
the genome but rather clustered in gene-rich regions of a genome, which correspond 
to hot spots of recombination (Peng et al. 2003; Ross-Ib arra 2005, 2007). Large 
number of QTLs have already been identified in cereals like wheat, maize, rice, 
barley sorghum and pearl millet for a variety of traits including seed size, glumes 
softness (free threshing), rachis stiffness (shattering), panicle length, plant height, 
number of tillers, heading date, dormancy, etc. During 1980s Steve Tanksley’s 
group at Cornell University started QTL analysis of fruit mass (a domestication trait 
in tomato) in a cross between wild and domesticated tomato, localizing six QTLs. 
Later they successfully isolated a genomic region containing a major QTL fruit-
weight2.2 (fw2.2). Doebley and coworkers also isolated major genes that govern 
phenotypic differences between maize and its wild derivative teosinte (Doebley et 
al. 1990). These genes in maize included teosinte branched1 (tb1), a gene control-
ling lateral branching (Doebley et al. 1995), and teosinte glume architecture (tga), 
the latter contributing to differences in inflorescence architecture (Wang et al. 2005). 
The domestication gene “teosinte branched1 or tb1” is the first maize domestica-
tion gene and is also one of the most important domestication gene that has been 
cloned through transposon tagging approach. In case of rice, Sh4 was cloned as 
the major shattering QTL, explaining ~69% of phenotypic variance between a tra-
ditional indica cultivar and the annual wild progenitor O. nivara (Li et al. 2006a). 
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Similarly, another shattering QTL, qSH1, accounting for ~69% of phenotypic vari-
ance between indica and temperate japonica cultivars, was also cloned (Konishi et 
al. 2006). A list of QTLs involved in the control of different domestication traits and 
their details have been tabulated elsewhere (see Pozzi et al. 2004) and their informa-
tion is also available on some databases like Gramene (Youens-Clark et al. 2011). 
The domestication QTL, which have been cloned so far are listed in Table 11.3.

11.3  QTL Mapping Based on LD (Association Mapping)

In plants, till recently, identification of QTLs mainly relied on linkage analysis 
using segregating populations, each derived from a cross between two inbreds. 
This method proved successful for identification of QTLs for many traits of 

Fig. 11.3  Major steps 
involved in top-down and 
bottom-up approaches of 
plant domestication (modified 
from Ross-Ib arra et al. 2007)

Table 11.3  List of domestication QTLs/genes cloned in cereals

Crop Domestication trait Gene responsible

Rice Shattering, threshing Sh, qSH1
Plant architecture, inflorescence structure prog1
Grain/seed cover, size, and coloration Bh4, Rc, Rd, Phr1, qSW5, GS3

Wheat Shattering, threshing Q
Maize Plant architecture, inflorescence structure tb1

Grain/seed cover, size, and coloration tga1
Barley Shattering, threshing Nud

Plant architecture, inflorescence structure vrs1
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interest in a variety of crops. However, this approach has a low resolution, since 
only limited numbers of recombination events are involved and a limited number 
of alleles are sampled, so that it is relatively difficult to compare the results of one 
study with that of another study. Moreover, multiple populations may be required 
for analysis of many traits which ultimately adds to the expense of generating, 
genotyping, and phenotyping these populations.

Linkage disequilibrium-based association mapping (AM) is an alternative strategy 
to identify marker-trait associations (MTAs) and has been used extensively in human 
and animal genetic experiments, where large segregating populations are not availa-
ble. Association mapping is also receiving an increasing attention as a method, which 
complements linkage-based interval mapping in crops (Buckler and Thornsberry 
2002; Breseghello and Sorrells 2006a). Association mapping has a number of advan-
tages over other mapping techniques including the potential for increased QTL reso-
lution, and an increased sampling of molecular variation (for reviews, see Buckler 
and Thornsberry 2002; Flint-Garcia et al. 2003; Gupta et al. 2005; Yu and Buckler 
2006; Nordborg and Weigel 2008; Zhu et al. 2008; Stich and Melchinger 2010).

A large number of association mapping studies have been undertaken in plants 
including cereals. A list of some important association mapping studies carried out 
in major cereals (bread wheat, rice, barley and maize) is given in Table 11.4. The 
individual studies either involved a candidate gene approach or a genome-wide 
association study (GWAS). Each of these two approaches could be either popula-
tion-based or family-based, although most association studies in plants are popula-
tion based, in contrast to many association studies in humans, which are largely 
family-based. List of some of these studies can be found in earlier reviews (Gupta 
et al. 2005; Hall et al. 2010; Stich and Melchinger 2010). Population structure has 
often been considered a limitation in association mapping in plants (reviewed by 
Gupta et al. 2005; Nordborg and Weigel 2008), but methods have been developed 
to overcome this limitation (Pritchard et al. 2000; Price et al. 2006; Kang et al. 
2008). The mixed linear model (MLM) approach was also proposed for control-
ling false positives, which simultaneously incorporates both population structure 
and cryptic relationship or kinship (Yu et al. 2005).

One of the earliest AM studies in plants, which took into account population 
structure, involved gene Dwarf8 in maize (Thornsberry et al. 2001). Almost all 
AM studies carried out hereafter also took into account the population structure, if 
present. Breseghello and Sorrells (2006b) performed AM for kernel size and mill-
ing quality traits on a set of 95 cultivars of soft winter wheat which were released 
since 1980 and were representative of the variability of the elite soft winter wheat 
germplasm in the eastern US. Using MLM, they identified significant markers for 
kernel size on chromosome 2D, 5A, and 5B of wheat. In another study, involving 
the use of NAM population, Tian et al. (2011) showed that variations at the ligule-
less gene contributed to more upright leaves in maize. Using the same NAM popu-
lation, Kump et al. (2011) and Poland et al. (2011) identified SNPs associated with 
variation for southern and northern leaf blights in maize, respectively. There has been 
a steady increase in the number of such studies in crop plants including most cere-
als. The development of high throughput marker genotyping involving markers like 
diversity arrays technology (DArT) and single nucleotide polymorphisms (SNPs) has 
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facilitated AM studies. More recently, the development of genotyping by sequencing 
(GBS) technology has also been successfully applied to wheat and barley, and should 
be the future technology of choice for AM studies in cereals (Poland et al. 2012). 
There is little doubt that association mapping will be increasingly used in future lead-
ing to better understanding of the genetics of complex traits and their possible use for 
improvement of crops in general and for improvement of cereals in particular.

11.4  Joint Linkage and Association Mapping

We know that both linkage-based interval mapping and LD-based association 
mapping, discussed above, have their own advantages and limitations when used 
alone (Wu et al. 2002; reviewed in Gupta et al. 2005; Nordborg and Weigel 2008). 
It was therefore proposed to integrate these two approaches into one approach 
called joint linkage-association mapping or JLAM in brief (Wu and Zeng 2001; 
Wu et al. 2002; Meuwissen et al. 2002; Myles et al. 2009). Using ML estimates 
and based on extensive simulations, Wu et al. (2002) showed that this method 
allows for simultaneous estimation of a number of genetic and genomic param-
eters including the allele frequencies of each individual QTL, QTL effect and 
location, and association of a QTL with a known marker locus. Later, this method 
was also extended for the multi-trait data (Meuwissen and Goddard 2004; Stich 
et al. 2008). In a recent study, Lu et al. (2010) used this method in maize involv-
ing NAM population. For identification of QTL underlying drought tolerance; they 
identified 18 new QTLs, which were not identified by either of the two methods 
individually (parallel mapping). Keeping in view the merits of JLAM, this seems 
to be the future approach of choice for genetic analysis of quantitative traits.

11.5  Cloning of QTLs

The QTLs identified through QTL interval mapping are generally located in wide 
intervals (10–20 cM), which may sometimes contain several hundreds of genes. 
Therefore, it will be desirable to move close to the target QTL and clone it, so 
that perfect functional markers may be developed for introgression of respec-
tive QTL/gene through molecular breeding. Positional cloning (often also called 
map based cloning; Jander et al. 2002) of QTLs involves localization of a QTL 
to shortest possible marker interval (QTL fine mapping) followed by identifica-
tion of corresponding interval on the DNA sequence (QTL physical mapping). 
Candidate genes genetically and physically co-segregating with the QTL are then 
identified and/or selected for evaluation (Salvi and Tuberosa 2005). Majority of 
the QTLs isolated so far have been cloned through positional cloning, although 
this is believed to be the most tedious and time-consuming method for QTL clon-
ing. Other approaches like LD-based association mapping and functional genom-
ics which bypasses the tedious procedures of positional cloning can lead to 
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identification of candidate genes and are now also becoming popular (Salvi and 
Tuberosa 2005, 2007). In general, QTL cloning involves the following steps (see 
Krattinger et al. 2009a): (1) development of a large mapping population (>1,500 
plants) derived from a cross between two NILs for the target QTL; (2) reducing 
the QTL interval using this population; (3) identification of a contig covering the 
QTL region by screening the closely linked molecular markers with a large insert 
library (e.g., BAC or YAC library) and fingerprinting the candidate BAC or YAC 
clone; (4) sequencing the contig and using the sequence for identification of the 
gene, and (5) validation of candidate gene(s) to test its effect on phenotype.

During the last few years, many reports have become available on cloning of 
QTLs in all major cereal crops for different traits including difficult traits like root 
and drought tolerance (see Keller et al. 2007; Salvi and Tuberosa 2007; also see 
Table 11.5). All these QTLs were first identified through interval mapping and 
later cloned through positional cloning. One of the earliest cloned QTL in maize 
is the one for plant architecture (Doebley et al. 1995, 1997). Other examples from 
maize include cloning of a QTL for glume architecture (Tga1; Wang et al. 2005) 
and a major flowering time QTL “Vgt1” found associated with drought tolerance 
(Salvi et al. 2007). Similarly, QTLs for glume architecture (Tga1) and plant archi-
tecture have also been cloned in maize (Wang et al. 2005; Doebley et al. 1995, 
1997). Efforts are also being made to clone two major wheat QTLs on chromo-
some bins 1.06 and 2.04 (root-ABA1) affecting root architecture and a number of 
agronomic traits, including grain yield (Tuberosa and Salvi 2007).

However, the maximum numbers of QTLs so far have been cloned in rice and 
wheat. Some of the important traits, for which QTLs have been cloned in rice 
include the following: (1) heading date (Hd1/Se1, Hd6/CK2, Hd3a, Ehd1), (2) grain 
size and length (GS3), (3) grain number (Gn1/CKX2), (4) regenerability (PSR1), (5) 
seed shattering (qSH-1/RPL and sh4), (6) salt tolerance (SKC1), (7) submergence 
tolerance (Sub1), and (8) UV resistance (qUVR-10). Similarly, important QTLs 
cloned in wheat through positional/map-based cloning include the following: (1) 
Gpc-B1 associated with increased grain protein, zinc, and iron content (Uauy et al. 
2006), (2) Yr36 (WKS1), which confers resistance to a broad spectrum of stripe rust 
races at relatively high (25° to 35°C) temperatures (Fu et al. 2009), (3) Lr34 which 
codes for an ABC transporter that confers durable resistance to multiple fungal path-
ogens causing leaf rust in wheat (Krattinger et al. 2009b).

All the QTLs which have been cloned so far were earlier identified mostly as 
major QTL in biparental mapping populations. The success behind cloning of 
these QTLs lies in the fact that they were initially mapped either on the exact posi-
tion or very close to the real position (Price 2006). It also implies that for suc-
cessful cloning of a QTL, the correct positioning of QTL in the marker interval is 
very important and that an error of few cM can account for huge physical region 
of the genome, particularly in a crop like wheat. The newer genomics approaches 
like association mapping, and next generation sequencing technologies which are 
routinely used now by plant geneticists hold great promises to accelerate the sci-
ence of QTL cloning for important traits in cereal crops using natural populations. 
These advances will also make it possible to target the QTLs other than those with 
a major effect (Salvi and Tuberosa 2007).
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Some of the QRLs involved in QDR have also been cloned in a number of 
crops including cereals. These cloning reports are expected to increase in future 
in all crops including cereals, since more and more crop genomes are being 
sequenced and genomic resources are increasingly becoming available. For MAS 
and for the production of transgenics, it is desirable that the ideal functional 
marker should be the actual causal gene(s) and/or QTN (Michelmore 2003; Moose 
and Mumm 2008). Although, large numbers of QRLs have been reported, very 
few of them have been cloned, followed by successful functional validation of the 
causal gene(s) and identification of causal QTN(s). In cereals, so far only three 
QRLs conferring QDR have been cloned, including one for blast resistance (pi21) 
in rice (Fukuoka et al. 2009) and two slow rust resistances QRLs (Lr34 and Yr36) 
in wheat (Fu et al. 2009; Krattinger et al. 2009b; Table 11.5). Further insights 
about cloning of these QRLs are available elsewhere (St.Clair 2010; Kou and 

Table 11.5  List of QTLs and QRLs cloned in important cereals

Crop QTL Trait Function Reference

Wheat
Gpc1 Grain protein content Transcription factor Uauy et al. (2006)
Lr34 Leaf rust, stripe rust  

and powdery mildew
Encodes a protein  

resembling pleiotropic  
drug resistance-like  
ABC transporter.

Krattinger 
 et al. (2009b)

Yr36 Stripe rust Encodes a  
kinase-START protein

Fu et al. (2009)

Rice
Hd1 Flowering time Transcription factor Yano et al. (2000)
Hd6 Flowering time Protein kinase Takahashi et al. (2001)
Hd3a Flowering time Unknown Kojima et al. (2002)
Ehd1 Heading time B-type response  

regulator
Doi et al. (2004)

Gn1 Grain number Cytokinin oxidase Ashikari et al. (2005)
PSR1 Regenerability Nitrite reductase Nishimura et al. (2005)
SKC1 Salt tolerance HKT Transporter Ren et al. (2005)
qUVR-10 UV resistance CPD Photlyse Ueda et al. (2005)
GS3 Grain size and length VWFC membrane protein Fan et al. (2006)
Sub1 Submergence tolerance Transcription factor Xu et al. (2006)
sh4 Seed shattering Transcription factor Li et al. (2006a)
GW2 Grain width and weight RING-type E3  

ubiquitin ligase
Song et al. (2007)

pi21 Blast resistance Proline-rich protein Fukuoka et al. (2009)
Sdr4 Dormancy and 

domestication
Regulator Sugimoto et al. (2010)

qSH1 Seed shattering BEL-1 homeobox Konishi et al. (2006)
Maize tb1 Plant architecture Transcription factor Doebley et al. (1997)

tga1 Glume architecture Transcription factor Wang et al. (2005)
Vgt1 Flowering time Transcription factor Salvi et al. (2007)

Barley Ppd-H1 Photoperiod response Pseudo-response  
regulator

Turner et al. (2005)
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Wang 2010). It is interesting to note that the causal genes for all these three cloned 
QRLs are structurally different from the R-genes (St.Clair 2010). Efforts for clon-
ing a major QTL for resistance against Fusarium head blight (Fhb1) in wheat are 
also underway (Liu et al. 2008). Cloning of more such QRLs and identification of 
causal genes(s) will help in determining the nature of genes underlying QDR.

11.6  Computer Software for QTL Mapping

The success of any QTL mapping experiment depends on the time and the cost it 
involves and the computation demand it has. During the last two decades after the 
development of MAPMAKER for construction of linkage maps in 1987, a num-
ber of user-friendly efficient computer software have been developed for a faster 
QTL mapping involving both linkage-based interval mapping and LD-based asso-
ciation mapping. A majority of available programs, each has provisions for majority 
of approaches discussed in this chapter (Table 11.6; http://www.rqtl.org/; verified 

Table 11.6  List of software available for QTL and association mapping

Name of software Features Reference

SAS program ANOVA, AM Knapp and Bridges (1990)
MAPMAKER/QTL SIM Lincoln et al. (1993)
MapManager QTX SIM, CIM Manly and Olson (1999)
MQTL CIM Tinker and Mather (1995)
MAPQTL SIM, CIM van Ooigen and  

Maliepaard (1996)
MultiQTL SIM, MIM www.multiqtl.com
PLAB QTL SIM, CIM, Epistatic QTL Utz and Melchinger (1996)
Qgene SIM Nelson (1997)
Multimapper BIM Sillanpaa and Arjas (1998)
QTLMapper 

/QTL network
CIM, Epistatic QTL Wang et al. (1999)

QTL express SIM, CIM Seaton et al. (2002)
R/qtl SIM, CIM, Epistatic QTL Broman et al. (2003)
QTL cartographer SIM, CIM, MIM, BIM,  

Ordinal trait
(Wang et al. 2011)

Genotype  
matrix mapping

SIM, CIM, Epistatic QTL Isobe et al. (2007)

MapDisto ANOVA http://mapdisto.free. 
fr/MapDisto/

IciMapping ICIM Li et al. (2007)
MetaQTL Meta-analysis Veyrieras et al. (2007)
TASSEL AM, LD, PCA Bradbury et al. (2007)
BIMBAM AM Servin and Stephens (2007)
FlexQTL BIM Bink Marco and van  

Eeuwijk (2009)
GAPIT AM, genomic prediction Lipka et al. (2011)

http://www.rqtl.org/
http://www.multiqtl.com
http://mapdisto.free.fr/MapDisto/
http://mapdisto.free.fr/MapDisto/
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May 22, 2012). The choice of the software also however, depends on the objective 
and the method, which the researcher considers appropriate for the dataset. Among 
these software, “R” is one such free software, which has the ability of statistical 
computing and graphics (http://www.r-project.org/) and can run on a variety of plat-
forms. The advantage of using R is that, one can write the script/code for any analy-
sis and can distribute the code to anybody. Because of this unique feature, in recent 
years, the focus has shifted from using stand-alone computer programs to R pack-
age to perform all sorts of statistical analyses including QTL mapping and asso-
ciation mapping. One such example is the R/qtl, which can perform QTL mapping 
using a variety of statistical approaches (Broman et al. 2003; http://www.rqtl.org/).

11.7  Limitations of QTL Mapping

The phenotypic variation explained by a given QTL is the function of the size of 
the mapping population, marker density, trait heritability and the QTL mapping 
approach that is used for QTL analysis. In a simulation study, it was shown that 
the average estimates of phenotypic variances associated with an identified QTL 
were greatly overestimated if only 100 progeny were evaluated, slightly overes-
timated if 500 progeny were evaluated, and fairly close to the actual magnitude 
when 1000 progeny were evaluated; this is popularly known as Beavis effect 
(Beavis 1998). It was also shown that while using small populations, the QTL 
effects are overestimated and the statistical power of QTL analysis to detect minor 
QTL is compromised (for further details, see Xu 2003b).

Other limitations of biparental QTL mapping include failure to detect loci for 
which the parents do not differ, so that several loci controlling the trait of inter-
est will escape detection. Also, the goal of QTL interval mapping is to identify 
loci rather than allele mining, so that the breeder will not be able to identify the 
most desirable and novel alleles for the breeding program; often the most desirable 
alleles may not be represented in the parents. This limitations is largely overcome 
in association mapping, which otherwise suffers with another limitation of high 
rate of false positives. Another limitation of QTL interval mapping is overestima-
tion of QTL effects for most complex traits with low heritability, when mapping 
populations with small to moderate size are used for QTL analysis; resistance to 
abiotic stresses is one such group of traits of agronomic value.

11.8  Summary and Outlook

During the last two decades, significant progress has been made in the field of 
QTL mapping, thus giving a new direction to the studies involving inheritance and 
genetic dissection of complex quantitative traits both in plant and animal systems 
including humans. This has become possible due to significant developments in 

http://www.r-project.org/
http://www.rqtl.org/
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two major research areas; first the twin areas of molecular markers and genome 
sequencing, and second the subject area of statistical genomics (Morrell et al. 
2012). The marker-trait associations (MTAs) detected through QTL mapping also 
facilitated indirect marker-aided selection (MAS) in plant breeding programs lead-
ing to the development of a new area of science popularly described as molecular 
breeding. The use of indirect MAS as a component of conventional plant breed-
ing has already led to the development of dozens of improved cultivars in cereals 
alone (Gupta et al. 2010a, b; Xu 2010), and the research activity in this area is 
steadily growing. The statistical tools are also being further refined by develop-
ment of new concepts, experimental designs, algorithms and software to facilitate 
further the research activity in the area of QTL mapping. In this manner, we are 
gradually overcoming the currently known limitations of the available methods, 
which have been widely discussed. For instance we know that both linkage analy-
sis and LD-based association mapping have their own limitations when used inde-
pendently, and efforts are, therefore, being made to overcome these limitations 
(Myles et al. 2009). One such approach is the development of a variety of experi-
mental designs for joint linkage association mapping (JLAM), which was initially 
proposed more than ten years ago (Wu and Zeng 2001; Wu et al. 2002), and is 
being regularly improved by comparing different models that are currently avail-
able (Myles et al. 2009; Würschum et al. 2012) and has been successfully utilized 
in maize (see Table 11.4).

In the area of QTL mapping including both linkage-based and LD-based meth-
ods, an improved method in the form of inclusive composite interval mapping 
(ICIM) has become available, and further progress is being made through simula-
tion and empirical studies. Several software are now available, which allow study 
of not only the two-locus QTL × QTL interactions, often involving QTLs, which 
do not have their own independent main effects, but also the QTL × environment 
interactions. In future, the study of higher order interactions will certainly be pos-
sible, to elucidate the complex genetic networks that are involved in the expression 
of complex quantitative traits.

In association studies, it is known that genotype-phenotype associations can 
be partly due to population structure and kinship leading to the discovery of 
large proportion of false positives. The problem of rare frequency alleles is also 
receiving attention, and will certainly be fully resolved in future. We know that 
large number of QTLs detected through association mapping often explain only 
a very small proportion of the phenotypic variation (<5–10%), perhaps due to a 
large number of minor QTLs and other major but rare QTLs escaping detection. 
We already have the provision of using Q + K matrices to address the problem 
of structure and relatedness, but the problem of rare alleles perhaps remains to be 
fully resolved.

Another related but important growing area of interest is genomic selec-
tion (GS) or genome-wide selection (GWS), which does not make a part of this 
review on QTL mapping, but certainly makes a part of molecular breeding, to 
which QTLs contribute (Meuwissen et al. 2001). This may address the problem 
of minor and rare QTLs, which together may contribute substantially to the total 
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phenotypic variation. However, construction of a suitable training population and 
the computational part involving estimation of breeding values of alleles at dif-
ferent genetically mapped marker loci remains a challenge. In view of this, not 
many studies have been conducted involving genomic selection in cereals, but this 
area of research is likely to grow in future. The availability of low-cost and high-
throughput genotyping including genotyping by sequencing (GBS) will certainly 
facilitate research in the field of genomics and association mapping. Ed Buckler 
(2012) estimates that following GBS, the cost of genotyping has already gone 
down to US $ 10–20 per sample to genotype it for thousands of variations (mark-
ers), thus providing a powerful approach for future association studies.

In future, one would also witness a shift from detection of PhQTL to that of 
eQTL, pQL and mQTL. This information would be used for elucidating the biosyn-
thetic pathways underlying quantitative traits of agroinomic value. QTL analysis will 
also include mapping the contribution of imprinting or epigenetic changes to mor-
phological traits (epigenetic QTLs), which is a fast growing area of research.

In summary, we can say that considerable progress has already been made 
in the area of QTL mapping and molecular breeding in cereals, but the field of 
research is still growing and will keep statisticians, molecular biologists and plant 
breeders busy in the years to come.

References

Adhikari TB, Jackson EW, Gurung S, Hansen JM, Bonman JM (2011) Association mapping 
of quantitative resistance to Phaeosphaeria nodorum in spring wheat landraces from the 
USDA national small grains collection. Phytopathol 11:1301–1310

Agrama HA, Yan WG (2009) Association mapping of straighthead disorder induced by arsenic in 
Oryza sativa. Plant Breeding 128:551–558

Apotikar DB, Venkateswarlu D, Ghorade RB, Wadaskar RM, Patil JV, Kulwal PL (2011) 
Mapping of shoot fly tolerance loci in sorghum using SSR markers. J Genet 90:59–66

Ashikari M, Sakakibara H, Lin S, Yamamoto T, Takashi T, Nishimura A, Angeles ER, Qian Q, 
Kitano H, Matsuoka M (2005) Cytokinin oxidase regulates rice grain production. Science 
309:741–745

Ballini E, Morel JB, Droc G, Price A, Courtois B, Notteghem JL, Tharreau D (2008) A genome-
wide meta-analysis of rice blast resistance genes and quantitative trait loci provides new 
insights into partial and complete resistance. Mol Plant-Microbe Interact 21:859–868

Bandillo NB, Muyco PA, Redona E, Gregorio G, Singh KK, Leung H (2011) Population devel-
opment through multiparent advanced generation intercrosses (MAGIC) among diverse gen-
otypes to facilitate gene discovery for various traits in rice. Phill J Crop Sci 36:32–33

Bauer AM, Hoti F, von Korff M, Pillen K, Leon J, Sillanpaa MJ (2009) Advanced backcross-
QTL analysis in spring barley (H. vulgare ssp. spontaneum) comparing a REML versus a 
Bayesian model in multi-environmental field trials. Theor Appl Genet 119:105–123

Beaumont MA, Rannala B (2004) The Bayesian revolution in genetics. Nat Rev Genet 5:251–261
Beavis WD (1998) QTL analyses: power, precision, and accuracy. In: Paterson AH (ed) 

Molecular dissection of complex traits. CRC Press, New York, pp 145–162
Bernardo R (2008) Molecular markers and selection for complex traits in plants: Learning from 

the last 20 years. Crop Sci 48:1649–1664
Bink MCAM, Boer MP, ter Braak CJF, Jansen J, Voorrips RE, van de Weg WE (2008) Bayesian 

analysis of complex traits in pedigreed plant populations. Euphytica 161:85–96



30511 QTL Mapping: Methodology and Applications in Cereal Breeding

Bink Marco CAM, van Eeuwijk FA (2009) A Bayesian QTL linkage analysis of the common 
dataset from the 12th QTL-MAS workshop. BMC Proc 3:S4

Boer MP, Wright D, Feng L, Podlich DW, Luo L, Cooper M, van Eeuwijk FA (2007) A mixed-
model quantitative trait loci (QTL) analysis for multiple-environment trial data using envi-
ronmental covariables for QTL-by-environment interactions, with an example in maize. 
Genetics 177:1801–1813

de Borba TCO, Brondani RPV, Breseghello F et al (2010) Association mapping for yield and 
grain quality traits in rice (Oryza sativa L.). Genet Mol Biol 33:515–524

Borevitz JO, Chory J (2004) Genomics tools for QTL analysis and gene discovery. Curr Opin 
Plant Biol 7:132–136

Borner A, Schumann E, Furste A, Coster H, Leithold B, Roder MS, Weber WE (2002) Mapping 
of quantitative trait loci determining agronomic important characters in hexaploid wheat 
(Triticum aestivum L). Theor Appl Genet 105:921–936

Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss Y, Buckler ES (2007) TASSEL: software 
for association mapping of complex traits in diverse samples. Bioinformatics 23:2633–2635

Breseghello F, Sorrells ME (2006a) Association analysis as a strategy for improvement of quanti-
tative traits in plants. Crop Sci 46:1323–1330

Breseghello F, Sorrells ME (2006b) Association mapping of kernel size and milling quality in 
wheat (Triticum aestivum L.) cultivars. Genetics 172:1165–1177

Broman KW, Wu H, Sen Ś, Churchill GA (2003) R/qtl: QTL mapping in experimental crosses. 
Bioinformatics 19:889–890

Bryant R, Proctor A, Hawkridge M, Jackson A, Yeater K, Counce P, Yan W, McClung A, 
Fjellstrom R (2011) Genetic variation and association mapping of silica concentration in 
rice hulls using a germplasm collection. Genetica 139:1383–1398

Buckler ES, Holland JB, Bradbury PJ, Acharya CB, Brown PJ et al (2009) The genetic architec-
ture of maize flowering time. Science 325:714–718

Buckler ES, Thornsberry JM (2002) Plant molecular diversity and applications to genomics. Curr 
Opin Plant Biol 5:107–111

Buckler ES (2012) Uniting the world’s maize diversity for detection of complex traits and accel-
erating breeding. 4th international conference on quantitative genetics: understanding varia-
tion in complex traits (Edinburgh, UK; 17–22 June 2012). Book of abstracts, p 29

Cadalen T, Sourdille P, Charmet G, Tixier MH, Gay G, Boeuf C, Bernard S, Leroy P, Bernard M 
(1998) Molecular markers linked to genes affecting plant height in wheat using a doubled-
haploid population. Theor Appl Genet 96:933–940

Canas RA, Quillere I, Gallais A, Hirel B (2012) Can genetic variability for nitrogen metabolism 
in the developing ear of maize be exploited to improve yield? New Phytol 194:440–452

Cavanagh C, Morell M, Mackay I, Powell W (2008) From mutations to MAGIC: resources for 
gene discovery, validation and delivery in crop plants. Currt Opin Plant Biol 11:215–221

CGIAR Generation Challenge Programme (2009) 2009 project updates. Generation challenge 
programme, Texcoco, Mexico

Chardon F, Virlon B, Moreau L, Falque M, Joets J, Decousset L, Murigneux A, Charcosset A 
(2004) Genetic architecture of flowering time in maize as inferred from quantitative trait 
loci meta-analysis and synteny conservation with the rice genome. Genetics 168:2169–2185

Chen X, Hackett CA, Niks RE, Hedley PE, Booth C, Druka A, Marcel TC, Vels A, Bayer M, 
Milne I, Morris J, Ramsay L, Marshall D, Cardle L, Waugh R (2010) An eQTL analysis of 
partial resistance to Pucciniahordei in barley. PLoS ONE 5:e8598

Churchill GA, Doerge RW (1994) Empirical threshold values for quantitative trait mapping. 
Genetics 138:963–971

Cockram J, White J, Zuluaga DL, Smith S et al (2010) Genome-wide association mapping to 
candidate polymorphism resolution in the unsequenced barley genome. Proc Natl Acad Sci 
USA 107:21611–21616

Collard BCY, Jahufer MZZ, Brouwer JB, Pang ECK (2005) An introduction to markers, quan-
titative trait loci (QTL) mapping and marker-assisted selection for crop improvement: the 
basic concepts. Euphytica 142:169–196



306 P. K. Gupta et al.

Cook JP, McMullen MD, Holland JB, Tian F, Bradbury P, Ross-Ibarra J, Buckler ES, Flint-
Garcia SA (2012) Genetic architecture of maize kernel composition in the nested associa-
tion mapping and inbred association panels. Plant Physiol 158:824–834

Coque M, Martin A, Veyrieras JB, Hirel B, Gallais A (2008) Genetic variation for N-remobilization 
and postsilking N-uptake in a set of maize recombinant inbred lines. Theor Appl Genet 
117:729–747

Crepieux S, Lebreton C, Servin B, Charmet G (2004) Quantitative trait loci (QTL) detection in 
multicross inbred designs: recovering QTL identical-by-descent status information from 
marker data. Genetics 168:1737–1749

Crossa J, Burgueno J, Dreisigacker S, Vargas M, Herrera-Foessel SA, Lillemo M, Singh RP, 
Trethowan R, Warburton M, Franco J, Reynolds M, Crouch JH, Ortiz R (2007) Association 
analysis of historical bread wheat germplasm using additive genetic covariance of relatives 
and population structure. Genetics 177:1889–1913

Damerval C, Maurice A, de Josse JM, Vienne D (1994) Quantitative trait loci underlying gene 
product variation: a novel perspective for analyzing regulation of genome expression. 
Genetics 137:289–301

Danan S, Jean-Baptiste V, Véronique L (2011) Construction of a potato consensus map and QTL 
meta-analysis offer new insights into the genetic architecture of late blight resistance and 
plant maturity traits. BMC Plant Biol 11:16

Darvasi A, Soller M (1995) Advanced intercross lines, an experimental population for fine 
genetic mapping. Genetics 141:1199–1207

de Vienne D, Leonardi A, Damerval C, Zivy M (1999) Genetics of proteome variation for QTL 
characterization: application to drought-stress responses in maize. J Exp Bot 50:303–309

Doebley J, Stec A, Gustus C (1995) Teosinte branched1 and the origin of maize: evidence for 
epistasis and the evolution of dominance. Genetics 141:333–346

Doebley J, Stec A, Wendel J, Edwards M (1990) Genetic and morphological analysis of a maize-teo-
sinte F2 population: implications for the origin of maize. Proc Natl Acad Sci USA 87:9888–9892

Doebley J, Stec A, Hubbard L (1997) The evolution of apical dominance in maize. Nature 
386:485–488

Doerge RW (2002) Mapping and analysis of quantitative trait loci in experimental populations. 
Nat Rev Genet 3:43–52

Doerge RW, Churchill GA (1996) Permutation tests for multiple loci affecting a quantitative 
character. Genetics 142:285–294

Doi K, Izawa T, Fuse T, Yamanouchi U, Kubo T, Shimatani Z, Yano M, Yoshimura A (2004) 
Ehd1, a B-type response regulator in rice, confers short-day promotion of flowering and 
controls FT-like gene expression independently of Hd1. Genes Dev 18:926–936

Eleuch L, Jilal A, Grando S, Ceccarelli S, Schmising MK, Tsujimoto H, Hajer A, Daaloul A, 
Baum M (2008) Genetic diversity and association analysis for salinity tolerance, heading 
date and plant height of barley germplasm using simple sequence repeat markers. J Integr 
Plant Biol 50:1004–1014

Emrich K, Price A, Piepho HP (2008) Assessing the importance of genotype x environment inter-
action for root traits in rice using a mapping population III: QTL analysis by mixed models. 
Euphytica 161:229–240

Famoso AN, Zhao K, Clark RT, Tung C-W, Wright MH, Bustamante C, Kochian LV, McCouch 
SR (2011) Genetic architecture of aluminum tolerance in rice (Oryza sativa) determined 
through genome-wide association analysis and QTL mapping. PLoS Genet 7:e1002221

Fan CC, Yu XQ, Xing YZ, Xu CG, Luo LJ, Zhang Q (2005) The main effects, epistatic effects 
and environmental interactions of QTLs on the cooking and eating quality of rice in a dou-
bled-haploid line population. Theor Appl Genet 110:1445–1452

Fan C, Xing Y, Mao H, Lu T, Han B, Xu C, Li X, Zhang Q (2006) GS3, a major QTL for grain 
length and weight and minor QTL for grain width and thickness in rice, encodes a putative 
transmembrane protein. Theor Appl Genet 112:1164–1171

Flint-Garcia SA, Thornsberry JM, Buckler ES (2003) Structure of linkage disequilibrium in 
plants. Annu Rev Plant Biol 54:357–374



30711 QTL Mapping: Methodology and Applications in Cereal Breeding

Friedt W, Ordon F (2007) Molecular markers for gene pyramiding and disease resistance breed-
ing in barley. In: Varshney RK, Tuberosa T (eds) Genomics-assisted crop improvement, vol 
2. Genomics applications in crops, Springer, Berlin, pp 81–101

Fu DL, Uauy C, Distelfeld A, Blechl A, Epstein L, Chen XM, Sela H, Fahima T, Dubcovsky J 
(2009) A kinase-START gene confers temperature-dependent resistance to wheat stripe rust. 
Science 323:1357–1360

Fukuoka S, Saka N, Koga H, Ono K, Shimizu T, Ebana K, Hayashi N, Takahashi A, Hirochika H, 
Okuno K, Yano M (2009) Loss of function of a proline-containing protein confers durable 
disease resistance in rice. Science 325:998–1001

Fulton TM, Beck-Bunn T, Emmatty D, Eshed Y, Lopez J, Petiard V, Uhlig J, Zamir D, Tanksley SD 
(1997) QTL analysis of an advanced backcros of Lycopersicon peruvianum to the cultivated 
tomato and comparisons with QTLs found in other wild species. Theor Appl Genet 95:881–894

Gardiner JM, Coe EH, Melia-Hancock S, Hoisington DA, Chao S (1993) Development of a core 
RFLP map in maize using an immortalized F2 population. Genetics 154:917–930

Gill KS, Lubbers EL, Gill BS, Raupp WJ, Cox TS (1991) A genetic linkage map of Triticum tauschii 
(DD) and its relationship to the D genome of bread wheat (AABBDD). Genome 34:362–374

Glemin S, Bataillon T (2009) A comparative view of the evolution of grasses under domestica-
tion. New Phytol 183:273–290

Graner A, Jahoor A, Schondelmaier J, Siedler H, Pillen K, Fischbeck G, Wenzel G, Herrmann 
RG (1991) Construction of an RFLP map of barley. Theor Appl Genet 83:250–256

Griffiths S, Simmonds J, Leverington M, Wang Y, Fish L, Sayers L, Alibert L, Orford S, Wingen L, 
Herry L, Faure S, Laurie D, Bilham L, Snape J (2009) Meta-QTL analysis of the genetic control 
of ear emergence in elite European winter wheat germplasm. Theor Appl Genet 119:383–395

Griffiths S, Simmonds J, Leverington M, Wang Y, Fish L, Sayers L, Alibert L, Orford S, Wingen 
L, Snape J (2012) Meta-QTL analysis of the genetic control of crop height in elite European 
winter wheat germplasm. Mol Breeding 29:159–171

Gupta PK, Kulwal PL (2006) Methods of QTL analysis in crop plants: present status and future 
prospects. In: Trivedi PC (ed) Biotechnology and biology of plants. Avishkar Publishers, 
Jaipur, pp 1–23

Gupta PK, Rustgi S, Kulwal PL (2005) Linkage disequilibrium and association studies in higher 
plants: present status and future prospects. Plant Mol Biol 57:461–485

Gupta PK, Kumar J, Mir RR, Kumar A (2010a) Marker-assisted selection as a component of con-
ventional plant breeding. Plant Breeding Rev 33:145–217

Gupta PK, Langridge P, Mir RR (2010b) Marker-assisted wheat breeding: present status and 
future possibilities. Mol Breeding 26:145–161

Haberle J, Holzapfel J, Schweizer G, Hartl L (2009) A major QTL for resistance against 
Fusarium head blight in European winter wheat. Theor Appl Genet 119:325–332

Hall D, Tegstrom C, Ingvarsson PK (2010) Using association mapping to dissect the genetic 
basis of complex traits in plants. Brief Funct Genomics 9:157–165

Hackett CA (2002) Statistical methods of QTL mapping in cereals. Plant Mol Biol 48:585–599
Hackett CA, Weller JI (1995) Genetic mapping of quantitative trait loci for traits with ordinal 

distributions. Biometrics 51:1252–1263
Haley CS, Knott SA (1992) A simple regression method for mapping quantitative trait loci in line 

crosses using flanking markers. Heredity 69:315–324
Hamzehzarghani H, Paranidharan V, Abu-Nada Y, Kushalappa AC, Mamer O, Somers D (2008) 

Metabolic profiling to discriminate wheat near isogenic lines, with quantitative trait loci at 
chromosome 2DL, varying in resistance to fusarium head blight. Can J Plant Sci 88:789–797

Hanocq E, Laperche A, Jaminon O, Laine AL, Gouis JL (2007) Most significant genome regions 
involved in the control of earliness traits in bread wheat, as revealed by QTL meta-analysis. 
Theor Appl Genet 114:569–584

Hansen BG, Halkier BA, Kliebenstein DJ (2008) Identifying the molecular basis of QTLs: 
eQTLs add a new dimension. Trends Plant Sci 13:72–77

Hao Z, Li X, Liu X, Xie C, Li M, Zhang D, Zhang S (2010) Meta-analysis of constitutive and 
adaptive QTL for drought tolerance in maize. Euphytica 174:165–177



308 P. K. Gupta et al.

Harushima Y, Yano M, Shomura A, Sato M et al (1998) A high-density rice genetic linkage map 
with 2275 markers using a single F2 population. Genetics 148:479–494

Ho J, McCouch S, Smith M (2002) Improvement of hybrid yield by advanced backcross QTL 
analysis in elite maize. Theor Appl Genet 105:440–448

Hua J, Xing Y, Wu W, Xu C, Sun X et al (2003) Single-locus heterotic effects and dominance by 
dominance interactions can adequately explain the genetic basis of heterosis in an elite rice 
hybrid. Proc Natl Acad Sci USA 100:2574–2574

Huang XQ, Coster H, Ganal MW, Roder MS (2003) Advanced backcross QTL analysis for the 
identification of quantitative trait loci alleles from wild relatives of wheat (Triticum aesti-
vum L.). Theor Appl Genet 106:1379–13

Huang X, Paulo M-J, Boer M, Effgen S, Keizer P, Koornneef M, van Eeuwijk FA (2011) 
Analysis of natural allelic variation in Arabidopsis using a multiparent recombinant inbred 
line population. Proc Natl Acad Sci USA 108:4488–4493

Huang X, Wei X, Sang T, Zhao Q, Feng Q et al (2010) Genome-wide association studies of 14 
agronomic traits in rice landraces. Nat Genet 42:961–967

Isobe S, Nakaya A, Tabata S (2007) Genotype matrix mapping: searching for quantitative trait 
loci interactions in genetic variation in complex traits. DNA Res 14:217–225

Jahoor A, Eriksen L, Backes G (2004) QTLs and genes for disease resistance in barley and 
wheat. In: Gupta PK, Varshney RK (eds) Cereal genomics. Kluwer Academic Publishers, 
The Netherlands, pp 199–251

Jaiswal V, Mir RR, Mohan A, Balyan HS, Gupta PK (2012) Association mapping for pre-harvest 
sprouting tolerance in common wheat (Triticum aestivum L.). Euphytica 188:89–102

Jander G, Norris SR, Rounsley SD, Bush DF, Levin IM, Last RL (2002) Arabidopsis map-based 
cloning in the post-genome era. Plant Physiol 129:440–450

Jansen RC, Nap J-P (2001) Genetical genomics: the added value from segregation. Trends Genet 
17:388–391

Jansen RC (2007) Quantitative trait loci in inbred lines. In: Handbook of statistical genetics, 3rd 
edn. Wiley, New York. ISBN: 978-0-470-05830-5

Jansen RC, Tesson BM, Fu J, Yang Y, McIntyre LM (2009) Defining gene and QTL networks. 
Curr Opin Plant Biol 12:241–246

Jia L, Yan W, Zhu C, Agrama HA, Jackson A et al (2012) Allelic analysis of sheath blight resist-
ance with association mapping in rice. PLoS ONE 7(3):e32703

Jordan MC, Somers DJ, Banks TW (2007) Identifying regions of the wheat genome controlling 
seed development by mapping expression quantitative trait loci. Plant Biotechnol J 5:442–453

Jourjon M-F, Jasson S, Marcel J, Ngom B, Mangin B (2005) MCQTL: multi-allelic QTL map-
ping in multi-cross design. Bioinformatics 21:128–130

Kang HM, Zaitlen NA, Wade CM, Kirby A, Heckerman D, Daly MJ, Eskin E (2008) Efficient 
control of population structure in model organism association mapping. Genetics 
178:1709–1723

Kao CH, Zeng ZB, Teasdale RD (1999) Multiple interval mapping for quantitative trait loci. 
Genetics 152:1203–1216

Katja W, Pietsch C, Strickert M, Matros A, Roder MS, Weschke W, Wobus U, Mock H-P (2011) 
Mapping of quantitative trait loci associated with protein expression variation in barley 
grains. Mol Breeding 27:301–314

Keller B, Bieri S, Bossolini E, Yahiaoui N (2007) Cloning genes and QTLs for disease resistance 
in cereals. In: Varshney RK, Tuberosa R (eds) Genomics assisted crop improvement, vol 2. 
Genomics applications in crops, Springer, Berlin, pp 103–128

Keurentjes JJ, Fu J, de Vos CH, Lommen A, Hall RD, Bino RJ, van der Plas LH, Jansen RC, 
Vreugdenhil D, Koornneef M (2006) The genetics of plant metabolism. Nat Genet 38:842–849

Khowaja FS, Gareth NJ, Brigitte C, Adam PH (2009) Improved resolution in the position of drought-
related QTLs in a single mapping population of rice by meta-analysis. BMC Genomics 10:276

Kleinhofs A, Kilian A, Saghai Maroof MA, Biyashev RM, Hayes P, Chen FQ, Lapitan N, 
Fenwick A, Blake TK, Kanazin V, Ananiev E, Dahleen L, Kudrna D, Bollinger J, Knapp SJ, 
Liu B, Sorrells M, Heun M, Franckowiak JD, Hoffman D, Skadsen R, Steffenson BJ (1993) 



30911 QTL Mapping: Methodology and Applications in Cereal Breeding

A molecular, isozyme and morphological map of the barley (Hordeum vulgare) genome. 
Theor Appl Genet 86:705–712

Knapp SJ, Bridges WC (1990) Using molecular markers to estimate quantitative trait locus 
parameters; power and genetic variances for unreplicated and replicated progeny. Genetics 
126:769–777

Kojima S, Takahashi Y, Kobayashi Y, Monna L, Sasaki T, Araki T, Yano M (2002) Hd3a, a rice 
ortholog of the Arabidopsis FT gene, promotes transition to flowering downstream of Hd1 
under short-day conditions. Plant Cell Physiol 43:1096–1105

Konishi S, Izawa T, Lin SY, Ebana K, Fukuta Y, Sasaki T, Yano M (2006) An SNP caused loss of 
seed shattering during rice domestication. Science 312:1392–1396

Korol AB, Ronin YI, Kirzhner VM (1995) Interval mapping of quantitative trait loci employing 
correlated trait complexes. Genetics 140:1137–1147

Korol AB, Ronin YI, Nevo E, Hays PM (1998) Multi-interval mapping of correlated trait com-
plexes. Heredity 80:273–284

Kou Y, Wang S (2010) Broad-spectrum and durability: understanding of quantitative disease 
resistance. Curr Opin Plant Biol 13:181–185

Kover PX, Valdar W, Trakalo J, Scarcelli N, Ehrenreich IM, Purugganan MD, Durrant C, Mott 
R (2009) Multiparent advanced generation inter-cross to fine-map quantitative traits in 
Arabidopsis thaliana. PLoS Genet 5:e1000551

Kraakman ATW, Martínez F, Mussiraliev B, van Eeuwijk FA, Niks RE (2006) Linkage disequi-
librium mapping of morphological, resistance, and other agronomically relevant traits in 
modern spring barley cultivars. Mol Breeding 17:41–58

Kraakman ATW, Niks RE, Van den Berg PMMM, Stam P, Van Eeuwijk FA (2004) Linkage dis-
equilibrium mapping of yield and yield stability in modern spring barley cultivars. Genetics 
168:435–446

Krattinger SG, Lagudah ES, Spielmeyer W, Singh RP, Huerta-Espino J, McFadden H, Bossolini 
E, Selter LL, Keller B (2009a) A putative ABC transporter confers durable resistance to 
multiple fungal pathogens in wheat. Science 323:1360–1362

Krattinger S, Wicker T, Keller B (2009b) Map-based cloning of genes in triticeae (wheat and 
barley). In: Feuillet C, Muehlbauer GJ (eds) Genetics and genomics of the triticeae, plant 
genetics and genomics: crops and model 7. Springer, Berlin, pp 337–357

Krill AM, Kirst M, Kochian LV, Buckler ES, Hoekenga OA (2010) Association and linkage anal-
ysis of aluminum tolerance genes in maize. PLoS ONE 5:e9958

Kulwal PL, Ishikawa G, Benscher D, Feng Z, Yu L-X, Jadhav A, Mehetre S, Sorrells ME (2012) 
Association mapping for pre-harvest sprouting resistance in white winter wheat. Theor Appl 
Genet 125:793–805

Kulwal PL, Singh R, Balyan HS, Gupta PK (2004) Genetic basis of pre-harvest sprouting toler-
ance using single-locus and two-locus QTL analyses in bread wheat. Funct Integr Genomics 
4:94–101

Kulwal PL, Roy JK, Balyan HS, Gupta PK (2003) QTL analysis for growth and leaf characters in 
bread wheat. Plant Sci 164:267–277

Kulwal PL, Kumar N, Kumar A, Gupta RK, Balyan HS, Gupta PK (2005) Gene networks in 
hexaploid wheat: interacting quantitative trait loci for grain protein content. Funct Integr 
Genomics 5:254–259

Kumar N, Kulwal PL, Balyan HS, Gupta PK (2007) QTL analysis for yield and yield contribut-
ing traits in two mapping populations of bread wheat. Mol Breeding 19:163–177

Kumar N, Kulwal PL, Gaur A, Tyagi AK, Khurana JP, Khurana P, Balyan HS, Gupta PK (2006) 
QTL analysis for grain weight in bread wheat. Euphytica 151:135–144

Kump KL, Bradbury PJ, Wisser RJ, Buckler ES, Belcher AR, Oropeza-Rosas MA, Zwonitzer JC, 
Kresovich S, McMullen MD, Ware D, Balint-Kurti PJ, Holland JB (2011) Genome-wide 
association study of quantitative resistance to southern leaf blight in the maize nested asso-
ciation mapping population. Nat Genet 43:163–169

Lander ES, Botstein D (1989) Mapping Mendelian factors underlying quantitative traits using 
RFLP linkage maps. Genetics 121:185–199



310 P. K. Gupta et al.

Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ, Lincoln SE, Newburg L (1987) 
MAPMAKER: an interactive computer package for constructing primary genetic linkage 
maps of experimental and natural populations. Genomics 1:174–181

Langridge P, Karakousis A, Collins N, Kretschmer J, Manning S (1995) A consensus linkage 
map of barley. Mol Breeding 1:389–395

Larièpe A, Mangin B, Jasson S, Combes V, Dumas F, Jamin P, Lariagon C, Jolivot D, Madur D, 
Fiévet JB, Gallais A, Dubreuil P, Charcosset A, Moreau L (2012) The genetic basis of hetero-
sis: multiparental quantitative trait loci mapping reveals contrasted levels of apparent overdom-
inance among traits of agronomical interest in maize (Zea mays L.). Genetics 190:795–811

Lee M, Sharopova N, Beavis WD, Grant D, Katt M, Blair D, Hallauer A (2002) Expanding the 
genetic map of maize with the intermated B73 3 Mo17 (IBM) population. Plant Mol Biol 
48:453–461

Lehmensiek A, Bovill W, Wenzl P, Langridge P, Rudi A (2009) Genetics and genomics of the trit-
iceae. In: Feuillet C, Muehlbauer GJ (eds) Plant genetics and genomics: crops and models 7, 
DOI 10.1007/978-0-387-77489-3_7

Li C, Zhou A, Sang T (2006a) Rice domestication by reducing shattering. Science 311:1936–1939
Li ZK, Pinson SRM, Park WD, Paterson AH, Stansel JW (1997) Epistasis for three yield compo-

nents in rice Oryza sativa L. Genetics 145:453–465
Li ZK, Yu SB, Lafitte HR, Huang N, Courtois B, Hittalmani S, Vijayakumar CHM, Liu GF, 

Wang GC, Shashidhar HE, Zhuang JY, Zheng KL, Singh VP, Sidhu JS, Srivantaneeyakul S, 
Khush GS (2003) QTL× environment interactions in rice. I. Heading date and plant height. 
Theor Appl Genet 108:141–153

Li C, Zhou A, Sang T (2006b) Genetic analysis of rice domestication syndrome with the wild 
annual species, Oryza nivara. New Phytol 170:185–194

Li H, Hearne S, Banziger M, Li Z, Wang J (2010) Statistical properties of QTL linkage mapping 
in biparental genetic populations. Heredity 105:257–267

Li H, Ribaut J-M, Li Z, Wang J (2008) Inclusive composite interval mapping (ICIM) for digenic 
epistasis of quantitative traits in biparental populations. Theor Appl Genet 116:243–260

Li H, Ye G, Wang J (2007) A modified algorithm for the improvement of composite interval map-
ping. Genetics 175:361–374

Li J, Wang S, Zeng ZB (2006) Multiple-interval mapping for ordinal traits. Genetics 
173:1649–1663

Li JZ, Zhang ZW, Li YL, Wang QL, Zhou YG (2011) QTL consistency and meta-analysis for 
grain yield components in three generations in maize. Theor Appl Genet 122:771–782

Li X, Yan W, Agrama H, Jia L et al (2012) Unraveling the complex trait of harvest index with 
association mapping in rice (Oryza sativa L.). PLoS ONE 7:e29350

Lincoln S, Daly M, Lander E (1993) Mapping genes controlling quantitative traits using 
MAPMAKER/QTL. Version 1.1, 2nd edn. Whitehead Institute for Biomedical Research, 
Technical report

Lipka AE, Tian F, Wang Q, Peiffer J, Li M, Bradbury PJ, Gore M, Buckler ES, Zhang Z (2011) 
User manual of GAPIT: genome association and prediction integrated tool. http://www.mai
zegenetics.net/gapit

Liu BH (1998) Statistical genomics: linkage mapping and QTL analysis. CRC Press, Boca Raton
Liu S, Pumphrey MO, Gill BS, Trick HN, Zhang JX, Dolezel J, Chalhoub B, Anderson JA (2008) 

Toward positional cloning of Fhb1, a major QTL for Fusarium head blight resistance in 
wheat. Cereal Res Commun 36:195–201

Liu R, Zhang H, Zhao P, Zhang Z, Liang W, Tian Z, Zheng Y (2012) Mining of candidate maize 
genes for nitrogen use efficiency by integrating gene expression and QTL data. Plant Mol 
Biol Rep 30:297–308

Liu SC, Kowalski SP, Lan TH, Feldmann KA, Paterson AH (1996) Genome-wide high-reso-
lution mapping by recurrent intermating using Arabidopsis thaliana as a model. Genetics 
142:247–258

Loffler M, Schon CC, Miedaner T (2009) Revealing the genetic architecture of FHB resistance in 
hexaploid wheat (Triticum aestivum L.) by QTL meta-analysis. Mol Breeding 23:473–488

http://www.maizegenetics.net/gapit
http://www.maizegenetics.net/gapit


31111 QTL Mapping: Methodology and Applications in Cereal Breeding

Lu C, Shen L, Tan Z, Xu Y, He P, Chen Y, Zhu L (1996) Comparative mapping of QTLs for agro-
nomic traits of rice across environments using a doubled haploid population. Theor Appl 
Genet 93:1211–1217

Lu Y, Zhang S, Shah T, Xie C, Hao Z, Li X, Farkhari M, Ribaut J-M, Cao M, Rong T, Xu Y 
(2010) Joint linkage–linkage disequilibrium mapping is a powerful approach to detect-
ing quantitative trait loci underlying drought tolerance in maize. Proc Natl Acad Sci USA 
107:19585–19590

Ma XQ, Tang JH, Teng WT, Yan JB, Meng YJ, Li JS (2007) Epistatic interaction is an important 
genetic basis of grain yield and its components in maize. Mol Breeding 20:41–51

Mackay TFC (2001) The genetic architecture of quantitative traits. Annu Rev Genet 33:303–339
Malosetti M, Boer MP, Bink MCAM, van Eeuwijk FA (2006) Multi-trait QTL analysis based 

on mixed models with parsimonious covariance matrices. In: Proceedings of the 8th world 
congress on genetics applied to livestock production, August 13–18, Belo Horizonte, MG, 
Brasil. http://www.wcgalp8.org.br/wcgalp8. Article 25–04

Malosetti M, Ribaut JM, Vargas M, Crossa J, van Eeuwijk FA (2008) A multi-trait multi-environ-
ment QTL mixed model with an application to drought and nitrogen stress trials in maize 
(Zea mays L.). Euphytica 161:241–257

Malosetti M, Voltas J, Romagosa I, Ullrich SE, van Eeuwijk FA (2004) Mixed models includ-
ing environmental covariables for studying QTL by environment interaction. Euphytica 
137:139–145

Manly KF, Olson JM (1999) Overview of QTL mapping software and introduction to map man-
ager QTL. Mamm Genome 10:327–334

Mauricio R (2001) Mapping quantitative trait loci in plants: uses and caveats for evolutionary 
biology. Nat Rev Genet 2:370–381

Martinez O, Curnow RN (1992) Estimating the locations and the sizes of the effects of quantita-
tive trait loci using flanking markers. Theor Appl Genet 85:480–488

Massman J, Cooper B, Horsley R, Neate S, Dill-Macky R, Chao S, Dong Y, Schwarz P, 
Muehlbauer GJ, Smith KP (2011) Genome-wide association mapping of Fusarium head 
blight resistance in contemporary barley breeding germplasm. Mol Breeding 27:439–454

McMullen MD, Stephen K, Hector SV, Peter B et al (2009) Genetic properties of the maize 
nested association mapping population. Science 325:737–740

Meuwissen THE, Hayes BJ, Goddard ME (2001) Prediction of total genetic value using genome-
wide dense marker maps. Genetics 157:1819–1829

Meuwissen THE, Karlsen A, Lien S, Olsaker I, Goddard ME (2002) Fine mapping of a quantita-
tive trait locus for twinning rate using combined linkage and linkage disequilibrium map-
ping. Genetics 161:373–379

Meuwissen THE, Goddard ME (2004) Mapping multiple QTL using linkage disequilibrium and 
linkage analysis information and multitrait data. Genet Sel Evol 36:261–279

Meyer RC, Steinfath M, Lisec J et al (2007) The metabolic signature related to high plant growth 
rate in Arabidopsis thaliana. Proc Natl Acad Sci USA 104:4759–4764

Michelmore WR, Paran I, Kesseli RV (1991) Identification of marker linked to diseases resist-
ance genes by bulked segregant analysis, a rapid method to detect the markers in specific 
genetic region by using the segregating population. Proc Natl Acad Sci USA 88:9828–9832

Michelmore RW (2003) The impact zone: genomics and breeding for durable disease resistance. 
Curr Opin Plant Biol 6:397–404

Miedaner T, Wurschum T, Maurer HP, Korzun V, Ebmeyer E, Reif JC (2011) Association map-
ping for Fusarium head blight resistance in European soft winter wheat. Mol Breeding 
28:647–655

Mir RR, Kumar N, Jaiswal V, Girdharwal N, Prasad M, Balyan HS, Gupta PK (2012) Genetic 
dissection of grain weight in bread wheat through quantitative trait locus interval and asso-
ciation mapping. Mol Breeding 29:963–972

Mohan A, Kulwal PL, Singh S, Kumar V, Mir RR, Kumar J, Prasad M, Balyan HS, Gupta PK 
(2009) Genome-wide QTL analysis for pre-harvest sprouting tolerance in bread wheat. 
Euphytica 168:319–329

http://www.wcgalp8.org.br/wcgalp8


312 P. K. Gupta et al.

Moncada P, Martinez CP, Borrero J, Chatel M, Gauch Jr-H, Guimareaes E, Tohmem J, McCouch 
SR (2001) Quantitative trait loci for yield and yield components in an Oryza sativa × Oryza 
rufipogon BC2F2 population evaluated in an upland environment. Theor Appl Genet 
102:41–52

Moose SP, Mumm RH (2008) Molecular plant breeding as the foundation for 21st century crop 
improvement. Plant Physiol 147:969–977

Morrell PL, Buckler ES, Ross-Ibarra J (2012) Crop genomics: advances and applications. Nat 
Rev Genet 13:85–96

Myles S, Peiffer J, Brown PJ, Ersoz ES, Zhang Z, Costich DE, Buckler ES (2009) Association 
mapping: critical considerations shift from genotyping to experimental design. Plant Cell 
21:2194–2202

Narasimhamoorthy B, Gill BS, Fritz AK, Nelson JC, Brown-Guedira GL (2006) Advanced back-
cross QTL analysis of a hard winter wheat × synthetic wheat population. Theor Appl Genet 
112:787–796

Nelson JC (1997) QGENE: software for marker-based genomic analysis and breeding. Mol 
Breeding 3:239–245

Neumann K, Kobiljski B, Dencic S, Varshney RK, Borner A (2011) Genome-wide association 
mapping: a case study in bread wheat (Triticum aestivum L.). Mol Breeding 27:37–58

Nishimura A, Ashikari M, Lin S, Takashi T, Angeles ER, Yamamoto T, Matsuoka M (2005) 
Isolation of a rice regeneration quantitative trait loci gene and its application to transforma-
tion systems. Proc Natl Acad Sci USA 102:11940–11944

Nordborg M, Weigel D (2008) Next-generation genetics in plants. Nature 456:720–723
Norton GJ, Aitkenhead MJ, Khowaja FS, Whalley WR, Price AH (2008) A bioinformatic and 

transcriptomic approach to identifying positional candidate genes without fine mapping: an 
example using rice root-growth QTLs. Genomics 92:344–352

Peleg Z, Fahima T, Korol AB, Abbo S, Saranga Y (2011) Genetic analysis of wheat domestica-
tion and evolution under domestication. J Expt Bot 62:5051–5061

Peng J, Ronin Y, Fahima T, Roder MS, Li Y, Nevo E, Korol A (2003) Domestication quantita-
tive trait loci in Triticum dicoccoides, the progenitor of wheat. Proc Natl Acad Sci USA 
100:2489–2494

Perretant MR, Cadalen T, Charmet G, Sourdille P, Nicolas P, Boeuf C, Tixier MH, Branlard G, 
Bernard S (2000) QTL analysis of bread-making quality in wheat using a doubled haploid 
population. Theor Appl Genet 100:1167–1175

Piepho HP (2000) A mixed-model approach to mapping quantitative trait loci in barley on the 
basis of multiple environment data. Genetics 156:2043–2050

Pillen K, Zacharias A, Leon J (2003) Advanced backcross QTL analysis in barley (Hordeum vul-
gare L.). Theor Appl Genet 105:1253–125

Podlich DW, Winkler CR, Cooper M (2004) Mapping as you go: an effective approach for 
marker-assisted selection of complex traits. Crop Sci 44:1560–1571

Poland JA, Nelson RJ (2011) In the eye of the beholder: the effect of rater variability and differ-
ent rating scales on QTL mapping. Phytopath 101:290–298

Poland JA, Balint-Kurti PJ, Wisser RJ, Pratt RC, Nelson RJ (2009) Shades of gray: the world of 
quantitative disease resistance. Trends Plant Sci 11:21–29

Poland JA, Bradbury PJ, Buckler ES, Nelson RJ (2011) Genome-wide nested association map-
ping of quantitative resistance to northern leaf blight in maize. Proc Natl Acad Sci USA 
108:6893–6898

Poland JA, Brown PJ, Sorrells ME, Jannink J-L (2012) Development of high-density genetic 
maps for barley and wheat using a novel two-enzyme genotyping-by-sequencing approach. 
PLoS ONE 7:e32253

Potokina E, Druka A, Luo Z, Moscou M, Wise R, Waugh R, Kearsey M (2008a) Tissue-
dependent limited pleiotropy affects gene expression in barley. Plant J 56:287–296

Potokina E, Druka A, Luo Z, Wise R, Waugh R, Kearsey M (2008b) Gene expression quantitative 
trait locus analysis of 16000 barley genes reveals a complex pattern of genome-wide tran-
scriptional regulation. The Plant J 53:90–101



31311 QTL Mapping: Methodology and Applications in Cereal Breeding

Pozzi C, Rossini L, Vecchietti A, Salamini F (2004) Gene and genome changes during domestication 
of cereals. In: Gupta PK, Varshney RK (eds) Cereal genomics. Springer, Berlin, pp 165–198

Prasad M, Kumar N, Kulwal PL, Röder M, Balyan HS, Dhaliwal HS, Gupta PK (2003) QTL 
analysis for grain protein content using SSR markers and validation studies using NILs in 
bread wheat. Theor Appl Genet 106:659–667

Prasad M, Varshney RK, Kumar A, Balyan HS, Sharma PC, Edwards KJ, Singh H, Dhaliwal HS, 
Roy JK, Gupta PK (1999) A microsatellite marker associated with a QTL for grain protein 
content on chromosome arm 2DL of bread wheat. Theor Appl Genet 99:341–345

Price AH (2006) Believe it or not, QTLs are accurate. Trends Plant Sci 11:213–216
Price A, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D (2006) Principal com-

ponents analysis corrects for stratification in genome-wide association studies. Nat Genet 
38:904–909

Pritchard JK, Stephens M, Donnelly PJ (2000) Inference of population structure using multilocus 
genotype data. Genetics 155:945–959

Purugganan MD, Fuller DQ (2009) The nature of selection during plant domestication. Nature 
457:843–848

Quraishi UM, Murat F, Abrouk M, Pont C, Confolent C, Oury FX, Ward J, Boros D, Gebruers 
K, Delcour JA, Courtin CM, Bedo Z, Saulnier L, Guillon F, Balzergue S, Shewry PR, 
Feuillet C, Charmet G, Salse J (2011) Combined meta-genomics analyses unravel candidate 
genes for the grain dietary fiber content in bread wheat (Triticum aestivum L.). Funct Integr 
Genomics 11:71–83

Quarrie SA, Laurie DA, Zhu J, Lebreton C, Semikhodskii A, Steed A, Witsenboer H, Calestani C 
(1997) QTL analysis to study the association between leaf size and abscisic acid accumula-
tion in droughted rice leaves and comparisons across cereals. Plant Mol Biol 35:155–165

Quarrie SA, Vesna LJ, Dragan K, Andy S, Sofija P (1999) Bulk segregant analysis with molecu-
lar markers and its use for improving drought resistance in maize. J Expt Bot 50:1299–1306

Rakshit S, Rakshit A, Patil JV (2012) Multiparent intercross populations in analysis of quantita-
tive traits. J Genet 91:111–117

Raman H, Stodart B, Ryan PR et al (2010) Genome-wide association analyses of common wheat 
(Triticum aestivum L.) germplasm identifies multiple loci for aluminium resistance. Genome 
53:957–966

Rao S, Xu S (1998) Mapping quantitative trait loci for ordered categorical traits in four-way 
crosses. Heredity 81:214–224

Rehman Arif MA, Neumann K, Nagel M, Kobiljski B, Lohwasser U, Borner A (2012) An 
association mapping analysis of dormancy and pre-harvest sprouting in wheat. Euphytica 
188:409–417

Reif JC, Gowda M, Maurer HP, Longin CFH, Korzun V, Ebmeyer E, Bothe R, Pietsch C, 
Wurschum T (2011) Association mapping for quality traits in soft winter wheat. Theor Appl 
Genet 122:961–970

Ren ZH, Gao JP, Li LG, Cai XL, Huang W, Chao DY, Zhu MZ, Wang ZY, Luan S, Lin HX 
(2005) A rice quantitative trait locus for salt tolerance encodes a sodium transporter. Nat 
Genet 37:1141–1146

Rockman MV, Kruglyak L (2008) Breeding designs for recombinant inbred advanced intercross 
lines. Genetics 179:1069–1078

Rode J, Ahlemeyer J, Friedt W, Ordon F (2012) Identification of marker-trait associations in the 
German winter barley breeding gene pool (Hordeum vulgare L.). Mol Breeding 30:831–843

Röder MS, Korzun V, Wendehake K, Plaschke J, Tixier M-H, Leroy P, Ganal MW (1998) A 
microsatellite map of wheat. Genetics 149:2007–2023

Rong J, Feltus FA, Waghmare VN, Pierce GJ, Chee PW, Draye X, Saranga Y, Wright RJ, Wilkins 
TA, May OL, Smith CW, Gannaway JR, Wendel JF, Paterson AH (2007) Meta-analysis of 
polyploid cotton QTL shows unequal contributions of subgenomes to a complex network of 
genes and gene clusters implicated in lint fiber development. Genetics 176:2577–2588

Ross-Ibarra J (2005) Quantitative trait loci and the study of plant domestication. Genetica 
123:197–204



314 P. K. Gupta et al.

Ross-Ibarra J, Morrell PL, Gaut BS (2007) Plant domestication, a unique opportunity to identify 
the genetic basis of adaptation. Proc Natl Acad Sci USA 104:8641–8648

Rousset M, Bonnin I, Remoue C et al (2011) Deciphering the genetics of flowering time by an 
association study on candidate genes in bread wheat (Triticum aestivum L.). Theor Appl 
Genet 123:907–926

Rostoks N, Ramsay L, MacKenzie K, Cardle L et al (2006) Recent history of artificial outcross-
ing facilitates whole-genome association mapping in elite inbred crop varieties. Proc Natl 
Acad Sci USA 103:18656–18661

Rowe HC, Hansen BG, Halkier BA, Kliebenstein DJ (2008) Biochemical networks and epistasis 
shape the Arabidopsis thaliana metabolome. Plant Cell 20:1199–1216

Roy JK, Smith KP, Muehlbauer GJ, Chao S, Close TJ, Steffenson BJ (2010) Association map-
ping of spot blotch resistance in wild barley. Mol Breeding 26:243–256

Salunkhe AS, Poornima R, Prince KS, Kanagaraj P, Sheeba JA, Amudha K, Suji KK, Senthil A, 
Babu RC (2011) Fine mapping QTL for drought resistance traits in rice (Oryza sativa L.) 
using bulk segregant analysis. Mol Biotechnol 49:90–95

Salvi S, Tuberosa R (2005) To clone or not to clone plant QTLs: present and future challenges. 
Trends Plant Sci 10:297–304

Salvi S, Tuberosa R (2007) Cloning QTLs in plants. In: Varshney RK, Tuberosa R (eds) 
Genomics-assisted crop improvement, vol 1., Genomics approaches and platformsSpringer, 
Berlin, pp 207–225

Salvi S, Sponza G, Morgante M, Tomes D, Xiaomu NX, Fengler KA, Meeley R, Ananiev EV, 
Svitashev S, Bruggemann E, Li B, Haney CF, Radovic S, Zaina G, Rafalski J-A, Tingey 
SV, Miao G-H, Phillips RL, Tuberosa R (2007) Conserved non-coding genomic sequences 
controlling flowering time differences in maize. Proc Natl Acad Sci USA 104:11376–11381

Satagopan JM, Yandell BS, Newton MA, Osborn TC (1996) A Bayesian approach to detect quan-
titative trait loci using Markov Chain Monte Carlo. Genetics 144:805–816

Sax K (1923) The association of size differences with seed-coat pattern and pigmentation in 
Phaseolus vulgaris. Genetics 8:552–560

Schadt EE, Monks SA, Drake TA, Lusis AJ, Che N, Colinayo V, Ruff TG, Milligan SB, Lamb 
JR, Cavet G, Linsley PS, Mao M, Stoughton RB, Friend SH (2003) Genetics of gene 
expression surveyed in maize, mouse and man. Nature 422:297–302

Schauer N, Semel Y, Roessner U et al (2006) Comprehensive metabolic profiling and phenotyp-
ing of interspecific introgression lines for tomato improvement. Nat Biotechnol 24:447–454

Seaton G, Haley CS, Knott SA, Kearsey M, Visscher PM (2002) QTL Express: mapping quanti-
tative trait loci in simple and complex pedigrees. Bioinformatics 18:339–34

Servin B, Stephens M (2007) Imputation-based analysis of association studies: candidate regions 
and quantitative traits. PLoS Genet 3:e114

Setter TL, Yan J, Warburton M, Ribaut J-M, Xu Y, Mark S, Buckler ES, Zhang Z, Gore MA 
(2011) Genetic association mapping identifies single nucleotide polymorphisms in genes 
that affect abscisic acid levels in maize floral tissues during drought. J Expt Bot 62:701–716

Sharma S, Xu S, Ehdaie B, Hoops A, Close TJ, Lukaszewski AJ, Waines JG (2011) Dissection of 
QTL effects for root traits using a chromosome arm-specific mapping population in bread 
wheat. Theor Appl Genet 122:759–769

Shoemaker JS, Painter IS, Weir BS (1999) Bayesian statistics in genetics: a guide for the uniniti-
ated. Trends Genet 15:354–358

Sillanpaa MJ, Arjas E (1998) Bayesian mapping of multiple quantitative trait loci from incom-
plete inbred line cross data. Genetics 148:1373–1388

Song X-J, Huang W, Shi M, Zhu M-Z, Lin H-X (2007) A QTL for rice grain width and weight 
encodes a previously unknown RING-type E3 ubiquitin ligase. Nat Genet 39:623–630

Stich B, Melchinger AE (2010) An introduction to association mapping in plants. CAB Reviews 
5:039

Stich B, Piepho H-P, Schulz B, Melchinger AE (2008) Multi-trait association mapping in sugar 
beet (Beta vulgaris L.). Theor Appl Genet 117:947–954



31511 QTL Mapping: Methodology and Applications in Cereal Breeding

Stracke S, Haseneyer G, Veyrieras JB, Geiger HH, Sauer S, Graner A, Piepho HP (2009) 
Association mapping reveals gene action and interactions in the determination of flowering 
time in barley. Theor Appl Genet 118:259–273

Swanson-Wagner RA, DeCook R, Jia Y, Bancroft T, Ji T, Zhao X, Nettleton D, Schnable PS 
(2009) Paternal dominance of trans-eQTL influences gene expression patterns in maize 
hybrids. Science 326:1118–1120

St.Clair DA (2010) Quantitative disease resistance and quantitative resistance loci in breeding. 
Annu Rev Phytopath 48:247–268

Sugimoto K, Takeuchi Y, Ebana K, Miyao A, Hirochika H, Hara N, Ishiyama K, Kobayashi M, 
Ban Y, Hattori T, Yano M (2010) Molecular cloning of Sdr4, a regulator involved in seed 
dormancy and domestication of rice. Proc Natl Acad Sci USA 107:5792–5797

Sun D, Ren W, Sun G, Peng J (2011) Molecular diversity and association mapping of quantitative 
traits in Tibetan wild and worldwide originated barley (Hordeum vulgare L.) germplasm. 
Euphytica 178:31–43

Szalma SJ, Buckler ES, Snook ME, McMullen MD (2005) Association analysis of candidate 
genes for maysin and chlorogenic acid accumulation in maize silks. Theor Appl Genet 
110:1324–1333

Tanhuanpää P, Kalendar R, Schulman AH, Kiviharju E (2008) The first doubled haploid linkage 
map for cultivated oat. Genome 51:560–569

Tanhuanpää P, Manninen O, Kiviharju E (2010) QTLs for important breeding characteristics in 
the doubled haploid oat progeny. Genome 53:482–493

Takai T, Yoshimichi F, Tatsuhiko S, Takeshi H (2005) Time-related mapping of quantitative trait 
loci controlling grain-filling in rice (Oryza sativa L.). J Expt Bot 56:2107–2118

Tanksley SD (1993) Mapping polygenes. Annu Rev Genet 27:205–233
Tanksley SD, Grandillo S, Fulton TM, Zamir D, Eshed Y, Petiard V, Lopez J, Beck BT (1996) 

Advanced backcross QTL analysis in a cross between an elite processing line of tomato and 
its wild relative L. pimpinellifolium. Theor Appl Genet 92:213–222

Tanksley SD, Nelson JC (1996) Advanced backcross QTL analysis: a method for the simultane-
ous discovery and transfer of valuable QTLs from unadapted germplasm into elite breeding 
lines. Theor Appl Genet 92:191–203

Tang J, Yan J, Ma X, Teng W, Wu W, Dai J, Dhillon BS, Melchinger AE, Li J (2010) Dissection 
of the genetic basis of heterosis in an elite maize hybrid by QTL mapping in an immortal-
ized F2 population. Theor Appl Genet 120:333–340

Takahashi Y, Shomura A, Sasaki T, Yano M (2001) Hd6, a rice quantitative trait locus involved 
in photoperiod sensitivity, encodes the a-subunit of protein kinase CK2. Proc Natl Acad Sci 
USA 98:7922–7927

Tinker NA, Mather DE (1995) MQTL: software for simplified composite interval mapping of 
QTL in multiple environments. J Quant Trait Loci 1:2

Thomson MJ, Tai TH, McClung AM, Lai X-H, Hinga ME, Lobos KB, Xu Y, Martinez CP, 
McCouch SR (2003) Mapping quantitative trait loci for yield, yield components and mor-
phological traits in an advanced backcross population between Oryza rufipogon and the 
Oryza sativa cultivar Jefferson. Theor Appl Genet 107:479–493

Thornsberry JM, Goodman MM, Doebley J, Kresovich S, Nielsen D, Buckler ES (2001) Dwarf8 
polymorphisms associate with variation in flowering time. Nat Genet 28:286–289

Tian F, Bradbury PJ, Brown PJ, Hung H, Sun Q, Flint-Garcia S, Rocheford TR, McMullen MD, 
Holland JB, Buckler ES (2011) Genome-wide association study of leaf architecture in the 
maize nested association mapping population. Nat Genet 43:159–162

Tommasini L, Schnurbusch T, Fossati D, Mascher F, Keller B (2007) Association mapping of 
Stagonospora nodorum blotch resistance in modern European winter wheat varieties. Theor 
Appl Genet 115:697–708

Truntzler M, Barrière Y, Sawkins MC, Lespinasse D, Betran J, Charcosset A, Moreau L (2010) 
Meta-analysis of QTL involved in silage quality of maize and comparison with the position 
of candidate genes. Theor Appl Genet 121:1465–1482



316 P. K. Gupta et al.

Tuberosa R, Salvi S (2004) QTLs and genes for tolerance to abiotic stress in cereals. In: Gupta 
PK, Varshney RK (eds) Cereal genomics. Kluwer Academic Publishers, The Netherlands, 
pp 253–315

Tuberosa R, Salvi S (2007) From QTLs to genes controlling root traits in maize. In: Spiertz JHJ, 
Struik PC, van Laar HH (eds) Scale and complexity in plant systems research: gene-plant-
crop relations. Springer, Berlin, pp 15–24

Turner A, Beales J, Faure S, Dunford RP, Laurie DA (2005) The pseudo-response regulator Ppd-
H1 provides adaptation to photoperiod in barley. Science 310:1031–1034

Tyagi S, Gupta PK (2012) Meta-analysis of QTLs involved in pre-harvest sprouting tolerance 
and dormancy in bread wheat. Triticeae Genomics Genet 3:9–24

Uauy C, Distelfeld A, Fahima T, Blechl A, Dubcovsky J (2006) A NAC gene regulating senes-
cence improves grain protein, zinc, and iron content in wheat. Science 314:1298–1301

Ueda T, Sato T, Hidema J, Hirouchi T, Yamamoto K, Kumagai T, Yano M (2005) qUVR-10, a 
major quantitative trait locus for ultraviolet-B resistance in rice, encodes cyclobutane pyrim-
idine dimer photolyase. Genetics 171:1941–1950

Utz H, Melchinger A (1996) PLABQTL: a program for composite interval mapping of QTL. J 
Quant Trait Loci 2:1

van Dyk MM, Kullan ARK, Mizrachi E, Hefer CA, van Rensburg LJ, Tschaplinski TJ, Cushman 
KC, Engle NE, Tuskan GA, Jones N, Kanzler A, Myburg AA (2011) Genetic dissection of 
transcript, metabolite, growth and wood property traits in an F2 pseudo-backcross pedigree 
of Eucalyptus grandis x E. urophylla. BMC Proc 5:O7

van Eeuwijk FA, Bink MCAM, Chenu K, Chapman SC (2010) Detection and use of QTL for 
complex traits in multiple environments. Cur Opin Plant Biol 13:193–205

van Ooijen JW, Maliepaard C (1996) MapQTL™ version 3.0: software for the calculation of 
QTL positions on genetic maps. Plant Research International, Wageningen

Varshney RK, Paulo MJ, Grando S, van Eeuwijk FA, Keizer LCP, Guo P, Ceccarelli S, Kilian A, 
Baum M, Graner A (2012) Genome wide association analyses for drought tolerance related 
traits in barley (Hordeum vulgare L.). Field Crops Res 126:171–180

Varshney RK, Prasad M, Roy JK, Kumar N, Singh H, Dhaliwal HS, Balyan HS, Gupta PK 
(2000) Identification of eight chromosomes and a microsatellite marker on 1AS associated 
with QTLs for grain weight in bread wheat. Theor Appl Genet 100:1290–1294

Veyrieras J-B, Goffinet B, Charcosset A (2007) MetaQTL: a package of new computational 
methods for the meta-analysis of QTL mapping experiments. BMC Bioinfor 8:49

von Zitzewitz J, Cuesta-Marcos A, Condon F, Castro AJ, Chao S, Corey A, Filichkin T, Fisk SP, 
Gutierrez L, Haggard K, Karsai I, Muehlbauer GJ, Smith KP, Veisz O, Hayes PM (2011) 
The genetics of winterhardiness in barley: perspectives from genome-wide association map-
ping. Plant Genome 4:76–91

Wang DL, Zhu J, Li ZK, Paterson AH (1999) Mapping QTLs with epistatic effects and 
QTL × environment interactions by mixed linear model approaches. Theor Appl Genet 
99:1255–1264

Wang H, Wagler T, Li B, Zhao Q, Vigouroux Y, Faller M, Bomblies K, Lukens L, Doebley J 
(2005) The origin of the naked grains of maize. Nature 436:714–719

Wang M, Jiang N, Jia T, Leach L, Cockram J, Waugh R, Ramsay L, Thomas B, Luo Z (2012) 
Genome-wide association mapping of agronomic and morphologic traits in highly struc-
tured populations of barley cultivars. Theor Appl Genet 124:233–246

Wang S, Basten CJ, Zeng Z-B (2011) Windows QTL Cartographer 2.5. Department of Statistics, 
North Carolina State University, Raleigh, NC. (http://statgen.ncsu.edu/qtlcart/WQTLCart.
htm)

Wang Y, Yao J, Zhang ZF, Zheng YL (2006b) The comparative analysis based on maize inte-
grated QTL map and meta-analysis of plant height QTLs. Chin Sci Bull 51:2219–2230

Wang Y-M, Kong W-Q, Tang Z-X, Lu X, Xu C-W (2009) Bayesian statistics-based multi-
ple interval mapping of qtl controlling endosperm traits in cereals. Acta Agron Sinica 
35:1569–1575

http://statgen.ncsu.edu/qtlcart/WQTLCart.htm
http://statgen.ncsu.edu/qtlcart/WQTLCart.htm


31711 QTL Mapping: Methodology and Applications in Cereal Breeding

Wen W, Mei H, Feng F, Yu S, Huang Z, Wu J, Chen L, Xu X, Luo L (2009) Population structure 
and association mapping on chromosome 7 using a diverse panel of Chinese germplasm of 
rice (Oryza sativa L.). Theor Appl Genet 119:459–470

Whitkus R, Doebley J, Lee M (1992) Comparative genome mapping of sorghum and maize. 
Genetics 132:1119–1130

Wisser RJ, Sun Q, Hulbert SH, Kresovich S, Nelson RJ (2005) Identification and characteriza-
tion of regions of the rice genome associated with broad-spectrum, quantitative disease 
resistance. Genetics 169:2277–2293

Wright SI, Bi IV, Schroeder SG, Yamasaki M, Doebley JF, McMullen MD, Gaut BS (2005) The 
effects of artificial selection on the maize genome. Science 308:1310–1314

Wu W-R, Li W-M, Tang D-Z, Lu H-R, Worland AJ (1999) Time-related mapping of quantitative 
trait loci underlying tiller number in rice. Genetics 151:297–303

Wu R, Lin M (2006) Functional mapping—how to map and study the genetic architecture of 
dynamic complex traits. Nat Rev Genet 7:229–237

Wu D, Qiu L, Xu L, Ye L, Chen M et al (2011) Genetic variation of HvCBF genes and their asso-
ciation with salinity tolerance in Tibetan annual wild barley. PLoS ONE 6:e22938

Wu RL, Zeng Z-B (2001) Joint linkage and linkage disequilibrium mapping in natural popula-
tions. Genetics 157:899–909

Wu R, Chang-Xing M, George C (2002) Joint linkage and linkage disequilibrium mapping of 
quantitative trait loci in natural populations. Genetics 160:779–792

Wurschum T (2012) Mapping QTL for agronomic traits in breeding populations. Theor Appl 
Genet 125:201–210

Xie C, Gessler DDG, Xu S (1998) Combining different line crosses for mapping quantita-
tive trait loci using the identical by descent-based variance component method. Genetics 
149:1139–1146

Xu S (2003a) Estimating polygenic effects using markers of the entire genome. Genetics 
163:789–801

Xu S (2003b) Theoretical basis of the Beavis effect. Genetics 165:2259–2268
Xu S, Jia Z (2007) Genome wide analysis of epistatic effects for quantitative traits in barley. 

Genetics 175:1955–1963
Xu Y, Zhu L, Xiao J, Huang N, McCouch SR (1997) Chromosomal regions associated with seg-

regation distortion of molecular markers in F2, backcross, doubled haploid, and recombi-
nant inbred populations in rice (Oryza sativa L.). Mol Gen Genet 253:535–545

Xu K, Xu X, Fukao T, Canlas P, Maghirang-Rodriguez R, Heuer S, Ismail MA, Bailey-Serres J, 
Ronald PC, Mackill DJ (2006) Sub1A is an ethylene response factor-like gene that confers 
submergence tolerance to rice. Nature 442:705–708

Xu Y (2010) Molecular plant breeding. CABI, Oxfordshire
Yan WG, Li Y, Agrama HA, Luo D, Gao F, Lu X, Ren G (2009) Association mapping of stigma 

and spikelet characteristics in rice (Oryza sativa L.). Mol Breeding 24:277–292
Yano M, Katayose Y, Ashikari M, Yamanouchi U, Monna L, Fuse T, Baba T, Yamamoto K, 

Umehara Y, Nagamura Y, Sasaki T (2000) Hd1, a major photoperiod sensitivity quantitative 
trait locus in rice, is closely related to the Arabidopsis flowering time gene CONSTANS. 
Plant Cell 12:2473–2484

Yao J, Wang L, Liu L, Zhao C, Zheng Y (2009) Association mapping of agronomic traits on 
chromosome 2A of wheat. Genetica 137:67–75

Yi N, George V, Allison DB (2003a) Stochastic search variable selection for identifying multiple 
quantitative trait loci. Genetics 164:1129–1138

Yi N, Xu S, Allison DB (2003b) Bayesian model choice and search strategy for mapping inter-
acting quantitative trait loci. Genetics 165:867–883

Yi N, Banerjee S, Pomp D, Yandell BS (2007) Bayesian mapping of genomewide interacting 
quantitative trait loci for ordinal traits. Genetics 176:1855–1864

Yi N, Xu Z (2002) Linkage analysis of quantitative trait loci in multiple line crosses. Genetica 
114:217–230



318 P. K. Gupta et al.

Yoshida K, Saitoh H, Fujisawa S et al (2009) Association genetics reveals three novel avirulence 
genes from the rice blast fungal pathogen Magnaporthe oryzae. Plant Cell 21:1573–1591

Young ND (1996) QTL mapping and quantitative disease resistance in plants. Ann Rev 
Phytopath 34:479–501

Youens-Clark K, Buckler E, Casstevens T, Chen C, DeClerck G, Derwent P, Dharmawardhana 
P, Jaiswal P, Kersey P, Karthikeyan AS, Lu J, McCouch SR, Ren L, Spooner W, Stein JC, 
Thomason J, Wei S, Ware D (2011) Gramene database in 2010: updates and extensions. 
Nucleic Acids Res 39:D1085–D1094

Yu J, Holland JB, McMullen MD, Buckler ES (2008) Genetic design and statistical power of 
nested association mapping in maize. Genetics 178:539–551

Yu J, Buckler ES (2006) Genetic association mapping and genome organization of maize. Curr 
Opin Biotechnol 17:155–160

Yu J, Pressoir G, Briggs WH, Bi IV, Yamasaki M, Doebley JF, McMullen MD, Gaut BS, Nielsen 
DM, Holland JB, Kresovich S, Buckler ES (2005) A unified mixed-model method for asso-
ciation mapping that accounts for multiple levels of relatedness. Nat Genet 38:203–208

Yu L-X, Lorenz A, Rutkoski J, Singh RP, Bhavani S, Huerta-Espino J, Sorrells ME (2011) 
Association mapping and gene–gene interaction for stem rust resistance in CIMMYT spring 
wheat germplasm. Theor Appl Genet 123:1257–1268

Yu L-X, Morgounov A, Wanyera R et al (2012) Identification of Ug99 stem rust resistance loci 
in winter wheat germplasm using genome-wide association analysis. Theor Appl Genet 
125:749–758

Zeng Z-B (1994) Precision mapping of quantitative trait loci. Genetics 136:1457–1468
Zeng ZB, Kao CH, Basten CJ (1999) Estimating the genetic architecture of quantitative traits. 

Genet Res 74:279–289
Zhang Y-M, Gai J (2009) Methodologies for segregation analysis and QTL mapping in plants. 

Genetica 136:311–318
Zhang LY, Liu DC, Guo XL, Yang WL, Sun JZ, Wang DW, Zhang A (2010) Genomic distribution 

of quantitative trait loci for yield and yield-related traits in common wheat. J Integr Plant 
Biol 52:996–1007

Zhang YM, Mao Y, Xie C, Smith H, Luo L, Xu S (2005) Mapping quantitative trait loci using 
naturally occurring genetic variance among commercial inbred lines of maize (Zea mays 
L.). Genetics 169:2267–2275

Zhao K, Tung C-W, Eizenga GC et al (2011) Genome-wide association mapping reveals a rich 
genetic architecture of complex traits in Oryza sativa. Nat Commun 2:467

Zheng S, Byrne PF, Bai G et al (2009) Association analysis reveals effects of wheat glutenin 
alleles and rye translocations on dough-mixing properties. J Cereal Sci 50:283–290

Zhou J, You A, Ma Z, Zhu L, He G (2012) Association analysis of important agronomic traits in 
japonica rice germplasm. Afr J Biotechnol 11:2957–2970

Zhu C, Gore M, Buckler ES, Yu J (2008) Status and prospects of association mapping in plants. 
Plant Genome 1:5–20



319

12.1  Introduction

Plant and animal domestication that was initiated approximately 10,000 years ago 
led to the dramatic evolution of human society and rapid speciation of plants and 
animals co-evolving with humans (Diamond 2002). The emergence of these new 
species and remarkable new traits fueled a series of scientific discoveries. The 
observation of rapid and drastic phenotypic changes under artificial selection stim-
ulated at least partly Darwin’s thinking of the origin of species under natural selec-
tion (Darwin 1859). Through experimental crosses and subsequent analyses of 
crop species, particularly pea plants, Mendel discovered the basic rules of genet-
ics. With the arrival of the genomics era, recent studies yielded considerable new 
insights into the molecular basis of domestication traits and population genetic 
mechanisms underlying the domestication processes.

Cereal crops, including wheat, rice, maize, barley, sorghum, oats, and mil-
lets, provide the primary source of human calories. Of approximately 1.4 billion  
hectares or ~10 % of the terrestrial ecosystems converted to cropland, about half or 
~0.7 billion hectares are currently used for producing cereals. The top three cereal 
crops, maize, rice, and wheat, grow on ~0.55 billion hectares (http://faostat.fao.org).

Cereals belong to the grass family, Poaceae, which consists of ~10,000 spe-
cies worldwide. The domestication of cereals occurred independently in different 
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continents, e.g., wheat and barley in Middle East ~10,000 years ago, rice and 
foxtail millet in China ~8,000 years ago, maize in Central America ~7,000–
9,000 years ago, and sorghum and pearl millet in Africa ~4,000 years ago 
(Salamini et al. 2002; Doebley et al. 2006). With regard to the seemingly coinci-
dental initiation of cereal domestications, an increasingly popular hypothesis is that 
they shared at least one common driving force, i.e., climate change following the 
last glacial maximum (Sage 1995; Richerson et al. 2001; Cunniff et al. 2008). The 
consequential change of global vegetation could have provided opportunities for 
humans to explore expanding grassland and developed a more reliable food source 
for feeding growing populations that faced increasing pressure of food shortage.

Despite the fact that the cereal crops were independently domesticated from 
distantly related grass species, the phenotypic modifications associated with the 
domestications were strikingly similar. The suite of phenotypic changes that trans-
formed wild grasses into food crops are known as the domestication syndrome 
(Harlan 1992; Hancock 2004). This includes the following major trends: reduced 
grain shattering, improved threshing ability, weakened seed dormancy, reduced 
tiller number or shoot branches, synchronized grain maturation, lightened hull and 
seed colors, increased tiller erectness, enlarged panicles, and increased grain size 
and weight. Through these changes driven by artificial selection, plants became 
adapted to new environments and relied on humans for survival and reproduction.

In this chapter, we review the identification and molecular and population genetic 
analyses of genes involved in the development of the cereal domestication syn-
drome. With the literature review, we revisit the generalized theories and hypotheses 
concerning crop domestication. We then comment on the current status and future 
prospects of discovering domestication-related genes. From what has been learned 
about the molecular and population genetics of cereal domestication, we discuss 
how this information may be utilized to facilitate the domestication of new crops, 
especially perennial grasses potentially serving as lignocellulosic energy crops.

12.2  Domestication Syndrome and Genetic Analyses

Mature grains of wild grasses detach easily when disturbed by wind or animals 
so that their seeds can be dispersed promptly. The easy shattering of wild plants, 
however, makes grain harvest difficult, especially when they mature over a rela-
tively long period of time during which substantial grain loss occurs as a result of 
strong wind or storms. Thus the reduction of grain shattering was necessary for 
effective harvest. Threshing was developed in association with the reduction in 
shattering and allowed grains or seeds to be separated and recovered from straw. 
There are two primary ways of threshing. In rice, mature grains are detached from 
harvested panicles by mechanistic forces, which is more or less equivalent to the 
partial reduction of shattering. The hulls are subsequently removed by milling.  
In wheat and barley, hulls open and separate from seeds at grain maturation so that 
seeds can be shaken out with moderate forces and collected.



32112 Molecular Genetic Basis of the Domestication Syndrome in Cereals

Seed dormancy is an evolutionary safety strategy of wild grasses adapted to 
unstable environments. It allows seeds to remain in seed banks through the win-
ter and germinate under favorable climatic conditions in the following spring.  
It also distributes seed germination over a prolonged period of time to avoid 
unpredicted harmful conditions such as flood and frost. However, this unwanted 
delay or uneven germination makes crops grow and mature at different rates, 
which in turn causes problems in crop management and harvest.

The loss of hulls and their appendices such as the stony fruitcases of maize 
kernels and awns of rice made food preparation easier but weakened protection 
against seed predators and ability of seed dispersal. The changes of hull colors, 
usually from dark to straw-white, might have been helpful for non-shattering 
grains to avoid predation at maturity while hull color becomes undistinguishable 
from that of withering straws (Zhu et al. 2011). Together, these phenotypic modifi-
cations changed the landscape of adaptation, resulting in well-adapted crop plants 
in the agricultural field, which could no longer survive in nature without human 
protection or assistance for reproduction.

The modification of plant architecture is another critical aspect of cereal 
domestication. This followed a common trend of reduction in tiller number or 
branches so that each tiller became stronger and capable of supporting a higher 
grain yield. Tillers also grew erect to allow a larger number of tillers to be com-
pacted in a unit field. Panicles became more highly branched and capable of bear-
ing a larger number of grains. These changes were clearly driven by selection for 
higher yield.

Domestication is evolution under artificial selection. The domestication syn-
drome highlights phenotypic changes that shifted the adaptive optima of wild 
grasses in their natural habitats to that of the new crops species in the agricultural 
field. To gain the mechanistic understanding of the process, we need to identify the 
genetic basis of these changes, which includes the number and chromosomal loca-
tions of loci/genes responsible for a domestication transition, the phenotypic effect 
of these loci/genes, and ultimately the casual mutations.

There are two main approaches for studying the genetic basis of domestication 
traits. A straightforward approach is to cross cultivars with their wild progeni-
tors or relatives and subsequently conduct a quantitative trait locus (QTL) analy-
sis. This so called “top-down” approach has been wildly adopted in crops because 
plants are relatively easy to hybridize. Numerous QTLs potentially underlying 
domestication transitions in almost all cereal crops have been reported. Another 
seemingly promising approach is to perform a genome-wide screening for signa-
tures of artificial selection. Through a comparison of the distribution of nucleotide 
polymorphism between cultivars and their wild progenitors, loci/genes that pre-
sumably experienced selective sweeps are considered to be candidates involved in 
domestication. This is called a “bottom-up” approach (Ross-Ibarra et al. 2007).

In the first edition of Cereal Genomics published in 2004, domestication traits 
and corresponding QTLs were discussed (Pozzi et al. 2004). While the detected 
domestication-related QTLs continued to accumulate at a fast pace, a large por-
tion of them have been deposited in user-friendly databases such as Gramene 
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(Youens-Clark et al. 2011). Over the past few years, the explosive development of 
grass genome resources and tools has considerably accelerated the molecular clon-
ing of domestication-related QTLs, which have yielded markedly new insights into 
the genetic and evolutionary mechanisms of crop domestication. In addition, the 
advent of the next-generation sequencing technologies began to show a great poten-
tial of identifying candidate genes using the bottom-up approach (e.g., Xia et al. 
2009). Thus here we choose not to update the growing list of identified QTLs, rather 
focus on the cloned QTLs/genes for a better understanding of cereal domestication.

12.3  Genes Underlying Domestication Syndrome

To date, more than a dozen of genes directly relevant to the development of the 
cereal domestication syndrome have been cloned (Table 12.1). Although many 
more genes identified in cereals were functionally related to the domestication 
traits, there was little evidence that they were directly responsible for the changes 
occurred during domestication. Domestication genes considered in this chapter 
share several features. First, the majority of them were cloned through the top-
down approach, i.e., QTL analyses of crosses between cultivars and their wild 
relatives or between cultivars of independent origins, followed by fine mapping. 
Second, there was population genetic evidence indicating that the genes were 
under artificial selection. Finally, all but tb1 were identified after 2005, which was 
apparently a result of recent advances in cereal genomics.

12.3.1  Shattering and Threshing

During cereal domestication, reduction in shattering was coupled with the main-
tenance or gain of threshing ability. The two traits together ensured grains to be 
effectively harvested and subsequently recovered. In rice, the balance of shatter-
ing and threshing was struck by weakening the function of the sh4 gene that regu-
lates the formation and function of the abscission zone from which a mature grain 
detaches from the pedicle (Li et al. 2006a). Sh4 is the major shattering QTL in 
rice, explaining ~69 % of phenotypic variance between a traditional indica culti-
var and the annual wild progenitor, O. nivara (Li et al. 2006b). The gene encodes 
a putative transcription factor. The causal mutation was a single nucleotide sub-
stitution leading to an amino acid substitution from lysine to asparagine in the 
predicted DNA binding domain. The substitution of the neutral for the positively 
charged amino acid, which presumably weakened but did not knock out the gene 
function, caused the incomplete development and partial function of the abscission 
zone (Li et al. 2006a). This disabled the natural detachment of grains necessary 
for seed dispersal in the wild species, but still allowed manual separation of grains 
from pedicels in cultivars during harvest.
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Another shattering QTL, qSH1, accounting for ~69 % of phenotypic variance 
between indica and temperate japonica cultivars, was also cloned (Konishi et al. 
2006). The causal mutation was a nucleotide substitution in the regulatory element 
located ~12 kb upstream of the coding region of a homeobox gene, which altered 
the level and pattern of the gene expression and disrupted the development of the 
abscission zone. The mutation was found in a portion of temperate japonica rice.

In barley, the derivation of non-shattering phenotype, also known as non-
brittle rachis, was controlled primarily by two tightly linked loci, btr1 and btr2. 
The homozygous recessive genotype at one of the loci, btr1btr1/Btr2Btr2 or 
Btr1Btr1/btr2btr2, confers the non-brittle phenotype. Cultivars from the western 
parts of the world have predominantly the btr1btr1/Btr2Btr2 genotype, while most 
of eastern cultivars have the Btr1Btr1/btr2btr2 genotype. Although neither locus 
has been identified at the genic level, phylogenetic analysis of DNA sequences of 
the flanking regions showed that the eastern and western cultivars formed their 
own groups, indicating independent origins of non-brittle rachis from the eastern 
and western regions (Azhanguvel and Komatsusa 2007). The double homozy-
gous recessive genotype btr1btr1/btr2btr2, however, has not been found in any 
barley cultivars and the linkage has never been broken up in experimental crosses 
(Komatsuda et al. 2004). It was hypothesized that btr1 and btr2 might be different 
mutations of the same gene (Sang 2009).

In tetraploid wheat with AABB genomic constitution, non-brittle rachis is con-
trolled largely by two loci, Br2 and Br3, located in the homoeologous regions of 
group 3 chromosomes (Watanabe et al. 2002). They are potentially orthologous 
loci between the AA and BB genomes of the diploid parents. In hexaploid bread 
wheat, there is an additional brittle rachis locus, Br1, also mapped to the ortholo-
gous location of group 3 chromosome, 3D, of the DD genome (Nalam et al. 2006; 
Watanabe et al. 2006). Furthermore, comparative mapping showed that this chro-
mosomal region of wheat might be orthologous to that of barley containing btr1 
and btr2 (Nalam et al. 2006; Pourkheirandish and Komatsuda 2007). The region is 
not orthologous to either of those harboring the rice shattering genes, sh4 or qSH1 
(Li and Gill 2006; Sang 2009).

Unlike rice where grains are recovered from straw through threshing, seeds of 
free-threshing barley and wheat are directly removed from hulls that remain on 
straws. This required additional mutations that allowed easy release of seeds from 
hulls. The allele, nud, conferring free-threshing was cloned in barley (Taketa et al. 
2008). In the wild progenitors of barley, the gene encodes an ethylene response 
factor that regulates lipid biosynthesis in the seed coat, which produces adhesive 
lipid between seed coats and hulls. A 17 kb deletion in the chromosome region 
containing Nud is responsible for the disruption of the lipid layer and consequently 
easy releasing of seeds from hulls in cultivated barley.

In wheat, free-threshing was achieved through the appearance of softened 
and easily separable hulls. Hulls of the free-threshing cultivars could open eas-
ily to release seeds under moderate forces such as beating or grinding. Genetic  
analysis between durum wheat and the wild progenitor of emmer wheat identi-
fied four QTLs for free-threshing (Simonetti et al. 1999). Of these, two with large 
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effect, each accounting for ~25 % of phenotypic variation, were Tg on the short 
arm of chromosome 2B and Q on the long arm of chromosome 5A. The free-
threshing alleles, tg and Q, are partially recessive and partially dominant, respec-
tively. The free-threshing tetraploid wheat has a genotype of tgtg2BQQ5A. In the 
hexaploid bread wheat, there is an additional recessive mutation at the Tg locus of 
the DD genome required for free-threshing, resulting in the genotype of tgtg2Btgt-
g2DQQ5A (Jantasuriyarat et al. 2004; Nalam et al. 2007).

Molecular cloning of Q showed that it is a gene belonging to the AP2 family 
of transcription factors (Simons et al. 2006). The Q allele had a higher level of 
transcription than the wild type allele, q, in spikes, leaves, and roots. The coding 
regions of the two alleles differed by an amino acid substitution, which was respon-
sible for an increased abundance of homodimer of Q protein when tested in yeast. 
This mutation in the coding region, together with regulatory mutations potentially 
including a substitution at the microRNA binding site (Chuck et al. 2007), led to 
the gain-of-function mutation of Q that conferred the free-threshing phenotype. 
Interestingly, Q also contributes to the toughness of rachis or reduced shattering.

12.3.2  Plant Architecture and Inflorescence Structure

Maize has undergone the most drastic morphological modifications among all 
cereals. It involved the development of a single stalk from highly branched shoots 
of the wild progenitor, teosinte. A gene, tb1, controlling the difference was cloned 
using a maize mutant resembling the shoot branching pattern of teosinte (Doebley 
et al. 1997). It was confirmed that tb1 was allelic to the major QTL underlying the 
architectural transition from teosinte to maize. The gene is a member of the TCP 
family of transcriptional regulators involved in the transcriptional regulation of cell 
cycle genes. In maize, tb1 confers apical dominance by repressing the outgrowth 
of axillary meristems and branch elongation through its repressive effect on the 
cell cycle (Doebley et al. 2006). The causal mutations are located in the regulatory 
regions of the gene that alter the pattern and level of gene expression (Wang et al. 
1999). The maize allele of tb1 was highly expressed in the axillary buds whereas 
the teosinte allele showed no sign of expression (Hubbard et al. 2002).

In rice, a similar but less dramatic change occurred in plant architecture.  
In comparison to the wild progenitors, O. nivara and O. rufipogon, cultivated rice 
has fewer and more erect tillers. This architectural change has allowed cultivars to 
more effectively capture solar radiation and to be planted more densely in the field, 
both of which contribute to higher yield. Prostrate growth 1 (prog1), responsible for 
this transition, was cloned using near-isogenic lines of rice cultivars that contained 
a small region of the short arm of chromosome 7 from O. rufipogon (Jin et al. 2008; 
Tan et al. 2008). The gene encodes a zinc-finger nuclear transcription factor and 
is predominantly expressed in the axillary meristems, from which tiller buds form. 
The causal mutation included primarily an amino acid substitution that weakens or 
disrupts the function of the gene and possibly those in its regulatory region as well.



326 T. Sang and J. Li

Transgenic experiments showed that cultivated rice containing the wild-type 
allele from O. rufipogon had not only a larger number of more prostrate tillers but 
also shorter tillers with panicle bearing fewer primary and secondary branches 
and thus fewer grains. The pleiotropic effect of the gene matched almost perfectly 
the effect of a set of QTLs identified from a cross between an indica cultivar and  
O. nivara (Li et al. 2006b) and a cross between a japonica cultivar and O. rufipo-
gon (Onishi et al. 2007). These QTLs, overlapped with prog1 on the short arm of 
chromosome 7, had the largest effect on almost all morphological traits, including 
plant height, tiller number, tiller angle, and the number of primary and second-
ary branches of a panicle (Li et al. 2006b). If prog1 is indeed allelic to the QTL 
for all of these traits, it represents one of the most important genes involved in 
the improvement of plant architecture and yield during rice domestication. It is 
amazing that artificial selection could have targeted a gene with such a wide range 
of pleiotropic effects rather than multiple genes each affecting various aspects of 
plant architecture, such as those individually controlling tiller number and angle or 
panicle branches (e.g., Li et al. 2003; Ashikari et al. 2005; Li et al. 2007; but see 
Jiao et al. 2010; Miura et al. 2010).

Another remarkable example of pleiotropic effect is the Q gene in wheat. While 
it is largely responsible for the development of free-threshing, it also contributes 
to non-brittle rachis, shorter culms, and shorter and denser spikes. The pleiotropic 
effect involves not only shattering and threshing necessary for effective harvest, 
but also plant architecture and inflorescence structure important for yield. Thus Q 
has been considered to be a super domestication gene (Faris et al. 2006).

During barley domestication, the appearance of six-rowed ears was a key innova-
tion that substantially increased yield. On the ears of wild progenitors, each spike 
serving as a seed dispersal unit consists of three spikelets, of which the two lateral 
ones are reduced with only awns left to assist the dispersal of fully developed central 
spikelet. This trait remains the same in the domesticated two-rowed barley, while 
the awns are lost in the lateral spikeltes. In more advanced cultivars, the two lateral 
spikelets become fully developed so that the number of rows of grains is tripled.

Another barley gene, Vrs1, that controls the development of the lateral spikelets 
was cloned (Komatsuda et al. 2007). It encodes an HD-ZIP containing transcrip-
tion factor expressed specifically in the lateral-spikelet primordia and suppresses 
the development of the lateral rows. The loss-of-function mutation of Vrs1 allows 
further development of the lateral rows and gives rise to six-rowed barley. Three 
mutations in the coding region independently disrupt the function of the gene 
(Komatsuda et al. 2007).

12.3.3  Grain/Seed Cover, Size, and Coloration

The loss of grain/seed cover and coloration is another component of the domestica-
tion syndrome. The most remarkable is the loss of fruitcases during maize domes-
tication. In teosinte, kernels are enclosed by stony fruitcases derived from modified 
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cupules and glumes. Teosinte ears disarticulate at maturity and the fruitcases become 
the units of seed dispersal. In maize, the fruitcases do not form so that naked kernels 
are readily edible. Cupules and glumes become a part of maize cobs on which kernels 
remain undetached at maturity. Teosinte glume architecture1 (tga1), a major QTL con-
trolling fruitcase formation, has been cloned (Wang et al. 2005). It is a member of the 
squamosa-promoter binding protein family of transcription regulators. In maize and 
teosinte, the gene is expressed in the inflorescence meristem of a developing ear, the 
spikelet primordia, and the adaxial junction of the spikelet and the inflorescence axis, 
the region where cupules and glumes develop. The functional difference between the 
maize and teosinte alleles of tga1 appears to be due to a single amino acid substitution.

Changes in hull colors were widespread during cereal domestication. A com-
mon trend was the change from dark colors to the color that mimics withering 
straws, so-called straw-white. Two major QTLs were found to be responsible pri-
marily for the change of hull color in rice (Gu et al. 2005). The one with larger 
effect, bh4, was recently cloned using a near-isogenic line of an indica cultivar 
containing a small region of chromosome 4 from O. rufipogon (Zhu et al. 2011). 
The wild-type allele in O. rufipogon encodes an amino acid transporter that is 
expressed specifically in the developing hulls. In different rice cultivars examined, 
it was found that two deletions and a nucleotide substitution in the coding region 
of the gene were independently responsible for the truncation of the BH4 protein 
and consequently for the loss of black hull color.

The color of seed coats or pericarps, although invisible during harvest, was also 
a target of artificial selection. The wild progenitors of rice have dark (brown to red) 
pericarps, whereas the pericarps of cultivated rice are predominantly white. Genetic 
analyses have shown that the color of rice pericarps is controlled primarily by two 
loci, Rc and Rd. Mutations at both loci have been identified. Rc encodes a bHLH pro-
tein that presumably regulates anthocyanin biosynthesis in the seed coat (Sweeney  
et al. 2006). Two mutations in exon 6 of the gene could independently be responsible 
for the loss of pigmentation in the pericarps. A 14-bp deletion was found in nearly 
98 % of rice cultivars with white pericarps and a nucleotide substitution resulting in 
a premature stop codon was found in the remaining white rice (Sweeney et al. 2007).

Rd encodes dihydroflavonol-4-reductase, an enzyme involved in anthocyanin bio-
synthesis. The presence of premature stop codons in the first and second exons dis-
rupts the function of the enzyme. When the lose-of-function alleles are denoted as rc 
and rd, the Rc/Rd and Rc/rd genotypes produce red and brown pericarps, respectively. 
The rc/Rd and rc/rd genotypes produce white pericarps (Furukawa et al. 2007).

Another color-related trait that experienced artificial selection is the darkening 
of hulls and pericarps of indica rice cultivars after prolonged storage. This, how-
ever, does not occur in japonica cultivars. The difference between the two types of 
cultivars is controlled by a single gene, Phr1, which encodes a polyphenol oxidase 
(Yu et al. 2008). The survey of indica cultivars identified three independent muta-
tions, including two deletions and one insertion in the coding region that disrupted 
the function of the gene.

Larger and heavier grains are obviously favored by farmers. Numerous QTLs 
controlling grain size and weight have been identified. One of them, qSW5, with 
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the largest effect on the difference in grain width between a pair of indica and 
japonica cultivars appeared to have been targeted by artificial selection (Shomura 
et al. 2008). Molecular characterization of qSW5 has indicated that in indica cul-
tivars with narrower grains, the gene determines the number of cells in the outer 
glumes of rice flowers. In japonica cultivars with wider grains, a large deletion 
knocks out the gene function, which allows for the development of wider grains 
with additional rows of cells in the outer glumes.

The molecular cloning of a major QTL, GS3, controlling grain length provided 
additional insights into the changes of grain size and shape during rice domesti-
cation (Fan et al. 2006; Takano-Kai et al. 2009; Mao et al. 2010). The wild-type 
allele of GS3 in the wild species and in the cultivars with grains of medium length 
is a negative regulator of grain size. Cultivars with long grains carry an allele with 
a loss-of-function mutation. It was targeted by artificial selection that favored long 
grains during rice cultivation.

It is interesting to note that none of the derived alleles responsible for an 
increase in rice grain width or length has been driven to fixation by artificial selec-
tion. This reflects the existence of highly diverse grain shapes and sizes among 
rice cultivars. It seems that while selection for larger grains was generally favored 
during rice cultivation, it was not one of the key driving forces of rice domestica-
tion. There are two reasons for this. One is that grain size and grain number on a 
panicle are often negatively correlated because the source for grain filling is lim-
ited (Wang et al. 2011). A trade-off between them may be beneficial for higher 
yield. The other reason is that in addition to grain size, variable grain shapes were 
probably selected by rice consumers and growers (Takano-Kai et al. 2009).

12.4  Gene Evolution and Domestication Processes

Because crops were derived from wild species under artificial selection, the clon-
ing and evolutionary analyses of domestication genes should shed light on the his-
tory and processes of domestication. This type of information has been shown to 
be valuable for addressing questions such as how complex the genetic basis of a 
domestication trait could be? Whether a crop or a domestication trait originated 
once or multiple times? How long a domestication process could have lasted? In 
this section, we review the phylogenetic and population genetic analyses of the 
domestication-related genes identified in rice, maize, barley, and wheat, from 
which we attempt to gain a better understanding of domestication processes.

12.4.1  Rice

Rice, with a small genome and high-quality genome sequences (IRGSP 2005), has 
become a model system for studying plant function. It is thus not surprising that a 
much larger number of domestication genes have been cloned in rice than in other 
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cereals. Prior to the cloning of domestication genes, analyses of multiple neutral 
molecular markers suggested that rice was domesticated at least twice, with indica 
and japonica cultivars originated independently from wild species in different geo-
graphic locations (Cheng et al. 2003; Ma and Bennetzen 2004; Vitte et al. 2004; 
Zhu and Ge 2005; Londo et al. 2006; but see Molina et al. 2011a, b). The initial 
examination of the distribution of sh4 alleles was apparently contradictory to the 
view of independent domestication. The finding that all cultivars shared the muta-
tion responsible for the non-shattering phenotype indicated that there was a single 
origin of the domestication allele and possibly a single origin of cultivated rice 
(Lin et al. 2007).

Two models were proposed for the reconciliation (Sang and Ge 2007a). The 
snowballing model considers a single origin of a rice cultivar containing a set of 
essential domestication alleles including sh4. This original cultivar then spread 
and hybridized with wild populations, which gave rise to new cultivars with diver-
gent genomic background. This process also led to an increase in genetic diversity 
of rice cultivars including their diversification into two groups of cultivars, indica 
and japonica. In the combination model, rice cultivars are believed to have been 
domesticated independently and cultivars of different origins possessed distinct 
sets of domestication genes. After these cultivars spread and hybridized, the best 
set of domestication genes were selected and combined into the modern cultivars 
while the genomic diversity was largely maintained.

A recent study based on the gene markers from three rice chromosomes 
claimed a strong support for the single origin of domesticated rice (Molina et al. 
2011a). This result was challenged because the study seemed to have underesti-
mated the likelihood of independent domestications (Ge and Sang 2011). While 
the models of rice domestication have yet to be tested, it is almost certain that in 
either case the gene flow between cultivars and wild progenitors was an important 
part of the process of rice domestication. The spreading of valuable domestica-
tion alleles through introgression was also documented at another domestication 
related locus, Rc, which primarily controls the pericarp color. It was shown that 
the common lost-of-function allele of the gene that accounted for 98 % of white-
pericarp in rice originated in japonica rice and subsequently spread into indica 
cultivars through introgression (Sweeney et al. 2007).

Insight into the domestication of rice was also gained through population 
genetic analysis of sh4, which estimated the rate of fixation of the non-shat-
tering allele in cultivated rice. A severe reduction of DNA sequence polymor-
phism in cultivated rice was observed at the sh4 locus, suggesting that the 
allele experienced a selective sweep under strong artificial selection. Because 
the allele allowed for well balanced shattering and threshing, the selection 
could be strong enough to drive its fixation in a short period of ~100 years 
(Zhang et al. 2009).

However, it was recently found that in the archeological sites in China, the 
frequency of non-shattering phenotype increased relatively slowly, suggesting 
that rice domestication, as evaluated on the basis of the development of a non-
shattering trait, might have lasted for two to three millennia (Fuller et al. 2009). 
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Nevertheless, this apparent discrepancy in the rate of rice domestication between 
genetic and archeological data can be reconciled under certain circumstances. 
One possibility is that sh4 did not arise or did not have a chance to spread to the 
archeological sites where cultivars with inferior non-shattering alleles were pre-
sent (Zhang et al. 2009). If this turns out to be the case, one can conclude that 
population genetic analyses of domestication genes coupled with archeological 
evidences would give a more complete picture of rice domestication. The fixation 
of a critical domestication allele could be rapid locally, but prolonged for the crop 
as a whole.

The similar situation was later found in another domestication gene, prog1, 
which was most likely allelic to the QTL controlling a suite of morphological 
changes leading to better architecture and higher yield of cultivated rice. Although 
there has not been a thorough phylogenetic and population genetic analysis of 
prog1 in comparison to sh4, based on genetic analyses reported from two inde-
pendent studies it seems clear that the domestication allele prog1 with modified 
functions originated once and had been fixed in all rice cultivars examined (Jin  
et al. 2008; Tan et al. 2008).

The shared pattern between sh4 and prog1, each underlying a key compo-
nent of domestication syndrome in rice, reinforces the notion that introgression 
played an essential role in the rapid fixation of domestication alleles giving rise 
to superior phenotypes. It was strong artificial selection that led to the spreading 
and fixation of the most desirable set of domestication alleles. Meanwhile, natural 
selection on hybrids with distinct genomic backgrounds would help maintain local 
adaptation and genetic diversity of cultivars (Sang and Ge 2007b).

The two genes controlling hull and pericarp colors, Bh4 and Rc, share another 
pattern. Cultivars have alleles with loss-of-function mutations, with one allele 
being predominant and others occurring at low frequencies and having independ-
ent origins (Sweeney et al. 2007; Zhu et al. 2011). These low-frequency alleles 
have been maintained in cultivars probably because they are functionally indis-
tinguishable from the common alleles and have not been wiped out by selective 
sweep associated with the common alleles. Given such a low nucleotide poly-
morphism of the common white-hull allele, it seems to have originated recently, 
possibly even more recent than sh4. If the change of hull color from black to 
straw-white was indeed to mimic straw color and avoid bird predation, it makes 
sense that this change occurred after the non-shattering phenotype was widely 
established (Zhu et al. 2011).

Like bh4 and rc, the derived alleles of GS3 and SW5 also had loss-of-func-
tion mutations. However, the frequencies of the loss-of-function alleles are 
much lower, consistent with the hypothesis that longer and/or wider grains 
were not universally favored in cultivated rice. The change in grain shape and 
increase in grain size must have met various limitations such as source availabil-
ity and consumer preference. Although both alleles experienced artificial selec-
tion and increased in frequency during rice domestication, they were obviously 
different from those domestication alleles that carried clearly selective advan-
tages in one direction.
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12.4.2  Maize

Phylogenetic analyses of genome-wide neutral markers were in agreement with 
the archeological evidence, pointing to a single domestication of maize near the 
central Balsas river valley of southern Mexico approximately 7,000–9,000 years 
ago (Matsuoka et al. 2002; Doebley 2004). The identification of two major domes-
tication genes, tb1 and tg1, each regulating a key phenotypic transition lend addi-
tional support to this conclusion.

The story of tg1 is probably the most straightforward of all domestication 
genes. A single nonsynonymous substitution was primarily responsible for the 
loss of stony fruitcases that protected teosinte kernels. The allele was derived 
~10,000 years ago and was fixed in maize under strong artificial selection (Wang 
et al. 2005). The estimated early origin of this allele also suggests that an absence 
of fruitcase in kernels for easier human consumption was an important early step 
of maize domestication. The single domestication event allowed tg1 to be fixed 
more easily than sh4 in rice.

The gene tb1 was the first cloned QTL for domestication of crops. The search 
for the causal mutation, however, took much longer than any other domestication 
genes later identified. After almost a decade of persistent effort, the mutation(s) 
were narrowed down to a region ~58–69 kb 5′ to the coding region of tb1 (Clark 
et al. 2004, 2006). It was also confirmed that the mutation(s) were in the regula-
tory region, which changed tb1 expression and plant architecture. Despite the early 
detection of strong artificial selection in the 5′ upstream region of tb1, the strik-
ingly distant location of the causal mutation(s) from the gene itself complicated 
the fine mapping process.

Although the domestication history of maize seems to be the best characterized 
of all cereals, there are still many questions left to be addressed with continuing 
effort to identify and analyze domestication genes. It is still unclear whether a sin-
gle mutation or several mutations of independent origins gave rise to tb1 in maize. 
With genome sequences available, cloning additional important domestication 
genes of maize will be of great interest for comparison with rice domestication. The 
extent to which introgression between cultivars and teosinte might have influenced 
maize domestication has just begun to be revealed (van Heerwaarden et al. 2011).

12.4.3  Barley and Wheat

Barley and wheat, belonging to the same subfamily, Pooideae, were domesticated 
from the Fertile Crescent ~10,000 years ago. Map-based QTL cloning is relatively 
difficult in barley and wheat due to their large genome sizes. Despite this, essen-
tial domestication QTLs such as btr and br controlling brittle rachis were mapped 
on chromosomes, although their characterization at the molecular level is still 
awaited. The fact that these QTLs are mapped to the orthologous chromosomal 
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regions between barley and wheat suggests that the orthologous genes might have 
been targeted by artificial selection for non-brittle rachis in these crops (Sakuma  
et al. 2011). This will be an interesting hypothesis to test once the QTLs are 
cloned (Paterson et al. 1995).

For the free-threshing trait, the major QTL, Nud, was cloned from barley, and 
a secondary QTL, Q, was cloned from wheat. Each of these two domestication 
genes had a single origin and spread into cultivars of independent origins (Simons 
et al. 2006; Taketa et al. 2008). For barley, a growing body of phylogenetic evi-
dences suggested that it contained cultivars with distinct genomic backgrounds 
derived from wild progenitors in two places, the Fertile Crescent and another area 
1,500–3,000 km farther east (Morrell and Clegg 2007). This situation resembles 
the case of rice domestication where two types of cultivars (indica and japonica) 
with distinct genomic backgrounds share the domestication genes of single ori-
gins. It appears that the models of rice domestication could at least partly apply to 
other cereals.

Free-threshing wheat includes both tetraploid and hexaploid cultivars. With a 
gain-of-function mutation, one Q locus could confer the phenotype in the poly-
ploid wheat. The free-threshing condition may have developed in the AABB-
genome wheat with the genotype tgtg2BQQ5A, which then served as the tetraploid 
parent of hexaploid bread wheat. In this scenario, an additional recessive mutation 
at Tg of the DD genome would be sufficient. Alternatively, Q was selected initially 
in the hexaploid wheat and then spread into tetraploid wheat through introgression 
(Faris et al. 2006; Simons et al. 2006). Either scenario supports the importance of 
gene flow during cereal domestication.

12.4.4  Generalization

Above we reviewed and discussed recent advances in the identification and analy-
ses of genes controlling the domestication syndrome of cereals. The rapid progress 
made along this line over the past few years substantially enhanced our under-
standing of crop domestication. This provides us with the opportunity to evaluate 
certain general conclusions drawn on domestication mechanisms and processes.

Several decades ago, Beadle proposed the “one-gene, one-trait” hypothesis as 
an explanation for the finding that one chromosome region often accounted for 
a major domestication transition from teosinte to maize (Beadle 1939; Doebley 
2001). The cloning of domestication genes in cereals supports this hypothesis to 
a large extent (Sang 2009). A single gene or even a single mutation in many cases 
controlled a critical domestication transition. These include tb1 and tg1 in maize, 
sh4 and prog1 in rice, and nud in barley, each primarily responsible for the devel-
opment of a key component of the domestication syndrome. It was remarkable that 
the one-gene, one-trait hypothesis derived from maize holds for rice and barley 
despite the fact that each of these crops might have had multiple origins. Models 
developed for rice provided a mechanistic explanation for the one-gene, one-trait 
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hypothesis (Sang and Ge 2007a, b). They suggested that a highly favorable domes-
tication allele could be quickly fixed even for crops of multiple origins by strong 
artificial selection combined with introgression.

Whether a domestication allele is fixed in a crop or not probably reflects the 
strength of artificial selection. It is noticeable that the majority of alleles confer-
ring reduction in coloration and increase in grain length or width are not fixed in 
rice. These traits are not essential for cultivation; actually in some cases, wild-type 
alleles were selected for the maintenance of phenotypic diversity as exemplified 
by with red-pericarp and variable grain shapes among rice cultivars. Furthermore, 
these alleles, including rc, rd, phr1, qSW5, and GS3, were derived from loss-of-
function mutations that often had multiple origins.

It was previously suggested, based on the review of domestication-related 
genes in a broader range of crops, that key domestication genes tended to be regu-
latory genes with modified functions in crops, whereas genes controlling varietal 
variation were broader in functional categories and more frequently underwent 
loss-of-function mutations during domestication (Doebley et al. 2006). The 
growing number of domestication-related genes cloned in cereals supports the 
hypothesis and further suggests that essential domestication alleles tend to have 
single origins while alleles controlling varietal variation often have multiple ori-
gins (Table 12.1).

Taken together, a critical domestication transition necessary for cultivation tends 
to be controlled by a single mutation of a single gene. The domestication genes 
are often transcription factors with modified functions resulting from mutations in 
either regulatory or coding regions (Table 12.1). The functional modification could 
cause a cascade of downstream effects that substantially altered a trait but had rela-
tively little deleterious effects on plants (Doebley and Lukens 1998). The selection 
on these alleles was so strong that could have driven them to fixation in cultivars of 
independent origins. Genes for further improvement of domestication traits were 
not absolutely necessary for cultivation, and therefore were more diverse in func-
tional categories and more often had independent loss-of-function mutations. The 
domestication alleles of these genes are often not fixed in all cultivars due to either 
relatively weak selection or diversifying selection for varietal variation.

12.5  Recent Advances

The cloning and characterization of genes underlying the domestication syn-
drome of cereals yielded intriguing insights into the molecular and population 
genetics of crop domestication. It is expected that the pace of cloning domestica-
tion QTLs will increase with rapid advances in grass genomics. With additional 
cereal genomes, especially those of sorghum and foxtail millet, being recently 
sequenced, the effort to identify domestication-related genes from these two crops 
will begin to bear fruits and consequently allow a comparison of the genetic basis 
of domestication in a wider range of cereal crops.
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Another major advance in genomics over the past few years was the develop-
ment of the next-generation sequencing technologies. This will bring substantial 
changes to the molecular genetic studies of domestication traits. QTL cloning 
may be considerably accelerated with the use of genotyping methods relying on 
next-generation sequencing. It has been shown that resequencing the genomes of 
recombinant populations at low genome coverage could markedly speed up gen-
otyping and improve the resolution of QTL mapping (Huang et al. 2009). QTL 
maps with higher precision and resolution will facilitate the process of gene clon-
ing (Wang et al. 2011).

Rapid genome resequencing also opened great opportunities for identifying 
domestication-related genes through a direct analysis of genome-wide nucleo-
tide polymorphisms between crops and their wild progenitors. Severe reduc-
tion of nucleotide polymorphism in cultivars is an indication of selective sweep 
and these regions potentially contain genes that experienced artificial selection. 
This “bottom-up” approach has been applied to maize using PCR-based mark-
ers (Vigouroux et al. 2002; Wright et al. 2005), although the full potential of 
SNPs identified from whole-genome resequencing has not been tested in crops. 
The resequencing data seem to be most accessible for rice whose small and 
homozygous genome offers an excellent system for exploring the potential of this 
approach (He et al. 2011).

Despite the seemingly promising potential, we have yet to see a body of pub-
lications emerging from this idea. Apparently, several technical issues need to be 
addressed. First, it requires the sequences of a reference genome for a crop system. 
In cereals, this requirement is met better than any other groups of crops. High-
quality genome sequences are available for rice, maize, and sorghum (Paterson  
et al. 2009; Schnable et al. 2010), and will soon be available for foxtail mil-
let (Doust et al. 2009). Sequencing the large genomes of barley and wheat is still 
challenging, but should become increasingly realistic with the emergence of the 
third-generation sequencing technologies.

Second, high-density SNPs generated by whole-genome resequencing provide 
great opportunities for narrowing down candidate genes anywhere in the genome, 
but it presents considerable challenges for the detection of regions that indeed expe-
rienced selective sweep. With the whole genome under examination, the possibility 
of detecting false positives increases dramatically. Various stochastic factors com-
bined with population demography are very likely to cause difficulties in setting 
appropriate statistical threshold for maximizing the detection of domestication-
related genes and meanwhile minimizing false positives. New population genomic 
models and analytical methods are needed in order to take full advantage of rese-
quencing data to single out regions under reasonably strong artificial selection.

Finally, a few sampling strategies need to be considered. Appropriate genome 
coverage of resequencing should be determined for specific cases. There is a pos-
sibility that a relatively low coverage is sufficient for generating a high-density 
haplotype map through data imputation as long as the sample size is large enough 
(Huang et al. 2010). The difficulty remains however for the imputation in crops 
and their wild relatives whose genomes are heterozygous. The same is true for 
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taxonomic sampling strategy. A suitable number of cultivars and wild relatives 
that effectively cover the entire diversity of crops and wild relatives needs to be 
determined. There should be ways to identify individuals derived from introgres-
sion between cultivars and their wild relatives. Including the hybrids in the analy-
sis may violate the assumptions of population genetic models. Furthermore, unlike 
the top-down approach that starts with traits known to be important for domestica-
tion, candidate genes identified from genome screening need to be tested for their 
phenotypic effect and for their role in artificial selection.

12.6  Summary and Outlook

The independent domestication of cereal crops was triggered at least partly by the 
climate change following the last glacial maxima. Today the world is facing an 
anthropogenic climate change that will presumably have serious consequences. This 
is primarily due to rapid consumption of fossil fuels since the Industrial Revolution. 
The quick depletion of fossil energy and the consequential climate changes has 
forced the world to develop renewable sources of energy. Of various possible 
sources, bioenergy is the one that holds the greatest potential for replacing fossil oil. 
The large-scale production of bioenergy will have to rely heavily on energy crops.

Crops that are currently used for producing bioethanol and biodiesel are those pre-
viously domesticated for food, sugar or vegetable oil, such as maize, sugarcane, soy-
bean, and rapeseed. They are known as first-generation energy crops. However, it has 
been increasingly realized that these annual crops cannot be sustainable solutions to 
energy shortage or climate change because of their low net energy output, low poten-
tial for greenhouse gas mitigation, and inability to utilize marginal land (Fargione  
et al. 2008; Robertson et al. 2008; Searchinger et al. 2008). Under these circum-
stances, the concept of second-generation energy crops emerged. These are dedicated 
energy crops that can be grown on marginal land with relatively little energy input 
involved in plantation, irrigation, fertilization, harvest, and transportation. Meanwhile, 
they should yield high biomass and have a strong ability of carbon sequestration. 
With these features, second-generation energy crops are capable of providing a major 
sustainable source of renewable energy with little or even negative greenhouse gas 
emission (Heaton et al. 2008; Karp and Shield 2008; Oliver et al. 2009).

Grasses are likely to play a leading role as potential second-generation energy 
crops. Therefore, what we learned from cereal crop domestication can be used for 
guiding us in bring about the next round of crop domestication for energy and envi-
ronment security. Two perennial grasses, switchgrass and Miscanthus, native to 
North America and Asia respectively, have already emerged as the top candidates 
for second-generation energy crops in the northern temperate regions of the world 
(Somerville et al. 2010; Sang and Zhu 2011). They share the features of being C4 
perennials with high water and nutrient use efficiencies and are adapted to a wide 
range of climates. Similar to cereal crops, the domestication of these energy crops 
also tends to target at a small portion of grass species native to different continents.



336 T. Sang and J. Li

Unlike cereal domestication, where artificial selection focused on planting,  
harvest efficiencies, grain yield, and harvest indices, the domestication of lignocel-
lulosic energy crops will focus on sustainable production under unfavorable soil 
and climate conditions (Sang 2011). With regard to the domestication traits, they 
may share characteristics such as strong biotic and abiotic resistance, maximized 
length of vegetative growth as permitted by local climates, the highest possible 
water, nutrient, and radiation use efficiencies, at least partial sterility that minimizes 
seed production, and modified lignocellulosic properties for effective biorefining.

In addition to the domestication syndrome, the duration of domestication of 
dedicated energy crops will have to be much shorter than that of cereals. Instead 
of centuries to millennia taken for domesticating a food crop, the domestication 
of energy crops needs to be completed within decades in order to address prob-
lems of energy shortage and anthropogenic climate change facing the world. 
Fortunately, the knowledge gained from the study of cereal domestication provides 
us with encouraging clues to rapid domestication. Because a key domestication 
transition could result from selection for a single mutation, it is possible that a 
desirable trait develops quickly in a new crop, if a large population with ample 
natural and induced mutations is subjected to strong artificial selection. We can 
then shape up the domestication syndrome by combining a suite of desirable traits 
through carefully designed experimental crosses. Genetic and genomic studies that 
identify valuable loci and genes will considerably facilitate and speed up the pro-
cess of domestication through molecular breeding and biotechnology.
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13.1  Introduction

Cereals hold unique position in world agriculture as a source of food, feed and 
diverse products of industrial importance. For several million farmers and consum-
ers in countries with low- and middle-income, cereals (especially rice, wheat and 
maize) are the preferred staple food crops. The future of cereal production, and 
consequently, the livelihoods of several million small farmers worldwide, is there-
fore, dependent to a great extent on developing improved high yielding varieties of 
cereals. Over the past several decades, conventional breeding, complemented by an 
array of disciplines, largely contributed to the development of a number of improved 
cereal varieties adapted to different agro-ecologies and for meeting the diverse 
demands of the stakeholders.

The challenges to food security are indeed urgent and real due to global climate 
change, and sharply increasing demands of food and feed, coupled with degrada-
tion and scarcity of natural resources (Shiferaw et al. 2011; Cairns et al. 2012). 
Cereal-growing regions in the world, especially in sub-Saharan Africa and South 
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Asia, are now experiencing rising temperatures, more frequent droughts, excess 
rainfall/flooding, as well as new and evolving pathogens and insect-pests. Cereal 
harvests at the current levels of productivity growth will still fall short of demand, 
unless cutting-edge technologies, including high throughput and precision pheno-
typing are introduced for accelerating germplasm screening and development of 
improved cultivars.

13.2  Modern Breeding and the Need for High Throughput 
and Precision in Phenotyping

In recent years, the technological opportunities for crop improvement have 
increased significantly. “Molecular breeding” is a general term used to describe 
modern breeding strategies where genotypic markers are used as a substitute for 
phenotypic selection to accelerate the development and release of improved germ-
plasm (Ribaut et al. 2010). Molecular marker-assisted breeding largely relies on 
the identification of DNA markers that have significant association with expres-
sion of specific target traits (except in case of genomic selection, also described 
as genome-wide selection). The main molecular breeding schemes currently being 
employed are marker-assisted selection (MAS), marker-assisted backcrossing 
(MABC), marker-assisted recurrent selection (MARS) and genome-wide selec-
tion (GWS) (Ribaut et al. 2010). The development and availability of an array of 
molecular markers, ultra-high-throughput and reduced cost of genotyping assays, 
and above all, the recent availability of the complete genome sequences of impor-
tant food crops (e.g., rice, Yu et al. 2002; maize, Schnable et al. 2009; sorghum, 
Paterson et al. 2009; soybean, Schmutz et al. 2010) within the public domain are 
providing researchers access to unprecedented genomic information for improving 
these important crop plants. These developments have significant implications not 
only to our understanding of the cereal genome organization and evolution, but 
also in designing and implementing strategies that can utilize the rapidly expand-
ing genomic information for crop improvement.

The use of molecular techniques within breeding pipelines is widely, and suc-
cessfully, employed within the private sector (Eathington et al. 2007) and with 
greater emphasis in the public sector (Dwivedi et al. 2010; Whitford et al. 2010). 
In addition to advances in molecular biology, great strides have been made with 
regard to technologies such as doubled haploids (DH), which reduce the time 
taken for developing completely homozygous lines (Röber et al. 2005; Phillips 
2009). For example, CIMMYT Global Maize Program, in collaboration with 
University of Hohenheim, Germany, is making intensive efforts for development 
of tropically adapted haploid inducer lines in maize with an induction rate of 
≥10 %. This will allow the production of completely homozygous lines in 2–3 
seasons, compared to 8–9 seasons required for inbred line development using con-
ventional breeding (Prigge et al. 2011; Prasanna et al. 2012).
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It is now well-recognized by many research institutions (in both public and 
private sectors) that high throughput genotyping is no longer a major limiting 
factor, but high throughput and precision in phenotyping is really demanding. 
Historically large gains have been made through conventional breeding, where the 
Green Revolution led to large increases in cereal production (Evenson and Gollin 
2003). Conventional breeding has resulted in yield gains at a rate of 73 kg ha−1 
yr−1 under mild stress in temperate maize (Duvick 1997) and 144 kg ha−1 yr−1 
under drought stress in tropical maize (Edmeades et al. 1999). In rice, direct selec-
tion for grain yield under drought stress has resulted in gains of 25 % relative to 
unselected lines in both lowland and upland conditions (Venuprasad et al. 2008). 
Such successes have been partly attributed to the application of proven breed-
ing methodologies in managed stress screening within the target environment 
(Bänziger et al. 2006). However, in comparison to advances in modern breeding 
methodologies, advances in phenotyping have been much slower. Phenotyping 
still remains largely laborious, expensive and rather empirical in assumptions. 
Therefore, there is a distinct need to invest in improved phenotyping platforms to 
capitalize on breeding gains (Araus et al. 2008; Cabrera-Bosquet et al. 2012).

Improved phenotyping platforms will provide the foundation for further suc-
cess of conventional breeding, and for implementation of molecular and transgenic 
breeding for complex quantitative traits, such as yield and adaptation to abiotic 
stresses like drought. In fact, the need for precise and high throughput phenotypic 
data in plant breeding is not new. Long before the genomic era, improved techniques 
for assessing plant phenotypes were constantly explored in germplasm screen-
ing and cultivar development for various traits. But, what has certainly changed is 
the biological understanding and the technological advances (especially in bioin-
strumentation and associated data handling and analysis tools) that makes high 
throughput and precision phenotyping possible for complementing the tidal wave of 
genotypic information generated by next-generation genotyping/sequencing technol-
ogies. The level of improvement in phenotyping platforms will partly determine the 
amount of information leveraged from molecular breeding into crop improvement 
programs. Thus, there is an urgent need to increase the throughput, scale and preci-
sion of phenotyping to meet the needs of molecular biologists and breeders.

13.3  High Throughput Phenotyping Platforms

High throughput phenotyping platforms (HTPP) could be particularly useful for 
obtaining detailed measurements of plant characteristics that collectively provide 
reliable estimates of trait phenotypes. These platforms are also useful in modelling 
(especially taking into account ‘hidden variables’) for predicting genotypic perfor-
mance in different climate scenarios (under controlled experimental conditions). 
HTTP operations are based on three key criteria: data recording/scoring, speed of 
data collection, and automation (either partially or fully), and the platform relies 
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mostly on non-destructive, non-invasive and remote sensing phenotyping tools, 
together with robotics and automatic data gathering and image processing algo-
rithms. Digital images are primarily gathered from 3D colour imaging (for plant 
biomass, structure, phenology and health, including chlorosis and necrosis), infra-
red imaging (for tissue water content and transpiration), and fluorescence imaging 
(photosynthetic status). Thus, information is correlated with experimental records 
(e.g., genetic data). Watering and precision stress management as well as pot rand-
omization are also taken into account.

In recent years, there has been an increasing interest in establishing HTPPs 
not only by the major private sector institutions, which have been pioneering 
such endeavor, but also by some of the public research institutions worldwide. 
This is the case for example of the “The Australian Plant Phenomics Facility” 
which includes, up to now, the “High Resolution Plant Phenomics Centre”, 
placed in Canberra, and “The Plant Accelerator” at the University of Adelaide 
(http://www.plantphenomics.org.au) (Finkle 2009).

There are companies that are actively engaged in developing such facilities (e.g. 
LemnaTec, http://www.lemnatec.com) at both hard- and software levels for plant phe-
nomics and high-throughput phenotyping. Following are some examples of HTPPs.

•	 The ScanAlyzer HTPP platform (developed by LemnaTec) focuses on the 
mature stage of the plant, and has the capability to image plants in a green-
house by automatically moving plants, placing them on beltways, and position-
ing them in front of a stereoscopic camera. Proprietary software analyzes the 
images to extract phenotypic-related information (http://www.lemnatec.com/
product/scanalyzer).

•	 PHENOPSIS, a custom growth chamber phenotyping system, was developed by 
Optimalog, on contract by the Laboratory of Plant Ecophysiological responses to 
Environmental Stresses, in Montpellier, France (Granier et al. 2005).

•	 TraitMillTM, designed and constructed by a Belgian plant biotechnology com-
pany CropDesign, is perhaps the world’s largest corporate phenotyping facility 
for applied genomics research and development in cereals (http://www.cropdesi
gn.com/tech_traitmill.php).

•	 PhenoFabTM facility, located in Wageningen in the heart of the Dutch Agro Food 
Center of Excellence: Food Valley, is another HTPP that combines the proprietary 
second generation automated imaging and conveyor belt system developed and 
marketed by LemnaTec with the plant breeding and phenotyping algorithm exper-
tise of the Dutch Ag-Biotech company KeyGene (http://www.phenofab.com).

•	 DuPont-Pioneer’s FAST CornTM (Functional Analysis System for Traits—Corn) 
facility at Johnston, Iowa (USA) is a proprietary HTPP that not only enables 
growing first generation maize plants to maturity in approximately two months 
(compared to more than 100 days in field conditions), but also has fully-auto-
mated digital imaging system to precisely measure the growth of a maize plant 
throughout its lifecycle.

http://www.plantphenomics.org.au
http://www.lemnatec.com
http://www.lemnatec.com/product/scanalyzer
http://www.lemnatec.com/product/scanalyzer
http://www.cropdesign.com/tech_traitmill.php
http://www.cropdesign.com/tech_traitmill.php
http://www.phenofab.com


34513 High-Throughput and Precision Phenotyping for Cereal Breeding Programs

13.4  The Need for High Throughput and Precision  
in Field-Based Phenotyping

Although HTPPs are powerful and time-effective, the proprietary platforms 
require a large investment in the appropriate infrastructure; therefore, their easy 
deployment and maintenance, especially in the developing world, are of major 
concern. Beside the huge cost of such facilities, the platforms have the intrin-
sic limitation of not growing the plants under real field conditions. This limits 
the application for phenotyping to specific stages of the crop (for example, early 
vigour).

Currently, there is an increasing interest to develop relatively low-cost, field 
phenotyping platforms to overcome the limitation of greenhouse or growth cham-
ber phenotyping like that of the High Resolution Plant Phenomics, Centre (http://
www.plantphenomics.org/HRPPC). Such field platforms include placement of the 
remote sensing cameras in aerial platforms such as balloons, zeppelins or remote-
controlled airplanes or “polycopters” (e.g., http://www.mikrokopter.de/ucwiki/
en/MikroKopter) or using light curtains and spectral reflectance sensors mounted 
on a tractor for evaluating crop performance under field conditions (Montes et al. 
2011). Again, one of the main limitations of such platforms is cost.

13.5  Generating High-Quality Data from Field 
Phenotyping

As pointed out above, field phenotyping is a time consuming and labour-intensive 
exercise, which still keeps a high degree of empiricism on the traits to choose and 
the way to assess them. This is particularly true, when the targets for breeding is 
improving yield potential, or enhancing adaptation to abiotic stresses or any other 
complex quantitative trait. For a secondary trait (i.e., other than yield itself) to be 
useful in a breeding program, it must comply with several requirements. Among 
them are: (1) genetic variability for the trait of interest (2) high genetic correlation 
with grain yield in the target environment, (3) less affected by environment than 
grain yield, and (4) rapid and reliable measurement, which is less expensive than 
measuring yield itself. These requirements are detailed elsewhere (e.g., Bänziger 
et al. 2000; Araus et al. 2008 and references herein). Moreover, the phenotyping 
strategy, which includes experimental design, traits and tools, will also depend on 
the target environment for selection. We outline here some ideas concerning (1) 
how to tackle the limitations inherent to field site variation, (2) the selection strate-
gies to adopt, and (3) the traits and tools to implement. These important aspects 
shall be discussed with examples from maize, although the principles will also 
apply to a large extent to other cereal crops.

http://www.plantphenomics.org/HRPPC
http://www.plantphenomics.org/HRPPC
http://www.mikrokopter.de/ucwiki/en/MikroKopter
http://www.mikrokopter.de/ucwiki/en/MikroKopter
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13.5.1  Characterizing and Controlling Site Variation  
in Precision Field Phenotyping

The phenotyping environment plays a vital role in the quality of phenotypic data 
generated through experiments, and consequently, the efficiency of breeding. 
Highly variable field sites produce highly variable data, thereby masking impor-
tant genetic variation for key traits and reducing repeatability, regardless of the 
cost and precision of a specific phenotyping protocol.

Phenotypic variation among individuals is a result of both genetic and environmen-
tal factors. Heritability is specific to a specific population within in a specific envi-
ronment and can be reduced due to increased environmental variation without any 
genetic change occurring. Broad-sense heritability can be defined as the proportion 
of phenotypic variation that is due to genetic variation (Falconer and Mackay 1996).  
As the phenotypic variation of a population is caused by both genetic (“signal”) and 
environmental factors (“noise”), broad sense heritability estimate provides a useful 
understanding of the proportion of phenotypic variance that can be attributed to genetic 
effects. Broad-sense heritability is population specific within a particular environment 
and typically decreases with increased site (environmental) variability. Without an 
increase in the “signal-to-noise” ratio within experimental sites, the breeding process 
cannot be properly optimized, and the power of genomics cannot be fully exploited.

Soils are highly heterogeneous in terms of physical, chemical and biological 
properties. While lack of uniform experimental fields could significantly reduce 
genetic gains, the importance of site uniformity and the measures to understand 
and deal with soil heterogeneity for field phenotyping have often been overlooked. 
The most common causes of field variability are related to inherent soil variabil-
ity and agronomic practices (Blum 2011). Additional factors that influence within-
site variability include topography, and site history (Kaspar et al. 2003, 2004). 
Knowledge of this variability is essential to eliminate the use of highly variable 
sites prior to the initiation of expensive phenotyping efforts, or to develop man-
agement strategies and experimental designs to reduce variability. For example, in 
phenotyping for abiotic stress the main sources of spatial variability are variation 
in soil texture (drought and low N phenotyping), topography (water-logging phe-
notyping) and residual soil nitrogen (low N phenotyping).

The water holding capacity and water release characteristics of soils are largely 
determined by soil texture, with sandy soils having much lower water hold-
ing capacity and releasing more of their water at low suctions than clayey soils 
(Marshall et al. 1996; Table 13.1). Soil texture also plays an important role in deter-
mining soil penetration resistance during drought stress (Bengough and Mullins 
1990). In soils with high sand content, the increase in penetration resistance with 
concomitant drying is small compared with soils with a lower sand content (Cairns 
et al. 2009, 2011). Variability in soil strength variability is likely to lead to variabil-
ity in the depth of soil roots could exploit thereby influencing response to drought 
stress potentially bias results. For phenotyping under low N, sandy soils are ade-
quate since generally they have low levels of mineral N and organic matter. Since 
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mineral N is derived from soil organic matter, the higher the soil organic matter 
level the greater the amount of N will be formed by mineralization each season.

Causes of Site Variability: Site Characterization

While improved statistical designs and tools can reduce the influence of envi-
ronmental noise results from soil variability within field trials, knowledge of the 
causes of field variability can be used as complementary approach. Knowledge 
of field site variability prior to experimentation can be used (1) to exclude sites, 
where large experimental error is likely to be introduced through highly vari-
able soil properties, and (2) reduce experiment or within replicate environmental 
error, by avoiding areas of high spatial variability and/or blocking individual trials 
within gradients (Cairns et al. 2004, 2009). Destructive soil sampling for key soil 
physical and chemical properties can provide information on the unsuitability of a 
site but lack detailed information for spatial delineation of variability. The quanti-
fication of soil spatial variability is commonly used within precision agriculture to 
identify within-field management options but is rarely used within public breed-
ing programs to improve phenotyping precision. Many techniques are available 
for mapping variability within field sites based on soil sampling, soil sensors and 
measurements of plant growth as surrogates of variability. Geostatistical methods 
(e.g., kriging) play an ever increasing role in precision agriculture and over the 
years have become an integral component of statistical tools for spatial analyses 
and a very valuable tool for site characterization under drought and low N.

Given the influence of soil texture within drought and nitrogen experiments, 
the ability to identify gradients of texture within fields is important. Soil conduc-
tivity is closely related to texture and electromagnetic surveys can be used as to 
determine high resolution variability in soil texture (Anderson-Cook et al. 2002; 
Johnson et al. 2003; Sudduth et al. 1997). In phenotyping under low N conditions, 
variability in plant growth is likely to be related to variation in mineral N content.

An example on the use of geostatistical kriging methods by the CIMMYT 
Global Maize Program for measuring the variation in soil electrical conductivity 
(EC) in maize drought phenotyping sites in Chirdezi (Zimbabwe) is presented in 
the Fig. 13.1. EC was measured on a grid basis of 2 and 2 m separation using 
an EM38 sensor (Geonics Ltd, Canada) in dipolar mode. This site had previously 

Table 13.1  Average water content as a volume fraction of sand, loam and clay soils (adapted 
from Marshall et al. 1996)

Texture Clay content (%) Water content (%)

Field capacity Permanent  
wilting point

Plant  
available water

Sand 3 0.06 0.02 0.04
Loam 22 0.29 0.05 0.24
Clay 47 0.41 0.20 0.21
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been used for one season; however, plant growth was found to be highly varia-
ble. Large variation in EC was identified within this field site, in agreement with 
the high variability observed by breeders and the potential use of EC to eliminate 
potential drought phenotyping sites prior to use.

In low N trials, a single genotype is normally planted across the entire field to 
deplete residual soil N. The use of a single genotype during this depletion cycle 
can be exploited for site characterization by dividing the field into small plots 
and rapidly measuring above ground biomass visually or indirectly using the 

Fig. 13.1  Variation in electrical conductivity as measured by an EM38 soil sensor within a field 
site in Chiredzi, Zimbabwe

Fig. 13.2  Variation in above-ground biomass of maize seedlings, estimated indirectly through 
normalized differential vegetation index (NDVI), during a N depletion cycle in a low N pheno-
typing field block in Tlatizapan, Mexico
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Normalized Difference Vegetation Index (NDVI) as explained elsewhere in this 
Chapter. In the CIMMYT Maize Experimental Station at Tlatizapan, Mexico a sin-
gle commercial maize hybrid was planted in a field for N depletion and measure-
ments of NDVI were taken 21 days after sowing. Variation in biomass, estimated 
through NDVI, is presented in Fig. 13.2. A large radient in biomass was identified 
across the field, and subsequent experiments were planted within each block to 
minimize variation due to field gradients.

A Priori Control of Site Variability: Experimental Design

Spatial variability can be partly controlled by using appropriate experimental 
design. Block designs (complete or incomplete) attempt an a priori reduction of 
the experimental error considering spatial heterogeneity among blocks. Control 
of local variability can be achieved by blocking. Blocking is the arrangement 
of experimental units into groups (referred to as blocks) that are similar to one 
another and is used to reduce or eliminate the contribution of noise factors within 
the experimental error. The basic concept is to create homogeneous blocks in 
which the “noise” factors are held constant while the factor of interest (“signal”) 
is allowed to vary. The complete block should be as homogeneous as possible in 
terms of soil and other environmental factors. Often with experience, research-
ers know the direction of large gradients within a field; this knowledge can be 
used in appropriate design of experiments. However, it is clear that smaller block 
sizes will reduce soil heterogeneity within complete blocks, with larger block 
sizes increasing the chances of soil heterogeneity within blocks. In drought and 
low nitrogen experiments strong gradients can be observed across the field due to 
topography. An example of a soil gradient is presented in Fig. 13.3 with a gra-
dient across the field, from top to bottom. Three different options for laying out 
an experiment with 6 treatments (T1–T6) in one replicate of a randomized com-
plete block design are illustrated (Fig. 13.3). Treatments are sown perpendicular 

Fig. 13.3  Experimental design options for an experiment with 6 treatments (T) within a field 
with a known gradient across the field, (a) treatments in a complete block are sown perpendic-
ular to the gradient, (b) treatments in a complete block sown parallel to the gradient, and (c) 
treatments in a complete block sown by reducing the length of treatments along the gradient and 
increasing the width of treatments across the gradient
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(Fig. 13.3a) and parallel (Fig. 13.3b) to the gradient, and split across the gradient 
(Fig. 13.3c). Figure 13.3b and c represent optimal designs for this gradient as the 
noise within each treatment is similar; in contrast the design used in Fig. 13.3a 
will increase unwanted differences between treatments due to field noise.

However, as the number of treatments increase, the ability to find a relatively 
homogeneous complete block reduces and the use of another design is required. In 
this situation blocks (or replicates) should be as compact as possible. Figure 13.4 
shows the possible layout in the field of a randomized complete block design 
(RCBD) and the layout of an incomplete block design of four incomplete blocks of 
size 4. The layout of the RCBD covers a band of the field that accounts for soil gra-
dient on the upper and lower parts of the field. The two possible layouts of the 4 × 4 
incomplete blocks will control local variability in a much more efficient manner.

A Posteriori Control of Site Variability: Spatial Analyses

A posteriori control of the residual effect using a model that provides a good fit to 
the data can effectively complement the control of local variability provided by the 
experiment design. Recently, efficient experiment designs (both unreplicated and 
replicated) have been developed based on the assumption that observations are not 
independent in contiguous plots in the field and may be spatially correlated.

The concept of adjusting plots for spatial variability using information from 
neighboring plots was conceived over 70 years ago (Papadakis 1937); however, the 
statistical theory was not fully developed until 1990s (Cullis and Gleeson 1991). 

Fig. 13.4  Experimental design options for an experiment with 16 treatments (T) within a field 
with a known gradient across the field using (a) a randomised complete block design, (b) four 
incomplete blocks of 4 treatments each, and (c) four incomplete blocks of 4 treatments each 
While the examples presented above can be used to reduce the influence of spatial variability 
within trials, relatively spatial variability within trials can arise from multiple factors across the 
field which complete and incomplete block designs cannot remove. In the 1990s mixed linear 
models theory was developed incorporating nearest neighbour (spatial) analysis as well as geo-
statistical tools such as kriging to investigate the variance structure of field trials and to use the 
appropriate structure to estimate the effects of different factors that may affect the genotype 
means and their contrasts
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One robust method for studying patterns of soil heterogeneity is spatial autocorre-
lation of neighboring plots within both rows and columns. This method uses auto-
correlation between residuals at various distances apart; if there is no spatial pattern 
most of the correlations will be low, whereas if there is pattern within the residuals, 
the neighboring residuals will be more similar and, therefore, will exhibit a higher 
correlation. The two directions (row and column) model assumes that within a field, 
rows and columns are regularly spaced. The practice of assigning every plot a grid 
coordinate based on row and column positions and performing spatial analysis con-
sidering the correlation among residuals between plots has increased precision of  
trials under drought and low N (Lafitte and Edmeades 1994).

13.5.2  Selection Strategies

Yield Potential Versus Stress Adaptation: Are They Mutually Exclusive?

The breeding value of any trait depends on the growing conditions (i.e., soil and 
climate) of the target region (Araus et al. 2008, 2011; Tardieu and Tuberosa 2010). 
Improvement in stress tolerance in the recently developed over the old maize 
hybrids have been demonstrated under various conditions, including high plant 
population density, weed interference, low night temperatures during the grain-fill-
ing period, low soil N and low soil moisture (Tollenaar and Wu 1999; Bänzinger 
and Araus 2007), and under abiotic stresses, such as heat and drought, excessively 
cool and wet weather, low soil fertility, and high density planting (Duvick 1997, 
2005). Selection of maize for high yield potential in itself has led to consistent 
increases in yield in both stress and non-stress conditions (Castleberry et al. 1984; 
Blum 2011). Recent maize hybrids had relatively better capacity than older ones to 
access soil water under drought stress (Hammer et al. 2009). Therefore, improved 
yield potential may also translate to better performance under stress. However, 
the genetic progress can be achieved by taking different strategies (Araus et al. 
2008; Collins et al. 2008). For example, under moderate water deficit stress (up to 
60–70 % of reduction in potential yield) there are complementary strategies which 
optimize total yield, sometimes at expenses of yield stability:

1. Increased yield potential (i.e., in absence of stress) through for example an 
increased transpiration rate or through a stay-green pattern. This may trans-
late to a higher biomass accumulation and grain yield under mild to moderate 
stresses, but at the risk of crop failure following excessive soil dehydration.

2. Maintaining growth, and thus, biomass accumulation under decreasing water 
status. Again, this strategy may also expose plants to increased risk of excessive 
soil dehydration.

For more severe water stress scenarios there are other strategies which focus on 
reducing the risk of total yield lost by decreasing cumulative transpiration, which 
imply a penalty in yield potential and performance under mild to moderate water 
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stress. In other words, such strategies increase yield stability in exchange of a 
lower yield potential. These strategies includes, for example:

3. Shortening the duration of the crop cycle (i.e., phenological adjustment) to 
escape from the drought period. This strategy has proved most successful for 
C3 cereals such as wheat or barley in environments with terminal drought such 
as those of the Mediterranean basin (Araus et al. 2002).

4. Reducing leaf area or further stomatal conductance, which frequently increases 
the water-use efficiency (i.e., the amount of harvested biomass per unit tran-
spired water).

Summarizing any trait can have different impact (positive, negative or neutral) 
on yield, depending on the drought scenario. Water-conservation traits have ben-
eficial effects in most severe scenarios of drought or in terminal drought scenarios, 
in which it is useful to save water for the end of the crop cycle and to decrease the 
amounts of sinks for obtaining larger seeds. These ‘conservative’ traits are, in par-
ticular, low stomatal conductance, low leaf growth rate, high water-use efficiency 
or deep but sparse root systems. Conversely, growth ‘maintenance’ traits have ben-
eficial effects in milder drought scenarios in which the soil profile is periodically 
re-watered. Nevertheless, this trait-by-environment interaction is not universal in 
the sense that there are cases where constitutive traits (i.e. expressed in absence 
any apparent stress) confers a better adaptation at any water stress level (Tambussi 
et al. 2005; Slafer and Araus 2007). In other words, there are examples of very 
low existence of a genotype-by-environment interaction. This is also the case of 
heterosis in maize, where hybrids show better water status and higher yield than 
inbreds no matter the water regime during grown (Araus et al. 2010).

Increasing Water Use Efficiency or Water Capture?

Photosynthetic-driven plant biomass accumulation is intrinsically linked to tran-
spiration because stomatal aperture and leaf area determine the rate of both pro-
cesses. There is therefore an inherent conflict between biomass accumulation and 
stress avoidance via reduction of transpiration (Araus et al. 2002, 2008, 2011; 
Blum 2005, 2009; Lopes et al. 2011). Moreover, yield stability and general stress 
tolerance in new temperate maize hybrids are highly associated and yield stabil-
ity does not appear to have declined with increasing yield potential (Duvick et al. 
2004; Tollenaar and Lee 2002).

Biomass production is tightly linked to transpiration and nitrogen accumulation 
(Bänziger et al. 1999). Improved Water Use Efficiency (WUE) defined as the ratio 
of biomass accumulated to water transpired, is often considered to be a key deter-
minant for improved drought tolerance (Tambussi et al. 2007). However, Blum 
(2005, 2009) argued that breeding for high WUE under drought conditions will 
result in low yielding genotypes with reduced drought tolerance because WUE is 
increased by reduced transpiration and water use. Therefore, biomass production 
under most drought conditions (i.e., except for marginal drought-prone areas) can 
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only be enhanced by maximizing soil moisture capture for transpiration, which 
also involves minimized water loss by soil evaporation This has been defined by 
Blum (2009, 2011) as Effective Use of Water (EUW).

Since biomass production is tightly linked to transpiration, breeding for maxi-
mized soil moisture capture for transpiration is a most important target for yield 
improvement under drought stress. In addition, EUW by way of improving plant 
water status helps sustain assimilate partition and reproductive success resulting in 
increased harvest indices. This is particularly important for maize, since the repro-
ductive stage is the most affected by drought. Herein we will focus mostly to these 
traits which improving EUW.

Some important traits and mechanisms that confer enhanced performance of 
maize genotypes under mild to moderate water stress are included in the follow-
ing section. More details on specific traits for selection may be found elsewhere 
(Araus et al. 2008, 2011; Blum 2009, 2011).

13.6  Traits and Tools

13.6.1  Increased Transpiration: Root System Architecture  
and Efficiency

Plant root system architecture is plastic and dynamic, allowing plants to respond to 
their environment in order to optimize acquisition of important soil resources. Root 
system architecture (RSA) is dependent on a number of genetic and environmental 
factors, including soil temperature, soil mechanical resistance, soil water content, C 
and N status of the plant, and nutrient availability. Root characteristics may play a 
pivotal role as stress adaptive traits enhancing soil moisture capture and transpiration. 
It may seem obvious that increasing soil exploration by the root system is a positive 
feature for improving drought tolerance. Indeed, genomic regions controlling root 
system architecture in controlled conditions also determine yield in a drought stress 
field experiment (Tuberosa et al. 2002). However, several breeding programmes for 
drought tolerance have resulted in a decrease in the weight of the root system (Bruce 
et al. 2002; Campos et al. 2004). Bolaños et al. (1993) found a significant association 
between reduced root mass and increased ear growth under drought in one tropical 
population improved for drought tolerance. Edmeades et al. (1999) demonstrated that 
root mass can be increased by recurrent selection but were also unable to reveal a 
positive relationship between root ramification and yield under drought.

Nevertheless, it seems that the spatial distribution of the roots in the soil is 
the one which defines the ability of a root system to take up water, and not root 
mass per se (Draye et al. 2010). An ‘ideal’ root system, with an even distribu-
tion of ca. 1 cm root per cm3 of soil (root length density—RLD) over the root-
ing depth, is suitable for most field conditions (Tardieu et al. 1992). Higher RLD 
are adequate when evaporative demand increases and soil water reserve decreases, 
but too high RLD values ultimately result in a waste of photosynthates without 
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appreciable increase in water uptake. In defining target types for root architecture 
and efficiency, the water retention capacity and conductivity properties of the soil, 
as well as the hydraulic properties of the roots, are crucial elements to be consid-
ered (Javaux et al. 2008). Root angles and branching may also have a basic role in 
improving water acquisition by plants (Trachsel et al. 2011).

Many screening techniques have been used to allow root traits to be quickly and 
reproducibly assessed under controlled conditions including aeroponics, hydropon-
ics, wax-petrolatum layer, soil filled chambers or pipes (for reviews see Tuberosa  
et al. 2003; Gowda et al. 2011). While these systems offer fast, reproducible screens 
for root traits, the soil environment is highly heterogeneous. It is important to con-
sider the degree to which root phenotypes will be expressed in the target environment, 
particularly when considering the improvement of drought tolerance via modification 
of the root system architecture. Excavation techniques, including soil cores and pro-
files, have been used to study root systems in the field (Samson and Sinclair 1994; 
Cairns et al. 2004). While these techniques have been used to screen mapping popula-
tions for the identification of QTL associated with root traits in the field (Yue et al. 
2005; Cairns et al. 2009), they are very laborious and heritability is low.

Trachsel et al. (2011) developed and presented a novel approach called 
“Shovelomics” that enables visual scoring of 10 root architectural traits of the root 
crown of an adult maize plant in the field in a few minutes. The authors reported 
a sample processing time of three (sand) to 8 min (silt-loam). Initial unpublished 
results from CIMMYT suggest steeper root angles and less branching are associ-
ated with traits associated with drought tolerance in the field. This is in agreement 
with previous studies which found drought tolerance was associated with reduced 
root growth in the resource-poor zones (Hund et al. 2009). Iyer-Pascuzzi et al. 
(2010) described a nondestructive imaging and analysis system for automated phe-
notyping and trait ranking of root system architecture.

Improvements in phenotyping, including plant imaging under real field condi-
tions, will facilitate the genetic analysis of root architecture and aid in the iden-
tification of the genetic loci underlying useful agronomic traits (Zhu et al. 2011). 
“Rhizotrons” consisting of long tubes placed outdoors (with rain shelter) is a 
proper alternative for root studies, allowing to assess simultaneously the water bal-
ance of plants (Fig. 13.5).

Yazdanbakhsh and Fisahn (2009) described a range of applications of a recently 
developed plant root monitoring platform (PlaRoM). PlaRoM consists of an imaging 
platform and a root extension profiling software application. PlaRoM can investigate 
root extension profiles of different genotypes in various growth conditions (e.g., light 
protocol, temperature, growth media). Simultaneous with these developments, sev-
eral software packages have been developed to automate the analysis of root traits 
in minirhizotron images, including WinRhizoTRON (www.regentinstruments.com), 
RootView (www.mv.helsinki.fi/aphalo/RootView.html), RooTracker (www.biology.
duke.edu/rootracker), and MR-RIPL (http://rootimage.msu.edu). To quantify root 
growth kinetics, commercial software such as WINRHIZO (Arsenault et al. 1995), 
OPTIMAS analysis software (Media Cybernetics, Bethesda, MD, USA) or IMAGE 
J (Abramoff et al. 2004) were also introduced.

http://www.regentinstruments.com
http://www.mv.helsinki.fi/aphalo/RootView.html
http://www.biology.duke.edu/rootracker
http://www.biology.duke.edu/rootracker
http://rootimage.msu.edu
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Searching for root characteristics associated to heterosis could be another prom-
ising research avenue to detect traits conferring a better EWU. Heterosis in maize, 
while associated with higher yield potential, also confers adaptation under a full 
range of growing conditions. A CIMMYT study has shown that hybrids have better 
water use than inbreds, regardless of the water conditions during cultivation (Araus 
et al. 2010). Heterosis for growth and yield in maize may (at least in part) be medi-
ated by accumulated differences in water use and status, such differences being 
present even under well-watered conditions. Hoecker et al. (2006) demonstrated in 
maize that heterosis can already be seen during the very early stages of root devel-
opment, a few days after germination. In that study lateral root density showed the 
highest degree of heterosis. Chun et al. (2005) reported heterosis for total length 
of lateral roots together with a higher ratio of lateral to axial root length in 20 days 
maize seedlings growing under different N conditions. Later in development, lateral 
roots become dominant and are responsible, together with the post-embryonic shoot-
borne root system, for the major portion of water and nutrient uptake (Hochholdinger 
et al. 2004). In addition, Li et al. (2008) concluded that seedlings of hybrids develop 
a greater number of fine roots than their parents. Furthermore, heterosis appears to 
exist for water uptake ability at the root cell level under well-watered conditions (Liu 
et al. 2009). However, all the above (and other) studies were performed on seedlings, 
usually under controlled conditions, while no systematic studies on root traits associ-
ated to heterosis have been performed on adult plants in the field.

13.6.2  Growth Maintenance

A decrease in leaf growth is the first process occurring under water deficit, before 
reduction in stomatal closure (Saab and Sharp 1989; Araus et al. 2008). A large 
genetic variability for sensitivity to leaf expansion has been detected in temperate 
and tropical maize (Welcker et al. 2007). A high sensitivity of leaf grown to water 
deficit is a ‘stress avoidance’ mechanism which makes plants more tolerant to severe 

Fig. 13.5  Rhizotronic 
facility with maize genotypes 
placed outdoors (at ICRISAT, 
Hyderabad, India) that allows 
assessing water balance in 
plants using a crane
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drought scenarios by saving soil water and making it available for the end of the 
crop cycle. Leaf rolling or epinasty has essentially the same role by decreasing the 
active leaf area, but on short-term and in a revertible way. However, high sensitiv-
ity to these processes has two drawbacks. First, leaves are also the site of photosyn-
thesis, so a drought-induced decrease in leaf area causes a reduced rate of biomass 
accumulation. Second, the genetic determinism of leaf growth is partly shared with 
that of reproductive growth (Welcker et al. 2007), thereby reducing the sink source.

A large number of mechanisms underlying growth maintenance have been pro-
posed (e.g., cell cycle, hormonal regulation or hydraulics or cell wall mechanical 
properties), without compelling evidence for any of them. However, some candi-
date mechanisms may be considered as best choices, in particular plant hydraulic 
properties and their control by aquaporins. Aquaporins are proteins which facili-
tate water transport through membranes, thereby increasing the hydraulic con-
ductivity of tissues when their channel is open. Both the amount of aquaporins 
and their gating contribute to the control of hydraulic properties when plants are 
challenged by the plant hormone abscisic acid, by osmotic stress or by anoxia 
(Boursiac et al. 2008; Tournaire-Roux et al. 2003). The functional analysis of the 
aquaporin family has been quarried out in several species including maize (Hachez 
et al. 2008). Osmotic adjustment is another mechanism, which maintains turgor 
under drought or osmotic stress, thereby maintaining growth (Zhang et al. 1999) 
but there are reports indicating that this mechanism is not so relevant in maize 
(Tardieu 2006). Some of the above mechanisms may apply too for increasing tran-
spiration and yield potential in absence of stress.

13.6.3  Stay-Green

Stay green i.e., the ability of genotypes to maintain a green leaf area at the end of 
the crop cycle, has been shown in sorghum to be most often a consequence of earlier 
traits, namely a slow leaf growth rate which saves water for the end of the crop cycle 
and a deep root system (Harris et al. 2007). However, the strongest evidence in favour 
or stay-green in maize as a factor involved in adaptation to abiotic stresses comes 
from retrospective studies comparing temperate maize hybrids produced during the 
last 70 years in the USA (Tollenaar and Lee 2006). The higher dry matter accumula-
tion during grain filling in the new versus the old hybrids can be attributed, in part, 
to a longer duration of the grain-filling period in the former. In addition, the newer 
hybrids are better adapted to higher planting densities (Tollenaar and Lee 2006).

Therefore, the higher yield potential of the more recent hybrids is related with 
a higher stay-green expression together with the capability to growth under higher 
planting density. This suggest that stay-green, beside its positive role in increasing 
the amount of radiation used and then of assimilates produced by photosynthe-
sis, is a consequence of the higher capability of these hybrids to cope with lim-
ited nutrient and water resources (Tollenaar and Lee 2006). Of course, stay-green 
without water available to keep stomata open and photosynthesis active does not 
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provide any advantage to the plant; rather, it could have an opposite effect in terms 
of grain quality (e.g., lower N content).

There is evidence that supports higher tolerance of low resource availability in 
newer maize hybrids associated with better tolerance to high plant density (Tollenaar 
and Lee 2006). In fact, plant water deficit will occur more readily at high rather than 
at low density, and resistance to high plant density involves resistance to drought 
stress when moisture becomes limiting (Tollenaar and Wu 1999). The constitutive 
nature of stay-green together with its expression in a wide range of growing condi-
tions is also placed in evidence in heterosis, where hybrids remain green longer dur-
ing grain filling no matter the water conditions considered (Araus et al. 2010).

Stay green and delayed senescence may be easily and fast assessed using a 
visual ranking or being quantified through remote sensing spectroradiometrical 
approaches, either at the leaf level (e.g., using a portable leaf chlorophyll meter 
such as the SPADtm) or at the whole canopy level using portable spectroradiom-
eters (Araus et al. 2008), such as, for example, the GreenSeekertm (Fig. 13.6). 
Maintained growth under drought may be also easily assessed with a portable 
spectroradiometer, particularly when evaluating inbred lines (Lu et al. 2011).

13.6.4  Seed Abortion and Early Seed Growth

Effective seed number is a major component, mainly determined at flowering and 
slightly after it. In most species, the number of ovules largely exceeds the num-
ber of seeds, and water deficit reduces even more the ratio seed/ovule via abor-
tion (Barnabas et al. 2008). This is again an adaptive mechanism which allows the 
remaining seeds to be appropriately filled in spite of reduced photosynthate sup-
ply, with a positive or negative effect on yield depending on the drought scenario. 

Fig. 13.6  Use of a portable spectroradiometer (GreenSeekerTM) to assess in a fast and non-
destructive manner aerial biomass in maize using the normalized differential vegetation index 
(NDVI)
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However, seed abortion under stressed or non-stressed conditions is a negative trait 
for both tropical and temperate maize.

Carbon metabolism and carbon transport make a significant contribution to 
early seed growth and abortion, as shown by experiments with sucrose feeding and 
metabolite measurements (Zinselmeier et al. 1995; McLaughlin and Boyer 2004). 
However, this effect is not due to a straightforward “sugar hunger” as sugar con-
tent is usually increased in leaves and maintained in ovules of droughted plants.  
It is probably linked to a disruption of metabolic pathways, or of the distribution of 
sugars in the plant or of combined effect of these metabolic disruptions with changes 
in ear development (Carcova and Otegui 2007). Other processes as a delayed silk 
growth (anthesis-silking interval; ASI) in maize also have a major effect on seed 
abortion and seed number (Bolaños and Edmeades 1996), and have been improved 
genetically in the last 50 years (Duvick et al. 2005) which apparently makes dif-
ficult a further substantial improvement in maize drought adaption based in this trait 
(Monneveux et al. 2008). It is also not easy to elucidate if a larger ASI rather than 
the cause of a decrease in grain number and yield is just a consequence of drought 
stress diminishing availability of assimilates for growing silks (discussed above) 
and/or affecting water status and thus the cell expansion of this tissue. Thus, Welcker 
et al. (2007) concluded that the genetic control of ASI under water deficit is partly 
shared with the sensitivity of leaf elongation rate, thereby contributing to the interest 
of alleles maintaining leaf growth under water deficit.

13.6.5  Measuring Water Use: Stable Isotopes and Low Cost 
Surrogates

As pointed out above, except under very severe drought stress conditions, EWU is 
a more important adaptive trait than WUE (Araus et al. 2008; Blum 2005, 2009; 
Slafer and Araus 2007). This would be related to the genotypic capacity to use 
available water and, therefore, to sustain transpiration under unfavorable condi-
tions (Slafer and Araus 2007). Oxygen isotope composition (δ18O) measured in 
plant matter has been proposed as a time-integrative indicator of transpiration and 
EWU in different species (Barbour, 2007; Farquhar et al. 2007; Cernusak et al. 
2007, 2009; Cabrera-Bosquet et al. 2009a) including maize (Cabrera-Bosquet  
et al. 2009b; Araus et al. 2010). Moreover, associated genotypic differences in δ18O 
and grain yield have reported in maize (Cabrera-Bosquet et al. 2009b). Cabrera-
Bosquet et al. (2009b) also reported significant negative relationships between δ18O 
and grain yield under both well-watered and moderated water stressed conditions, 
meaning that these genotypes transpiring more were the most productive.

Given the cost, technical skills, and facilities involved in oxygen isotope analysis, 
its large-scale application to breeding programs may be unfeasible for many breeding 
programs. The accumulation of mineral or ash content in vegetative tissues has been 
proposed as a cost-effective and easier way to predict yield and genotypic adapta-
tion to drought in different cereals, including maize (Cabrera-Bosquet et al. 2009c). 
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The mechanism of mineral accumulation in vegetative tissues seems to be explained 
through the passive transport of minerals via xylem driven by transpiration (Tanner 
and Beevers 1990; Masle et al. 1992; Mayland et al. 1993; Araus et al. 1998, 2002). 
In such a way it has been reported in tropical maize a close relationship between ash 
content in leaves and isotope enrichment in leaves and grains (Cabrera-Bosquet et al. 
2009c). Based on these results, it could be concluded that ash content in leaves could 
be used as an alternative criterion to δ18O for assessing yield performance in maize 
grown under drought conditions. Ash (or total mineral content) analysis is not costly 
and do not require strong facilities and a high qualified technical staff, which make 
this trait ideal for breeding programs in developing countries.

Heterosis in maize seems to confer a higher transpiration in the hybrids com-
pared with the inbred lines regardless the growing conditions, as shown by the 
lower δ18O and higher ash content of hybrids compared with inbreeds (Araus 
et al. 2010) and the linear negative relationship between both traits (Fig. 13.7). 
Combining data from both hybrids and inbreds, δ18O of kernels is strongly nega-
tively correlated and leaf ash content strongly positively correlated with total bio-
mass and grain yield (Figs. 13.8 and 13.9).

The above studies on maize conducted by CIMMYT (Cabrera-Bosquet et al. 
2009b,c; Araus et al. 2010) and other unpublished results, using CIMMYT germ-
plasm support the potential usefulness of δ18O in kernels and ash content in leaves 
as secondary traits to indirectly select for maize genotypes with improved perfor-
mance under drought through a higher EWU. Moreover near infrared reflectance 
spectroscopy (NIRS) technique may allow a fast, cheap and non-destructive analy-
sis of ash content and δ18O in maize samples (Cabrera-Bosquet et al. 2011) which 
may speed the phenotyping process However, further studies are needed to inves-
tigate the extent of genotypic variance, heritability and genetic correlation of both 

Fig. 13.7  Relationship 
between oxygen isotope 
composition in mature 
kernels (δ18O) and ash 
concentration in leaves about 
two weeks after anthesis. 
Data from a set of maize 
inbred lines and derived 
hybrids grown under three 
different water regimes were 
plotted together (n = 96). 
Each point represents a mean 
value for three plots of a 
single genotype grown under 
a particular water regime 
(redrawn from Cabrera-
Bosquet et al. 2009c; Araus  
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Fig. 13.8  Relationship between biomass per plant about two weeks after anthesis with a oxy-
gen isotope composition in mature kernels (δ18O) and b ash concentration in leaves about two 
weeks after anthesis. Data from a set of maize inbred lines and derived hybrids grown under 
three different water regimes were plotted together (n = 96). Each point represents a mean value 
for three plots of a single genotype grown under a particular water regime (redrawn from Araus 
et al. 2010)
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maize inbred lines and derived hybrids grown under three different water regimes were plotted 
together (n = 96). Each point represents a mean value for three plots of a single genotype grown 
under a particular water regime (redrawn from Araus et al. 2010)
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δ18O and ash content with grain yield. Additionally, it is important to elucidate the 
root traits (if any) responsible for the genotypic variation in δ18O and mineral con-
tent. A field application of NIRS deals with the direct empirical assessment of grain 
yield based in the use of the entire array of reflected wavelengths captured by the 
spectroradiometer.

An additional tool to assess water uptake capacity of the root system is the use 
of the isotope composition of oxygen (δ18O) and hydrogen (δ2H) in stem water 
(Ehleringer and Dawson 1992). This technique is based on the existence of evapora-
tive gradients in the isotope composition of soil water, which, due to evaporation, 
tends to be more enriched in the heavier isotope in the soil surface than in deeper 
layers. Comparing the isotopic composition of stem water (i.e., the water taken by 
the plant) with that of soil at different depths, it is possible to determine which part 
of the root system is contributing more to the water uptake (see e.g., Ferrio et al. 
2005; Holst et al. 2010; Patz 2009). In addition, previous works suggest that genetic 
differences in water uptake are significant and may be partly responsible of observed 
genetic variability in δ18O of plant tissues (Barnard et al. 2006; Ferrio et al. 2007; 
Retzlaff et al. 2001; Voltas et al. 2008). Traditionally, stable isotopes have been 
determined by isotope ratio mass spectrometry (IRMS), which is an expensive tech-
nique requiring costly equipment and a complex laboratory infrastructure. Besides, 
in standard IRMS devices it is not possible to analyze δ18O and δ2H simultaneously, 
which doubles the time and cost required for analyses. Recently, commercial alter-
natives based on high precision infrared laser spectroscopy have emerged, providing 
cheap, fast and accurate measures of both δ18O and δ2H in a unique measurement 
(Aggarwal et al. 2006; Lis et al. 2008).

Other techniques related with the measurement of water use deals with the infra-
red thermography or thermal imaging (Fig. 13.10). In spite of the high cost of thermal 
cameras (beyond USD 6000) and the fact the thermal imaging has not yet reached 
fully maturity (Blum 2011) even when is a promising alternative in maize (Romano 
et al. 2011; Masuka et al. 2012) this option may be basically more suited for maize 
than infra-red thermometry. Thus, for large leaf species, such as maize, there is a 
basic problem in recording a truly representative ground-level canopy temperature 
where dark (cooler) spaces between the large leaves might bias the reading (Jones 
et al. 2009). Because the comparative low cost of infra-red thermometers (USD 150 
and up) and the relatively easy protocol of use, this technique has been also applied 
to measure temperature of individual leaves (Araus et al. 2011); however, in this case, 
a large number of leaves need to be measured per plot, which implies time and the 
interacting problem of a daily pattern of radiation and temperature.

13.6.6  Novel Tools for Disease and Insect-Pest Phenotyping

Accurate, precise, and reproducible assessment of biotic stress symptoms is 
needed for estimating disease incidence and severity, and is of particular impor-
tance for monitoring epidemics, resistance screening, and assessing the effect of 
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disease on yield. Disease severity has often been quantified by visual estimation 
aided by illustrated diagrammatic scales, such as the drawings of various foliar 
diseases by James (1971). However, visual estimates may be subjective and of 
limited accuracy, as it depends on the experience of the evaluators. Several tech-
nologies have been developed aimed at improving the precision, accuracy and 
reproducibility of assessing diseases and insect damage (Nilsson 1995). Disease 
severity and insect damage have been quantified using leaf area meters (Sutton 
1985), percent sunlight reflectance and infrared radiation (Nutter et al. 1993). 
To improve the throughput, the SPAD-502 chlorophyll meter was used as a non-
destructive means for measuring chlorophyll content in several plant species, 
including assessment of damage to the leaf tissue caused by the Russian wheat 
aphid (Belefant-Miller et al. 1994) and Sorghum greenbug (Deol et al. 1997), and 
also for following the foliar disease symptoms (Scholes and Rolfe 2009).

The use of digital imaging systems offers several advantages including availability 
of a nondestructive and noninvasive method that can capture, process, and analyze 
information from images (Richardson et al. 2001; D′ıaz-Lago et al. 2003; Karcher 
and Richardson 2003; Masuka et al. 2012). Computer automated digital image analy-
sis appears to provide a consistent, unbiased, precise and highly reproducible way 
to assess insect damage, and disease intensity and severity (Mirik et al. 2006). An 
alternative method for high throughput phenotyping of disease and insect damage in 
cereal crops is to measure the reflectance from the vegetation surface. Reflectance 
data has also been found to provide accurate and precise quantification of disease 

Fig. 13.10  Thermal images of tropical maize on rows taken at the CIMMYT station of 
Tlaltizapan (Mexico). Emitted long-wave infrared radiation is processed into color digital image 
display of the different temperatures in the target area
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or insect-pest damage of plants (Nilsson and Johnsson 1996; Riedell and Blackmer 
1999). Remote sensing using spectral reflectance has the potential to improve the 
speed and accuracy of biotic stress assessment (González-Pérez et al. 2011; Nilsson 
1995; Patil and Kumar 2011). This approach, coupled with digital image analysis, 
was successfully used to determine damage by greenbugs in wheat with repeatable 
accuracy and precision (Mirik et al. 2006). Aerial photography and photogrammetry 
using infrared film or color filter combinations to enhance the differentiation between 
healthy and diseased tissue, represent a separate approach to insect-pest and disease 
assessment (González-Pérez et al. 2011; Patil and Kumar 2011).

The establishment of fast and non-destructive methods for precise evaluation of 
quality and safety of raw grains is another important demand nowadays, to avoid 
toxic contamination of food and feed. Several analytical methods including Thin-
layer chromatography (TLC), Gas chromatography (GC), High performance liquid 
chromatography (HPLC), methodologies based on immunosorbent assay (ELISA), 
immuno-affinity and fluorescence, have been tested for their feasibility and appli-
cability to detect and quantify mycotoxins in cereals (Zheng et al. 2005). All these 
methods are generally difficult, time-consuming, expensive and not suitable for real 
time control measures. These methodologies are also not amenable to large-scale 
breeding programs or to developing country conditions, where these technolo-
gies are urgently needed. A high throughput methodology based on Near-Infrared 
Spectroscopy (NIRS) is being developed for detecting and quantifying mycotox-
ins in cereals. Some mycotoxins are potent carcinogens that have been associated 
with high rates of liver cancer, and human death, especially in Asia and Africa. 
Contamination of cereal grains by mycotoxigenic fungi is a perennial problem (e.g., 
for maize in some African countries) that negatively impacts grain quality and food 
safety. NIRS is an excellent candidate for a rapid and low-cost method for the detec-
tion of various mycotoxins, such as aflatoxins, fumonisins and deoxnivelanol (DON) 
in cereals (Berardo et al. 2005; Fernandez-Ibanez et al. 2009; Bolduan et al. 2009). 
Several institutions, including CIMMYT, are developing calibration curves as a way 
of adapting this tool for high throughput detection and quantification of mycotoxins 
and mycotoxin causing fungi in grain commodities.

13.6.7  Nutritional Trait Phenotyping and Metabolite 
Profiling

Grain quality can be defined as the net sum of the underlying genetics determining 
the functional components of the grain, combined with the influence of the envi-
ronment in which the grain was produced (O’Brien and Cracknell 2009). To prop-
erly asses and utilize the quality traits in crop plants, approved analytical or testing 
methods are required, coupled sometimes with a range of processing technologies 
that can convert the grains into food, feed and industrially useful end-products.

Cereals contain a wide range of macronutrients (carbohydrates, lipids, protein, 
and fiber) and micronutrients (vitamins, minerals). Some of the micronutrients 
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are subject of biofortification programs worldwide (Bouis and Welch 2010). For 
example, maize grains can be source of minerals like Fe and Zn, provitamins A, 
vitamin E, essential aminoacids (lysine, tryptohan, methionine), anthocyanins, etc. 
(Nuss and Tanumihardjo 2010). A major step forward in the application of testing 
methods with special implications for early generation testing of such traits in the 
breeding programs is the use of Near-Infrared Reflectance Spectroscopy (NIRS). 
NIRS is a chemometric technique that combines spectroscopy and mathematics 
to rapidly produce indirect, quantitative estimates of concentration of OH-, NH-, 
CH- or SH-containing compounds. Compared to wet chemistry procedures, NIRS 
requires simple sample preparation methods and is rapid, non-destructive, and rel-
atively inexpensive, facilitating analysis of several traits simultaneously (Montes 
et al. 2007). Spectral data are correlated with biochemical components obtained by 
standard methods. However, NIRS is an indirect method that requires development 
and validation of calibrations by analysis of a large number of samples covering 
the range of variability for each trait and with more or less uniform distribution 
between extreme values (Cabrera-Bosquet et al. 2011).

NIR is being used to asses a wide range of compounds with different degrees 
of precision. Protein, starch, oil and grain moisture are commonly measured by 
NIR. However, its potential is also clearly demonstrated to predict more complex 
quality traits like total gluten content, mix time, loaf volume, flour particle size, 
fiber, digestibility, dry matter, energy-related traits not only in laboratory infra-
red spectroscopy but also with field-based NIR spectroscopy (Montes et al. 2007; 
Dowell et al. 2006). NIR transmittance and reflectance spectroscopy have been 
also used for classifying seeds for particular attributes like color, insect infestation, 
hardness, starch composition or vitreousness of wheat grain and starch, hardness 
and mycotoxin levels in maize (Spielbauer et al. 2009). Tallada et al. (2009) and 
Spielbauer et al. (2009) have recently developed reliable predictions for percent-
age starch, protein and oil levels in single maize kernels using a glass tube NIR 
instrument. This tool integrates seed weight measurements with spectral acquisi-
tion, overcoming technical challenges for single maize kernel analysis and demon-
strating its potential as an effective seed phenomics technology.

Microplate-based colorimetric assays also have high-throughput potential for 
analysis of amylose, lysine, tryptophan, starch, total anthocyanins, among other 
nutrients in maize (Nurit et al. 2009; Galicia et al. 2010). Phenotyping for carot-
enoids, amino acid, anthocyanin profiles and mycotoxin quantification in maize 
can be achieved by High Performance Liquid Chromatography (HPLC). Although 
HPLC is very precise and allows identification of specific compounds, it is costly 
and time consuming to support analysis of large number of samples of a breed-
ing program. Ultra-Performance Liquid Chromatography (UPLC) is a promising 
alternative to HPLC, due to the lower cost of reagents, and the throughput can be 
increased to more than 6 times that of HPLC for carotenoid profiles.

Breeding programs in cereals for quality traits normally focus on the selection 
of appropriate parental lines or starting material, and deploy testing methods in 
early generations. Early breeding generations implies a large number of samples 
to be screened; thus, a few key quality descriptors are monitored over a large array 
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of germplasm or breeding materials; therefore, the phenotyping methods must be 
high-throughput and low-cost (Nurit et al. 2009). However, in some cases, those 
methods explain end-use quality only partially, as it is also the case with the DNA 
markers available for quality traits (Pena et al. 2002). Therefore, during advanced 
breeding stages and variety release process, the type and extent of quality testing 
could expand, and consequently, the degree of sophistication and predictiveness of 
end-use functionality (O’Brien and Cracknell, 2009).

Metabolomics approaches enable the assessment of the levels of a broad range 
of analytes from different chemical classes (polar to lipohilic). Metabolomics have 
been documented to have great value in phenotyping, diagnostic analyses in plants 
as well as in bioprospecting of novel pharmaceuticals (Fernie and Schauer 2009; 
Hall et al. 2008). Applications of metabolomic technologies in both applied and 
fundamental science strategies are growing rapidly. There is now increase use of 
Liquid Chromatography-Mass Spectroscopy (LC–MS), Gas Chromatography-Mass 
Spectroscopy (GC–MS), Capillary Electrophoresis-Mass Spectroscopy (CE-MS) 
and Nuclear Magnetic Resonance (NMR) in phenotyping for quality and nutritional 
traits of crop plants. These include most of the primary and secondary plant metabo-
lites such as soluble sugars, sugar phosphates, complex carbohydrates, amino acids, 
organic acids, alcohols, lipids, sterols, phenylpropanoids, lignings and triterpene 
saponins (Hall et al. 2011). However, effective application of metabolomics is pos-
sible only if the analytical methods are combined with appropriate statistical tools, 
databases and software that allow not only proper analysis but also integration of 
metabolite data with genomic data (Dixon et al. 2006).

In maize, several studies have been conducted with regard to metabolite changes 
during growth and development (Seebauer et al. 2004), including the influence of 
environment (Harrigan et al. 2007) and the impact of genetic background and grow-
ing season (Rohling et al. 2009). Food composition databases are now being estab-
lished that can serve as valuable repositories of information on the natural variation 
in nutrients available in crop germplasm, nutrition education, nutritional labeling, 
dietary recommendations and community nutrition (Toledo and Burlingame 2006; 
Burlingame et al. 2009). Technological advances in metabolite profiling, including: 
(a) high-throughput platforms and tools that enable analysis of hundreds of impor-
tant metabolites and significantly decrease the costs of such analysis, and (b) devel-
opment of better models that describe the links both within metabolism itself and 
between metabolism and yield-associated traits, offer great potential to implement 
metabolite-assisted breeding for crop improvement (Shauer and Fernie 2006).

13.7  Organization and Analysis of High-Throughput 
Phenotypic Data

The organization and analysis of large, heterogeneous phenotypic datasets could 
be a major challenge. The present efforts with regard to organization and analy-
sis of phenotypic data generated from high-throughput phenomics studies utilize 
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both manual and computational methods, with their own distinctive advantages 
and constraints. The manual data integration and analytical methods may provide 
more accurate gene–phenotype associations, but are time- and labour-consuming. 
In contrast, automated computational data integration and analysis will be cost- 
and time-effective, but may lack accuracy unless properly optimized.

Vankadavath et al. (2009) described the utility of a software titled “PHENOME” 
that allows researchers to accumulate, categorize, and manage large volume of phe-
notypic data (from both lab and the field). The “PHENOME” application uses a 
Personal Digital Assistant (PDA) with built-in barcode scanner in concert with cus-
tomized database specific for handling large populations, and aids collection and 
analysis of data obtained in large-scale mutagenesis, assessing quantitative trait loci 
(QTLs), raising mapping population, sampling of several individuals in one or more 
ecological niches, etc.

13.8 Summary and Outlook

It is impossible to imagine how economically viable crop production could be 
sustained and continuously improved without the development of climate change 
resilient cultivars (Blum 2011; Cairns et al. 2012). A large part of this progress 
has to happen through genetic improvement and deployment of high-yielding and 
stress resilient cultivars, in addition to improvements in crop management. While 
plant breeding has been successful in continuously improving complex traits like 
drought, future advances in breeding will be only possible by combining genetic 
analyses, high-throughput genotyping and phenotyping (preferably in the field) 
together with prediction models (Araus et al. 2008, 2011; Collins et al. 2008; 
Tardieu and Tuberosa 2010), and molecular breeding. However, the capacity of 
several institutions both in the developing and developing world for undertaking 
precision phenotyping, particularly under repeatable and representative levels of 
stress in the field, is lagging far behind the capacity to generate genomic informa-
tion. This might limit not only the progress in generating gene–phenotype asso-
ciations for traits, but also, consequently, accelerating genetic gains and breeding 
progress.

Field phenotyping of the right traits, using low cost, easy-to-handle tools, 
should become an integral and key component in the breeding pipeline, particu-
larly for national agricultural research systems and small- and medium-sized seed 
companies from developing countries, which may not be able to afford estab-
lishment and maintenance of expensive high throughout phenotyping platforms. 
Utilizing technological advances with regard to phenotyping instrumentation must 
also go hand-in-hand with methods to characterize and control field site variation 
(for improving repeatability), adopting appropriate experimental designs, selection 
of right traits, and finally, proper integration of heterogeneous datasets, analysis, 
and application.
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14.1  Introduction

Cereals are the world’s most important sources of food, both for direct human con-
sumption and indirectly, as inputs to livestock production. Millions of farmers and 
consumers in both the developed and the developing world depend on cereals as their 
preferred staple food. The future of cereal production, affects not only the global 
food security, but also the livelihoods of several million small farmers worldwide.

Great strides have been made over the past several decades for the development 
of a large number of improved cereal varieties adapted to different agro-ecologies 
and meeting the diverse demands of the stakeholders, especially through conven-
tional breeding. However, rising populations, increasing biotic and abiotic stresses, 
widespread malnutrition, and sharply depleting natural resources (especially water 
for agricultural purposes), warrant relentless efforts from the scientific community in 
developing and deploying improved cereal varieties with higher yield potential, input 
use efficiency, stress resilience and nutritional quality. This, in turn, requires intro-
duction of time- and cost-effective, cutting-edge technologies, including molecular 
marker-assisted breeding coupled with high-throughput and precision phenotyping.

Mining of novel genetic variation and rapid improvement of genetic gains 
in breeding programs are among the strategies that can be used to lift the yield 
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ceiling. At the same time, realization of such as yield potential in farmer’s fields 
through combination of selected varieties and crop management is also critical 
for enhancing yield stability and environmental adaptability. Marker-assisted 
selection, popularly referred to as MAS, is one of major approaches in molecular 
breeding, aided by advances in molecular biology, genomics, and statistics, that 
could form the core for genetic enhancement of crop plants, including cereals.

In this chapter, we discuss the strategies of MAS for trait improvement in cere-
als, including marker-assisted backcrossing (MABC) to transfer favorable alleles 
at a few loci from one genetic background to another, marker-assisted recurrent 
selection (MARS) to accumulate alleles from different sources, and marker-
assisted genome-wide selection or genomic selection (GS) that uses genome-wide 
markers along with phenotypic data to predict the performance of the progeny for 
rapid-cycling. Current status and future prospects of MAS in cereals is provided.

14.2  Marker-Assisted Breeding Platform: Key Components

MAS offers great potential for increasing the genetic gain per crop cycle, by stack-
ing favorable alleles at target loci and reducing the number of selection cycles. In 
the last decade, the private sector, especially the multinational seed companies, has 
benefitted immensely from integrating MAS in breeding strategies (Eathington et al. 
2007). In contrast, efficient adoption of MAS in the cereal breeding programs in the 
public sector or in the small- and medium-sized seed companies in the developing 
world is still limited or hardly evident. Major bottlenecks for this include shortage 
of well-trained personnel, inadequate high-throughput capacity, poor phenotyp-
ing infrastructure, lack of information systems or adapted analysis tools, or simply 
put, resource-limitations at various levels (Xu and Crouch 2008; Ribaut et al. 2010; 
Delannay et al. 2012; Xu et al. 2012c). Shortage of validated functional markers 
(diagnostic markers) for important traits and poor linkage between molecular marker 
program and conventional breeding program are also the major reasons for slow 
adaptation of marker-assisted introgression, especially in China (He et al. 2011).

The emerging virtual platforms (Fig. 14.1) aided by the information and commu-
nication technology revolution will help to overcome some of these limitations by 
providing breeders with better access to genomic resources, advanced laboratory ser-
vices, and robust analytical and data management tools. Apart from some advanced 
national agricultural research systems (NARS), the implementation of large-scale 
molecular breeding programs in developing countries will take time. However, the 
exponential development of genomic resources, the ever-decreasing cost of marker 
technologies and the emergence of platforms for accessing molecular breeding 
tools and support services are all grounds to predict that molecular breeding will 
have a significant impact on crop breeding even in the public sector institutions of 
the developing countries. The sequencing of major cereals will also greatly enhance 
the development of functional markers. Those predictions are supported by some 
preliminary successful examples summarized by Delannay et al. (2012).
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14.2.1  Trait Genetics and Breeding Populations

Many types of populations have been used in genetic mapping, and identification/
development of molecular markers for a range of traits in cereals. The most fre-
quently used ones are biparental mapping populations, with the two parental lines 
either true-breeding (homozygous) or heterozygous. Such populations include 
segregating populations such as F2:3 and backcross populations, whose genetic 
constitution will change with selfing, as well as “immortal” populations, such as 
recombinant inbred lines (RILs), doubled haploids (DHs), backcross introgres-
sion lines (BILs) or near-isogenic lines (NILs), whose genetic constitution will 
not change with selfing. NILs can be produced by various approaches (Xu 2010), 
including continued backcrossing or mutation. In addition, single chromosome 
segment substitution lines (CSSLs) can be produced for different chromosomes. 
A large number of mutations and BILs can be produced so that a library can be 
constructed to cover every gene in the genome each represented by a line different 
at that gene from the donor or wild type.

Some multi-parent populations are also increasingly used derived from three-
way and four-way crosses or from different genetic mating schemes such as dial-
lel and NC designs by using multiple crosses individually or combined. Recently, 

Fig. 14.1  Components of 
a marker-assisted breeding 
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two types of populations have been proposed and used for genetics and breeding, 
especially in cereals. The first is the nested association mapping (NAM) popula-
tion which can be defined as a series of RIL populations developed by crossing of 
one common parent to a set of others. In maize, a NAM population was developed 
using 25 maize inbreds (testers) crossed to the same inbred (founder) to develop 
around 250 lines for each of 25 RIL populations (Yu et al. 2008). The second is 
the multiparent advanced generation intercross (MAGIC) population (Cavanagh 
et al. 2008), which is produced by starting with single crosses followed by con-
tinuous crossing to develop one terminal population that contain genes segregating 
from different parental lines. The segregating unit can be either homozygous as 
fixed RILs or heterozygous (segregating within each unit).

Mapping populations, including RILs, DHs and NILs, have their merits and 
demerits in terms of generation, maintenance, and utilization (Xu 2010). In some 
cases, joint use of multiple populations may be required for a target trait, particu-
larly for mining multiple favorable alleles. Phenotyping under well-controlled envi-
ronments, working with populations of large size, and using high-density molecular 
markers have all contributed to what would have been impossible years ago with the 
same type of population.

Using a panel of germplasm accessions collected and maintained in worldwide 
germplasm banks as “natural population” for linkage disequilibrium (LD) or associ-
ation mapping (Flint-Garcia et al. 2003), is another important development in crop 
plants. Two important issues, population structure and extreme diversity within the 
population, should be taken into account when such an association mapping panel is 
used for genetic mapping. Extreme differences for some morphological traits, particu-
larly plant height and flowering time, will significantly affect the accuracy of pheno-
typing, particularly when the same population is used for genetic mapping of different 
traits. In some cases, subpopulations should be formed to minimize the variation in 
non-target traits that could have significant effects on target trait phenotyping.

14.2.2  Markers and Maps

Molecular markers and their positions on the genome are two basic elements for 
designing an appropriate MAS strategy (Fig. 14.1). Evolution of molecular markers 
from Southern-blot based RFLPs (Restriction Fragment Length Polymorphisms) to 
PCR-based SSRs (Simple Sequence Repeats) is the first big step in MAS, which 
contributed to significant reduction of the cost and time required for genotyping. 
Diversity Arrays Technology (DArT) with much less cost (Jaccoud et al. 2001) 
has been successfully developed in wheat (Akbari et al. 2006), barley (Wenzl et al. 
2006) and sorghum (Mace et al. 2008, 2009). The recent shift from SSRs to SNPs 
(Single Nucleotide Polymorphisms) provides further opportunities for automation, 
genome coverage and functional allele discovery.

SNPs are the most common polymorphisms among individuals of any species. 
Resequencing projects have led to the discovery of thousands to millions of SNPs 
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in various crop plants, enabling construction of high density molecular maps in 
many crops, including cereals. It has also been recognized that it may be desira-
ble to identify and utilize favorable haplotypes from a set of SNPs rather than indi-
vidual SNPs within a specific genomic region for genetic diversity analysis or for 
association mapping of a target trait. “Haplotype” is usually defined as a combi-
nation of multiple markers that come from a specific genomic region or a single 
chromosome. However, the concept has been also used for markers from differ-
ent chromosomes that might be associated with the same target trait. The statistic 
association in a small genomic region and identification of multiple alleles within 
a haplotype block can be used to unambiguously to identify all polymorphic sites 
in the region. Resequencing of multiple genomes can be used to construct a hap-
lotype map (HapMap) to cover the whole genome. As the thirst example for all 
organisms, International HapMap Consortium developed three versions of human 
HapMap. The latest version, HapMap3, contains about 1.6 million common SNPs 
genotyped in 1,184 individuals from 11 global populations (International HapMap 
3 Consortium 2010). The first plant haplotype map was developed in the model 
plant species Arabidopsis thaliana, providing the genome-wide pattern of LD in a 
sample of 19 accessions of this species using 341,602 non-singleton SNPs, with an 
Affymetrix genotyping array containing 250,000 SNPs (Kim et al. 2007). Among 
crops, a HapMap has been developed in maize. The first HapMap consists of 3.3 
million SNPs discovered using 27 diverse maize inbred lines, with a frequency of 1 
SNP every 44 bp (Gore et al. 2009). Through an international collaboration, over 55 
million SNPs were discovered recently, which have been used to develop the second 
generation of HapMap in maize (Chia et al. 2012). In rice, next-generation sequenc-
ing at 1 × coverage across 517 rice varieties led to identification of over 3.6 million 
SNPs that were used for the construction of a haplotype map (Huang et al. 2010).

Recently large-scale resequencing activities in maize revealed that more reference 
genomes, at least one tropical inbred line, one landrace and one wild relative in maize 
should be sequenced de novo, to have a HapMap developed for a better representa-
tion of maize genetic diversity. A higher quality reference genome sequence is also 
required in rice, particularly for indica rice, although there is one de novo sequence 
with good quality available for japonica rice. On the other hand, resequencing rice 
segregating populations has indicated that at least one large segregating population 
derived from a cross between diverse germplasm should be resequenced deeply 
for each crop to utilize the linkage information to fill gaps existing in the reference 
genomes and understand better the genome-wide recombination and segregation.

14.2.3  Genotyping Platforms

As genotyping system has evolved from gels to chips and sequencing, genotyping 
throughput has increased from singles to millions of markers per assay (or single to 
thousands of DNA samples per marker), while the cost per data point has decreased 
from several US dollars to 1/1,000 cent or less. SNP chips have been developed for 
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a number of cereal crops: rice (McCouch et al. 2010; Yamamoto et al. 2010), maize 
(Yan et al. 2010a), barley (Close et al. 2009) and durum wheat (Trebbi et al. 2011). 
In maize, developing chip-based genotyping through Cornell-CIMMYT collabo-
ration brought up three Illumina 1536-SNP chips (Yan et al. 2009, 2010a), which 
were soon replaced by Illumina MaizeSNP50 Beadchip consisting of 56,110 SNPs, 
1 SNP/40 kb, covering 19,540 genes with 2 SNPs/gene. These SNPs were function-
ally tested with over 30 diverse maize lines. A recent study demonstrated that despite 
the availability of millions of discovered SNPs in maize, only a very small portion 
of those polymorphisms could be utilized for the development of robust, versatile 
assays, and has real practical value in MAS (Mammadov et al. 2012). In rice, a SNP 
discovery with the OryzaSNP project identified approximately 160,000 high  quality 
SNPs that are informative across 20 diverse rice varieties (McNally et al. 2009). 
Likewise, resequencing of over 100 varieties at 3 ~ 55 × coverage through the Rice 
SNP Consortium (www.ricesnp.org) provided an even larger SNP discovery pool 
from which a one million-SNP chip has been developed (McCouch et al. 2010).

In wheat, 768 SNPs were chosen irrespective of their genomic repetitiveness from 
2,659 SNPs identified on 1,206 consensus sequences. When these SNPs were assayed 
on the Illumina Bead Express genotyping system, 275 (35.8 %) SNPs matched the 
expected genotypes observed in the SNP discovery phase. Of these SNPs, 157 were 
mapped in one of the two mapping populations used and integrated into a common 
genetic map. Despite the relatively low genotyping efficiency of the Golden Gate 
assay, the validated Complexity Reduction of Polymorphic Sequences (CRoPS)-
derived SNPs showed valuable features for genomics and breeding applications; these 
features include a uniform distribution across the wheat genome, a prevailing single-
locus codominant nature and a high level of polymorphism (Trebbi et al. 2011).

An alternative approach for large-scale genotyping is genotyping-by-sequenc-
ing (GBS). A simple and highly-multiplexed system for constructing reduced rep-
resentation libraries was developed for the Illumina next-generation sequencing 
platform (Elshire et al. 2011). Constructing GBS libraries was based on reducing 
genome complexity with restriction enzymes, which may reach important regions 
of the genome that are inaccessible to sequence capture approaches. The proce-
dure has been demonstrated with maize (IBM) and barley (Oregon Wolfe Barley) 
RIL populations where roughly 200,000 and 25,000 sequence tags were mapped, 
respectively. With this method, species that lack a complete genome sequence can 
have a reference map developed around the restriction sites, which can be done 
in the process of sample genotyping. This system is being optimized for reducing 
missing data points and improved SNP calls. In the foreseeable future, however, 
choosing of chip or GBS for genotyping will depend on their cost for genotyping 
and related data management, analysis and delivery systems.

As sequencing becomes increasingly cheap and high-throughput, resequencing 
has become an alternative for genotyping. Large-scale resequencing has been done 
in rice (Xu et al. 2012b) and maize (Chia et al. 2012) for diversity, evolutionary 
and genetic studies. In rice, resequencing has been used to genotype segregating 
populations (Huang et al. 2009, 2010) that are usually genotyped by SSR markers 
or SNP chips.

http://www.ricesnp.org
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14.2.4  Precision and High-Throughput Phenotyping

Precision and high-throughput phenotyping is critical for genetic analysis using 
molecular markers (Fig. 14.1), and for time- and cost-effective implementation 
of MAS in breeding. Precision phenotyping would allow the researcher to obtain 
detailed measurements of plant characteristics that collectively provide reliable 
estimates of trait phenotypes. Our ability to characterize phenomes—the full set 
of phenotypes of an individual—lags much behind our ability to characterize 
 genotypes. Phenomics should be recognized and pursued to enable the develop-
ment and adoption of high-throughput phenotyping (Houle et al. 2010).

Among ongoing phenomics projects for plants, International Plant Phenomics 
Network (IPPN) focuses on development and implementation of phenotyping, 
including high-throughput, robotic, non-invasive imaging across the life cycle of 
small, short-lived model and crop plants, including analysis of metabolomes, and 
quantitative phenotyping. The phenomics project for Arabidopsis has resulted in an 
initial GWA (genome-wide association) study on an overlapping set of 191 inbred 
lines for 107 mostly quantitative phenotypes (Atwell et al. 2010). Development of 
the strategies for large plants with longer life cycles, such as maize and sorghum, 
is much more challenging. The basic requirements of an ideal phenomics effort are 
easy to state but difficult to achieve: genomic information on a large sample of geno-
types, which are each exposed to a range of environments; extensive and intensive 
phenotyping across the full range of spatial and temporal scales; and low cost. None 
of the pioneering phenome projects comes close to realizing the full phenomic vision, 
largely because of the costs and limited phenotyping capabilities (Houle et al. 2010).

While high-throughput and precision under controlled experimental conditions 
could be important for certain objectives, more important from the breeding per-
spective is the ability to improve the throughput and precision of field-based phe-
notyping. For field-based phenotyping, it is important to reduce “signal-to-noise” 
ratio, including selection of research plots with low spatial variability in soil 
 properties, uniform application of inputs with good weed, pest and disease control, 
use of adequate plot borders, selecting experimental designs that control within-
replicate variability, and analyzing data to reduce or remove spatial trends (Xu 
et al. 2012c). It also depends on utilization of new field-based techniques, such as 
precision application of nutrients and water and remote sensing to detect  secondary 
traits, and correct selection, calibration and application of instruments, such as 
 neutron probes, radiation sensors, and chlorophyll and photosynthesis meters.

In many cases, phenotyping needs to be done simultaneously in two contrasting 
environments. The concept of near iso-environments (NIEs) was proposed for dis-
secting environmental factors when two contrasting environments are involved (Xu 
2002, 2010). The first environment imposes much less stress on plants than the sec-
ond. The effect of the stress environment can be measured using the much-less-stress 
or normal environment as a control. A relative trait value is then derived from two 
direct trait values measured in each environment to ascertain the sensitivity of plants 
to the stress. If different plants have an identical phenotype under the much-less-stress 
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environment, the direct trait value in the stress environment can be used to meas-
ure sensitivity. When both environments impose little stress on plants, however, one 
should use relative trait values instead. A typical example is the photoperiod sensitiv-
ity that can only be measured in NIEs, one under short day and the other under long 
day. A relative measure for this type of trait (sensitivity) should be: sensitivity = the 
difference of measures in the NIEs, divided by the measure in one of the NIEs or in 
the normal environment when the other is stressful. Traits suitable for measurement 
under NIEs include all abiotic/biotic stresses and plant responses to different environ-
mental factors and agronomic practices.

14.2.5  Marker-Trait Association Analysis

Marker-trait association analysis or trait mapping can be generally defined as 
identifying genes/alleles/genomic regions that are significantly associated with 
specific traits. The association can be established in several ways. Two important 
approaches are linkage analysis using biparental or multi-parental populations and 
LD analysis using natural populations (Fig. 14.1). The latter has also been called 
association mapping, a concept that can be used to cover all types of marker-trait 
association analysis. Other approaches include comparative analysis using mutated 
populations and near-isogenic (introgression) lines and selective analysis using 
sub-populations based on selective sweeps. This article is not intended to review 
all such reported marker-trait associations, as there are several articles and reviews 
on this for a range of crop plants, including cereals. For example, Roy et al. (2011) 
reviewed the QTL (quantitative trait loci) that have been identified in numerous 
wheat, barley and rice populations for abiotic stress tolerance (drought, cold, heat, 
mineral toxicity, salinity and nutrient deficiencies). Also, the reviews by Langridge 
et al. (2006), Collins et al. (2008), Genc et al. (2010) and Fleury et al. (2010) pro-
vide a more comprehensive coverage of QTL linked to abiotic stress tolerance in 
cereals and other plant species.

Various statistical methods have been developed, particularly for linkage map-
ping using bi-parent populations (see Xu 2010 for a comprehensive review). These 
methods consider various genotypic and environmental effects and their interactions, 
including epistasis, genotype-by-environment (G × E) interaction, or different types 
of traits that need some special treatments, such as developmental traits (dynamic 
and conditional QTL mapping using the same traits scored at different stages), 
endosperm traits (ploidy with a different generation from their mother plants), 
and expression traits (eQTL). Integrated analyzes using all information publicly 
 available, such as meta-QTL analysis and in silico mapping, have been also applied.

With more markers available to cover each gene, LD or association map-
ping has become a choice of mapping strategy. LD mapping has several advan-
tages compared to linkage mapping, including the time and resources saved from 
 generating segregating or immortal mapping populations, presence of multiple 
alleles in the population, and higher resolution than linkage mapping. However, 
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there are several factors that could result in false positives in association detection 
(Jannink and Walsh 2002; Flint-Garcia et al. 2003; Mackay and Powell 2007; Xu 
2010), of which the most important is the population structure that can be removed 
through some statistical approaches. Another constraint is that traits controlled by 
the genes with rare alleles cannot be mapped effectively and in some cases, novel 
alleles we are looking for do not exist in the population at all, which can be only 
mapped using biparental populations with the target allele segregating.

To effectively combine the advantages offered by both linkage and LD map-
ping approaches, a joint linkage-LD mapping strategy has been proposed (Manenti 
et al. 2009; Myles et al. 2009; Lu et al. 2010). The joint mapping can be done 
through parallel mapping, which run linkage and LD mapping using biparental 
and natural populations separately, or integrated mapping using a single mapping 
procedure combining the information from both biparental and natural popula-
tions. The first joint mapping has been reported in maize using both parallel and 
integrated mapping approaches (Lu et al. 2010), which involved using three RIL 
populations and one natural population with 305 inbred lines, genotyped by 2053 
SNP markers. Joint mapping for anthesis-silking interval (a trait for drought toler-
ance) identified 18 additional QTL that could not be identified by linkage or LD 
mapping alone. For the 277 SNPs that were excluded from LD analysis due to 
minor allele frequency of <5 %, 93 were polymorphic in the one of the RIL popu-
lations with normal allele frequencies recovered and three of these markers were 
associated with the target trait. Considering NAM populations as an alternative for 
joint linkage-LD mapping, three strategies can be developed by using biparental 
and natural populations together: several biparentals + one natural population (as 
shown by Lu et al. 2010); combined use of multiple populations such as NAM (Yu 
et al. 2008); more biparental populations contained in NAM plus one big natural 
population. The last option may be considered as the best and is achievable par-
ticularly when high-density genotyping is becoming cheaper and precision phe-
notyping becoming practicable for a large number of samples. In addition, joint 
mapping can be extended to multi-parent populations such as MAGIC.

Haplotype-based mapping can be used to replace individual marker-based map-
ping to improve the mapping power and depending on how a haplotype is constructed, 
it can be used to identify specific alleles within a gene or allele combinations at dif-
ferent loci that contribute to the same target trait. In maize, the use of haplotypes 
constructed using all SNPs within 10 kb-windows improved mapping efficiency 
for anthesis-silking interval, with the sum of phenotypic variation explained (PVE) 
increasing from 5.4 to 23.3 % for single SNP-based analysis (Lu et al. 2010). A simi-
lar result in maize was also obtained through comparative SNP and haplotype analysis 
for plant height and biomass as secondary traits of drought tolerance (Lu et al. 2012).

Selective genotyping of individuals from the two tails of the phenotypic distri-
bution of a population provides a cost-effective alternative to analysis of the entire 
population for trait mapping (Lebowitz et al. 1987; Lander and Botstein 1989). Past 
applications of this approach have been confounded by the small size of entire and 
tail populations, and insufficient marker density, which result in a high probabil-
ity of false positives in QTL detection (Xu and Crouch 2008). The effect of these 
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factors on the power of QTL detection was investigated by simulation of mapping 
 experiments using population sizes of up to 3,000 individuals and tail population 
sizes of various proportions, and marker densities up to one marker per cM (Sun et 
al. 2010). The results indicate that selective genotyping can be used, combined with 
pooled DNA analysis, to replace genotyping the entire population, for mapping QTL 
with relatively small effects as well as linked and interacting QTL. Using pheno-
typic extremes from diverse germplasm including all available genetic and breeding 
materials, it is theoretically possible to develop an “all-in-one plate” approach where 
one 384-well plate could be designed to map 192 traits a time, which would include 
almost all agronomic traits of importance in a crop species. This “all-in-one plate” 
concept has been examined using extreme phenotypes collected in maize from over 
ten segregating populations genotyped with a 1536-SNP chip. Actually pooled DNA 
analysis can be used with any genotyping platforms, because for the tightly linked 
markers two DNA pools will have different alleles and they can be scored correctly 
although non-linked markers may not be scorable at all.

As many crops, including rice, maize and sorghum, have been sequenced de 
novo, and many more crops including wheat are expected, millions of SNP can be 
developed for each crop as discussed above. High-density genetic maps or GBS 
has significantly improved linkage mapping using biparental populations. A recent 
example involved a QTL analysis of 150 rice RILs derived from a cross between 
two varieties, Oryza sativa ssp. indica cv. 93–11 and Oryza sativa ssp. japonica cv. 
Nipponbare (Wang et al. 2011a, b). The RILs were genotyped through resequenc-
ing, which accurately determined the recombination breakpoints and provided a 
new type of genetic markers, recombination bins, for QTL analysis. A total 49 QTL 
were identified with phenotypic effect ranging from 3.2 to 46.0 % for 14 agronom-
ics traits. Five QTL of relatively large effect (14.6–46.0 %) were located on small 
genomic regions, where strong candidate genes were found. The analysis using GBS 
thus offers a powerful solution to map QTL with high resolution. Although the num-
ber of markers is fast becoming unlimited for a given crop species, the size of the 
population used for genetic and breeding purposes is becoming a constraint from the 
phenotyping viewpoint.

High-density SNP data enables GWA to test all the genes in the genome for 
their association with target traits. In rice, one GWAS was performed for 14 agro-
nomic traits (Huang et al. 2010). In maize, the NAM population has been used 
for analysis of leaf architecture (Tian et al. 2011) and quantitative resistance to 
southern corn leaf blight (Kump et al. 2011). On the other hand, numerous mark-
ers generated by resequencing are also useful in high-resolution linkage mapping 
using biparental populations (Huang et al. 2009; Xie et al. 2010). Thus, next-gen-
eration sequencing technology (Varshney et al. 2009), in combination with GWAS 
 strategy, offers  powerful tools for dissecting complex traits. Such new technologies 
have the potential to accelerate the detection and cloning of QTL, which enable 
 pyramiding favorable QTL alleles, and to make desired changes in agronomically 
and  nutritionally important traits.

As more and more QTL information for a range of important traits in crop plants 
becomes publicly available, approaches for integrated analysis of all such data have 
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received greater attention. Two basic strategies of exploiting the currently available 
information are meta and in silico analyzes, which have been described in detail 
elsewhere (Xu 2010). Meta-analysis was done in maize for ADL/NDF-related traits 
(Barrière et al. 2008). By projecting QTL on a reference map, the IBM2 Neighbors 
map, the QTL confidence intervals (CIs) were compared and 43 different loci based 
on 58 individually observed QTL were determined with hot-spots of three or more 
QTL identified on bins 2.08, 5.03, 6.04 and 9.06. In another example, meta-analysis 
has been performed for 59 QTL for traits associated with digestibility and 150 QTL 
for traits associated with cell wall composition from 11 different mapping experi-
ments (Truntzler et al. 2010). A total of 26 and 42 meta-QTL were identified for 
digestibility and cell wall composition traits, respectively. To reveal the genetic 
architecture for flowering time and photoperiod sensitivity, a comprehensive evalu-
ation of literatures was performed recently, followed by a meta-analysis of photo-
period sensitivity (Xu et al. 2012a). A total of 25 synthetic consensus loci and four 
hot-spot genomic regions were identified for photoperiod sensitivity. These regions 
include13 genes with known functions, which relate to photoperiod response or 
flower morphogenesis and development in maize.

Recently, integration of genetic maps and detected QTL has been done across 
three different generations of a specific mapping population (F2:3, RIL, and 
BC2F2) derived from a cross between dent corn inbred Dan232 and popcorn 
inbred N04 (Li et al. 2011). In total, 103 QTL, 42 pairs of epistatic interactions 
and 16 meta-QTL (mQTL) were detected. Twelve out of 13 QTL with contribu-
tions (R2) over 15 % were consistently detected in 3 ~ 4 environments (or in com-
bined analysis) and integrated in meta-QTL. In wheat, the genetic architecture of 
Fusarium Head Blight (FHB) resistance in hexaploid wheat was revealed by QTL 
meta-analysis (Löffler et al. 2009). As more QTL will be fine mapped and a refer-
ence genome with high density markers becomes available, it can be expected that 
meta-analysis and in silico mapping will play an important role to identify consis-
tent major gene loci and important genomic regions for MAS.

14.2.6  Marker Development and Validation

The purpose of establishing marker-trait association is to utilize the information in 
MAS-based breeding programs. As the recombination between markers and genes 
for the target trait is proportional to the power of MAS for major gene-controlled 
traits, development of genic and functional markers becomes increasingly impor-
tant for marker-assisted gene introgression. Completion of de novo sequencing has 
facilitated map-based gene cloning with many genes cloned, particularly in rice (Qiu  
et al. 2011; Miura et al. 2011). Cloned rice genes include grain number, grain size 
and weight, heading date, disease resistance, salt tolerance, cold tolerance, submer-
gence tolerance, and yield-related domestication genes (Miura et al. 2011). However, 
genes have been identified and cloned using intersubspecific species by using the 
large diversity. Another gene cloning strategy is based on comparative genomics. 
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With complete reference genome sequences available for many species that are 
closely related to each other, comparative genomics approach has returned to their 
positions for gene cloning and marker development based on sequence homology.

Marker-trait association established for major genes/QTL using one specific 
population needs to be validated before it can be used for MAS with target pop-
ulations (Fig. 14.1). There are some excellent examples for marker validation. 
In barley, SSR markers linked to net-form net blotch resistance QTL (QRpt6) and 
spot-form net blotch resistance QTL (QRpts4) were validated in two barley popu-
lations unrelated to the original mapping population. The lines homozygous for 
the resistant-parent alleles at both marker loci in two other populations had signifi-
cantly lower infection than lines homozygous for the susceptible-parent alleles at 
both loci (Grewal et al. 2010).

In rice, the C to A mutation in the second exon of GS3 was reported to be func-
tionally associated with enhanced grain length in rice. Besides the C-A mutation, 
three novel polymorphic sites, SR17, RGS1, and RGS2, were discovered in the 
second intron, the last intron and the final exon of GS3, respectively (Wang et al. 
2011a). A number of alleles at these four polymorphic loci were observed in a total 
of 287 accessions collected worldwide including wild relatives. The result indicated 
that A allele at SF28 was highly associated with long rice grain while various motifs 
of (AT)n at RGS1 and (TCC)n at RGS2 were mainly associated with medium to 
short grain in Chinese rice. The C-A mutation at SF28 explained 33.4 % of the 
grain length variation in the whole rice population tested, whereas (AT)n at RGS1 
and (TCC)n at RGS2 explained 26.4 and 26.2 % of the variation, respectively. The 
genic marker RGS1 based on the motifs (AT)n was further validated as a functional 
marker using two sets of backcross recombinant inbred lines (Wang et al. 2011a). 
In another report, Ghd7 and Ghd8 were found to have pleiotropic effects on grain 
number per panicle, plant height and heading date. Comparative sequencing of some 
landraces and modern varieties showed the wider diversity in the promoter than 
other regions in Ghd7 and Ghd8. A series of near isogenic lines confirmed that Ghd7 
and Ghd8 each have several functional alleles with strong or weak effects on target 
traits (Yuqing He, Huazhong Agric. Univ., China, personal communications).

In maize, sequence-tagged, PCR-based markers were developed and demon-
strated for use in selecting favorable alleles of LCYE (lycopene epsilon cyclase), 
a crucial gene in the carotenoid pathway. Markers for favorable alleles of LCYE 
(Harjes et al. 2008) and for another critical gene in the pathway, CrtR-B1 (caro-
tene beta-hydroxylase 1), were developed (Yan et al. 2010b). Allele mining and 
marker development are also underway for other genes of the carotenoid biosyn-
thetic pathway, including PSY (phytoene synthase) and CCD (carotenoid  cleavage 
 dioxygenases), giving hope that MAS will soon be possible for several genes 
which together explain much of the variation for provitamin A in maize.

In wheat, more than 30 genes have been cloned in common wheat and its rela-
tives, from which about 100 functional markers for wheat quality, agronomic traits 
and disease resistance genes have been developed (Bagge et al. 2007; He et al. 
2011; Liu et al. 2012). The processing quality of wheat-based products is highly 
associated with high- and low-molecular-weight glutenin subunits (HMW-GS and 
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LMW-GS), polyphenol oxidase (PPO) activity, lipoxynase (LOX) activity, yellow 
pigment content (YPC), kernel hardness, and starch properties. Most of the genes 
for these traits have been cloned and the functional markers have been developed. 
For the six genes cloned for disease resistance, functional markers were available 
for Pm3 against powdery mildew and for Lr34/Yr18/Pm38 locus against multiple 
diseases such as leaf rust, stripe rust and powdery mildew (Tommasini et al. 2006; 
Lagudah et al. 2009).

14.2.7  Decision Support Tools

A successful MAS program needs to be backed up with appropriate tools for 
data management, analysis, and decision making, particularly when large-scale 
genotyping and phenotyping is involved. Xu (2010) justified the requirements of 
breeding informatics and decision support tools in a series of molecular breeding 
procedures. Important tools include those for managing genotyping,  phenotyping 
and environmental data and mining the data for marker-trait association, gene 
identification, G × E analysis, breeding simulation and MAS (Xu et al. 2012c). 
All these tools should be included in one-stop-shopping package and operated 
through webs and/or publicly available software. As an example of such effort, the 
Molecular Marker Toolkit was developed by the Generation Challenge Program 
(GCP) to include markers that are effectively used in breeding programs and com-
piled from a literature review and from contacts with crop experts (Van Damme et 
al. 2011). The information given for each marker is of immediate use and includes 
laboratory protocols, validation processes, and key references.

14.3  Marker-Assisted Selection Methodologies

Several MAS schemes have been designed and used in plant breeding (Fig. 14.2). 
Each is suitable for specific types of traits and breeding programs. They may be 
used individually or combined in one breeding program for improvement of a spe-
cific trait or multiple traits. Marker-assisted foreground selection and background 
selection have been proven very useful for breeding major gene controlled traits, 
which has been discussed in detail elsewhere (Hospital and Charcosset 1997; Stam 
2003; Frisch 2004; Xu 2010). However, marker-assisted foreground selection is not 
effective for QTL with small effect, because marker-trait association mapping fails 
to detect rare or small effect QTL, only captures a portion of the genetic variance 
(Goddard and Hayes 2007), can lead to overestimated marker-effects (Lande and 
Thompson 1990; Beavis 1998), and may not be relevant across breeding popula-
tions, in different environments, or after several cycles of selection (Podlich et al. 
2004). For complex traits that are generally controlled by QTL with small effect, 
two major MAS schemes, MARS and GS, have been proposed to be effective.
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14.3.1  Marker-Assisted Recurrent Selection

Marker-assisted recurrent selection (MARS) was proposed in the 1990s (Edwards 
and Johnson 1994; Lee 1995; Stam 1995), which uses markers at each genera-
tion to target all traits of importance and for which genetic information can be 
obtained. When the QTL mapping is conducted based on a biparental popula-
tion, parents often contribute different favorable alleles. As a result, the ideal 
genotype is a mosaic of chromosomal segments generated by recombination 
between the two parents. To produce or approach this ideal genotype, several suc-
cessive  generations of crossing individuals will be needed (Stam 1995; Peleman 
and van der Voort 2003). MARS refers to the improvement of an F2 population 
by one cycle of marker-assisted selection (i.e., based on phenotypic data and 
marker scores) followed commonly by two or three cycles of marker-based selec-
tion (i.e., based on marker scores only). This idea can be extended to situations 
where favorable alleles come from more than two parents (Fig. 14.2). MARS can 
also start without any QTL information, and selection can be based on significant 
marker–trait association established during the MARS process. Simulation studies 
revealed that MARS was generally superior to phenotypic selection in accumulat-
ing favorable alleles and was between 3 % and almost 20 % more efficient than 
phenotypic selection (van Berloo and Stam 2001). The usefulness of including 
prior knowledge of QTL under genetic models has been examined that included 
QTL number, heritability, gene effects, linkage and epistasis. It is concluded that 
with known QTL, MARS is most beneficial for traits controlled by a moderately 
large number of QTL (Bernardo and Charcosset 2006).

14.3.2  Genomic Selection

GS, or genome-wide selection, as the phrase implies, has been defined in a very 
narrow sense to refer to marker-based selection without significant testing or 
identifying a subset of markers associated with the trait (Meuwissen et al. 2001). 
GS consists of three steps (Fig. 14.2; Rutkoski et al. 2011): (1) prediction model 
training and validation, (2) breeding value prediction, and (3) prediction-based 
selection (Rutkoski et al. 2011). In model training, marker effects are estimated 
for a training population that consists of germplasm having both phenotypic and 
genome-wide marker data. The combination of these marker effect estimates and 
the marker data of the single crosses are used to calculate the genomic estimated 
breeding values (GEBVs), the sum of all marker effects included in the model for 
an individual. Selection is then processed for the single crosses using GEBVs as 
the selection criterion. Thus, GS attempts to capture the total additive genetic vari-
ance with genome-wide marker coverage and effect estimates, contrasting with 
MARS strategies where only a small number of significant markers are used for 
prediction and selection (Rutkoski et al. 2011). Therefore, GS is more suitable for 
quantitative traits controlled by a large number of genes each with a small effect.
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GS is poised to revolutionize plant breeding. In GS, marker data are used to 
predict breeding line performance in one analysis; the breeding populations are 
analyzed directly; all markers are included in the model so that effect can be esti-
mated unbiasedly with small effect QTL accounted for. The prospects for GS for 
improving quantitative traits in maize was analyzed, with a conclusion that this 
approach is superior to MARS for improving complex traits. GS is more expensive 
but effectively avoids issues associated with QTL number, allele distribution and 
epistatic effects (Bernardo and Yu 2007).

The frequency of phenotyping can be reduced with GS because selection is 
based on genotypic data. Selection in off-seasons using marker information can 
also reduce cycle time, thereby increasing annual genetic gains from selection. 
To date, the only publicly available results on large-scale GS performance are from 
dairy cattle breeding programs. Both simulation (Wong and Bernardo 2008; Zhong  
et al. 2009) and empirical studies (Lorenzana and Bernardo 2009) found that in plant 
populations GS would lead to greater gains per unit time than phenotypic selection. 
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Fig. 14.2  Methodologies for marker-assisted breeding. Genomic selection (GS, red) and marker-
assisted recurrent selected (MARS, blue) can started with the same type of population, F2, F2:3, 
BC, or DH. Crossing to tester can be included in the procedure for hybrid crops. Marker/QTL 
information from other sources can be incorporated for selection with the significant markers 
identified at the beginning stage of the current MARS. Results from GS of breeding populations 
can be used to improve the model training and prediction for next cycles of selection or other GS 
projects
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A simulation study found that compared to MARS, GS in maize could increase 
response from selection, especially for traits of low heritability (Bernardo and Yu 
2007). GS with GEBV accuracies of only 0.5 could lead to a twofold higher gain per 
year compared to MAS in a low-investment wheat breeding program and a threefold 
increase in a high-investment maize breeding program (Heffner et al. 2010).

Some theoretical issues associated with GS have been reviewed by taking durable 
stem rust resistance in wheat as an example (Rutkoski et al. 2011). First, marker den-
sity should be high enough to effectively cover the entire genome so that at least one 
marker should be in LD with each gene region. The minimum number of markers 
required to achieve genome-wide coverage depends on LD decay rates which vary 
widely across species, populations, and genomes due to forces of mutation, recombi-
nation, population size, population mating patterns, and admixture (Flint-Garcia et al. 
2003). Second, the training population should be large in order to achieve the high-
est GS accuracies, and it should consist of the parents or very recent ancestors of the 
population under selection, with multiple generations of training. Third, the strength 
of marker effect determines the relative accuracy of the statistical methods for train-
ing the GS model including ridge regression best linear unbiased prediction (RR-
BLUP), Bayes-A, and Bayes-B (Meuwissen et al. 2001). Fourth, traits with lower 
heritability require larger training populations to maintain high accuracies as indi-
cated in cattle (Hayes et al. 2009). Fifth, for crops where insufficient seed production 
inhibits the use of selection and recombination in the F1 generation, a modified recur-
rent selection scheme using GS among F2 individuals is proposed (Bernardo 2010).

Although GS has been widely considered as a viable MAS approach for com-
plex traits, three specific issues need to be considered (Rutkoski et al. 2011): (a) if 
 landraces or exotic germplasm is used in GS, this may require very high marker den-
sities and large training population sizes to retain accuracy (Meuwissen 2009); (b) 
for single crosses unrelated to the training population, marker effects will be incon-
sistent because of the presence of different alleles, allele frequencies, and genetic 
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background effects (Bernardo 2008). These factors may result in inaccurate estimates 
of marker effect and thus, poor GEBV accuracies; (c) as the overall importance of the 
influence of QTL x genetic background interactions is not clear, QTL effects across 
unrelated individuals may be inconsistent and could undermine GEBV accuracies for 
the training population containing unrelated individuals. As it is difficult to have all 
these complications included a model training, simulation may hardly reflect the real 
situations GS is involved. In this case, the genetic gains and accuracy of GS should be 
evaluated with care, particularly when distant or multi-parental populations are used.

14.4  Strategies for Marker-Assisted Selection

Developing strategies for MAS needs to take many factors into consideration and in 
many cases, matters with which options are to be chosen (Xu 2003, 2010). Examples 
of some options available including leaf- versus seed- DNA-based genotyping, single 
versus bi-marker or multiple markers, targeting regional versus whole genome, hetero-
geneous versus homogeneous backgrounds, qualitative versus quantitative traits, single 
versus multiple traits, physical versus functional markers, and MABC versus MARS or 
GS approaches. In this section, several strategies for MAS will be discussed (Fig. 14.3).

14.4.1  Traits Most Suitable for Major Gene Selection

There are six situations that are most suitable for MAS of major genes (Xu 2002, 
2010; Table 14.1): (1) selection without testcrossing or progeny test—many traits 
need testcrossing and a progeny test for unambiguous identification and typi-
cal examples include male-sterility restorability, wide compatibility, heterosis 
and combining ability; (2) selection independent of environments—many traits 
must be screened in specific or controlled environments (such as biotic and abi-
otic stress tolerances); (3) selection without laborious field or intensive laboratory 
work—many traits are phenotypically invisible or unscorable by visual observa-
tion and must be measured in the laboratory using sophisticated equipment or 
facilities; (4) selection at an early breeding stage—some traits are only measurable 
at or after the reproductive stage such as grain quality that can only be tested using 
mature seeds; (5) selection for multiple genes and multiple traits—in some cases, 
multiple pathogen races or insect biotypes must be used to identify plants for mul-
tiple resistances, but, in practice, this may be difficult or impossible, because dif-
ferent genes may produce similar phenotypes that cannot be distinguished from 
each other; (6) whole genome selection—MAS can also be practiced at the whole 
genome level to drastically reduce the donor genome in backcross breeding or to 
get rid of linkage drag when a wide cross is involved. Except for the first situation 
that only works for hybrid crops (e.g., maize and rice), the rest of the five situa-
tions work equally well for all cereals.
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14.4.2  Pyramiding Multiple Loci and Favorable Alleles

To create a superior genotype, the breeder must assemble many genes which work 
well together and, for a specific trait, assemble the alleles with similar effects from 
different loci. This process is called “gene pyramiding”, by which desirable alleles 
of different major QTL can be brought together and the true breeding lines asso-
ciating alleles of similar (positive or negative) effect can be selected (Xu 1997). 
A general framework was developed to optimize breeding schemes to accumulate 
identified genes from multiple parents into a single genotype (gene pyramiding 
schemes) (Servin et al. 2004; Fig. 14.2). Whole genome selection schemes, includ-
ing MARS and GS, can also be implemented to assist pyramiding favorable alleles 
from different sources, although not through marker-assisted backcrossing.

14.4.3  Selection for Multiple Traits

The methods for pyramiding favorable alleles affecting a specific trait can be used 
in the same way to accumulate QTL controlling different traits. A distinct differ-
ence in concept is that alleles at different trait loci to be accumulated may have 
different favorable directions, i.e. negative (decreasing) alleles are favorable for 
some traits but positive (increasing) alleles are favorable for others. Therefore, 
one may need to combine the positive QTL alleles of some traits with the negative 
alleles of others to meet breeding objectives. Marker-assisted gene pyramiding is 
also important when considering multiple traits, as in phenotypic selection each 
of these traits has to be tested in different environments, different developmental 
stages or different stages of a breeding program.

Strategy development for multiple trait improvement will include understand-
ing the genetic relationships among different traits (including the interaction 
between component or secondary traits of a very complex trait such as drought 
tolerance); genetic dissection of the developmental correlation between multiple 
traits; understanding of genetic networks for correlated traits; and construction of 
selection indices with multiple traits. Much progress has already been made in this 
area especially for complex traits like drought tolerance in crops such as maize 
(Edmeades et al. 2000; Bänziger et al. 2006) and wheat (Babar et al. 2006, 2007).

Selection for multiple traits may be completed in one step as long as the popu-
lation is large enough to allow desirable individuals to combine different traits. 
However, the number of trait loci that can be manipulated in one step is limited as 
the population size required to cover the recombinants increases exponentially with 
the increase of the number of traits/loci. To manipulate multiple genes/traits that are 
beyond the population sizes that are amenable, a two-stage selection strategy involved 
two generations proposed by Bonnet et al. (2005) and simulated by Wang et al. (2007) 
can be employed. In this approach, individuals are selected first by all target markers 
for both homozygous and heterozygous forms to obtain a subset of population that 
contain higher frequencies of the target alleles so that a much smaller population size 
is required in the following generation to obtain the homozygotes at the target loci.
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14.4.4  Reducing Costs and Increasing Scale and Efficiency

Wide adoption of MAS depends on the cost, scale and efficiency (Fig. 14.3). One 
of the strategies that have been developed to reduce the cost and increase scale and 
efficiency is seed DNA-based genotyping (Gao et al. 2008). Compared to MAS 
using DNA extracted from leaf tissues, seed DNA-based genotyping has many 
advantages, including: (1) discarding undesirable genotypes before planting; (2) 
increasing the speed of breeding cycles by selecting genotypes during the off sea-
son; (3) reducing the time-consuming and error-prone sample collecting step that 
currently involves harvesting leaf tissue from plants which then need to be retraced 
after genotyping; and (4) saving land because only selected genotypes (seeds) 
are planted. To develop a comprehensive and operational system for MAS using 
single-seed-based and non-destructive DNA extraction, the extracted DNA must 
have a high quality compared to leaf-tissue DNA. Similarly, the quantity of DNA 
should be large enough for whole genome genotyping and DNA extraction should 

Table 14.1  Examples of target traits for marker-assisted breeding in cereals

Priority Category Example

Testcrossing or a progeny test 
required

Crossing ability Wide compatibility (hybrid rice)
Sterility Fertility restorability, CMS 

(hybrid crops)
Combining ability Hybrid performance across mul-

tiple crosses (hybrid crops)
Environment-dependent Biotic stresses Disease/insect resistance

Abiotic stresses Stresses caused by water, tem-
perature, light, air, fertiliza-
tion, soil problems, weeds

Response to neutral environ-
mental factors

Delayed flowering and male 
sterilities regulated by pho-
toperiod and temperature

Intensive lab/field work 
involved

Quality Physical and chemical proper-
ties and nutrient contents of 
final products

Physiological features Photosynthesis, carbon isotope 
discrimination (rice and 
wheat)

Root characters Numbers, sizes, distribution and 
profile

Selection made at late or 
advanced stages

Maturity Days to flowering and maturity
Final product Grain yield, harvest index

Whole genome selection 
(MARS and GS)

Complex and multiple traits Yield and hybrid performance 
controlled by large numbers 
of favorable alleles and their 
combinations across genome 
with small effects that can-
not be separated from each 
other or from environmental 
effects
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be high-throughput, while sampled seeds should maintain a high level of germi-
nation with no damage to seedling establishment. A seed DNA-based genotyping 
system that is feasible for crop species with relatively large seeds has been devel-
oped in CIMMYT for maize (Gao et al. 2008). Several multinational companies 
have established high-throughput, single seed-based genotyping platform for rou-
tine MAS in almost all crops including those with very small seeds, which usu-
ally consists of a seed chipping facility. To obtain high quality DNA, protocols will 
have to be optimized for crops that differ significantly in seed structure and com-
position. Caution should be taken for monocot species including all cereals as the 
DNA sample extracted from endosperm is triploid and one generation ahead of the 
mother plant. In addition, hetero-fertilization can result in the endosperm  genotype 
different from the embryo (plant per se), causing a mismatching or wrong score. In 
maize, the frequency of hetero-fertilization is highly population-dependent, which 
could vary from 0.14 to 3.12 % (Gao et al. 2011). There is very limited informa-
tion available about the hetero-fertilization frequencies in other crops.

There are some other approaches that can be used to reduce cost and increase 
scale and efficiency. The selective genotyping and pooled DNA analysis dis-
cussed for trait mapping can be extended and used for MAS related genotyping 
and for all types of extremes including those selected from germplasm collec-
tion and natural populations. Multiplexing can be utilized in different genotyping 
protocols for various types of markers to reduce the cost per data point and also 
increase the marker number per run. High-throughput phenotyping will not only 
provide high quality phenotyping data but also increase scale although the cost-
effectiveness may vary case by case. The selective strategy developed for geno-
typing may be also exploited for selective phenotyping as genotyping becomes 
increasingly cheaper (Xu et al. 2012c). This has become a routine procedure in 
several companies where large numbers of DH lines created can be eliminated 
by genotyping for the presence of important target genes, alleles, haplotypes and 
genomic regions/blocks before they move to field trials, because genotyping a line 
is cheaper than a multi-location phenotyping. The last strategy proposed for reduc-
ing cost and increasing scale and efficiency (Xu and Crouch 2008; Xu 2010) is 
integrated genetic diversity analysis, genetic mapping and MAS, which have been 
separate, successive procedures and now can be combined through MARS and GS 
approaches.

14.4.5  Optimization of MAS Schemes

A suitable MAS scheme should be chosen based on breeding objectives 
(Fig. 14.3). For major gene introgression (selection for target genes only), 3–10 
markers for each target trait will be needed to mark the gene (with functional 
markers available) and their flanking regions (with only closely linked markers 
available). Depending on how many traits to be introgressed at a time, the num-
ber of plants required for obtaining desirable target plants or recombinants may 
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vary from several hundred to several thousand or more. For MABC (selection for 
both target genes and background), five hundred or more evenly-distributed mark-
ers, plus 3–10 markers for each target trait, will be required to reach a reasonable 
genome coverage for background selection. For whole genome or genome-wide 
assay such as MARS and GS for complex traits, several thousands to millions of 
markers may be genotyped for hundreds or thousands of plants.

14.5  Application of Marker-Assisted Selection in Cereals

Molecular markers have already become important for predicting breeding value 
and are especially important for introgression of favorable alleles into adapted germ-
plasm. Marker-assisted gene introgression has been facilitated by developing exotic 
genetic libraries (also known as CSSL, chromosome segment substitution line; IL, 
introgression line; or CL, contig line) to enhance utilization of wild relatives to 
expand crop gene pools. The use of MAS in plant breeding is now routine in com-
mercial breeding programs to increase gains from selection per unit time (Eathington 
et al. 2007), although it has been limited in public breeding (Xu and Crouch 2008).

14.5.1  Gene Introgression from Wild Relatives or Alien 
Germplasm

Many genes and alleles that are favorable for agronomic traits can be only found in 
wild relatives or alien germplasm. McCouch et al. (2007) summarized results from a 
decade of collaborative research using advanced backcross populations derived from 
Oryza rufipogon to: (1) identify QTL-associated improved performance in culti-
vated rice Oryza sativa; and (2) to clone genes underlying key QTL of interest. They 
demonstrated that advanced backcrossing (AB)-QTL analysis is capable of: (1) suc-
cessfully uncovering positive alleles in wild germplasm that were not obvious based 
on the phenotype of the parent; (2) offering an estimation of the breeding value of 
exotic germplasm; (3) generating NILs that can be used as the basis for gene isola-
tion and also as parents for further crossing in a variety development program; and 
(4) providing gene-based markers for targeted introgression of alleles.

Using AB-QTL analysis, yield and grain quality enhancing alleles from wild 
 relatives have been successfully introgressed in rice, wheat, barley, and sorghum. 
Dramatic yield advantages have been reported in rice, for example, through the 
introduction of two yield-enhancing QTL alleles (yld1.1 and yld2.1) from O. rufipo-
gon (AA genome) into 9311. This contributed in excess of 20 % yield increases 
in rice (Liang et al. 2004). In contrast, only 6–8 % increase in grain yield was 
reported when positive alleles from Hordeum spontaneum were introgressed into 
barley. Rice with genes introgressed from Oryza rufipogon has been shown to 
have better Al tolerance when grown on toxic soils (Nguyen et al. 2003), while 
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the introduction of genes from O. logistaminata has increased the drought toler-
ance of cultivated rice (Hajjar and Hodgkin 2007). Wild relatives also contrib-
uted positive alleles for improved grain characteristics in rice (long, slender and 
translucent grains and grain weight), wheat (grain weight and hardness) and bar-
ley (grain weight, protein content and some malt quality traits). Of particular 
interest is a locus for grain weight, tgw2, which contributed positive alleles from 
 O. grandiglumis that are independent from undesirable effects of height and matu-
rity (Yoon et al. 2006). More recently, two Na+ exclusion genes, Nax1 and Nax2 
(James et al. 2006; Lindsay et al. 2004), have been introgressed into the durum 
wheat variety Tamaroi, with those lines containing the Nax2 gene having increased 
yield in saline soils, and importantly, no yield penalty under non-stressed conditions.

14.5.2  Gene Transfer or Introgression between Elite 
Germplasms

MABC has been widely used to transfer or introgress genes from one elite line to 
another. To improve the hybrid rice currently widely grown in China, a series 
of MAS were performed. (1) Xa21, Xa7 and Xa23, three wide spectrum bacte-
rial blight (BB) resistance genes, were introgressed to the restorers Minghui 63 
and 9311 by MAS (Chen et al. 2000). (2) Two genes, Pi1 and Pi2, showing broad-
spectrum  resistance to fungi blast, were introgressed into the maintainer Zhenshan 
97. (3) Three genes, Bph14, Bph15 and Bph18, highly resistant to brown planthop-
per (BPH), were introgressed to Zhenshan 97, Minghui 63 and 9311 to improve 
their BPH resistance. To improve the grain quality for hybrid rice, Zhou et al. (2003) 
successfully introduced the wx-MH fragment from Minghui 63 into the maintainer 
Zhenshan 97, which was subsequently transferred to Zhenshan 97A, using MABC. 
The introduction of this fragment has greatly improved the cooking and eating qual-
ity of inbred lines and their resultant hybrids. Introgression of Wx-T allele (confer-
ring intermediate amylose content) into two maintainers (Longtefu and Zhenshan 97) 
and their relevant male-sterile lines resulted in improved indica hybrids. The Lgc-1 
locus conferring low glutelin has been successfully incorporated into japonica rice 
with 93–97 % selection efficiency using two SSR markers (Wang et al. 2005). To 
improve the disease resistance for Basmati rice, Pusa1460 was utilized as the donor 
for introgressing BB resistance genes xa13 and Xa21 into Pusa6B and PRR78, the 
two parental lines for aromatic hybrid rice Pusa RH10 (Basavaraj et al. 2010). Two 
BB-resistant rice cultivars, Improved Pusa Basmati-1 (Pusa 1460) and Improved 
Sambha Mahsuri, were developed (Joseph et al. 2004; Sundaram et al. 2009), and 
released for commercial cultivation. Traditional basmati varieties were also improved 
for BB resistance and plant height using MABC to transfer two BB resistance genes, 
xa13 and Xa21, and semidwarfing gene, sd-1, into two traditional basmati varieties, 
Basmati 370 and Basmati 386 (Bhatia et al. 2011). MABC has also been used to 
transfer other genes important for hybrid rice breeding, including a photoperiod-sen-
sitive male sterility gene from cv. Lunhui422S (indica) and the yellow leaf gene from 



39714 Marker-Assisted Selection in Cereals: Platforms, Strategies and Examples

line Yellow249 (indica) into the elite japonica cv. Zhendao88. Fertility genes S5, S8, 
S7 and S9 have also been tagged using molecular markers (Chen et al. 2011).

Except for hybrid rice, MABC has been also used to improve elite rice inbred 
varieties. For example, the alleles of Azucena (upland rice) at four QTL for deeper 
roots on chromosomes 1, 2, 7, and 9 have been transferred from selected DH lines 
(Shen et al. 2001). Kalinga III, an upland indica variety, was improved for drought 
tolerance by MABC. The target segment on chromosome 9 (RM242-RM201) sig-
nificantly increased root length under both irrigated and drought stress environ-
ments (Steele et al. 2006). Two QTL controlling resistance to rice yellow mottle 
virus were introgressed into the variety IR64 (Ahmadi et al. 2001).

In wheat, a study was undertaken to assess the effect on improving FHB 
 resistance and on possible unwanted side effects (linkage drag) of two resistance 
QTL, Fhb1 and Qfhs.ifa-5A, from the spring wheat line CM-82036 when trans-
ferred by MABC into several European winter wheat lines (Salameh et al. 2011). 
In USA, 27 different disease and pest resistance genes and 20 alleles with ben-
eficial effects on bread-making and pasta quality were incorporated into about 
180 lines adapted to the primary US wheat production regions (Sorrells 2007). 
In India, most of the marker-trait associations that were discovered during 1996–
2009 were validated/utilized for introgression of QTL/genes for various traits 
including grain protein content, preharvest sprouting tolerance, grain weight, and 
resistance against leaf rusts (Kumar et al. 2010).

In maize, opaque2-specific SSR markers were utilized for conversion of the nor-
mal maize lines into quality protein maize (QPM) lines with enhanced nutritional 
quality (Babu et al. 2005; Gupta et al. 2009). The parental lines of ‘Vivek Hybrid 
9’ (CM145 and CM212) were converted into QPM versions through transfer of o2 
gene using MAS and phenotypic screening for endosperm modifiers. QPM ver-
sions of six elite inbred lines, which are the parents of three single-cross hybrids, 
PEHM2, Parkash and PEEHM5,  have also been developed (Prasanna et al. 2010). 
In African maize breeding, o2 allele specific SSR markers were used to convert her-
bicide resistance maize lines into QPM which is the equivalent of modified o2 phe-
notype. Using the three SSR markers, the result showed that 97 % of the lines were 
o2 (Dwivedi et al. 2007). To improve drought tolerance, CIMMYT initiated a major 
MABC program to transfer five genomic regions involved in the expression of a 
short anthesis-silking interval from Ac7643 (a drought tolerant line) to CML247 (an 
elite tropical breeding line). Five genomic regions were transferred. The best five 
MABC-derived hybrids yielded, on average, at least 50 % more than the control 
hybrids under water stress conditions (Ribaut et al. 2002; Ribaut and Ragot 2007).

In barley, a variety of markers have been developed for selection of the rym4 
and rym5 resistance genes for Barley Yellow Mosaic Virus complex (Rae et al. 
2007). The regions of a typical Spanish barley line that carry VRNH1 and VRNH2 
were introgressed into a winter variety, Plaisant. A set of 12 lines introgressed 
with all four possible combinations of VRNH1 and VRNH2 were evaluated for 
vernalization requirement and frost tolerance (Casao et al. 2011). To produce high 
yielding NILs that maintain traditional malting quality characteristics but transfer 
QTL associated with yield, via MABC, Schmierer et al. (2004) targeted Baronesse 
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chromosome 2HL and 3HL fragments presumed to contain QTL that affect 
yield. An identified NIL produced yield equal to Baronesse while maintaining a 
Harrington-like malt quality profile.

14.5.3  Selection for Multiple Targets and Gene Pyramiding

Gene Pyramiding for Major Genes

Many reports have been available for marker-assisted gene pyramiding. Dwivedi 
et al. (2007) listed some representative examples from barley, rice and wheat, most 
of which are for major genes. Gene pyramiding has been largely focused on the 
combinations of genes for the traits listed in Table 14.1 including resistance to 
multiple races of the same disease, resistance to different diseases, and resistance 
to both diseases and insects.

In rice, three blast resistance genes (Pi-2, Pi-1 and Pi-4) have been pyramided 
into one variety. The pyramiding of Bt, Xa21, and wx genes created an improved 
‘Shanyou 63’ (He et al. 2002). QTL for increased grain number (Gn1) and QTL 
for reduced plant height [Ph1(sd1)] were pyramided in the Koshihikari back-
ground producing a 23 % increase in grain yield while reducing the plant height 
by 20 % compared with Koshihikari (Ashikari et al. 2005).

In wheat, powdery mildew (Pm2, Pm4a, Pm6, Pm8, and Pm21) pyramided lines 
and those with resistance to Fusarium head blight (six QTL), orange blossom midge 
(Sm1), and leaf rust (Lr21) were bred through MAS. DNA markers and DH  technology 
were effectively used to produce gene pyramids of two or more of the stem rust resist-
ance genes Sr24 and new sources of SrR, Sr31 and Sr26 on reduced alien chromatin in 
the genetic backgrounds of Westonia and Pavon wheat (Mago et al. 2011).

In barley, pyramiding resistance gene has been carried out for several patho-
systems (Friedt and Ordon 2007). An excellent example is for the genes against 
the barley yellow virus complex using the molecular markers identified for rym4, 
rym5, rym9 and rym11. For pyramiding such recessive genes DH approach was 
used to increase homozygous recessive genotypes (Werner et al. 2005). Resistance 
to barley mild mosaic virus and barley yellow mosaic virus complex and stripe 
rust has been separately incorporated through MAS in barley. Many of these 
 pyramided lines showed enhanced resistance to pests and diseases. In pearl millet, 
gene pyramiding has been used for the backcross transfer of QTL for downy mil-
dew resistance (Witcombe and Hash 2000).

Gene Pyramiding for Complex Traits

Eathington (2005) and Crosbie et al. (2006) reported that the rates of genetic 
gain achieved for complex traits through MARS in maize were about twice those 
of phenotypic selection in some reference populations. Marker-only recurrent 
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selection schemes have been implemented for a variety of traits including grain 
yield and grain moisture (Eathington 2005), or abiotic stress tolerance (Ragot et 
al. 2000), and multiple traits have been targeted simultaneously. Selection indi-
ces were apparently based on 10 to probably more than 50 loci, these being either 
QTL identified in the experimental population where MARS was being initiated, 
QTL identified in other populations, or genes. Marker genotypes were gener-
ated for all markers flanking QTL included in the selection indices (Ragot et al. 
2000). Plants were genotyped at each cycle and specific combinations of plants 
were selected for crossing, as proposed by van Berloo and Stam (1998). Several, 
probably three to four, cycles or MARS were conducted per year using continuous 
nurseries. As summarized by Ragot and Lee (2007), selection response of MARS 
can be attributed to: (1) rather large sizes of the populations submitted to selection 
at each cycle, (2) use of flanking versus single markers, (3) selection before flow-
ering, (4) increased number of generations from one to four generations per year, 
and (5) lower cost of marker data points.

14.5.4  Marker-Assisted Breeding and Variety Development

MAS-derived varieties and advanced lines combining resistance to biotic and abi-
otic stresses or improved grain quality have been reported in rice, wheat, maize, 
barley, and pearl millet (Dwivedi et al. 2007; Jena and Mackill 2008; Gupta et al. 
2010; Prasanna et al. 2010). Some of the improved germplasm lines were success-
fully utilized in breeding leading to release of varieties for commercial cultivation 
(Hospital 2009).

MAS, combined with conventional breeding, has resulted in a group of rice 
materials and released varieties with improved traits (Li et al. 2010). The major 
genes that have been used in MAS and variety development include disease 
 resistance genes, such as Xa4, Xa21, Xa23, R-sb2t, Pil, Pi-1, Pi-2, Pi-25, Pi-
33, R-sbzt etc., genes for grain quality such as Wx, sterility gene Rf5 and genes 
for heading date (Wei et al. 2009; Wang et al. 2009). Grain quality traits such as 
1,000-seed weight, kernel length/breadth ratio, basmati type aroma, and high amy-
lose content have been combined with resistance to bacterial blight using MABC 
breeding (Ramalingam et al. 2002; Joseph et al. 2004). Development of submer-
gence-tolerant varieties using MAS for Sub 1 gene (Xu et al. 2006) has already 
been reported from Thailand (Siangliw et al. 2003) and tested for their adaptation 
to deepwater paddy cultivation in eastern India (Xu et al. 2006). Performance of 
tolerant varieties developed by MABC was evaluated to determine the effect of 
Sub1 in different genetic backgrounds (Septiningsih et al. 2009). More recently, 
the SUB1 QTL was introduced into BR11, a rainfed lowland rice mega variety of 
Bangladesh through rapid and high-precision MABC (Iftekharuddaula et al. 2011). 
MAS-derived rice varieties are already being grown in the United States, China, 
Indonesia and India. These marker-aided rice varieties and hybrids have produced 
on average 11–34 % increased yield over popular inbred and hybrid varieties in 
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Asian countries. This has led to an estimated increase in grain harvest of 0.8 mil-
lion Mt (worth US $20.5 million) of paddy rice per cropping season in India, 
Indonesia, the Philippines, and China as a result of the growing bacterial blight 
resistant inbred and hybrid varieties (Leung et al. 2004).

In maize, ‘Vivek QPM Hybrid 9’, developed through MAS, was released in 
India. The variety was developed through marker-assisted transfer of the o2 gene 
and phenotypic selection for endosperm modifiers in the parental lines (CM145 
and CM212) of Vivek Hybrid 9 (Babu et al. 2005; Gupta et al. 2009). The same 
approach was used to develop QPM versions of several elite, early maturing inbred 
lines adapted to the hill regions of India (Gupta et al. 2009) and QPM versions 
of six elite inbred lines (CM137, CM138, CM139, CM150 and CM151), which 
are the parents of three single-cross hybrids, PEHM2 (CM137 × CM138), Parkash 
(CM139 × CM140) and PEEHM5 (CM150 × CM151) (Khanduri et al. 2010). 
Major genes/QTL for resistance to turcicum leaf blight (Exserohilum turcicum) 
and Polysora rust (Puccinia polysora) have been pyramided in five elite lines, 
CM137, CM138, CM139, CM140 and CM212 (Prasanna et al. 2010). Similar 
efforts on MAS for generation of QPM lines and transfer of major QTL for SCMV 
resistance are being implemented in China, and the MAS products are in pipeline.

In wheat, MAS has been used in national and international breeding programs. In 
addition to validating molecular markers from other programs around the world, the 
Chinese Academy of Agricultural Sciences (CAAS)-CIMMYT joint wheat program 
plays a leading role in molecular marker development in collaboration with several 
provincial programs in China (Liu et al. 2012). The objectives were to clone genes 
such as the Psy 1 genes on chromosome 7A and 7B associated with yellow pigment 
in flour, develop functional markers based on the allelic variants, and then validate 
them on Chinese wheat cultivars. More than 80 markers are available including these 
developed by other programs around the world, targeting such traits as quality, disease 
resistance, plant height, kernel weight, and adaptation. Currently, molecular markers 
are used to characterize  parental lines, improve selection efficiency in backcross seg-
regating populations, and confirm the presence of targeted genes in advanced lines. 
Three lines developed from MAS are being tested in regional trials, and they com-
bined the high yield potential and outstanding quality of two parents (Zhonghu He, 
personal communications). In Western Australia Wheat Breeding Program, 42 traits/
genes including a range of rust resistance genes (Lr9, Lr19/Sr25, Lr24/Sr24, Lr34/
Yr18, Lr46/Yr29, Lr47, Sr26, Sr32, Sr33 and Sr36) have been selected for variety 
development and germplasm enhancement through MAS (Cakir et al. 2008). In the 
US, ‘Bringing Genomics to the Wheat Fields’ project involved MABC to incorporate 
27 different disease and pest resistance genes and 20 alleles with beneficial effects on 
bread-making and pasta quality into ~180 lines adapted to the primary US wheat pro-
duction regions (Dubcovsky 2004). This involved more than 3,000 MAS backcrosses, 
and resulted in the development of ~240 backcross derived lines, and 45 released 
MAS-derived lines (Sorrells 2007). The germplasm was improved for a variety of 
traits using different genes including the following: (1) pinB-D1b for grain texture, (2) 
Gpc-B1/Yr36 for grain protein content and stripe rust resistance, (3) Lr47 for leaf rust 
resistance, (4) Lr37/Yr17/Sr38 for resistance against all the three rusts, and (5) H13 
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for Hessian fly resistance. At CIMMYT, markers associated with 25 different genes 
controlling resistance against insect pests, protein quality, and other agronomic char-
acters have been utilized in MAS-supplemented wheat breeding programs (William 
et al. 2007). At least 20 markers for Rht, Ppd, Vrn and the genes for resistance against 
a variety of pathogens have been used at CIMMYT for testing crossing blocks for 
designing crosses aimed at transfer/stacking of genes. In Europe, markers have been 
used to screen for resistance against soil borne viruses and track a range of rust resist-
ance loci, vernalisation and photoperiod genes (Vrn1, 2 and 3 and Ppd), dwarfing 
genes (Rht 1, 2 and 8), several quality related loci, and Fusarium head blight tolerance 
(Fhb1 and Fhb2). MAS already led to the release of Lillian (DePauw et al. 2005), 
which possesses high grain protein content gene (GPC-B1), and Goodeve (DePauw et 
al. 2009), which possesses orange blossom wheat midge resistance gene (Sm1). The 
introgression of favorable rust and quality traits using MAS in combination with DH 
technology led to the development of a commercially useful line derived from ‘Stylet’ 
within 5 years as against 12 years needed in developing a variety through conven-
tional breeding (Kuchel et al. 2008). MAS derived durum wheat variety ‘Westmore’ 
possessing Yr36 gene responsible for resistance to stripe rust is also commercially 
available to US wheat growers. Gupta et al. (2010) provided a table to summarize the 
wheat varieties released and/or improved through MAS.

Among other crops, in sorghum three closely linked SSR markers (txp43, txp51 
and txp211) were chosen to represent the three most significant QTL for seedling 
emergence and/or vigor. The result demonstrated the utility of linked markers 
for early-season cold tolerance in various genetic backgrounds and environments 
(Knoll and Ejeta 2008). In pearl millet, the first product of MAS was a downy mil-
dew resistant pearl millet hybrid HHB-67-2 developed by ICRISAT and released 
for commercial cultivation (Hash 2005). Another example in pearl millet involved 
the use of a major QTL for increased grain yield and harvest index under terminal 
stress (Bidinger et al. 2005).

Although there are only few reports demonstrating successful use of MAS in 
plant breeding, the technology has demonstrated its potential as a tool to support 
conventional genetic enhancement of crops. It is possible that many more exam-
ples of successful applications of MAS are available with a number of commercial 
breeding companies around the world. There are also examples of desirable lines in 
the pipeline of public sector plant breeding, which will become available in future.

14.6  Summary and Outlook

The revolution in sequencing technology has significantly increased the avail-
ability of molecular markers and reduced drastically the genotyping cost, mak-
ing it possible and also reasonable to work with a larger number of samples. High 
density molecular markers and large population size have significant impact on 
crop genetics and breeding. One such example is to break tight linkage between 
a target trait and undesirable characteristics when a wild relative is used in gene 
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introgression. For example, development of perennial cereals had a setback due 
to strong association of perennial nature with some undomesticated traits (Glove 
et al. 2010). Recent progress in developing perennial rice also indicated that the 
rare recombinants can be obtained when large segregating populations are used 
(Fengyi Hu, Yunnan Academy of Agricultural Sciences, China, personal commu-
nication). Similar progress can be achieved in maize and wheat, where progress in 
breeding for perennial nature has been slow during the last few decades.

As more genotypic data (G) are generated through high-throughput genotyping 
in various areas of genomics research, high-throughput and precision phenotyp-
ing will have to give more emphasis to keep pace with the genotypic data, and to 
generate precise phenotypic information (P). A third dimension of the data matrix 
will be the collection of data on environment (E), under which phenotyping data 
is recorded. This environmental assay has been called e-typing (Xu et al. 2012c). 
Although G × E interaction has been investigated through QTL mapping and sta-
tistical analysis using phenotypic data collected in different environments, it has 
been seldom exploited by integrative use of the three-dimensional data involving 
G-P-E. Since gene function and expression are eventually determined or regu-
lated by environmental factors, incorporation of G-P-E model into MAS programs 
will be the next challenge, particularly for traits such as abiotic stresses which are 
influenced by the environment in a large measure.

Many traits of agronomic importance are complex in nature. Improvement of 
complex traits will depend on our ability to manipulate genes, which have minor 
effects, and exhibit interaction with each other. GS seems to be a powerful tool for 
improvement of complex traits, as shown by some simulation studies. However, the 
conditions and parameters included in simulations may not fully reflect the com-
plex situations of diverse plant breeding programs; the germplasm involved, and the 
models used in such studies need to be appropriately optimized. The genetic gain 
per unit time and cost that has been achieved in simulations needs to be supported 
by the long-term selection response by comparing with other breeding approaches 
and historical genetic gain. Relative to animal breeding, genomic selection in plants 
has been taking the advantages of flexible breeding system, short growth period or 
life span, small plant size and fixed location for growth and development. Increased 
genetic gain would be expected if these advantages are better utilized along with a 
set of whole genome strategies in marker-assisted selection for all genes, alleles, 
haplotypes  and their combinations (Xu et al. 2012c). The strategies should include 
whole genome sequences for the entire germplasm, high density molecular markers 
covering every gene and all important traits, high precision phenotyping performed 
for all major traits under multiple environments, and well dissected environmental 
factors that influence genes, genotypes and phenotypic performance,.

Our future plant breeding faces both challenges and opportunities. These include 
reducing cost while increasing scale and efficiency, availability of high-throughput 
genotyping and phenotyping platforms, accessibility and utilization of environmen-
tal factors, strong information management and data analysis tools, and decision 
support system. All these will finally make marker-assisted molecular breeding a 
routine practice for many breeding programs, especially in the developing world.
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genes and alleles, 395
GWAS, 384
in a crop species, 384
in wheat, 386–387
phenotypic variance, 184–185

AL. See  Aleurone layer
AL1 gene, 228–229
Aleurone layer (AL),  216, 223, 225–226

alpha-gliadin promoter, 236
1 Cys-Prx promoter, 237

Allergens, 236
Alpha-tocopherol, 262
AM. See  Association mapping
Amplification refractory mutation system 

(ARMS), 22
Amplified fragment length polymorphism 

(AFLP),  5,  62
AMPRIL. See  Arabidopsis multiparent RIL
Amylopectin, 253
Amylose, 229, 253–255
Ancestral polyploidy

genome size variation, 108
large-scale genomic repatterning rules, 

107–108
paleogenomic exploration,  105–107
recursive polyploidizations, 105

Animal proteins, 235, 237
Anthocyanin biosynthesis, 327
Anti-nutrients, 234
APPF. See  Australian Plant Phenomics 

Facility
Aquaporins, 356
Arabidopsis, 23, 132, 198

ABF3 and ABF4, 198
endosperm, 222
genomes, 105

0–9
1-FFT. See Fructan 1-fructosyltransferase
1-SST. See  Sucrose 1-fructosyltransferase
2,4-dihydroxy-7-methoxy-1,4-benzoxazin-

3-one (DIMBOA), 258
5-methyl-cytosene sensitive restriction 

enzymes (MCS restriction enzymes), 
62

6-FEH. See  Fructan 6-exohydrolase
15-cis-phytoene, 260

A
Ab initio gene prediction, 157
AB-QTL analysis, 290–291, 395
ABA. See  Abscisic acid
ABA-dependent signaling pathway, 191–192
ABA-independent signaling pathway, 191–192
Abscisic acid (ABA), 192

accumulation,  288
signaling pathways,  191–192

Ac. See  Activator
aCGH. See  Array-based comparative genomic 

hybridization
ACPFG. See  Australian Centre for Plant 

Functional Genomics
Activator (Ac), 131

gene trap approach, 146
transposon, 145

Affymetrix chips, 16, 39, 40t, 41t, 186
AFLP. See  Amplified fragment length 

polymorphism
Agilent technologies, 18
Agronomic traits, 395

AM and JLAM in major cereals, 296t
AM and JLAM in major cereal,  296t

Index

Note: Page numbers followed by f or t indicate figure or table, respectively
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phenomics project, 381
Sanger technology, 59

Arabidopsis multiparent RIL (AMPRIL), 280
Arabinoxylans (AX), 252

GT43 and GT47 family genes, 253
Xylp, 252

ARMS. See  Amplification refractory mutation 
system

Array-based comparative genomic hybridiza-
tion aCGH),  13, 18, 26,  70

DNA chips/microarrays, 15
whole-genome, 43

Array-based genotyping platforms
CNVs and PAVs, 43
DArT markers,  32–39
high-throughput SNP,  23–31
RAD, 42–43
Sequenom MassARRAY system,  39–42
SFP, 39, 40– 41t

Array-based high-throughput SNP genotyping 
platforms

Fluidigm SNP genotyping, 31
Illumina’s goldengate assay,  24–26
Illumina’s infinium assays,  26–31
KASPar assays, 31

Association mapping (AM),  295,  382
LD-based, 276, 295
in plants, 295

Australian Centre for Plant Functional 
Genomics (ACPFG), 6

Australian Plant Phenomics Facility (APPF), 
192

AX. See  Arabinoxylans

B
B. distachyon. See  Brachypodium dystachion
BAC. See  Bacterial artificial chromosome
Backcross (BC1) populations, 277
Backcross introgression line (BIL), 377
Bacterial artificial chromosome (BAC),  103, 

180, 181
Bacterial blight (BB), 396
Barley (Hordeum vulgare L.), 184

digital models of developing, 224
free-threshing trait, 332
free-threshing wheat, 332
grains, transverse and longitudinal sections 

of, 216f
map-based QTL cloning, 331
orthologous genes, 332

Basal endosperm transfer layer (BETL),  223,  
226–229

BETL1-4, 227
END1 transcripts, 227
mni1 gene, 227, 228
rgf1 mutation, 228
transcription factors, 228, 229
transfer-cell mediated uptake mechanism, 

226, 227
Basal Endosperm Transfer Layer1-4 (BETL1-

4), 227
Basic-Helix-Loop-Helix (bHLH), 259
BB. See  Bacterial blight
BC1. See  Backcross
Bead array technology, 17
β-D-xylopyranosyl (Xylp), 252
β-D-glucans, 251
Beta glucans

grasses, cell walls, 251
microarray analysis, 252

BETL. See  Basal endosperm transfer layer
BETL1-4. See  Basal Endosperm Transfer 

Layer1-4
bHLH. See  Basic-Helix-Loop-Helix
BIL. See  Backcross introgression line
Bioactive compounds

See alsoCereal-based functional food 
genomics

carotenoids,  260–262
polyphenols,  256–260
tocopherols,  262–264
tocotrienols,  262–264

Bioinformatics resources and tools, 120
Biological process (BP), 170
Biology/omics approach, 178
BP. See  Biological process
Brachypodium dystachion (B. distachyon), 103

genome size,  132,  181
BrachyTAG program,  181, 196–197
Brassinosteroids, 192
Breeding, 381
Breeding populations, 377–378
Bulk segregant analysis, 282–283
Burrows-Wheeler (BW), 81
Burrows-Wheeler transform (BWT), 81
BW. See  Burrows-Wheeler
BWT. See  Burrows-Wheeler transform

C
CAAS. See  Chinese Academy of Agricultural 

Sciences
CaMV. See  Cauliflower mosaic virus
Capillary Electrophoresis-Mass Spectroscopy 

(CE-MS), 365
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Carbohydrate-based functional food 
components

arabinoxylans, 252–253
beta glucans, 251–252
inulin, 255–256
resistant starch,  253–255

Carotenoids
β-carotene synthesis pathway, 261
carotenoid biosynthesis pathway, 261f

isoprenoid compounds, 260
psy1-A and psy1-B1 genes, 262

Cauliflower mosaic virus (CaMV), 260, 264
CC. See  Cellular component
CE-MS. See  Capillary Electrophoresis-Mass 

Spectroscopy
Cellular component (CC), 170
Cellulose synthase genes (CesA genes), 251
Cellulose synthase-like genes (Csl genes), 

251, 252
Central starchy endosperm (CSE),  223,  229

Floury2, 230
maize mutants, 230
O2, 229–230
O7 gene, 230–231
starchy endosperm sources, 231
storage proteins, 229
Zein protein synthesis, 230

Cereal breeding programs
agro-ecologies, 341
cereal-growing regions, 341–342
for generating high-quality data,  346–351
high throughput programs, need for,  343,  

345
HTPP, 341–342
modern breeding, 342

Cereal genomics, 1, 3–4t
bioinformatics analysis capabilities, 58
cereal grain production, 1, 2f
cereals functional genomics, 6
complex polygenic traits, 57
germplasm characterization, 57
high-throughput sequencing, 58
molecular marker technologies, 57
molecular markers,  5–6,  58
NGS technologies,  5,  58
organization and evolution, 6
QTL analysis, 7
Sanger’s dideoxynucleotide synthetic 

method, 58
Cereal seed genomics

See also Seed development in cereals
embryo culture, 219
embryo rescue, 219

endosperm cultures, 220
IVF, 218
micro-dissection, 217
NTT system, 218
somatic embryogenesis, 219
Y1H system, 217–218
Y2H system, 218

Cereal-based functional food genomics, 247
See also Bioactive compounds
carbohydrate-based functional food com-

ponents,  251–256
cereals, 248
functional foods,  247,  264
tissue distribution, 249–250t

Cereals,  177,  248
domestication list QTLs/genes cloned in, 

294t
environmental adaptability, 376
functional genomics, 6
high-throughput and precision phenotyp-

ing, 375
MABC platform,  376–387
marker-assisted selection application,  

395–401
marker-assisted selection methodologies,  

387–391
strategies for marker-assisted selection,  

391–395
CesA genes. See  Cellulose synthase genes
CGH. See  Comparative genomic 

hybridization
Chalcone synthase (CHS), 259
Characterizing and controlling site variation

experimental design, 349–350
phenotypic variation, 346
phenotyping environment role, 346
signal-to-noise ratio, 346
site characterization,  347, 348, 349
soil texture, 346
soils, 346
spatial analyses, 350–351
topography, 346
water content as volume fraction, 347t

Chinese Academy of Agricultural Sciences 
(CAAS), 400

Chloridoid and arundinoid grasses, 104
Chromosome segment substitution line 

(CSSL), 377, 395
CHS. See  Chalcone synthase
CIM. See  Composite interval mapping
CIMMYT. See  Coworkers from International 

Maize and Wheat Improvement Center
CNVs. See  Copy number variations
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Colinearity, 129, 141
Comparative genomic hybridization (CGH), 

18, 19, 22, 26
Comparative genomics research

C4 photosynthetic pathway, 117
CA genes, 117
whole-genome duplication, 116

Complexity reduction of polymorphic 
sequences (CRoPS), 62, 380

Component grain tissue development
See also Seed development in cereals
aleurone layer, 225–226
basal endosperm transfer layer,  

 226–229
CSE,  229–231
embryo development, 220–221
endosperm development,  221–225
ESR, 231–232
maternal tissues, 232–233

Composite interval mapping (CIM), 283–284, 
288

comparison
285tsoftware, 301t

Computer software for QTL mapping
software availability, 301t
statistical analyses, 302

Conventional breeding, 341,  343, 376,  399
Copy number variations (CNVs),  5,  21–22, 

69, 70
in maize, 43
in rice, 43
wheat exonic sequence alignments, 87

Cot analysis, 131
Coworkers from International Maize 

and Wheat Improvement Center 
(CIMMYT), 7

Global Maize Program, 342
MABC program, 397
tropical maize on rows, 362t

Crop domestication, 293
domestication QTLs/genes cloned in  

cereals, 294t
evolutionary mechanisms, 322
genetics, 333
grasses, 335
theories and hypotheses, 320

CRoPS. See  Complexity reduction of  
polymorphic sequences

CSE. See  Central starchy endosperm
Csl genes. See  Cellulose synthase-like  

genes
CSSL. See  Chromosome segment  

substitution line

D
DAA. See  Days after anthesis
DAP. See  Days after pollination
DArT. See  Diversity array technology
Days after anthesis (DAA), 236
Days after pollination (DAP), 223
DB. See  DNA binding
DeB30. See  Defective endosperm B30
Decision support tools, 387, 402
Defective endosperm B30 (DeB30), 230
Degree of polymerization (DP), 251
Deoxnivelanol (DON), 363
Deutsches Pflanzen Phänotypisierungs 

Netzwerk (DPPN), 192
DH. See  Doubled haploid
Dietary fibre, 235
DIMBOA. See  2,4-dihydroxy-7-methoxy-1
Diploid zygote, 220–221
Discolored 1. See  Dsc1
Disease and insect-pest phenotyping

diagrammatic scales, 362
digital imaging systems, 362–363
non-destructive methods, 363
remote sensing, 363
tools for, 361
tropical maize thermal images, 362f

Dissociator (Ds), 131
Diversity array technology (DArT), 5, 19, 21, 

32f, 295, 378
in breeding for cereal crops, 33–38, 34–37t
cost-effectiveness, 38–39
nature, 33

DNA binding (DB), 228
DNA chips

gene-based microarrays, 16
high-density oligonucleotide arrays, 14
microarrays for SNP genotyping, 17
whole genome high density resequencing 

microarrays, 15–16
DNA elements, repetitive, 156
DNA sequence variation detection

bioinformatical tools, 81
genetic variation analysis, 80–81
genotype methods and SNP calling, 83
non-commercial NGS alignment software, 

82t
DNA-based molecular markers, 11
DNA-intercalating dye, 23
Domestication related QTLs in cereals, 293
Domestication syndrome, 320

cereal crops, 319
domestication of cereals, 319–320
domestication transition, 321
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gene evolution and domestication  
processes, 328

genes underlying, 322
and genetic analyses,  320–322
grain/seed cover, size, and coloration,  

326–328
inflorescence structure,  321, 325, 326
plant and animal domestication, 319
plant architecture, 325, 326
recent advancements, 334–335
seed dormancy, 321
shattering and threshing,  322–325
stony fruitcases, 321
top-down approach, 321

DON. See  Deoxnivelanol
Double-strand break (DSB), 143
Doubled haploid (DH),  277,  342,  377
DP. See  Degree of polymerization
DPPN. See  Deutsches Pflanzen 

Phänotypisierungs Netzwerk
Ds. See  Dissociator
DSB. See  Double-strand break
Dsc1 (Discolored 1), 230

E
EC. See  Enzyme commission
Effective Use of Water (EUW), 352, 353
ELP. See  Expression level polymorphism
EM. See  Expectation-maximization
Embryo surrounding region (ESR),  216,  223, 

231–232
Emp2 (Empty pericarp2), 230
Empirical evidence-based methods, 157
Empty pericarp2. See  Emp2
END1 transcripts. See  ENDOSPERM1 

transcripts
Endosperm development, 221

cell plate formation, 223
cellular, 221
digital models of developing barley  

grains, 224
endosperm cells, 216
free-growing anticlinal walls, 222
free-nuclear divisions, 222, 223
grain specific promoter activity, 224f
helobial, 221
nuclear, 221–222
syncytial and cellularization phases, 

 222
tissue types, 225
wheat endosperm cellularization process, 

223

Endosperm transfer cells (ETC),  216,  
232–233

promoters, 237
transgenic wheat and rice plants, 227

ENDOSPERM1 transcripts (END1 tran-
scripts), 227

Enzyme commission (EC), 169
EPPN. See  European Plant Phenotyping 

Network
eQTLs. See  Expression QTLs
ESR. See  Embryo surrounding region
EST. See  Expressed sequence tag
ETC. See  Endosperm transfer cells
European Plant Phenotyping Network (EPPN), 

192
EUW. See  Effective Use of Water
Expectation-maximization (EM), 283
Experimental design

options, 349f, 350f
RCBD, 350
soil heterogeneity, 349
spatial variability, 349

Expressed sequence tag (EST), 157
Expression level polymorphism (ELP), 19
Expression QTLs (eQTLs), 287
Extra cell layers 1 (xcl1), 226

F
F3H gene. See  Flavanone 3-hydroxylase gene
False discovery rate (FDR), 173
FAST CornTM, 344
FDR. See  False discovery rate
FEH. See  Fructan exohydrolase
FGENESH software, 157–158
FHB. See  Fusarium head blight
Field phenotyping

characterizing and controlling site varia-
tion,  346–351

data generation from, 345
selection strategies,  351–353

Field-based phenotyping, 345, 381
FISH. See  Fluorescence in situ hybridization
Fl2. See Floury2
Flavanone 3-hydroxylase gene (F3H gene), 

259
Flavonoids, 259

endosperm-specific promoter, 260
low-molecular-weight phenolics, 259

Floury2 (Fl2), 230
Fluidigm Dynamic Arrays, 14
Fluorescence in situ hybridization  

(FISH), 70
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Fluorescence Resonance Energy Transfer 
detection system (FRET detection 
system), 22, 31

Fluxome,  190, 190–191
FNB. See  Food and Nutrition Board
Food and Nutrition Board (FNB), 247
Food for Specific Health Use (FOSHU), 247
FOSHU. See  Food for Specific Health Use
Fourier transform-infrared spectrometer (FT-

IR), 189
FOX hunting system, 197
Foxtail millet (Setaria italic), 103

cereal genomes, 333
whole-genome sequences, 104t

Free-threshing, 324–325
development, 326
QTL, 332

FRET detection system. See  Fluorescence 
Resonance Energy Transfer detection 
system

Fructan 1-fructosyltransferase (1-FFT), 255
Fructan 6-exohydrolase (6-FEH), 256
Fructan biosynthesis, 255
Fructan exohydrolase (FEH), 255, 256
FT-IR. See  Fourier transform-infrared 

spectrometer
Full-length collagen type I alpha1 (rCIa1), 235
Functional annotation of genomes

See also GO enrichment analysis
using gene ontology assignments, 169, 170
GO assignments, 170–171
protein signature identification,  163–169

Functional foods, 247
prebiotic components, 251
whole grain cereals, 248
wild germplasm, 265

Fusarium head blight (FHB), 288, 301, 385
MAS, 401
meta-QTL analysis studies, 292t
in southern and northern leaf blights, 290
in wheat, 290, 398

G
GA. See Gibberellic acid
Gas chromatography (GC), 363, 365
Gas chromatography-mass spectroscopy (GC–

MS),  189,  365
GBS. See  Genotyping-by-sequencing
GBS libraries, 380
GBSS-I. See  Granule Bound Starch 

Synthase-I
GC. See  Gas chromatography
GC–MS. See  Gas chromatography-mass 

spectroscopy

GDUSHD. See  Growing degree day heat units 
to pollen shedding

GEBV. See  Genomic estimated breeding 
values

GEI. See  Genotype by environment 
interactions

GEM. See  Gene expression marker
Gene collinearity facilitated paleogenomic 

exploration
additional polyploidization, 106–107
DNA segments, 106
gene collinearity between chromosomes, 106f
gene synteny characterization, 105
whole-genome duplication, 107

Gene evolution and domestication processes
barley and wheat, 331–332
generalization, 332–333
maize, 331
rice,  328–330

Gene expression marker (GEM), 19
Gene groups in grasses

biased base substitutions, 119
elevation in GC content, 119–120
GC content in grass genes, 118f
prominently elevated GC content, 117–118

Gene homology analysis, 158
functional orthologs, 158–159
InParanoid gene orthology analysis,  

159–162
OrthoMCL scalable method, 162–163

Gene introgression, 395–396
Gene movement, molecular mechanism for, 

141
diagnostic sequence motifs, 143
DSBs, 143
foreign gene duplication, 142f
large gene-containing fragments, 142
patching up process, 143
synteny and colinearity, 141

Gene ontology (GO), 164, 170
consortium website lists, 172
enrichment analysis, 173t
functional annotation using, 169–171

Gene prediction
ab initio gene prediction, 157
empirical evidence-based methods, 157
FGENESH software, 157–158

Gene pyramiding
for complex traits, 398–399
for major genes, 398

Gene transfer
alleles of Azucena, 397
BB resistance genes, 396
FHB resistance, 397
QPM lines, 397
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Gene-based microarrays, 16
Generalization

See also Domestication syndrome
critical domestication, 333
critical domestication transition, 332
domestication allele, 332–333
domestication-related genes, 333
one-gene, one-trait hypothesis, 332

Genetic blueprint. See  Genome sequence
Genetic diversity analysis application

DNA sequence variation detection,  80–83
genetic variation analysis, 77–78
molecular variation genome-wide study, 77
next-generation sequencing technologies,  

78–80
Genetic variation genome-level analysis

See also Genetic diversity analysis 
application

reduced representation sequencing,  87–90
targeted sequence capture,  85–87
transcriptome-based analysis,  83–85
whole genome re-sequencing,  90–94

Genetical genomics, 276, 287
Genome, gene-rich regions, 293
Genome annotation

functional annotation of genomes,  
163–171

gene homology analysis,  158–163
GO annotation use,  171–174
stages, 156
structural annotation,  156–158

Genome contraction through DNA deletion, 
136

analysis of orthologous regions, 136, 138f
genome expansion through TE insertions, 

137f
genome size reduction mechanisms, 139f
genomic turnover, 140
illegitimate recombination, 139–140
LTR retrotransposon surveys, 140
random deletions, 138, 139
solo-LTR generation, 137, 138

Genome evolution
See also Plant genomes
BAC-by-BAC approach, 127
WGS approach, 127–128

Genome sequence,  128,  178
See also Seed development in cereals
ancestral polyploidy,  105–108
availability from grass genomes, 129
barley, 184
biofuel production, 101, 102
bioinformatics resources and tools, 120
Brachypodium,  103,  181
candidate gene identification, 197–198

categories, 128
cereals phylogeny, 102f
chloridoid and arundinoid grasses, 104
comparative genomics research, 116–117
foxtail millet, 103
gene groups, 117
genetic novelties and species diversifica-

tion,  108–111
genomes, 103
grass chromosomes evolution,  111–116
grasses, 101, 104t
maize,  103, 180–181
omics related resources, 182–183t
projects in cereals, 178, 179t
rice,  102,  178,  180
sugarcane, 101
transcriptome, 104
tribe Saccharinae, 103
wheat, 184–185

Genome size of plants, 131, 133t
dynamic equilibrium of, 141
gene numbers
133tphylogenetic relationships and, 132f
reduction mechanisms, 139f
TE determination of, 133–134

Genome–wide association studies (GWAS),  5,  
57, 67,  295, 384

Genome-specific sites (GSS), 86, 87
Genome-wide association (GWA), 381
Genome-wide selection (GWS), 303, 342
Genome-wide transcriptome profiling, 186
Genomic estimated breeding values (GEBV), 

57– 58,  388, 391
Genomic selection (GS),  57,  389

GEBVs, 388
GS, 389–390
methodologies for marker-assisted  

breeding, 389f
strategies for marker-assisted breeding, 

390f
viable MAS approach, 390

Genomic turnover, 140, 141
Genotype by environment interactions (GEI), 

292
Genotyping platforms, 380
Genotyping-by-sequencing (GBS),  70,  89,  

298 , 304,  380
Geranyl geranyl diphosphate (GGPP), 260
Germplasm, 400–401
GGPP. See  Geranyl geranyl diphosphate
Gibberellic acid (GA), 225
Gibberellins, 192
Glutelin (Gt1), 260
Glycosyl transferases (GT), 252
GO. See  Gene Ontology



Index428428

GO assignments
based on gene homology, 170–171
based on InterPro assignments, 170

GO enrichment analysis, 171, 172, 173f
See also GO enrichment analysis
BinGO calculation, 173, 174
BinGO tabular output, 171f
experiment on circadian control in rice, 

172
GO annotation, 172
methods, 172
against reference set, 172–173

Goat grass (Aegilops tauschii), 67
Grain/seed cover and coloration

anthocyanin biosynthesis, 327
hull colors, 327
inflorescence meristem, 327
molecular characterization, 328
molecular cloning, 328
polyphenol oxidase, 327
teosinte, 326–327
wild progenitors, 327
wild-type allele, 327

Granule Bound Starch Synthase-I (GBSS-I), 
253

Grass chromosome evolution, 111
high intragenomic similarity and diver-

gence, 114
homoeologous recombination,  114–116
long-lasting illegitimate recombination,  

112–114
orthologous chromosome, 112
pan-grass polyploidization, 111

Grass genomes
See also Transposable elements (TE)
comparative analysis of, 129, 130
crop circle genetic resolution, 130
genome sequences availability from, 129
molecular mechanism for gene movement,  

141–143
RFLP marker, 129

Growing degree day heat units to pollen shed-
ding (GDUSHD), 281

Growth maintenance
aquaporins, 356
osmotic adjustment, 356
stress avoidance mechanism, 355–356
water deficit, 355

GS. See  Genomic selection
GSS. See  Genome-specific sites
GT. See  Glycosyl transferases
Gt1. See  Glutelin
GWA. See  Genome-wide association

GWAS. See  Genome wide association studies
GWS. See  Genome-wide selection

H
HAF. See  Hour after fertilization
HAP. See  Hour after pollination
Haplotype map (HapMap), 379
Hetero-fertilization frequencies, 394
Heterosis, 355

components, 90
in maize, 355, 359
PAV and SNP, 93

HGA. See  Homogentisic acid
Hidden Markov Models (HMM), 157, 

167–168t
High performance liquid chromatography 

(HPLC), 363, 364
High throughput phenotyping platforms 

(HTPP), 343, 345
breeding perspective, 381
establishment, 344
example companies, 344
NIEs concept, 381
operations, 343
precision phenotyping, 381
quantitative phenotypes, 381
stress environment effect, 381–382

High-molecular-weight glutenin subunits 
(HMW-GS),  236,  386

High-resolution melting (HRM), 19
curve analysis, 22–23

HMM. See  Hidden Markov Models
HMPR. See  Hypomethylated partial 

restriction
HMW-GS. See  High-molecular-weight glute-

nin subunits
Homoeologous recombination

See also Illegitimate recombination in 
grasses

andromonecious dwarf phenotype, 115
elevated gene loss rates, 115
homoeologous chromosomes pair, 114
resistance genes distribution, 116f
rice floral organs, 115
telomere bouquet, 115

Homogentisic acid (HGA), 264
Homologue gene cluster creation, 160
Hour after fertilization (HAF), 221
Hour after pollination (HAP), 223
HPLC. See  High performance liquid 

chromatography
HPP. See  p-hydroxyphenylpyruvic acid
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HPPD. See  p-hydroxyphenylpyruvic acid 
dioxygenase

HRM. See  High-resolution melting
HTPP. See  High throughput phenotyping 

platforms
Hydroxycinnamic acids, 258
Hypomethylated partial restriction (HMPR), 

62

I
IBSC. See  International Barley Sequencing 

Consortium
ICIM. See  Inclusive composite interval 

mapping
IDP. See  Insertion/deletion polymorphism
Illegitimate recombination in grasses

genetic recombination, 108–109
genome duplication and conversion pat-

tern, 109f
homoeologous recombination, 109–110
pan genome dynamics, 110
pericentromeric regions, 110
polyploidization, 109

IM. See  Interval mapping
Immortal populations, 377
Immortalized F2 population, 279
In vitro fertilization (IVF), 218
Inclusive composite interval mapping (ICIM), 

283, 303
InDels. See  Insertions/deletions
InParanoid gene orthology analysis, 159

confidence values, 160
gene families, 161f
homologue gene cluster creation, 160
InParanoid implementation, 160–161
MultiParanoid cluster, 162
pairwise similarity comparisons, 159
super cluster creation, 161, 162

Insertion site-based polymorphism (ISBP),  5,  
23,  58,  69

Insertion/deletion polymorphism (IDP), 23
Insertions/deletions (InDels),  13,  19, 21, 33, 

43,  262
Integrated resource of Protein Domains and 

Functional sites (InterPro), 163–164
GO assignments based on InterPro assign-

ments, 170
implementation, 165
InterProScan web interface, 165, 166f, 

168f
relationships between InterPro entries, 165
retrieving InterPro results,  166, 168–169

signature recognition approaches, 
167–168t

types, 164t
Integrative systems biology, 193

See also Genome sequence
BrachyTAG program, 196–197
FOX hunting system, 197
metabolic network reconstructions, 

194–195
omics integration pipeline, 194f
preselected set of genes, 196
reverse engineering, 194
top-down systems biology, 193, 194
transcriptome co-expression analysis, 

195–196
International Barley Sequencing Consortium 

(IBSC), 184
International Plant Phenomics Network 

(IPPN),  192,  381
International Rice Genome Sequencing Project 

(IRGSP), 102–103
plant genome sizes and gene  

numbers, 133t
rice, 328–330
scaffolds and gaps, 128t
whole genome sequencing projects, 179t

International wheat genome sequencing  
consortium (IWGSC), 184–185

InterPro. See  Integrated resource of Protein 
Domains and Functional sites

InterProScan, 165
analysis, 169f
rice protein, 168f
signature recognition approaches, 

167–168t
web interface, 165, 166f

Interval mapping (IM), 284
Inulin

biosynthesis model, 255
gene clone, 255–256
long-chain inulin molecules, 256
QTL mapping, 256

IPP. See  Isopentyl diphosphate
IPPN. See  International Plant Phenomics 

Network
IRGSP. See  International Rice Genome 

Sequencing Project
ISBP. See  Insertion site-based  

polymorphism
Isopentyl diphosphate (IPP), 260
IVF. See  In vitro fertilization
IWGSC. See  International wheat genome 

sequencing consortium
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J
Joint-linkage association mapping (JLAM), 

276, 298, 303
in cereals, 296–297t

Junk DNA, 131

K
KBioscience competitive allele‐specific PCR 

(KASPar), 22, 24, 31
genotyping assay conversion rate, 84
SNP, 67, 84

L
Lateral spikelets, 326
LC–MS. See  Liquid chromatography-mass 

spectrometry
LD. See  Linkage disequilibrium
LDRs. See  Levels of diversity
Lemnatech scan analyzer 3D. See  Plant 

Accelerator
Leucine-rich repeat domain (LRR domain), 

140
Levels of diversity (LDRs), 94
Likelihood ratio (LR), 283
LINE. See  Long interspersed nuclear element
Linkage disequilibrium (LD),  57,  276,  295,  

378
AM in cereals, 296–297
JLAM in cereals, 296–297
MLM, 295
natural population for, 378
QTL mapping based on, 295

Linkage-based QTL mapping methods, 282
advanced backcross QTL analysis, 

290–291
Bayesian approach for, 286–287
bulk segregant analysis, 282–283
CIM, 283–284
comparison between different methods of, 

285t
for dynamic traits, 288–289
EM algorithm, 283
eQTLs, 287
genetical genomics and expression, 287
high density linkage maps, 283
interacting epistatic QTLs, 284
MAYG, 291
meta-QTL analysis, 291–292
mixed-model analysis, 292–293
mQTL, 288
multi-trait mapping,  284,  286
for ordinal traits, 289

pQTLs, 287–288
QTL analysis, 290

Lipoxynase (LOX), 387
Liquid chromatography-mass spectrometry 

(LC–MS),  189,  365
LMW-GS. See  Low-molecular-weight glute-

nin subunits
Long interspersed nuclear element (LINE), 

144, 156
Long terminal repeat retrotransposons (LTR 

retrotransposons), 108, 134, 144
activity, 136
genome-wide surveys, 140
sequences, 140

Long-lasting illegitimate recombination
homoeologous chromosome pair, 112
homoeologs, 112
homology pattern and evolutionary model 

of chromosomes, 112f
rice-sorghum divergence, 113–114

Low-molecular-weight glutenin subunits 
(LMW-GS), 387

LOX. See  Lipoxynase
LR. See  Likelihood ratio
LRR domain. See  Leucine-rich repeat domain
LTR retrotransposons. See  Long terminal 

repeat retrotransposons
Lutein, 261

M
MABC. See  Marker-assisted backcrossing
MADS box family member, 233
MAGIC. See  Multiparent advanced genera-

tion intercross
MAGIs. See  Maize assembled genomic 

islands
Maize (Zea mays),  66,  103, 180–181

causal mutation, 331
genetic diversity, 379
maize domestication, 331
phylogenetic analyses, 331
single nonsynonymous substitution, 331

Maize assembled genomic islands (MAGIs), 
83

Mapping As You Go (MAYG), 291
Mapping populations, 378

advanced generation populations, 279
backcross population, 279
bi-parental, 277
in cereals, 277
DH populations, 278
F2 population, 278
gene effects for heterosis breeding, 279
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immortalized F2, 279
mapping population comparison, 278f
NC III design populations, 279
next-generation multi-parental, 281–282

Maps. See  Markers and maps
Marker development and validation

C to A mutation, 386
marker-trait association, 386
MAS-based breeding programs, 385
PCR-based markers, 386
pleiotropic effects, 386

Marker systems, array-based, 12–13
aCGH, 18
classification, 19
DArT markers, 17
DNA chips,  14–17
Fluidigm dynamic arrays, 14
genotyping platforms,  23–43
high density arrays-based resequencing, 23
microarrays, 13
platforms genotyping, 13f
principles and methods,  20–23
TAM, 17–18

Marker-assisted backcrossing (MABC),  342,  
376

decision support tools, 387
genotyping platforms, 379–380
integrating MAS in breeding strategies, 

376
marker development and validation,  

385–387
marker-trait association analysis,  382–385
markers and maps, 378–379
precision and high-throughput phenotyp-

ing, 381–382
trait genetics and breeding populations

Marker-assisted breeding
agronomic characters, 401
breeding programs, 400
conventional breeding, 399
conventional genetic enhancement, 401
germplasm, 400
marker-assisted transfer, 400
MAS-derived varieties, 399
sorghum, 401

Marker-assisted recurrent selection (MARS),  
342, 376,  388, 399

Marker assisted selection (MAS),  57,  342,  
376

application in cereals, 395
gene introgression, 395–396
gene pyramiding selection, 398, 399
gene transfer,  396–398
genomic selection,  388–391

increasing scale and efficiency, 393, 394
integration in breeding strategies, 376
marker-assisted breeding,  399–401
marker-assisted breeding platform compo-

nents, 377f
MARS, 388
MAS-based breeding programs, 385
methodologies, 387
multiple targets, 398, 399
pyramiding multiple loci, 392
reducing costs, 393, 394
scheme optimization, 394–395
selection for multiple traits, 392–393
selection strategies, 391
traits for gene selection, 391

Marker-trait association (MTA),  12,  57,  295,  
386

association mapping, 382
genetic and breeding materials, 384
haplotype-based mapping, 383
high-density genetic maps, 384
high-density SNP data, 384
joint linkage-LD mapping strategy, 383
meta and in silico analyses, 385
parallel mapping, 383
specific mapping population, 385
specific traits, 382
statistical approaches, 382, 383

Markers
RAD, 87
real-time detection based, 22
recombination bins as, 70

Markers and maps
HapMap, 379
maize genetic diversity, 379
molecular markers, 378
SNPs, 378–379

MARS. See  Marker-assisted recurrent 
selection

MAS. See  Marker assisted selection
Masking repetitive DNA, 156
Maternal pericarp, 227, 233
Maternal tissues, 232–233
Maternally expressed gene 1 (Meg1), 228
Maximum likelihood (ML) approach, 282, 283

restricted maximum likelihood (REML) 
single-locus method, 286

of SNP calls, 92
MAYG. See  Mapping As You Go
Mb. See  Megabase
MCS restriction enzymes. See  5-methyl-

cytosene sensitive restriction enzymes
Meg1. See  Maternally expressed gene1
Megabase (Mb), 180
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Meta-QTL analysis, 291–292
Metabolic flux balance analysis (MFA), 

190–191
Metabolite profiling, 189, 364–365
Metabolite QTL (mQTL), 276, 288, 385
Metabolomics, 189

metabolic regulation, 189
metabolomic research, 190
plant response to stresses, 189–190

MF. See  Molecular function
MFA. See  Metabolic flux balance analysis
Microarray analysis,  186,  252
Microarray-based markers

CNVs and PAVs, 21–22
DArT, 21
TAM, 21
TDM, 20

Micronutrients, 233, 234, 263–264
Miniature1 gene (mni1 gene), 227
MIPS-REdat, 156
Mismatch (MM), 16
Mixed-model analysis, 292–293
ML. See  Maximum likelihood
MM. See  Mismatch
mni1 gene. See  Miniature1 gene
Modern breeding, 342

conventional breeding, 343
high throughput genotyping, 343
uses within breeding pipelines, 342

Modern breeding in phenotyping
molecular breeding, 342
molecular techniques use, 342
specific target traits, 342

Modified grain composition, 233–234
See also Seed development in cereals
allergens, 236
animal proteins, 235
cell walls, 235
dietary fibre, 235
micronutrients, 234
oil content, 234–235
seed-specific promoters,  236–238
SSPs, 235
starch composition, 234

Molecular breeding,  7,  342
DArT marker assays, 39
GoldenGate (GG) assay for, 30–31

Molecular cloning, 328
Molecular function (MF), 170
mQTL. See  Metabolite QTL
MTA. See  Marker-trait association
MultiParanoid cluster, 162
Multiparent advanced generation intercross 

(MAGIC),  280,  378

N
NA. See  Nicotianamine
NAM. See  Nested association mapping
NARS. See  National agricultural research 

systems
National agricultural research systems 

(NARS), 376
Natural population, 378
NB-ARC. See  Nucleotide-binding adaptors 

shared by R proteins
NC III design population, 279
NCD. See  Nuclear cytoplasmic domain
NCIII. See  North Carolina III
NDVI. See  Normalized Difference Vegetation 

Index
Near infrared reflectance spectroscopy 

(NIRS),  359,  363, 364
Near iso-environment (NIE), 381–382
Near-isogenic lines (NILs), 377, 378
Nested association mapping (NAM),  89,  

280–281,  378
Next generation sequencing (NGS),  5, 6,  58
Next generation sequencing technologies 

(NGS technologies), 12, 33
fluorescently real-time detection, 80
Ion PGM sequencer, 80
NGS platforms, 78
re-sequencing projects, 80
sequencing platform comparison, 79t
for SNP discovery and genotyping, 60, 62

Next-generation multi-parental mapping 
populations

multiline cross inbred lines, 281
phenotypic data, 281
recombinant inbred advanced intercross 

lines, 282
NGS. See  Next generation sequencing
NGS technologies. See  Next generation 

sequencing technologies
NGS-based SNP discovery, tools for, 64

SNPs and sequencing errors,  64–66
software for SNP discovery in cereals, 64

Nicotiana plumbaginifolia (N. plumbaginifo-
lia), 255

Nicotianamine (NA), 234
NIE. See  Near iso-environment
NILs. See  Near-isogenic lines
NIRS. See  Near infrared reflectance 

spectroscopy
NMR. See  Nuclear magnetic resonance
Non-redundant database (NR database),  157
Normalized Difference Vegetation Index 

(NDVI), 348, 349, 357t
North Carolina III (NCIII), 279
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NPTC. See  Nucellar projection transfer cells
NR database. See  Non-redundant database
NTT system. See  Nuclear transportation trap 

system
Nucellar projection transfer cells (NPTC), 

232–233
Nuclear cytoplasmic domain (NCD), 222
Nuclear magnetic resonance (NMR),  189,  

365
Nuclear transportation trap system (NTT 

system), 218
Nucleotide sequences, 155–156
Nucleotide-binding adaptors shared by R 

proteins (NB-ARC), 93
Nutritional trait phenotyping

breeding programs in cereals, 364–365
grain quality, 363
macronutrients, 363
metabolite profiling, 365
metabolomics, 365
microplate-based colorimetric  

assays, 364
NIR, 364
NIRS, 364

O
O2 modifiers (Opm), 230
O2. See  Opaque 2
o7. See  Opaque7
O7 gene, 230–231
Oil content, 234–235
OMAP. See  Oryza Map Alignment Project
Omics revolution by high-throughput  

techniques, 185–186
See also Genome sequence
fluxome, 190–191
hormone role, 191–192
metabolomics, 189–190
phenomics, 192–193
proteomics,  187–189
transcriptomics, 186–187

Opaque 2 (O2), 229–230
Opaque7 (o7), 230–231
Open Reading Frame (ORF), 157, 163, 165
Opm. See  O2 modifiers
Oregon Wolfe Barley (OWB), 88
ORF. See  Open Reading Frame
Organism databases, 170
Orthologous chromosome, 112
OrthoMCL scalable method, 162–163
Oryza Map Alignment Project (OMAP), 60
Oryza sativa SSIIIa mutations (OsSSIIIa  

mutations), 254

OryzaPG-DB, 188–189
Osmotic adjustment, 356
OWB. See  Oregon Wolfe Barley
Oxalate oxidase (OxO), 258

P
p-hydroxyphenylpyruvic acid (HPP), 264
p-hydroxyphenylpyruvic acid dioxygenase 

(HPPD), 264
PAL. See  Phenylalanine ammonia-lyase
Pan-grass polyploidization, 111
Patching up process, 143
PAVs. See  Presence and absence variations
PCR-based markers, 386
PDA. See  Personal Digital Assistant
PDS. See  Phytoene desaturase
Perfect match (PF), 16
Personal Digital Assistant (PDA), 366
PF. See  Perfect match
PFANTOM. See  Plant protein family  

information-based predictor for 
endomembrane

PhenoFabTM, 344
Phenolic acids, 258
Phenomics, 192–193
PHENOPSIS, 344
Phenylalanine ammonia-lyase (PAL), 258
Photosynthetic-driven plant biomass  

accumulation, 352–353
Phytoene desaturase (PDS), 261, 262
Phytoene synthase gene (psy gene), 260, 261
Pichia pastoris (P. pastoris), 256
Plant Accelerator, 192–193, 344
Plant genomes

See also Transposable elements (TE)
genome contraction,  136–140
scaffolds and gaps in selection of, 128f
TE in, 130
TE-driven genome expansion,  134–136

Plant protein family information-based predic-
tor for endomembrane (PFANTOM), 
253

Plant root monitoring platform (PlaRoM), 354
Plants

abiotic stress effect, 177–178
architecture, 325, 326
life-cycle, 192
phenotypes, 343

PlaRoM. See  Plant root monitoring platform
Polyphenol oxidase (PPO), 387
Polyphenols,  256–260

flavonoids, 259–260
hydroxyl groups, 256
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phenolic acids, 258
phenylpropanoid pathway, 257f
polyphenol accumulation and composi-

tion, 257
Post-translational modification (PTM), 164
PPO. See  Polyphenol oxidase
pQTLs. See  Protein Quantity Loci
Precision field phenotyping

photosynthetic-driven plant biomass accu-
mulation, 352–353

yield potential vs. stress adaptation, 
351–352

Precision phenotyping
breeding perspective, 381
NIEs concept, 381
precision phenotyping, 381
quantitative phenotypes, 381
stress environment effect, 381–382

Presence and absence variations (PAVs),  5,  
21–22, 69, 70

in maize, 43
in rice, 43
wheat exonic sequence alignments, 87

Protein Quantity Loci (pQTLs), 287–288
Protein signature identification, 163

implementation, 165
InterPro, 163–164
InterPro entries, relationships between, 165
InterProScan web interface, 165, 166f, 

168f
InterPro results, retrieving,  166, 168–169
signature recognition approaches, 

167–168t
Proteomics, 187

implication of proteomic studies, 188
OryzaPG-DB, 188–189
RIPP-DB, 188

Pseudomolecules, 128
psy gene. See  Phytoene synthase gene
PTM. See  Post-translational modification

Q
QDs. See  Quantum dots
QM. See  QTL mapping
QPM. See  Quality protein maize
QTL. See  Quantitative trait loci
QTL mapping (QM), 276

based on LD,  295–297
computer software for, 301–302
joint linkage and AM, 298
limitations, 302
linkage-based methods,  282–291

mapping populations in cereals,  277–282
MAYG, 291
methodology and applications in cereal 

breeding,  275–277
QTLs cloning. See  QTLs, cloning of
systematic representation involved in, 226f

QTLs, cloning of, 298, 299
biparental mapping populations, 299
in cereals, 300t
mapping and functional genomics, 298
positional cloning, 299
transgenics production, 300–301

QTs. See  Quantitative traits
Quality protein maize (QPM),  230,  397, 400
Quantitative trait loci (QTL),  251,  275,  321,  

366
Quantitative traits (QTs), 275
Quantum dots (QDs), 14

R
RAD. See  Restriction site-associated DNA
RAD-seq. See  Restriction-site associated 

DNA sequencing
Radial-microtubule systems (RMS), 222
Randomized complete block design (RCBD), 

350
RBIP. See  Retrotransposon-based insertion 

polymorphism
RCBD. See  Randomized complete block 

design
rCIa1. See  Full-length collagen type I alpha1
RDA. See  Recommended dietary allowance
Recent advancements

cloning domestication QTLs, 334
rapid genome resequencing, 334
reference genome for crop system, 334
sampling strategies, 334
stochastic factors, 334
taxonomic sampling strategy, 335

Recombinant inbred advanced intercross lines 
(RIAILs), 278f, 280, 282

Recombinant inbred lines (RILs), 89,  277,  
377–378t

development, 278
population, 90, 91
QTL analysis, 384

Recombination bins as markers,  58,  70
Recommended dietary allowance (RDA), 260
Reduced grain filling (rgf1), 228
Reduced representation libraries (RRLs), 62
Reduced representation sequencing, 62

complexity reduction approach, 89–90
complexity-reduced libraries, 88–89

Polyphenols (cont.)
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CRoPS, 62
GBS, 89
low coverage genotyping, 63–64
OWB libraries, 88
RAD markers, 87
RAD method, 88
RAD-seq, 62–63
RNA-seq for SNP discovery, 63
RRLs library, 62
small gene-enriched fragments, 62
targeted region-capture, 63

Resistant starch
GBSS-I, 253
OsSSIIIa, 254
SBEIIa and SBEIIb, 255
starch synthesis in cereals, 254f

Restriction fragment length polymorphism 
(RFLP),  5,  129,  378

Restriction site-associated DNA (RAD),  5,  
87

markers, 42
Restriction-site associated DNA sequencing 

(RAD-seq), 62
Retrotransposon-based insertion polymor-

phism (RBIP), 18, 21
RFLP. See  Restriction fragment length 

polymorphism
rgf1. See  Reduced grain filling
Rhizotrons, 354
RIAILs. See  Recombinant inbred advanced 

intercross lines
Rice (Oryza sativa),  67,  178,  180

domestication alleles, rapid fixation, 330
domestication genes cloning, 329
FOX gene hunting system, 180
loss-of-function mutations, 330
phylogenetic and population genetic 

analysis, 330
reconciliation, 329
rice domestication, 329
rice domestication rate, 330

Rice Strata (RS), 112
RIKEN Plant Phosphoproteome Database 

(RIPP-DB), 188
RILs. See  Recombinant inbred lines
RIPP-DB. See  RIKEN Plant 

Phosphoproteome Database
RLD. See  Root length density
RMS. See  Radial-microtubule systems
Roche NimbleGen, 18
Root length density (RLD), 353–357
Root system architecture (RSA), 353

heterosis, 355
plant root system, 353

PlaRoM, 354
rhizotronic facility with maize genotypes, 

355f
rhizotrons, 354
roots spatial distribution, 353–354
screening techniques, 354
shovelomics, 354

RRLs. See  Reduced representation libraries
RS. See  Rice Strata
RSA. See  Root system architecture
Rye (Secale cereale), 67

S
SBEIIa. See  Starch branching enzymes of 

class II
ScanAlyzer, 344
SCFAs. See  Short chain fatty acids
SE. See  Starchy endosperm
Second generation sequencing

reduced representation sequencing, 62
restriction enzyme based NGS for SNP,  

60,  62
restriction site-associated DNA, 62–63
sequencing-based development, 61t
SGSautoSNP, 64
SNPs based on, 60

Seed abortion
carbon metabolism and carbon transport, 

358
effective seed number, 357
sugar hunger, 358

Seed development in cereals, 215
cereal seed structure, 216
grain yield, 215
sections of barley grain, 216f

Seed storage protein (SSP), 235
Seed-specific promoters, 236

See also Seed development in cereals
HD-Zip IV transcription factor promoters, 

237, 238
HMW subunit gene, 236
LTP gene promoters, 237

Selfish DNA, 131
Semi-random (SR) library, 88
Sequence based DNA markers

CNVs and PAVs, 69–70
ISBP, 69
recombination bins as markers, 70
simple sequence repeats, 68–69
single nucleotide polymorphisms,  59–67

Sequence capture method
direct whole-genome sequencing, 85
EST/cDNA sequences, 87
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liquid-phase sequence, 86
oligonucleotide probes pool, 85
OWB libraries, 88
sequence capture methods, 85–86
variable sites, 86f
wheat exonic sequence alignments, 87

Sequenom MassARRAY system,  39–42
SFP. See  Single feature polymorphism
Shattering

genes controlling domestication  
traits, 323t

homeobox gene, 324
non-brittle phenotype, 324
non-brittle rachis, 324
non-shattering phenotype, 324
recessive mutation, 325
reduction in shattering, 322

Short chain fatty acids (SCFAs), 256
Shovelomics, 354
Simple sequence repeat (SSR),  5,  58,  378

first generation sequence data, 68
NGS data, 68–69

Single feature polymorphism (SFP),  19,  39
Single nucleotide polymorphism (SNP),  5,  

15,  58,  59,  77,  262,  295
array-based SNPs vs. NGS  

based-SNPs, 59
co-segregation, 65–66
first generation sequencing, 59–60
genotype-specific SNP alleles, 66
genotyping microarrays, 17
in goat grass, 67
in maize, 66
NGS-based SNP discovery, tools for,  

64–66
redundancy score, 65
in rice, 67
in rye, 67
second generation sequencing,  60–64
and sequencing errors, 64–65
sequence quality, 65
in wheat, 67

SNP. See  Single nucleotide polymorphism
Soil texture, 346
Soils, 346
Sorghum bicolor (Sorghum),  103,  401
Sorghum Strata (SS), 112
Spikelets, 326
SR. See  Semi-random
SS. See  Sorghum Strata
SSP. See  Seed storage protein
SSR. See  Simple sequence repeat

Stable isotopes and low cost surrogates
ash content of hybrids vs. inbreeds, 359f, 

360f
heterosis in maize, 359
mineral accumulation, 359
NIRS technique, 359
oxygen and hydrogen isotope composition, 

361
thermal imaging, 361
transpiration time-integrative indicator, 358

Starch Branching Enzymes (SBE) I-II, 253
Starch branching enzymes of class II 

(SBEIIa), 234
Starch composition, 234
Starch Synthase (SS) I–IV, 253
Starchy endosperm (SE), 216
Stay-green, 356

and delayed senescence, 357
portable spectroradiometer use, 357f
slow leaf growth rate, 356
stay-green expression, 356, 357

Structural annotation
gene prediction, 157–158
masking repetitive DNA, 156

Structural variation (SV),  13,  19, 58,  69–70
Sucrose 1-fructosyltransferase (1-SST), 255
Super cluster creation, 161, 162
Synteny, 141–142

T
Tagged array marker (TAM),  17,  21
Tandem Repeat Finder (TRF), 156
Targeting induced Local Lesions in Genome 

(TILLING), 252, 264
TaRSZ38, 218
TCS. See  Two-component system
Td. See  Triticum dicoccoides
TDMs. See  Transcript-derived markers
TE. See  Transposable elements
TE-driven genome expansion

classification system for TE, 135f
LTR retrotransposons,  134,  136

Teosinte, 326–327
Thick aleurone1 (thk1), 225
Thin-layer chromatography (TLC), 363
thk1. See  Thick aleurone1
Threshing

ability to, 322
free-threshing, 324
genes controlling domestication traits, 323t
homeobox gene, 324
non-brittle phenotype, 324

Sequence capture method (cont.)
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non-brittle rachis, 324
recessive mutation, 325

TILLING. See  Targeting induced Local 
Lesions in Genome

Time-related mapping (TRM), 288–289
TL. See  Transfer cell layer
TLC. See  Thin-layer chromatography,  
Tocopherol synthesis, 263t, 264
Tocotrienols, 262
Tos17 retrotransposon, 146–147
Trait genetics, 377, 378
Traits and tools

See also Cereal breeding programs
growth maintenance, 355–356
metabolite profiling, 365
novel tools for disease and insect-pest,  

361–363
nutritional trait phenotyping,  363–365
organization and analysis, 365–366
root system architecture and efficiency,  

353–355
seed abortion and early seed growth, 

357–358
stable isotopes and low cost surrogates,  

358–361
stay-green, 356–357

Transcript-derived markers (TDMs),  16, 19, 
20

Transcriptome, 104
Transcriptome-based analysis

alternative sequencing technology, 84
B73 MAGI genomic assemblies, 84
RNA-Seq, 83
single-base resolution analysis, 84–85
SNP discovery efforts, 83
stringent filtering criterion, 83

Transcriptomics, 186–187
Transfer cell layer (TL),  223,  232
Transposable elements (TE), 130

adaptive value of, 144
classification system for, 135f
crop plant maize, 145
as evolutionary force, 143–144
genome size determination, 133–134
LINE retrotransposon activity, 144

Transposons
See also Plant genomes
Ac/Ds elements, 145–146
crop plant maize, 145
in plants, 130–131
Tos17 retrotransposon, 146–147
transposon insertion mutant collections, 

146

uses, for functional studies, 145
TRF. See  Tandem Repeat Finder
Triticum dicoccoides (Td), 86
TRM. See  Time-related mapping
Two-component system (TCS), 228

U
Ultra-high-throughput nano-arrays/nano-chips, 

14
Ultra-Performance Liquid Chromatography 

(UPLC), 364
URLs links, omics related resources in cereals, 

182–183t
UV-B-mediated responses in maize, 196

V
Variant detector array (VDA), 17
Vitamin-E-defective (VTE3) enzyme, 262

W
Water use efficiency (WUE), 352–353
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