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FOREWORD TO THE SERIES: GENOMICS-ASSISTED
CROP IMPROVEMENT

Genetic markers and their application in plant breeding played a large part in my
research career, so I am delighted to have the opportunity to write these notes to
precede the two volumes on ’Genomics-Assisted Crop Improvement’. Although I
am not so old, I go right back to the beginning in 1923 when Karl Sax described
how ’factors for qualitative traits’ (today’s genetic markers) could be used to select
for ’size factors’ (today’s QTLs and genes for adaptation). But it was clear to
me 40 years ago that even then plant breeders clearly understood how genetic
markers could help them - if only they actually had the markers and understood the
genetics underlying their key traits. It was not clear to me that it was going to take
until the next century before marker-aided selection would become routine for crop
improvement.

In the 1960s only ’morphological’ markers were available to breeders. As a
research student at Aberystwyth, I worked with Des Hayes at the Welsh Plant
Breeding Station when he was trying to develop an F1 hybrid barley crop based on
a male sterility gene linked to a DDT resistance gene. The idea was to link the male
fertile allele with susceptibility and then kill the fertile plants off in segregation
populations by dousing the field with DDT. Rachel Carson’s ’Silent Spring’ ensured
that idea never flew.

Then I moved to the Plant Breeding Institute in Cambridge where anyone working
alongside the breeders in those early days could not help but be motivated by
breeding. Protein electrophoresis raised the first possibility of multiple neutral
markers and we were quick to become involved in the search for new isozyme
markers in the late 1970s and early 1980s. Probably only the linkage between wheat
endopeptidase and eyespot resistance was ever used by practical breeders, but we
had an immense amount of fun uncovering the genetics of a series of expensive
markers with hardly any polymorphism, all of which needed a different visualisation
technology!

During this same period, of course, selection for wheat bread-making quality
using glutenin subunits was being pioneered at the PBI, and is still in use around
the world. These were the protein equivalent of today’s ’perfect’ or ’functional’
markers for specific beneficial alleles. Such markers - although of course DNA-
based, easy and economical to use, amenable to massively high throughput and
available for all key genes in all crops - are exactly where we want to end up.

vii
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Proteins were superseded by RFLPs and in 1986 we set out to make a wheat map,
only with the idea of providing breeders with the effectively infinite number of
mapped neutral markers that they had always needed. We revelled in this massively
expensive job, funded by a long-suffering European wheat breeding industry, of
creating the first map with a marker technology so unwieldy that students today
would not touch it with a bargepole, let alone plant breeders. This was, of course,
before the advent of PCR, which changed everything.

The science has moved quickly and the past 20 years have seen staggering
advances as genetics segued into genomics. We have seen a proliferation of maps,
first in the major staples and later in other crops, including ’orphan’ species grown
only in developing countries. The early maps, populated with isozyme markers
and RFLPs, were soon enhanced with more amenable PCR-based microsatellites,
which are now beginning to give way to single nucleotide polymorphisms. These
maps and markers have been used, in turn, to massively extend our knowledge of
the genetic control underlying yield and quality traits. The relatively dense maps
have allowed whole genome scans which have uncovered all regions of the genome
involved in the control of key adaptive traits in almost all agricultural crops of any
significance.

More amazing is the fact that we now have the whole genome DNA sequences of
not one but four different plant genomes - Arabidopsis, rice, popular and sorghum.
Moreover, cassava, cotton, and even maize could be added to the list before these
volumes are published. Other model genomes where sequencing has been started
include Aquilegia (evolutionary equidistant between rice and arabidopsis), Mimulus
(for its range of variation) and Brachypodium (a small-genome relative of wheat
and barley).

Two other components deserve mention. The first is synteny, the tendency for
gene content and gene order to be conserved over quite distantly related genomes.
Ironically, synteny emerged from comparisons between early RFLP maps and
probably would not have been observed until we had long genomic sequences to
compare had we started with PCR-based markers that require perfect DNA primer
sequence match. The possibility of being able to predict using genetic information
and DNA sequence gained in quite distantly related species has had a remarkable
unifying effect on the research community. Ten years ago you could work away at
your own favourite crop without ever talking to researchers and breeders elsewhere.
Not so today. Synteny dictates that genome researchers are part of one single global
community.

The second component is the crop species and comparative databases that we all
use on a daily basis. The selfless curators, that we have all taken for granted, deserve
mention and ovation here because, while the rest of us have been having fun in the
lab, they have been quietly collecting and collating all relevant information for us
to access at the press of a button. This is a welcome opportunity to acknowledge
these unsung heroes, and of course, their sponsors.

The practical application of markers and genomics to crop improvement has been
much slower to emerge. While endopeptidase and the glutenin gels continue to see
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use in wheat breeding, marker-aided selection (MAS) using DNA markers has, in
both public breeding and the multinationals, emerged only in the last few years
and examples of new varieties that have been bred using MAS are still few and far
between. This will change, however, as the cost of marker data points continues
to plummet and the application of high-throughput methods moves the technology
from breeding laboratories to more competitive outsourced service providers.

The post-RFLP period and the new opportunities for deployment of economical
high-throughput markers are the subjects of these volumes. The first volume deals
with platforms and approaches while the second covers selected applications in a
range of crop plants. The editors, Rajeev Varshney and Roberto Tuberosa, are to
be congratulated on bringing together an authorship of today’s international leaders
in crop plant genomics.

The end game, where plant breeders can assemble whole genomes by manipu-
lating recombination and selecting for specific alleles at all key genes for adaptation
is still a very long way off. But these two volumes are a unique opportunity to take
stock of exactly where we are in this exciting arena, which is poised to revolutionise
plant breeding.

Mike Gale, FRS
John Innes Foundation Emeritus Fellow

John Innes Centre
Norwich

United Kingdom
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Who would have believed only two decades ago that plant scientists would have
access to nearly the complete genetic code of numerous plant species, including
major crop species. The idea of having ready access to whole genome sequences
encompassing 140 million bases of the model plant Arabidopsis seemed like science
fiction, let alone having available even larger genomes such as rice at 430 Mb or
maize at 2500 Mb (the same size as the human genome). And then proceeding
to identify variation beyond what was anticipated, such as the 2.6 SNPs (Single
Nucleotide Polymorphisms) per kb in rice. The number of strains of various species
with literally hundreds of thousands of inserts, allowing the association of sequence
and trait, increased at an unanticipated rate. Who would have believed only a
decade ago that we would be capable of analyzing the expression of genes across
the whole genome and matching that profile with traits of interest. And now the
area of metabolomics is allowing even more meaningful explanations of the genetic
control of important traits.

This book brings all of these advances in genomics to the forefront and prepares
the plant scientists for the next decade. Important technologies are discussed such as
association mapping, simulation modeling, and development of appropriate popula-
tions including the advanced backcross and introgression-lines for incorporating
traits into useful genetic materials. Such approaches are facilitating the identifi-
cation of traits that are not obvious simply from observing the plant phenotype,
and they provide ways to extract new and useful traits from wild related species.
Comparing the genomic information across broadly-related species has generated
important evolutionary information. In addition, the common occurrence of dupli-
cated segments and large gene families with partially redundant or tissue- and
developmentally-specific expression will lead to information fundamental to plant
performance.

Methods for the identification of genes underlying traits are improving every day.
The association of allelic variation in a candidate gene and a trait is leading to much
greater understanding of the genetic control of traits. Numerous transcription factors
and even non-coding sequences are being implicated as the basis of considerable
genetic variation. Forward and reverse genetics are both found to be very useful in
revealing gene-trait associations.

The tremendous expansion of genomic analytical approaches along with efforts
to reduce the cost, together with appropriate statistical designs and analyses, are
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making it easier and more expeditious to use the ever-increasing sequence infor-
mation to identify useful genes. This body of knowledge in plant genomics and its
myriad of applications are nicely reflected in this book.

Ronald L. Phillips
Regents Professor

and
McKnight Presidential Chair in Genomics

University of Minnesota
St. Paul, MN

USA



PREFACE

Genomics, dealing with the collection and characterization of genes and analysis
of the relationships between gene activity and cell function, is a rapidly
evolving, interdisciplinary field of study aimed at understanding and exploiting
the biological information encoded in DNA. The genomics toolbox includes
automated genetic and physical mapping, DNA sequencing, bioinformatics software
and databases, transcriptomics, proteomics, metabolomics, and high-throughput
profiling approaches. Indeed, the past two decades have witnessed spectacular
advances in genomics. For example, at the dawn of the genomics era, Arabidopsis
was chosen as the first model genome for sequencing, which was then quickly
followed by the sequencing of other model genomes (rice for monocots, Medicago
and Lotus for legume crops and poplar for tree species) and crop species (soybean,
cassava, sorghum, etc.). While new crops (e.g. maize, wheat, finger millet, etc.)
are being added to the list for sequencing the genome or gene space, the generated
sequence data are being analyzed in parallel for characterizing the genes and
validating their functions through comparative and functional genomics approaches
including bioinformatics, transcriptomics, and genetical genomics. Candidate genes
are becoming increasingly useful for the development of markers for assaying
and understanding functional diversity, association studies, allele mining, and most
importantly, marker-assisted selection. Therefore, genomics research has great
potential to revolutionize the discipline of plant breeding in order to face the
challenges posed by feeding an ever-growing human population expected to top
10 billion by 2050, while decreasing the environmental footprint of agriculture and
preserving the remaining biodiversity.

Several high-throughput approaches, genomics platforms, and strategies are
currently available for applying genomics to crop breeding. However, the high costs
invested in, and associated with, genomics research currently limit the implemen-
tation of genomics-assisted crop improvement, especially for autogamous and/or
minor and orphan crops. This book presents a number of articles illustrating different
contributions which genomics can offer to unravel the path from genes to phenotypes
and vice versa, and how this knowledge can help to improve crops’ performance
and reduce the impact of agriculture on the environment. Each article shows how
structural and/or functional genomics can improve our capacity to unveil and deploy
natural and artificial allelic variation for the benefit of plant breeders. Volume 1,
entitled “Genomics Approaches and Platforms”, presents state-of-the-art genomic

xiii
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resources and platforms and also describes the strategies and approaches for effec-
tively exploiting genomics research for crop improvement. Volume 2, entitled
“Genomics Applications in Crops”, presents a number of case studies of important
crop and plant species that summarize both the achievements and limitations of
genomics research for crop improvement.

More than 90 authors, representing 16 countries from five continents
have contributed 16 chapters for Volume I and 18 chapters for Volume II
(see Appendix I). The editors are grateful to all the authors, who not only provided
a timely review of the published research work in their area of expertise but also
shared their unpublished results to offer an updated view. We also appreciate their
cooperation in meeting the deadlines, revising the manuscripts, and in checking
the galley proofs. While editing this book, we received strong support from many
reviewers (see Appendix II) who provided useful suggestions for improving the
manuscripts. We would like to thank our colleagues and research scholars, especially
Yogendra, Rachit, Mahender, Priti, and Spurthi working at ICRISAT for their help
in various ways. Nevertheless, we take responsibility for any errors that might have
crept in inadvertently during the editorial work.

The cooperation and encouragement received from Jacco Flipsen and Noeline
Gibson of Springer during various stages of the development and completion of
this project, together with the help of Rajeshwari Pal of Integra Software Services
for typesetting and correcting the galley proofs, have been instrumental for the
completion of this book and are gratefully acknowledged. We also recognize that
our editorial work took away precious time that we should have spent with our
respective families. RKV acknowledges the help and support of his wife, Monika
and son, Prakhar (Kutkut) who allowed their time to be taken away to fulfill RKV’s
editorial responsibilities in addition to research and other administrative duties at
ICRISAT. Similarly, RT is grateful to his wife Kay for her precious help in editing
and proof-reading a number of manuscripts.

We hope that our efforts will help those working in crop genomics as well
as conventional plant breeding to better focus their research plans for crop
improvement programs. The book will also help graduate students and teachers to
develop a better understanding of this fundamental aspect of modern plant science
research. Finally, we would appreciate receiving readers’ feedback on the errors
and omissions, if any, as well as their suggestions, so that a future revised and
updated edition, if planned, may prove more useful.

Rajeev K. Varshney Roberto Tuberosa
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Plate 1. The principle of Breeding by Design. Subsequent crosses and selections using markers lead
to the desired superior elite line genotype starting from a collection of 5 parental lines. Dotted lines
indicate marker positions used to select for the desired recombinants (see Fig. 5 on page 51)
(Note: Reprinted from: Trends Plant Sci. 8, Peleman J-D, Rouppe van der Voort J, Breeding by Design,
330-334 © (2003), with permission from Elsevier)



Plate 2. True and estimated additive QTL effects for three genetic models (E(NK)=1(48:0);
E(NK)=2(48:1); E(NK)=5(48:2)) and three levels of heritability (H = 0.9, 0.5, 0.1). Results are shown
as a heat plot, using true and estimated QTL detected by Composite Interval Mapping (CIM) in the
bi-parental mapping populations. For each sub-panel, the results are displayed for the 50 genetic param-
eterizations and 20 bi-parental replications (i.e. 1000 data sets). Colors range from cyan through dark
red. Type I, II and III errors are highlighted by arrows. Type I errors represent cases where QTL were
falsely detected in a given map region (i.e. false positives), Type II errors represent cases where the
true QTL were not detected by CIM, and Type III errors represent cases where the QTL were corrected
detected but the estimated favorable allele was incorrectly defined. The percentage of true QTL detected
is listed in each sub-panel (see Fig. 8 on page 80)
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Plate 3. Average response in the TPE for the nine genetic models (factorial combinations of E and K)
and five levels of heritability over five cycles of selection. For each combination, the results were
computed from the 50 genetic parameterizations and 20 breeding replications (i.e. 1,000 simulations)
(see Fig. 10 on page 83)
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Plate 4. Hamming distances (HD) of hybrid combinations from the target genotype for three genetic
models (E(NK) = 1(48:0); E(NK) = 2(48:1); E(NK) = 5(48:2)) and five levels of heritability (H = 0.9,
0.7, 0.5, 0.3, 0.1), over five cycles of selection. For each combination, the results were computed from
the 50 genetic parameterizations and 20 breeding replications (i.e. 1000 simulations) (see Fig. 11 on
page 84)
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Plate 5. Difference in the average response (Marker-assisted selection – Phenotypic selection) for the
nine genetic models (factorial combinations of E and K) and five levels of heritability over five cycles
of selection. For each combination, the results were computed from the 50 genetic parameterizations
and 20 breeding replications (i.e. 1000 simulations each breeding strategy) (see Fig. 12 on page 85)



Plate 6. Microcolinearity studies at the Hardness locus in wheat (adapted from Chantret et al. 2005)
Schematic representation of BAC sequence comparisons at the wheat Ha locus from the A (Am : T.
monococcum; Aa : T. aestivum; Ad : T. durum) , B (Ba : T. aestivum ; Bd : T. durum) and D (Da : T.
aestivum; Dt : Ae. tauschii) genomes in different polyploidy context. Genes (CDS) (light blue), class I
TEs (yellow), class II TEs (green), unclassified elements (gray), MITEs (red ), and short repeats (black)
are indicated. Orthologous CDS between the different genomes are linked by dashed bars whereas CDS
duplications and deletion events are indicated by arrows. The GSP, Pina and Pinb genes that were lost
in tetraploid wheat following polyploidization are highlighted in red and are numbered respectively as
gene 2, 4, 6 (see Fig. 8 on page 187)
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Plate 7. Expression profiling of a mapping population at the mRNA level via microarray analysis to
identify expression QTLs (eQTLs) for specific cDNA and therefore genes. Correspondence between an
eQTL peak for a specific cDNA (e.g. cDNA-2) and a QTL peak for a trait causally linked to the function
of the protein encoded by the cDNA provides circumstantial evidence supporting the role of the cDNA
as a candidate gene for the target trait (see Fig. 1 on page 217)
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Plate 8. Schematic diagram of SAGE procedure (see text for details) (see Fig. 10 on page 230)
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Plate 9. Cartoon depicting the salinity related transcriptome “fingerprints” conserved amongst the three
model systems viz. Arabidopsis, rice and common ice plant (see Fig. 1 on page 281)
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Plate 10. Induction of parthenocarpic tomato fruits by overproduction of auxin. (A) Fruits from polli-
nated (top) and unpollinated (bottom) flowers from transgenic (transformed with DefH9::iaaM) and
control plants. (B) Cut fruits from pollinated (top) and unpollinated (bottom) flowers from transgenic
(transformed with DefH9::iaaM) and control plants. (Adapted from Ficcadenti et al., 1999) (see Fig. 5
on page 305)
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Plate 11. Outline of the steps involved in a public TILLING service. A series of web-based tools have
been developed or adapted for the system. The process starts when a user creates a gene model and
obtains and aligns homologous protein sequences by using the CODDLe input utility. CODDLe then
identifies the region of the gene containing the highest density of potential nucleotide changes that could
damage the protein when mutated. Primers design is accomplished with the program Primer3, and the
researcher enters the selected primers. All of these steps are performed within the web browser window.
The researcher received an automated email confirmation of the submitted order and a payment form.
The primer order is automatically sent to the oligonucleotide supplier, and primers are shipped to the
TILLING facility. Screening commences and mutations identified by TILLING are sequence-verified.
The results are automatically emailed to the customer who placed the order. A link to PARSESNP
output is provided in the report. PARSESNP graphically displays the location and type of mutations,
predicts the severity of missense mutations, and provides restriction sites that are either gained or lost
by the induced mutation (Taylor and Greene, 2003) (see Fig. 4 on page 344)



Plate 12. Model for the regulation of chromatin structure in plants. Only the processes controlling DNA
methylation status are indicated (see Fig. 1 on page 353)



Plate 13. Determination of global genomic DNA methylation levels: A, Enzymatic DNA hydrolysis. B,
HPLC chromatogram for the determination of methylcytosine percentage. P: Phosphate group. S: Sugar.
A, T, C and G: Bases (see Fig. 2 on page 357)
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Plate 14. Principle of Restriction Landmark Genome Scanning (RLGS) method for the discovery of
methylation biomarkers. RLGS sections were obtained with DNA extracted from organogenic or non-
organogenic sugarbeet lines. Spots indicated by arrows correspond to fragments that can be superposed
(black) or not (white) on the RLGS sections obtained with both lines. (Adapted from Causevic et al., 2006)
(see Fig. 3 on page 359)



Plate 15. Cloning strategy for epigenetic biomarkers screened by RLGS using adaptaters and PCR
amplifications (see Fig. 4 on page 361)



Plate 16. A, Principle of bisulfite-PCR sequencing method for the determination of the methylation
status of gene candidates. B, Results of the methylation analysis of 5’ regions of sugarbeet catalase
gene by bisulfite sequencing. The potential methylated CpG sites in the sequence are indicated by
perpendicular lines. For the three cell lines organogenic (O), non organogenic (NO) and dedifferentiated
(DD), 6 to 10 PCR products were subcloned and sequenced. Five CpG sites were considered to be
methylated when more than half the clones retained an unmodified cytosine at that position. Methylated
CpG sites (Filled circles) and unmethylated CpG sites (open circles) are shown. The proportions of
methylated CpG sites are indicated on the right for catalase activity as measured in the O, NO and
DD sugarbeet cell lines. Data are means ± SE from three independent replicates. Values marked with
different letters are significantly different between cell lines (P ≤ 0.05) as determined by one-way
ANOVA. fw fresh weight. (Adapted from Causevic et al., 2006) (see Fig. 5 on page 365)



CHAPTER 1

GENOMICS-ASSISTED CROP IMPROVEMENT:
AN OVERVIEW

RAJEEV K. VARSHNEY1�∗ AND ROBERTO TUBEROSA2�∗
1International Crops Research Institute for the Semi-Arid Tropic Crops (ICRISAT),
Patancheru-502324, A.P. India
2Department of Agroenvironmental Sciences and Technology, University of Bologna,
Viale Fanin 44, 40127 Bologna, Italy

Abstract: In recent years, a truly impressive number of advances in genetics and genomics have
greatly enhanced our understanding of structural and functional aspects of plant genomes
but at the same time have challenged us with many compelling avenues of investi-
gation. The complete genome sequences of Arabidopsis, rice, sorghum and poplar as
well as an enormous number of plant expressed sequence tags (ESTs) have become
available. In the next few years, the entire genomes or at least gene space will likely be
sequenced for most major crops. However, improved varieties, not sequences per se,
contribute to improved economic return to the farmer. Functional genomics and systems
biology research are facilitating the identification of gene networks that are involved in
controlling genetic variation for agronomically valuable traits in elite breeding popula-
tions. Furthermore, combining the new knowledge from genomic research with conven-
tional breeding methods is essential for enhancing response to selection, hence crop
improvement. Superior varieties can result from the discovery of novel genetic variation,
improved selection techniques, and/or the identification of genotypes with improved
attributes due to superior combinations of alleles at multiple loci assembled through
marker-assisted selection. Although it is clear that genomics research has great potential
to revolutionize the discipline of plant breeding, high costs invested in/associated
with genomics research currently limit the implementation of genomics-assisted crop
improvement, especially for inbreeding and/or minor crops. A critical assessment of the
status and availability of genomic resources and genomics research in model and crop
plants, and devising the strategies and approaches for effectively exploiting genomics
research for crop improvement have been presented in two volumes of the book. While
Volume 1, entitled “Genomics approaches and platforms”, compiles chapters providing
readers with an overview of the available genomics tools, approaches and platforms,
Volume 2, entitled “Genomics applications in crop improvement”, presents a timely
and critical overview on applications of genomics in crop improvement. An overview
on the highlights of the chapters of these two volumes has been presented in the present
introductory chapter.
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1. INTRODUCTION

Since the beginning of recombinant DNA technology, it has been suggested that
plant molecular biology has the potential to initiate a new Green Revolution for
sustainable agriculture to meet the needs of a fast-growing human population world
wide. Genetic engineering has already shown the potential of plant biotechnology for
crop improvement. As a result, transgenic plants with high agronomic and environ-
mental value have been developed for several crop species such as maize, soybean,
cotton, tomato, potato, tobacco, papaya, etc. (http://www.isaaa.org/). In parallel,
because of their ecological and evolutionary novelty, transgenic crops have also
raised a number of questions and public awareness (Wolfenbarger and Phifer 2000).
In addition, the costs and uncertainties that result from the rapidly proliferating
national and international regulations covering transgenic crops have significantly
hindered further development of additional crops and traits (Kalaitzandonakes 2004,
Bradford et al. 2005, Jank et al. 2005).

Molecular genomics, in addition to genetic engineering, is another important area
of plant biotechnology that provides tools and opportunities for plant breeding.
Molecular markers are one of such tools that can be used in a variety of ways to assist
plant breeding activities. Some of these applications include: (i) marker-assisted
selection (MAS) strategies for germplasm improvement and cultivar development,
(ii) gene pyramiding for accumulating multiple genes for resistance to specific
pathogens and pests within the same cultivar, and (iii) examining allelic diversity in
natural populations or breeding material to select the desired genotypes (Jain et al.
2002, Gupta and Varshney 2004).

In recent years, remarkable progress has been achieved in the area of plant
genomics as large-scale genome or expressed sequence tag (EST) sequencing
projects were initiated in several model as well as crop plant species. In some plant
species, the genome sequence data have already become available (e.g. Arabidopsis,
rice, poplar, sorghum) and similar efforts are underway to sequence either the full
genome or gene space in several other plant species such as Medicago, Lotus,
tomato, soybean, maize, wheat, etc. However, sequences per se do not improve yield
or resistance to major crop pests and abiotic stress. In fact, functional genomics
studies for various agronomic traits are underway in several plant species to study
gene expression and protein interactions for identifying gene networks respon-
sible for trait phenotypes variation in the elite breeding populations. Furthermore,
advances in molecular genetics and genomics provide novel approaches that can be
integrated into plant breeding programmes for a more “holistic” crop improvement
approach, also referred to as “genomics-assisted breeding” (Varshney et al. 2005b).
The present book, therefore, aims to present in a timely and critical fashion (i) the
existing information on genomics research, (ii) the prospects and approaches to
apply this information to crop breeding, and (iii) the achievements and constraints
of applications of genomics in crop improvement.

For the sake of convenience, the chapters of the book have been classified in
two volumes. Volume 1, entitled “Genomics approaches and platforms”, provides
an overview on the available genomics tools, approaches and platforms, while
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Volume 2, entitled “Genomics applications in crop improvement”, compiles
chapters that provide a critical overview on the applications of genomics for
the improvement individual crops. The present introductory chapter provides an
overview of all the chapters of both volumes of the book.

2. VOLUME 1: GENOMICS APPROACHES AND PLATFORMS

Due to significant progress in the area of molecular genetics during the last two
decades, enormous genomic resources have been developed for major crop plant
species. As an example, for most crop species a large number of molecular markers
and high-density genetic maps, large-insert libraries (e.g. BAC libraries), ESTs, etc.,
have become available (see Phillips and Vasil 2001, Tuberosa et al. 2002, Gupta and
Varshney, 2004). These tools, have been used for MAS (Koebner 2004, Varshney
et al. 2006), and have facilitated mapping and cloning of genes or quantitative trait
loci (QTLs) leading to sequencing and annotation of large genomic DNA fragments
in several plant species (Stein and Graner 2004, Salvi and Tuberosa 2005).

Because of the availability of the above-mentioned genetic resources and signif-
icantprogress inautomation, roboticsandbioinformatics, completegenomesequences
have already become available for Arabidopsis (AGI, 2000), rice (Goff et al. 2002,
Yu et al. 2002, 2005), poplar (http://www.eurekalert.org/pub_releases/2006-09/dgi-
tft090806.php) and sorghum (http://www.phytozome.net/sorghum); similar efforts
are underway for several other plant species (www.jgi.doe.gov/sequencing/
index.html). Additionally, the availability of gene sequence data has made it possible
to develop molecular markers directly from the genes. Such molecular markers
include microsatellites or simple sequence repeats (SSR, Varshney et al. 2005a),
single nucleotide polymorphisms (SNPs, Rafalski 2002) and conserved orthologous
sequences (COS, Rudd et al. 2005) and very often are referred to as genic or
functional molecular markers. Development and applications of such molecular
markers are discussed in Chapter 2 by Rajeev Varshney and colleagues. The
genic molecular markers represent a useful resource for (i) identifying the perfect
or diagnostic markers, if the marker is derived from the gene(s) responsible for
expression of the trait, (ii) assaying the functional diversity in the germplasm
collection and (iii) comparative mapping and synteny studies. Molecular markers
can play a pivotal role to enhance breeding strategies in a variety of ways. In
Chapter 3, Anker Sørensen and colleagues advocate for adaptation of selection
methods in breeding, towards the integrated use of genetic knowledge based on
DNA markers so that the potential of molecular breeding and available germplasm
resources can be better exploited. One of the main applications of molecular
markers in plant breeding is to identify and map QTLs to understand the gene-
to-phenotype relationships for the traits. In fact, how best to use the results of
the mapping studies to enhance response to selection by MAS has always been
a great concern to plant geneticists and breeders (Lande and Thompson 1990,
Openshaw and Frascaroli 1997, Moreau et al. 2004, Podlich et al. 2004, Crosbie
et al. 2006). In recent years, several studies have been conducted on modelling
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the effects of QTLs and MAS in plant breeding programmes (Hammer et al.
2005). Chapter 4, authored by Mark Cooper and colleagues, deals with illustrative
examples and simulation experiments on modelling QTL effects and MAS in plant
breeding.

The majority of the marker-trait association studies conducted in the past were
based on linkage mapping that aimed to detect non-random association between a
genotype and a phenotype. In recent years, association mapping based on linkage
disequilibrium (LD), extensively used in human genetics, is becoming a very popular
approach in plant genetics and breeding (Thornsberry et al. 2001). The LD-based
association studies, involving associations within populations of unrelated acces-
sions, offer a potentially powerful and rewarding approach for mapping causal
genes/QTLs with modest effects and validating the role of functional candidate
sequences (Hirschhorn and Daly 2005). The methodology and applications of LD-
based association mappings to crop improvement have been discussed in Chapter 5
by Ersoz and colleagues. Although LD mapping offers the possibility of utilizing the
potential of exotic germplasm in crop improvement, “advanced backcross (AB) QTL
analysis” and “exotic libraries” are other approaches that increase the efficiency
of harnessing natural biodiversity to improve yield, adaptation and quality of elite
germplasm (Zamir et al. 2001). In Chapter 6, Silvana Grandillo and colleagues
discuss the optimal exploitation of the naturally available genetic resources to
generate new traits and improve crop performance.

Availability of EST/genome sequencing data from several crop species are being
used presently to analyze the transcriptome/genomes of a species by using advanced
bioinformatics tools (Zhang et al. 2004). Development of functional molecular
markers from gene sequence data is an added value to the existing repository of
molecular markers for their use in plant breeding. The use of sequence data by
using a variety of applications in crop improvement has been discussed by Lim
and colleagues in Chapter 7. Indeed, the integration of sequence-based molecular
markers to the genetic maps has enhanced the resolution of comparative maps in
related plant species (see Sorrells et al. 2003, Salse et al. 2004). In the case of
cereals, where ca. 500,000 ESTs for each of major cereal species (e.g. wheat, maize,
rice, barley) and the complete genome sequence data for rice and draft sequence
for sorghum are available, comparative genomics has provided important insights
on genome evolution and how to best utilize marker/gene information from one
species to another. A comprehensive overview on cereal comparative genomics
is presented by Jerome Salse and Catherine Feuillet in Chapter 8. Furthermore,
comparative genomics allows us to isolate QTLs of agronomic interest (Salvi and
Tuberosa 2005). The present status and future directions on QTL cloning have been
summarized by Silvio Salvi and Roberto Tuberosa in Chapter 9.

The increasing emphasis on functional genomics and the wide accessibility
of transcripts profiling has led to the establishment of various high-throughput
methodologies of gene expression analysis. These methodologies include (i) EST
sequencing, (ii) differential display (DD) (Liang and Pardee 1992), (ii) serial analysis
of gene expression (SAGE) (Velculescu et al. 1995), (iii) nucleic acid hybridization
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of mRNA or cDNA fragments e.g. oligo chips (Lockhart et al. 1996), cDNA
microarrays (Schena et al. 1995), (iv) cDNA-amplified fragment length polymorphism
analysis (cDNA-AFLP) (Bachem et al. 1996), and (v) massively parallel signature
sequencing (MPSS) (Brenner et al. 2000). These methodologies differ in principle,
convenience, costs involved, number of transcripts assayed and sensitivity (Kuhn
2001). One of these approaches, i.e. SAGE, has been dealt with in detail in Chapter
10 by Prakash Sharma and colleagues. Some other important functional genomics
approaches to identify candidate genes have been reviewed by Ashwani Pareek et al.
in Chapter 12. Such kind of functional genomics approaches often highlight a very
large number of genes associated with a trait of interest (Sreenivasulu et al. 2004).
Nonetheless, pinpointing the relevant candidate genes and deploying them effec-
tively as diagnostic markers for predicting the phenotype in plant breeding applica-
tions remain difficult and challenging tasks. In this respect, the “genetical genomics”
approach, first introduced by Jansen and Nap (2001), appears quite promising.
In this approach, the transcript level data generated from microarray analysis are
analyzed in quantitative fashion to identify gene expression QTLs (eQTL). This
approach has been referred to as “expression genetics” by Varshney et al. (2005b). In
Chapter 11, Matias Kirst and Qibin Yu review the principles of genetical genomics,
the results of these studies in plants and the use of this approach to dissect the
genetic control of phenotypic traits of biological and agricultural interest. Although
the approach is still in its infancy and remains prohibitively expensive, pioneering
studies on this aspect have demonstrated its value to unravel genetic networks
involved in transcription regulation, and to identify genes and pathways controlling
phenotypic variation for quantitative traits. Indeed, the genetical genomics approach
can help to fish out additional genes underlying the eQTLs identified for corresponding
candidate genes in those plant species where genome sequence data are available.

It is important to note that the comparative analysis of the genome sequence data
for Arabidopsis and rice is already providing important insights and understanding
on the evolutionary relationships among various classes of gene families, including
those representing components of hormone (especially auxin and cytokinin)
signaling critical for plant development and growth. Jiten Khurana and colleagues in
Chapter 13 have underlined the value of some of the auxin and cytokinin signaling
components as genetic tools for manipulating agronomic traits in crops.

As a result of genome sequencing and functional genomics studies, massive
sequence and expression data are being generated. Therefore, it is essential that
statistical and mathematical standards, as well as guidelines for the experimental
design and analysis of biological studies are upheld. Chapter 14 by Rebecca Doerge
deals with past statistical issues, discusses current statistical advances that pertain
to understanding complex traits, and promotes ideas about the data and statistical
genomic models of the future. Such advances in the area of statistical genomics
will improve the efficiency of identifying and validating the function of the most
promising candidate genes. The function of candidate genes can also be verified
through reverse genetics. Under these approaches, specific genes can be disrupted,
and hypotheses regarding gene function can thus be directly tested in vivo. At
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present, a number of reverse genetic methods exist, many of which are limited
in application because they are organism-specific, expensive, transgenic or only
transiently disrupt gene function. As an alternative, TILLING (Targeting Induced
Local Lesions IN Genomes; McCallum et al. 2000) deploys traditional mutagenesis
and SNP discovery methods for a high-throughput, reverse-genetic strategy that is
low in cost and applicable to most organisms. In fact, during the past six years,
TILLING has moved from proof-of-concept to production with the establishment
of publicly available services for several crop species such as maize, rice and
barley. The protocols developed for TILLING have been adapted for the discovery
of natural nucleotide diversity in germplasm collections and the method has been
termed EcoTILLING. In Chapter 15, Bradley Till and colleagues review current
TILLING and EcoTILLING technologies and discuss the progress that has been
made in applying these methods to many different plant species.

It is evident from the above that there are several approaches available that
can be used for applications in plant breeding. Some examples of successful
utilization of genomics for crop improvement at least in some cereal species
have been recently reviewed by Varshney et al. (2006). However, the antici-
pated success of molecular breeding has not materialized as expected. The critical
factors responsible for it include the poor understanding and consideration of
important genetic phenomena such as epigenetics, genome imprinting, epistasis,
and regulatory variation (Morgante and Salamini 2003, Varshney et al. 2005). It
has been shown that polymorphism in DNA methylation status leads to differences
in gene expression and confers phenotypic effects (Ronemus et al. 1996). All these
alleles having the same DNA sequence but differing in their methylation status
correspond to different phenotypes and are referred to as epialleles (Kalisz and
Purugganan 2004). In recent years, the polymorphism associated to the epialleles
has been exploited to constitute the biomarkers. A biomarker is a substance or a
process that is indicative of a phenotype or a biological event (Laird 2003) and
can be used for a variety of applications. For example, in human cancer epialleles
are used as biomarkers for early detection of cancer types. In plants, epigenetic
inheritance is a source of polymorphism that holds great potential for selection and
plant breeding (Tsaftaris et al. 2005). In Chapter 16, Marie-Véronique Gentil and
Stéphane Maury describe the characterization of biomarkers using new molecular
approaches and discuss the future role of biomarkers in plant breeding.

3. VOLUME 2: GENOMICS APPLICATIONS IN CROP
IMPROVEMENT

The approaches and platforms presented in Volume 1 have already been utilized for
crop improvement. In particular, due to the importance of cereals in the human diet
and the availability of excellent genomic resources, cereal crops have been the major
target of genomics approaches (see Varshney et al. 2006). In wheat, rice, maize,
barley and sorghum, genomics research and MAS have already yielded fruitful
results. Efforts are underway to exploit the genomics research for the improvement
of several other plant species such as legumes, fruit species and trees.
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Among different types of molecular markers, microsatellites have been the
markers of choice for plant breeding applications until recently (Gupta and Varshney
2000). However, because of the availability of sequence data in recent years
from a large number of plant species, the development and applications of single
nucleotide polymorphism (SNP) markers is gaining momentum and will become
more prevalent. In Chapter 1, Martin Ganal and Marion Röder review the devel-
opment and applications of microsatellite and SNP markers for wheat breeding.
Wheats (including durum and bread wheat) are the major foods for majority of
the human population and are mainly consumed as processed products because
of the unique functional properties they confer to the derived foods. Therefore,
improvement of end-use quality has been a major concern to wheat breeders with an
emphasis on developing cultivars for specific applications such as bread (leavened,
flat, steamed, etc.), other baked goods (cakes, cookies, crackers, etc.), pasta and
noodles, and a wide range of other products of restricted local uses. Processing
and end-use quality of wheat-based products are influenced by several factors such
as protein content and composition, starch, kernel hardness and lipids. The use of
molecular markers to identify and manipulate the QTLs for important grain quality
traits in wheat have been summarized in Chapter 2 by Domenico Lafiandra and
colleagues. Among the factors that can affect the quantity and quality of final yield
in cereal as well as in other crops abiotic stresses play a pivotal role. Of all abiotic
stresses, drought ranks first in terms of economic importance and recalcitrance to
breeders’ efforts. The use of molecular markers and functional genomics for identi-
fying genes/QTLs conferring tolerance to drought and their use in breeding has
been discussed by Michael Baum and colleagues in Chapter 3.

After identifying the molecular markers associated with gene(s)/QTLs for traits
of interest, the next step is to use molecular markers in back-crossing programmes
to improve selection efficiency and to implement gene pyramiding especially for
disease resistances. Applications of molecular markers in barley for marker-assisted
back-crossing and gene pyramiding for several disease resistance genes have been
summarized in Chapter 4 by Wolfgang Friedt and Frank Ordon. In addition to
the direct use of molecular markers in breeding, high density fine mapping of
genes/QTLs of interest allows for the isolation of QTLs (Salvi and Tuberosa
2005). Indeed, in several cereal species as a result of long-term efforts, a number
of disease resistance genes/QTLs have been isolated. An update on cloning of
important disease resistance genes/QTLs is provided in Chapter 5 by Beat Keller
and colleagues.

Compared to wheat and barley, maize is a more important crop for the private
sector. Therefore, the majority of genomics efforts and applications in maize
genomics have been undertaken by private industries. Chapter 6 authored by
Michael Lee deals with a comprehensive review on the applications of genomics
and genetic engineering in maize breeding. Furthermore, this chapter presents
a perspective on the requirements, pros and cons of genomics applications in
maize breeding.
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As a model of cereal species, rice has benefited greatly from the advances in
plant genomics. For example, dense genetic maps, genome-wide physical maps
and four drafts of the rice genome are available (Vij et al. 2006). These genomic
resources helped the rice community to identify and apply molecular markers for the
improvement of grain quality traits, disease resistance and abiotic stress tolerance.
Applications of molecular markers linked with several traits of interest in MAS,
gene pyramiding, breeding nurseries, etc., in rice are summarized by David Mackill
in Chapter 7. Additionally, the use of the rice genome sequence, novel approaches
such as candidate gene sequencing, SNP markers for rice breeding have been
reviewed in Chapter 8 by Nagendra Singh and Trilochan Mohapatra.

Sorghum is an important crop that is more tolerant than other cereals to many
abiotic stresses, including heat, drought, and flooding, making it an ideal crop for
growing on marginal lands as the demand for food, feed and energy increases. In
recent years, the use of molecular markers has been initiated for the genetic analysis
and manipulation of agronomic and stress-tolerance traits important for sorghum
improvement. For example, molecular markers have been identified to be associated
with QTLs for many complex traits, including pre-flowering and post-flowering
drought tolerance, early-season cold tolerance and resistance to the parasitic weed
Striga. In some cases (e.g. stay green and Striga), efforts have been initiated to
use the corresponding QTLs for the development of improved sorghum cultivars
through MAS and trait introgression. Chapter 9, authored by Gebisa Ejeta and
Joseph Knoll, provides an overview on development and application of molecular
markers for the development of improved sorghum cultivars.

Although genomics has already provided important contributions for the
improvement of major cereal species, relatively less important cereal crops such as
the millets and rye have received much less attention and consequently, often lack
reasonably dense genetic maps (Varshney et al. 2006). Nevertheless, in recent years,
species-specific genomic resources are being generated and genomic resources from
related cereal species are being transferred through comparative genomics studies. A
similar case applies to grain legume crops which are very important for both human
diets and animal feeds. The grain legume crops contribute 33% of human protein
intake and are a major source of lipids. However, except for soybean and common
bean, other legume crops have not received much attention in terms of genomics
approaches. Chapter 10, authored by Rajeev Varshney and colleagues, reviews the
progress in the area of molecular genetics and applications in breeding in case of
three important semi-arid tropic crops, i.e. chickpea, pigeonpea and groundnut. In
contrast to these species, well-saturated genetic maps, physical maps and functional
genomics resources are available in soybean. The advances in the area of genomic
resources and their applications in soybean improvement have been discussed in
Chapter 11 by Tri Vuong and other colleagues.

In addition to cereal and legume species, advances are being made in the area
of genomics-assisted crop improvement in several other species. For example, in
case of forage crops, molecular breeding for quality trait has been discussed in
Chapter 12 by Thomas Lübberstedt; while updates on molecular mapping, MAS
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and map-based cloning in tomato have been provided in Chapter 13 by Majid
Foolad. Additionally, Chapter 14 by Pere Arús and Susan Gardiner reviews the
progress and potential of genomics for improving Rosaceae temperate tree fruit
species. In Chapter 15, Prasad Hendre and Ramesh Aggarwal discuss the devel-
opment and applications of molecular markers for the genetic improvement of
coffee.

Two chapters have been devoted to understand two important processes, i.e.
nodulation in legumes and domestication in cereals. By using soybean as a plant
system, Kyujung Van and colleagues report (Chapter 16) on the identification
of nodulation mutants (e.g. non-nodulation, ineffective nodulation and super-
/hypernodulation) and the genetic loci that control nodulation. These authors suggest
that molecular gene identification should be combined with biochemical pathways
for nodulation in order to better understand the symbiotic interactions between
legume and Rhizobia. In Chapter 17, Carlo Pozzi and Francesco Salamini review
several issues concerning the state of molecular knowledge of the effects induced by
domestication and breeding of wheat crops. Genetic bottlenecks which have been
associated to wheat domestication and breeding have also been discussed in the
chapter.

Volume 2 is concluded by Chapter 18, authored by Paulo Arruda and Thaís
Rezende Silva, on sugarcane improvement by using information provided by
transcriptome analysis and functional genomics approaches. These authors have
demonstrated the identification of genes, by analyzing EST resources, involved in
biotic and abiotic stress response, disease resistance and sucrose accumulation.

4. CONCLUDING REMARKS

The two volumes of the book provide up-to-date information on genomics research
including platforms, approaches, as well as the achievements of application of
genomics in breeding. Although genomics holds great potential for improving
breeding efficiency, the high costs associated with genomics research are a
critical factor hindering further applications of genomics to crop improvement
particularly for inbreeding and/or minor crop species. Nevertheless, there are
several success stories on the development of improved superior cultivars. In
the coming years, it is anticipated that the decreasing cost of genotyping and
sequencing coupled with further advances in molecular platforms and bioinfor-
matics, will allow genomics to become an integral part of crop breeding and
to improve selection efficiency. We hope that our effort in compiling these
two volumes will help and stimulate those working in crop genomics as well
as conventional plant breeding to better focus their research plans for crop
improvement programmes. Hopefully, the book will also help graduate students to
develop a better understanding of this important aspect of modern plant science
research.
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Abstract: The current advancement in plant biology research encompassing: generation of huge
amount of molecular-genetic data, development of impressive methodological skills in
molecular biology experimentation, and systems analyses, has set the stage to search
for ways/means to utilize the available resources to strengthen interdisciplinary efforts
to find solutions to the challenging goals of plant breeding efforts (such as abiotic stress
tolerance) ultimately leading to gainful applications in crop improvement. A positive fall
out of such a realization and efforts has been the identification/development of a new
class of very useful DNA markers called genic molecular markers (GMMs) utilizing
the ever-increasing archives of gene sequence information being accumulated under
the EST sequencing projects on a large number of plant species in the recent years.
These markers being part of the cDNA/EST-sequences, are expected to represent the
functional component of the genome i.e., gene(s), in contrast to all other random DNA-
based markers (RDMs) that are developed/generated from the anonymous genomic
DNA sequences/domains irrespective of their genic content/information. Therefore,
identifying DNA sequences that demonstrate large effects on adaptive plant behavior
remains fundamental to the development of GMMs. The few recent studies have now
demonstrated the utility of these markers in genetic studies, and also shown that GMMs
may be superior than RDMs for use in the marker-assisted selection, comparative
mapping, and exploration of the functional genetic diversity in the germplasm adapted
to different environments. The only constraint of GMMs is their low level of polymor-
phism as compared to the RDMs, which is expected of their origin from the relatively
conserved functional portion of the genome. This chapter provides a critical review of
the development and various applications of the GMMs.
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1. MOLECULAR MARKERS IN PLANT BREEDING

In agriculture, one of the main objectives of plant breeder is to improve the existing
cultivars, which are deficient in one or more traits by crossing such cultivars
with lines that possess the desired trait. A conventional breeding programme thus
involves crossing whole genomes followed by selection of the superior recombi-
nants from among the several segregation products. Indeed, such a procedure is
laborious and time consuming, involving several crosses, several generations, and
careful phenotypic selection, and the linkage drag (tight linkage of the undesired loci
with the desired loci) may make it further difficult to achieve the desired objective.
Advent of DNA marker technology, development of several types of molecular
markers and molecular breeding strategies offered possibilities to plant breeders
and geneticists to overcome many of the problems faced during conventional
breeding.

Molecular markers are now widely used to track loci and genome regions in
several crop-breeding programmes, as molecular markers tightly linked with a
large number of agronomic and disease resistance traits are available in major
crop species (Phillips and Vasil 2001, Jain et al. 2002, Gupta and Varshney
2004). These molecular markers include: (i) hybridization-based markers such
as restriction fragment length polymorphism (RFLP), (ii) PCR-based markers:
random amplification of polymorphic DNA (RAPD), amplified fragment length
polymorphism (AFLP) and microsatellite or simple sequence repeat (SSR), and (iii)
sequence-based markers: single nucleotide polymorphism (SNP). The majority of
these molecular markers has been developed either from genomic DNA libraries
(e.g. RFLPs and SSRs) or from random PCR amplification of genomic DNA
(e.g. RAPDs) or both (e.g. AFLPs). These DNA markers can be generated in
large numbers and can prove to be very useful for a variety of purposes relevant
to crop improvement. For instance, these markers have been utilized extensively
for the preparation of saturated molecular maps (genetical and physical). Their
association with genes/QTLs controlling the traits of economic importance has
also been utilized in some cases for indirect marker-assisted selection (MAS) (e.g.
Koebner 2004, Korzun 2002). Other uses of molecular markers include gene intro-
gression through backcrossing, germplasm characterization, genetic diagnostics,
characterization of transformants, study of genome organization and phylogenetic
analysis (see Jain et al. 2002). For plant breeding applications, SSR markers, among
different classes of the existing markers, have been proven and recommended as
markers of choice (Gupta and Varshney 2000). RFLP is not readily adapted to high
sample throughput and RAPD assays are not sufficiently reproducible or transferable
between laboratories. While both SSRs and AFLPs are efficient in identifying
polymorphisms, SSRs are more readily automated (Shariflou et al. 2001). Although
AFLPs can in principle be converted into simple PCR assays (e.g. STSs), this
conversion can become cumbersome and complicated as individual bands are often
composed of multiple fragments (Shan et al. 1999), particularly in large genome
templates.
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2. GENIC MOLECULAR MARKERS: INTRODUCTION
AND DEVELOPMENTS

Due to emphasis on functional genomics, several gene discovery projects in the
form of genome sequencing, transcriptome sequencing or gene expression studies
have been established since last five years. As a result, a large number of genes have
been identified through ‘wet lab’ as well as in silico studies and a wealth of sequence
data have been accumulated in public databases (e.g. http://www.ncbi.nlm.nih.gov;
http://www.ebi.ac.uk) in the form of BAC (bacterial artificial chromosome) clones,
ESTs (expressed sequence tags), full length cDNA clones and genes. The availability
of enormous amount of sequence data from complete or partial genes has made it
possible to develop the molecular markers directly from the parts of genes. These
markers are referred as “genic” molecular markers (GMM).

The majority of the markers, developed and used in the past as described above
in section 1, are directly derived from the genomic DNA, and therefore could
belong to either the transcribed or the non-transcribed part of the genome without
any information available on their functions. In contrast, GMMs developed from
coding sequences like ESTs or fully characterized genes frequently have been
assigned known functions. Based on the site of polymorphism and later’s effect on
phenotypic variation, GMMs have been classified into two groups (Anderson and
Luebberstedt 2003):
(i) Gene-targeted markers (GTMs): derived from polymorphisms within genes,

however not necessarily involved in phenotypic trait variation, e.g. untranslated
regions (UTRs) of EST sequences (Schmitt et al. 2006; Aggarwal et al 2007);

(ii) Functional markers (FMs): derived from polymorphic sequences or sites within
genes and, thus, more likely to be causally involved in phenotypic trait
variation (e.g. candidate gene-based molecular markers). The FMs, depending
on the involvement in the phenotypic trait variation, are further classified
into two subgroups: (a) indirect functional markers (IFMs), for which the role
for phenotypic trait variation is indirectly known, and (b) direct functional
markers (DFMs), for which the role for the phenotypic trait variation is well
proven.

As per the above terminology, the molecular markers derived from anonymous
regions of the genome are called random DNA markers (RDMs), which may or
may not be developed from the polymorphic site in gene or may not be developed
from a gene at all.

Although genic markers were developed earlier also, these were in the form
of cDNA–RFLP (Graner et al. 1991, Causse et al. 1994) for which functions
could not be predicted at that time. However, some efforts were made to sequence
these early cDNA clones to determine the genes and their functions (Michalek
et al. 1999). Compared to these earlier efforts, development of genic markers have
become a reality only in recent years, because of accumulation of large ESTs or
gene sequences resources resulting from EST and genome sequencing projects in
several crop species and also due to the developments in the field of bioinfor-
matics (Gupta and Rustgi 2004). For example, several transcriptome resources have
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become available (http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html),
and software tools or pearl scripts have been developed to search for SSRs and
SNPs from EST or gene sequences (Varshney et al. 2004, 2005a).

Although, whole genome sequencing and annotation is the way to identify the
entire gene repository of a species, this has been possible only for a limited number
of crop species involving large scale sequencing of their genome or gene space. On
the other hand, ESTs represent a basic commodity within the analysis of genomes
and their genes for a species (Rudd et al. 2003). Whereas the complete sequencing
of a genome may utilize either a clone-by-clone approach or a whole genome
shotgun approach to acquire adequate coverage to assemble a meaningful scaffold,
EST sequencing is directed at the quick, cheap and simple sequencing of partial
gene transcripts (Sreenivasulu et al. 2002). As a result, a significant redundancy
can be observed in gene sequence data obtained from EST sequencing projects (see
Varshney et al. 2004). Therefore before developing molecular markers from ESTs,
it is essential to define the “unigenes” after cluster analysis of random ESTs using
appropriate computer programmes such as stackPack (Miller et al. 1999).

Once the unigene sequence data from EST analysis or non-redundant set of genes
are available, molecular markers can be developed using two main approaches:
(1) Direct mapping: Under this approach, either the cDNA clones corresponding

to the ESTs of interest can be used as RFLP probe or the PCR primers can be
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Figure 1. A scheme for development of genic molecular markers (GMMs). Two common ways to
develop GMMs are shown in the figure. In the first method, the sequence data are used to define the
unigenes and then the cDNA clones or genic clones corresponding to the unigenes can be assayed
as RFLPs or the unigene sequence data can be used to design the primer pairs and assayed using
STS/CAPS or SNP assays. In the second method, the sequence data can be mined by using some
computer programmes or scripts to identify the SSRs, SNPs or COSs from given sequence data and
then these markers, after defining the unigenes, can be assayed using appropriate genotyping platforms
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designed for the EST/gene and used as STS or CAPS marker. Direct mapping
approach should be undertaken with the unigene set of ESTs or genes only.

(2) In silico mining: In this approach, the SSR or SNP identification software
tools are used to screen the sequence data for ESTs/genes. For identification of
SNPs, the redundant set of EST data, generated from more than one genotype
of a given species, are used. However, after identification of SNPs, only non-
redundant set of ESTs should be considered for SNP mapping.

A scheme for development of GMMs has been shown in Figure 1. Development of
FMs, however, requires: (i) functionally characterized genes, (ii) allele sequences
from such genes, (iii) identification of polymorphic, functional motifs affecting
plant phenotype within these genes, and (iv) validation of associations between
DNA polymorphisms and trait variation. Therefore depending on the objective as
well as available information or feasibility, the FMs, the special class of GMMs,
can also be generated.

3. APPLICATIONS OF GENIC MOLECULAR MARKERS

Molecular markers have already shown their applications in a variety of ways in
several plant species (see Gupta and Varshney 2004). The development of GMMs,
now permits a targeted approach for detection of nucleotide diversity in genes
controlling agronomic traits in plant populations. Some main areas of plant breeding
and genetics, where the implementation of GMMs will prove quite useful, are
discussed here.

3.1. Trait Mapping

One of the main applications of molecular markers in plant breeding is their use as
diagnostic markers for the trait in the selection. However, use of random molecular
markers (RDMs) as a diagnostic tool entails the risk of losing the linkage through
genetic recombination. Even in case of GMMs, the gene-targeted markers (GTMs)
where polymorphism was discovered through one allele analysis without any further
specification of the polymorphic sequence motif are threatened by the same way
(Rafalski and Tingey, 1993). In contrast to RDMs or GTMs, FMs (DFMs or IFMs)
allow reliable application of markers in populations without prior mapping and the
use of markers in mapped populations without risk of information loss owing to
recombination.

The development of FMs is expensive and cannot be undertaken for all the traits
and in all crop species, GMM have been developed and mapped in several plant
species (Table 1). The genetic maps, developed after mapping/integration of GMM
are called “transcript” or “gene” maps. For example, based on the candidate genes
for drought tolerance, a comprehensive set of >200 gene-based markers have been
developed for barley (Rostocks et al. 2005). Recently, a “transcript map” of barley
after integrating more than 1000 gene-based markers (GTMs) has been developed,
(Stein et al. 2007). A kind of transcriptome map based on deletion mapping of
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Table 1. Some reports on development of genic molecular markers in important plant species

General name Species Type of markers
developed

References

Cereals and grasses

Barley Hordeum vulgare EST-SSR, EST-SNP,
EST-RFLP,
cDNA-RFLP

Thiel et al. 2003, Rostocks
et al. 2005, Varshney et al.
2006, Willsmore et al. 2006,
Stein et al. 2007, Varshney
et al. 2007b

Maize Zea mays cDNA-RFLP, EST-SNP Gardiner et al. 1993, Chao
et al. 1994, Picoult-Newberg
et al. 1999, Falque et al. 2005

Wheat Triticum aestivum EST-SSR, EST-SNP,
cDNA-RFLP

Holton et al. 2002, Yu et al.
2004, Somers et al. 2003,
Gao et al. 2004, Qi X. et al.
2004, Nicot et al. 2004

Rice Oriza sativa EST-SSR, EST-SNP,
cDNA-RFLP,
Intron Length
Polymorphism (ILP)

Causse et al. 1994,
Harushima et al. 1998,
Temnykh et al. 2001, Feltus
et al. 2004, Wang et al. 2005

Rye Secale cereale EST-SSR, EST-SNP Hackauf and Wehling, 2002,
Khlestkina et al. 2004,
Varshney et al. 2007b

Sorghum Sorghum bicolor EST-SSR, cDNA-RFLP Childs et al. 2001, Klein et al.
2003, Bowers et al. 2003,
Ramu et al. 2006, Jayashree
et al. 2006

Lolium Lolium perenne EST-SSR Faville et al. 2004

Legumes

White clover Trifolium repens EST-SSR Barret et al. 2004
Soybean Glycine max EST-SSR Song et al. 2004, Zhang et al.

2004

Fiber and oil seed crops

Cotton Gossypium sps. EST-SSR Zhang et al. 2005, Chee et al.
2004, Park et al. 2005-

Sunflower Helianthus sps. EST-SNP Lai et al. 2005

Fruit and vegetables

Grape Vitis vinifera EST-SSR Chen et al. 2006
Kiwi fruit Actinidia chinensis EST-SSR Fraser et al. 2004
Raspberry Rubus spp. EST-SSR Graham et al. 2004
Tomato Lycopersicon

esculentum
EST-SSR Frary et al. 2005

Strawberry Fragaria spp. EST-SSR Sargent et al. 2006

Trees

Pinus Pinus ssp. EST-SSR, ESTP Cato et al. 2001
Coffee Coffea ssp. EST-SSR Bhat et al. 2005, Aggarwal

et al. 2007
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more than 16,000 gene loci has been developed in wheat (Qi L-L et al. 2004). Such
molecular maps, not only provide gene based molecular markers associated with
the trait of interest after the QTL analysis, but also can be compared with those of
the other related plant species in an efficient manner.

3.2. Functional Diversity

Characterization of genetic variation within natural populations and among breeding
lines is crucial for effective conservation and exploitation of genetic resources
for crop improvement programmes. Molecular markers have proven useful for
assessment of genetic variation in germplasm collections (Hausmann et al. 2004;
Maccaferri et al. 2006). Evaluation of germplam with GMMs might enhance the
role of genetic markers by assaying the variation in transcribed and known function
genes, although there may be a higher probability of bias owing to selection.

While using the genic SSR markers for diversity studies, the expansion and
contraction of SSR repeats in genes of known function can be tested for association
with phenotypic variation or, more desirably, biological function (Ayers et al. 1997).
The presence of SSRs in the transcripts of genes suggests that they might have a role in
gene expression or function; however, it is yet to be determined whether any unusual
phenotypic variation might be associated with the length of SSRs in coding regions as
was reported for several diseases in human (Cummings and Zoghbi 2000). Similarly,
the use of SNP markers for diversity studies may correlate the SNPs of coding vs. non-
coding regions of the gene with the trait variation. The variation associated with delete-
rious characters, however, is less likely to be represented in the germplasm collections
of crop species than among natural populations because undesirable mutations are
commonly culled from breeding populations (Cho et al. 2000).

Several studies involving GMMs, especially genic SSRs, have been found useful
for estimating genetic relationship on one hand (see Gupta et al. 2003 Gupta and
Rustgi 2004, Varshney et al. 2005a) while at the same time these have provided
opportunities to examine functional diversity in relation to adaptive variation (Eujayl
et al. 2001, Russell et al. 2004). It seems likely that with the development of
more GMMs in major crop species, genetic diversity studies will become more
meaningful by a shift in emphasis from the evaluation of anonymous diversity to
functional genetic diversity in the near future. Nevertheless, use of the neutral RDM
markers will remain useful in situations where: (i) GMMs would not be available,
and (ii) to address some specific objectives e.g. neutral grouping of germplasm.

3.3. Interspecific or Intergeneric Transferability

Perhaps one of the most important features of the GMMs is that these markers
provide high degree of transferability among distantly related species. In contrast,
except RFLPs all other RDMs are generally constrained in this regard. Transfer-
ability of GMM markers to related species or genera has now been demonstrated
in several studies (Table 2). For example, a computational study based on analysis
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Table 2. Some examples of interspecific or intergeneric transferability of genic molecular markers

Plant species Marker type Species, recorded
transferability

Reference

Cereals and grasses

Barley (Hordeum
vulgare)

EST-SSR,
EST-SNP

Wheat, rice, rye Thiel et al. 2003, Varshney
et al. 2004, 2007b

Wheat (Triticum
aestivum)

EST-SSR Aegilops and Triticum
species, barley, maize, rice,
rye, oats, soybean,
Lophopyrum elongatum

Holton et al. 2002, Gupta
et al. 2003, Gao et al. 2003,
Bandopadhyay et al. 2004,
Yu et al. 2004, Mullan et al.
2005, Tang et al. 2006

Rice (Oryza sativa) EST-SSR wild species of rice Cho et al. 2000
Sugarcane

(Saccharaum
officinarum)

EST-SSR Saccharum robustum,
Erianthus and Sorghum

Cordeiro et al. 2001

Sorghum (Sorghum
bicolor)

EST-SSR Eleusine coracana, Seashore
paspalum, finger millet

Wang et al. 2005

Tall fescue (Festuca) EST-SSR subfamilies of Poaceae Mian et al. 2005

Fiber and oilseed crops

Cotton (Gossypium
hirsutum)

EST-SSR Cotton species Saha et al. 2003

Sunflower
(Helianthus
annus)

EST-SSR Heliantus angustifolius,
Helianthus verticillatus

Pashley et al. 2006

Fruit and vegetables

Strawberry
(Fragaria vesca)

EST-SSR F. gracilis, F. iinumae, F.
nilgerrensis, F. nipponica

Bassil et al. 2006

Apricot (Prunus
armeniaca)

EST-SSR Vitaceae and Roseaceae
family

Decroocq et al. 2003

Grape (Vitis vinifera) EST-SSR > 25 species from 5
Vitaceae and Roseaceae

Scott et al. 2000, Rossetto
et al. 2002, Arnold et al.
2002, Decroocq et al. 2003

Tomato (Solanum
lycopersicum)

EST-SSR Solanaceous members Frary et al. 2005

Ferns and trees

Alpine lady-fern
(Atyrium
distentifolium)

EST-SSR 9 species from Woodsiaceae Woodhead et al. 2003

Pinus (Pinus taeda) EST-SSR 12 Pinus species Komulainen et al. 2003,
Changne et al. 2004,
Liewlaksaneeyanawin et al.
2004

Spruce (Picea
glauca)

EST-SSR 23 Picea species Rungis et al. 2004

Citrus (Citrus
sinensis)

EST-SSR Poncirus trifoliata Chen et al. 2006

Coffee (Coffea
arabica, Coffea
canephora)

EST-SSR 16 species of coffee and
Psilanthus

Bhat et al. 2005, Poncet et al.
2006, Aggarwal et al. 2007
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of ∼1000 barley GMMs suggested a theoretical transferability of barley markers
to wheat (95.2%), rice (70.3%), maize (69.3%), sorghum (65.9%), rye (38.1%) and
even to dicot species (∼16%). Infact, in silico analyses of GMMs of wheat, maize
and sorghum with complete rice genome sequence data have provided a larger
number of anchoring points among different cereal genomes as well as provided
insights into cereal genome evolution (Sorrells et al. 2003, Salse et al. 2004).

In some studies, the use of GMMs of major crop species has been shown to enrich the
genetic maps of related plant species for which little marker information is available.
For example, barley EST-SSR as well as EST-SNP markers have been shown trans-
ferable as well as mappable in syntenic regions of rye (Varshney et al. 2004, 2005c,
2007a; Figure 2). Further, such kind of markers from the related plant species offers the
possibility to develop anchor or conserved orthologous sets (COS) for genetic analysis
and breeding in different species. In this direction, Rudd et al. (2005) identified a large
repository of such COS markers and developed a database called “PlantMarker”.
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Figure 2. An example of integration of barley genic (EST-SSR) markers into syntenic regions of rye
genetic map. Integrated barley markers (GBM1008, GBM1046) are shown in bold and capital font in
boxes on right hand side. Details about other markers present on this linkage group are available in
Korzun et al. (2001). Genetic distances are given in centimorgans (cM) on left hand side. The black
triangle indicates the estimated centromere position. The relationship of the linkage group 6R in terms
of Triticeae linkage group is shown on very left hand side (left to black triangle) as per Devos et al.
(1993). Both barley genic markers from linkage group 3H and 6H are mapped into expected syntenic
regions of the rye linkage group 6R. S = short arm, L = long arm
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4. COMPARISON OF GMMs AND RDMs

Since the development of first molecular markers i.e. RFLPs in 1980 (Botstein
et al. 1980), a diverse array of molecular marker technologies have come into
being revolutionizing conventional plant breeding efforts for crop improvement.
Significant strides have been made in crop improvement through conventional
random molecular markers (RDMs). For instance, these molecular markers besides
throwing light on organization, conservation and evolution of plant genomes, have
also aided geneticists and plant breeders to tag genes, map QTLs for the traits
of economic importance. Still, most of them are “anonymous” markers, that is to
say their biological function is unknown. In comparison, a putative function for
majority of the molecular markers, derived from the genes or ESTs, however can
be deduced using some bioinformatics tools; such markers (GMMs) are commonly
referred as functional markers (Varshney et al. 2005b). Although, in stricto sense,
the functional markers are based on functionally defined genes underlying specific
biochemical or physiological functions and therefore the FMs can be considered as
a class of GMMs (Anderson and Luebberstedt 2003).

The GMMs, like RDMs, could detect both length and sequence polymorphisms
in expressed regions of the genome but provide relatively stronger and robust
marker assays. However, as compared to the RDMs the developmental costs of
GMMs, depend on which specific class of GMMs is to be developed. Similarly
the applied value of the GMMs as compared to the RDMs varies depending on
the class of the GMMs. These relative costs and applications issues have been
detailed in Table 3. In summary, if the GMMs based on the polymorphic site
and verification are developed (i.e. FMs), these markers are superior to RDMs
for using them as diagnostic tools in marker-assisted selection as they may owe
the complete linkage with the trait locus alleles (Anderson and Luebberstedt
2003). In plant breeding, the GMMs are superior to RDMs for selection of, e.g.,
parent materials to build segregating populations, as well as subsequent selection
of lines (line breeding) or inbreds (hybrid breeding). Depending on the mode
of the GMM characterization, these can also be applied to the targeted combi-
nation of alleles in hybrid and synthetic breeding. In population breeding and
recurrent selection programs, the GMMs can be employed to avoid genetic drift at
characterized loci.

Being originated from the conserved proportion of the genome, the GMMs, as
compared to the RDMs, are the candidate markers for interspecific/intergeneric
transferability and comparative mapping/genomics studies in related plant species.
Since the GMMs represent the expressed portion of the genome, they sample the
variation in transcribed regions of the genome, and provide a more direct estimate
of functional diversity while screening the markers on the germplasm adapted
to different environments. Nevertheless, the GMMs, as compared to the RDMs
are less polymorphic and provide less alleles and lower PIC values. Additionally,
due to biased distribution in the genome, the GMMs are unsuitable for analyzing
population structure.
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Table 3. Comparison of genic molecular markers (GMMs) with random DNA markers (RDMs)

Feature GMMs RDMs

gSSRs, SNPs RFLPs RAPD/AFLP/ ISSR etc.

Need for sequence data Genes/ESTs
data Essential

Essential Not required Not required

Costs of generation Low* High High Low-moderate
Labour involved Less Much Much Less
Level of polymorphism Low High Low Low-moderate
Interspecific

transferability and
comparative
mapping

High Low-moderate Moderate-High Low-moderate

Function of markers Known
majority
of times

Unknown
majority of
times

Unknown Unknown

Utility in
marker-
assisted
selection

Great, if the
marker is
derived from
the gene,
involved in
expression of
trait

High Moderate Low-moderate

*generally GMMs are by products of the available transcriptome resources being developed for functional
genomic studies.

5. FUTURE DIRECTIONS OF GENIC MOLECULAR MARKERS

It is clear that the GMMs and especially the FMs are extremely useful source of
markers in plant breeding for marker-assisted selection because these markers may
represent the genes responsible for expression of target traits. If so, there will not
be any recombination between the markers and the trait, thus representing perfect
indirect selection tools. While low level of polymorphism is an inherent feature of
the GMMs, it is compensated by their higher interspecific transferability as well as
capacity to sample the functional diversity in the germplasm. These features make
the development and application of the GMMs more attractive for plant breeding
and genetics.

With more DNA sequence data being generated continuously, the trend is
towards cross-referencing genes and genomes using sequence and map-based tools.
Because polymorphism is a major limitation for many species, SSR- and SNP-
based GMMs will be valuable tools for plant geneticists and breeders. In the
longer term, development of allele-specific, functional markers (FMs) for the
genes controlling agronomic traits will be important for advancing the science
of plant breeding. In this context genic SSR and SNP markers together with
other types of markers that target functional polymorphisms within genes will be
developed in near future for major crop species. The choice of the most appropriate



24 VARSHNEY ET AL.

marker system, however, needs to be decided on a case-by-case basis and will
depend on many issues including the availability of technology platforms, costs
for marker development, species transferability, information content and ease of
documentation.
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Abstract: The use of molecular markers is gradually expanding from the field of scientific
genetic analysis towards the implementation and application in breeding programs.
Applications of DNA markers in breeding are based on the knowledge of the relation
between genotypic and phenotypic variation. This overview of the field of molecular
breeding describes current and future methods for establishing these relations through
the combined use of modern DNA technologies and the laws of inheritance. The modern
molecular breeder has the opportunity to control an increasing amount of traits in the
breeding process through efficient application of DNA markers. Traits with different
level of complexity require different approaches for discovery and molecular control.
These approaches include control of genotypes and traits, at the level of linked markers,
haplotypes, genes and gene alleles. In order to fully exploit the potential of molecular
breeding as well as the potential of available germplasm resources, the selection methods
in breeding will have to be adapted, towards the integrated use of genetic knowledge
based on DNA markers.

1. INTRODUCTION

The purpose of plant breeding has always been to adapt the growth and production
of the plant to the needs of man. The earliest advances to meet this purpose are now
called crop domestication and have for cereals and pulses taken place ca. 10.000
years ago (Lev-Yadun et al. 2000). The first selections in natural populations were
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aimed at preventing seed dispersal at maturity, leading to the selection of the non-
brittle spikes in cereals. As a result of the domestication, many crops of today must
rely on human intervention for their reproduction.

After the discovery of the Mendelian principles of heredity, the methodologies
of modern plant breeding through directed crosses and selection for the desired
recombinants have been developed, leading to an enormous and steady increase of
crop productivity and quality. The progress in plant breeding is entirely based on the
availability of genetic variation. In principle the task of the modern plant breeders
is to exploit this genetic variability. In conventional breeding schemes, the genetic
variation of breeding populations is estimated (and selected) by measuring the
phenotypic performance only. Even though this process has proven to be effective,
it is commonly accepted that selection directly at the genotype level, would greatly
increase the efficiency of the breeding efforts. This is due to the environmental
influence on the phenotypic measurements, resulting in a biased measure of the
true genetic potential of an individual. Prerequisite for the use of selection based
on genotype is that the relative value of the different genotypes is well known and
predictable.

After the discovery of the DNA molecule as the carrier of genetic and heritable
information (Watson & Crick 1953) the possibility of factually describing the
genotype of individuals, and thus using this information through selection, became
feasible. The first molecular technique to address this challenge in plants, the
RFLP technique, was reviewed (Tanksley et al. 1989). However it was only after
the development of PCR based molecular marker technologies such as RAPD
(Williams J. et al. 1990) and AFLP (Vos et al. 1995), that the technologies could be
applied at an acceptable cost for marker applications in plant breeding. The challenge
since then has been to develop methodologies needed to discover molecular markers,
which can link the genotypic scores to phenotypic performance in a repeatable,
robust and affordable manner (Young 1999). This challenge has been a major focus
of Keygene over the last 16 years.

The following chapters will summarize the knowledge and experience that has
been generated through many different projects using DNA markers. The last
chapter, will present our vision on how the molecular plant breeder of the future
will integrate the use of technologies en methodologies with the ultimate aim of
maximizing the exploitation of genetic variation in plants.

2. MOLECULAR MARKERS FOR THE CONTROL
OF BREEDING OBJECTIVES

DNA markers have greatly enhanced the ability of the modern plant breeder
to efficiently meet different selection objectives in the breeding program. DNA
markers are highly reliable selection tools as they are abundant, stable, not influ-
enced by environmental conditions and relatively easy to score in an experienced
laboratory. Compared to phenotypic assays, DNA markers offer great advantages
to accelerate the variety development time as a result of:
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1. increased reliability: the outcome of phenotypic assays is affected, among
others, by environmental factors, the heritability of the trait, the number of
genes involved, the magnitude of their effects and the way these loci interact.
Hence, error margins on the measurement of phenotypes tend to be significantly
larger than those of genotyping scores based on DNA markers.

2. increased efficiency: DNA markers can be scored at the seedling stage. This is
especially advantageous when selecting for traits which are expressed only at
later stages of development, such as flower, fruit and seed characteristics. By
selecting at the seedling stage, considerable amounts of time and space can be
saved.

3. reducing cost: there are ample traits where the determination of the phenotype
costs more than a PCR assay. In high throughput setting, the total cost for a PCR
assay will typically not exceed 1 Euro. In comparison, the growth of a tomato
or pepper plant to full maturity in a heated greenhouse will cost approximately
20 Euro. Every plant that can be rejected before planting will in such settings
save a considerable amount of money.

Before deciding to follow DNA marker assisted approaches, practical concerns
and cost-benefit analysis need to be addressed. Leaders of breeding programs
must address a multifaceted evaluation of DNA marker-assisted approaches before
committing to such endeavors.

The most straightforward applications of DNA markers in breeding programs are;
genetic distance analysis, variety identification and purity control of seed lots and
marker assisted backcrossing. These applications (currently) make use of what can
be called genome wide polymorphisms. We define genome wide polymorphisms as
molecular markers detectable between two defined genotypes (lines), but without
knowing any linkage of the markers to traits or genes. Using this definition, genome
wide polymorphisms only have a relative value in relation to the score of the
marker in other individuals. Nevertheless such markers, when used in multiplex,
have proven to be applicable for a number of objectives aimed at controlling the
genome constitution of lines in plant breeding as described below.

A different group of applications of DNA markers in plant breeding is the
identification and use of markers tightly linked to specific genes, monogenic traits
and QTL. These markers can be used directly for indirect selection purposes. The
different applications are discussed in more detail in the following paragraphs.

2.1. Controlling Genomes

2.1.1. Variety identification and seed purity analysis

Genotyping using (genome wide DNA markers can be considered as the most
reliable method for the identification of fixed lines and varieties. Therefore DNA
fingerprinting methods have been implemented in many breeding companies to
analyze the purity of seed lots of inbred lines as well as hybrid seed lots
Roldán-Ruiz et al. 2000). The immediate benefit of using molecular markers for
this purpose is the fact that a marker score on a pooled seed-lot sample is much
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cheaper then a grow-out and visual inspection of the seedlings. The largest benefit
of using markers for seed-lot purity assessment however is the fact that the assay
is fast, giving the opportunity to move seed-lots to commercial valorization much
quicker and saving storing costs of the expensively produced seeds. Any multiplex
DNA fingerprinting technique (RAPD, AFLP®, SSR) can be used for this purpose,
as long as sufficient polymorphisms can be sampled at low cost to unambiguously
identify varieties or determine hybrid purity.

2.1.2. Genetic distance analysis

A general measure of the genetic diversity and inter-relatedness of a germplasm
sample can most easily be obtained by performing a genetic distance analysis. In
principle all individuals of the germplasm samples are fingerprinted, with preferably
a multiplex fingerprinting technique. Subsequently a pair-wise distance matrix is
calculated for each pair of individuals, followed by a clustering algorithm or a
Principal Component Analysis (PCA). The result is a grouping of individuals within
the germplasm according to their inter-relatedness (Figure 1). Different methods
of calculating and interpreting similarity matrices have been reviewed (Reif et al.
2005). Genetic distance analysis is very powerful in assorting unknown genotypes
to groups within the germplasm, such as heterotic groups in maize (Lübberstedt
et al. 2000) without knowledge of the pedigree of the individuals. In addition the
pair-wise similarities are being used for designing crosses aimed at maximizing the
genetic segregation, either for use in optimizing the efficiency of genetic mapping
populations or for optimizing the expected segregation of traits. The use of genetic
distances based on molecular marker scores to predict heterosis has been investi-
gated (Syed et al. 2004; Vuylsteke et al. 2000). A general verdict on the usefulness
of genome wide markers for this purpose is still open, but it seems that an intelligent
filter on the polymorphism sampling will need to be applied in order to reliably
correlate marker diversity to hybrid performance. In that case the term genome
wide markers however would no longer apply.

2.1.3. Marker assisted backcross breeding

Marker Assisted Backcross (MABC) breeding has now become a standard appli-
cation in modern plant breeding and the optimization of MABC strategies was
already reviewed (Frisch et al. 1999; Reyes-Vadez 2000). The reason for the success
of this strategy is two-fold. Firstly, the time required for conversion of a Recurrent
Line into it’s Near Isogenic Line through MABC can be reduced from 6 to 3 gener-
ations. Such a significant reduction in time to market can significantly influence
the success of a new variety. Secondly, a good performing variety represents a very
valuable fixed combination of alleles and keeping this combination intact, when
adding simply inherited traits, is very attractive for many variety improvement
programs.

Two different aspects can be distinguished in MABC breeding:
(i) selection for recurrent parent genomic content: In this application, the DNA

fingerprints are used to calculate the % recurrent parent genome in each
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Figure 1. Combined AFLP fingerprint (below) and dendrogram (above) of a panel of grape varieties
and rootstocks. Based on the AFLP fingerprint data, the genetic relatedness of all the varieties was
determined and displayed by using a dendrogram. Subsequently, the fingerprints of the varieties were
re-ordered according to the order of the dendrogram



36 SØRENSEN ET AL.

backcross individual, hereby taking the genome representation of the markers
into account. Furthermore, the methodology of analysis includes the identi-
fication of donor and recurrent parent segments remaining in the Backcross
individuals.

(ii) selection against linkage drag: When negative characteristics are linked with
the trait that needs to be introgressed, molecular markers can be used to select
for recombinants or double recombinants in the genomic region surrounding
the trait of interest. After phenotypic testing of these recombinants, individuals
may be selected in which the region responsible for the linkage drag has been
removed from the locus of interest. This particular application has proven to
be very valuable, especially when introgressing traits from wild relatives into
elite lines (Peleman et al. 2003).

2.2. Controlling Traits

2.2.1. Indirect selection

Indirect selection with molecular markers has proven to be a powerful method of
selection in plant breeding. Especially for traits for which the phenotypic tests are
unreliable or expensive, markers offer a great solution. Before indirect selection
can be applied, the genetic basis of the trait of interest needs to be elucidated and
markers linked to the gene(s) of interest have to be identified. The methods for
identifying linked markers are described below.

The AFLP marker technology has been used for this purpose in a great variety
of species for numerous traits (Paran et al. 2003; Dekkers et al. 2002; Koornneef
et al. 2001). Once linked markers have been identified, the AFLP markers can
be converted into simple PCR assays, which allow screening of large numbers
of plants for the trait of interest in a cost effective manner. A suitable linked
DNA marker should allow the prediction of the phenotype in a broad range of
the germplasm. It is therefore advisable to test multiple linked markers for their
level of Linkage Disequilibrium (LD) with the trait of interest before conversion
of the linked marker into a PCR based assay. To ensure reliable implementation
of the marker in the practical breeding schemes, the identified marker typically
must be located within a 1-2 cM interval from the trait of interest. The occurrence
of multiple alleles in the germplasm for a desired locus may often complicate the
identification of one single marker that will predict the phenotype in the entire
breeding germplasm. This hurdle can generally be overcome by using a string
of multiple linked markers, ‘marker haplotypes’, describing the diversity of the
targeted locus across the breeding germplasm.

2.2.2. Development of markers for monogenic (qualitative) traits

For the identification of markers linked with monogenic traits, different approaches
can be followed. The preferred approaches are all based on knowledge of the
mendelian segregation of the trait combined with screening a limited number of
samples with a relatively large number of markers. This way, many (initially random)
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marker loci can be screened with a limited effort. The number of samples that need
to be fingerprinted can be limited by screening on set(s) of Near Isogenic Lines
(NIL’s), if these are available. Candidate markers that are identified this way, are then
screened on a panel of phenotypically well characterised germplasm lines to confirm
their linkage and to determine the predictive value of the markers on the germplasm.

An extremely powerful approach to identify linked markers consists of the
‘Bulked Segregant Analysis’ (B.S.A.) method (Michelmore et al. 1991). For this
type of screening, individuals from a segregating population are pooled on the basis
of their phenotype, and the pools are then fingerprinted until a sufficient number
of markers emerge. This method can be used for both dominant and recessive
monogenic traits. For dominant genes, ‘cis’ markers (linked in coupling phase with
the trait of interest) will emerge from the screening, whereas ‘trans’ markers (linked
in repulsion phase with the opposite allele) will be identified for recessive traits.
The B.S.A. approach has proven to be useful for the identification of linked markers
for di-genic traits as well. The initial B.S.A. screen will then reveal markers that
will turn out to be unlinked when screening individuals of the mapping population.
A secondary pool design based on combined markers scores and phenotype class
will enable the screening for additional linked markers to each of the two loci.

This method has been applied in numerous cases and has delivered many
very reliable markers which have been implemented for high throughput
screening and indirect selection in breeding programs (http://www.fao.org/
BIOTECH/docs/Barone.pdf ). Moreover, the method forms the basis for map based
cloning of genes responsible for a specific trait expression. In fact the limitation of
the use is on the number of recombination events that can be generated during the
meiosis, and not the genotyping method.

2.2.3. Development of markers for polygenic (quantitative) traits

A majority of agronomically important traits like flowering time, fruit quality,
reproductive behavior, stress tolerance and yield exhibit a continuous phenotypical
variation (Paterson et al. 1988; Mackay 2001; Morgante et al. 2003). Such traits are
determined by a number of genes, collectively termed quantitative trait loci (QTL),
each contributing partially to the phenotype in interaction with additional genetical
and environmental factors. The polygenic nature of such complex traits has hindered
marker development for indirect selection as well as gene isolation projects, mainly
due to the lack of discrete phenotypic segregations. A reliable phenotypic evaluation
of a quantitative trait is affected by environmental factors, the number of replicates,
the number of genes involved, the magnitude of their effect and the way in which
these loci interact. For example, the phenotypic effect of a QTL may easily remain
undetected as a result of epistatic interactions with other genetic factors. Therefore
the predictive use of DNA markers for complex traits is not straightforward and
we consider this aspect to be the main challenge for the molecular plant breeder
for the coming decade, even though some studies have shown that traits displaying
a continuous distribution might have a relatively simple inheritance (Frary et al.
2000; Thornsberry et al. 2001; Rouppe van der Voort et al. 2000).
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2.2.3.1. Bi-parental mapping populations Current QTL mapping strategies
are using segregating populations of two parent lines and generally lead to the
assignment of a QTL to a region of 10–20 cM. In the case of molecular breeding
applications, such a rough localization leads to inefficient indirect selection; the
association between the linked markers and the trait may become lost during the
breeding process, negative traits may be closely linked with the QTL and will not be
separated by selecting a large region, and identification of different alleles through
haplotyping is cumbersome and expensive for large genomic regions. Furthermore,
the current family based QTL mapping methods, will estimate the breeding value of
only two alleles (the parents of the mapping population) and the interaction effects
of only two genomes. For the complete breeding germplasm used by modern plant
breeders, we can safely assume that multiple alleles exist for which the breeding
value “per se” as well as in interaction with other loci influencing the trait, will
remain unknown. Hence, there is a need for efficient methods that allow the precise
mapping of QTL and establishing the breeding value of all allelic variants at each
QTL locus.

Key factors in high-resolution QTL mapping strategies are the number of
identified recombination events, the marker density, and the trait complexity.
Sufficient recombination events in QTL intervals can be identified for species
where large progenies can be generated easily and cheap (summarized in Darvasi
1998). In general, all these methods require large phenotyped populations to
reduce the trait complexity (Darvasi et al. 1993; Darvasi 1998), which renders
the cost for these applications relatively high. In plants, QTL have been fine
mapped by applying a mapping strategy based on the analysis of large progenies
derived from near-isogenic lines (NILs) (Frary et al. 2000; Fridman et al. 2000;
El-Din El-Assal et al. 2001; Takahashi et al. 2001; Liu et al. 2002; Salvi et al. 2002;
Bentsink et al. 2003). This approach requires the construction of highly inbred lines
involving many generations prior to generating the cross needed for fine mapping.

QIR analysis has been used successfully by us for the mapping of oligo-genic
traits. Instead of homogenizing the complete genetic background, as in the NIL
approach, the QIR analysis approach focuses specifically on the loci involved in
expression of the phenotype (Peleman et al. 2005). This strategy involves simul-
taneous fine mapping of QTL already at the F2/F3 stage rather than producing
inbred lines prior to fine mapping (Figure 2). The main principle of the approach
is the selective genotyping and phenotyping of only those plants that yield infor-
mation on the map position of the QTL. Such plants are selected after a first
rough-scale mapping by standard methods (e.g., 200 F2 individuals). After identi-
fication of the QTL for the trait of interest, a larger part of the population (e.g.,
1000 F2 plants) is screened with markers flanking the QTL to identify sets of
QTL isogenic recombinants (QIRs). QIR plants carrying a recombination event
in one QTL while e homozygous at all other QTL are most informative. The
trait complexity can thus be reduced to a monogenic trait as plants with all but
one QTL having an identical homozygous genotype are selected. These QIRs are
subsequently genotyped with sufficient markers at the recombinant QTL region to
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Figure 2. The principle of QTL fine mapping based on selection of QIR sets. Black segments indicate
homozygous for parent 1 alleles (AA), white segments indicate homozygous for parent 2 alleles (aa),
grey segments indicate heterozygosity. The left panel shows QIR set 1 with recombinations within the
QTL1 interval while the other QTL intervals are homozygous for the parent 1 alleles. The position of
the gene is determined based on the phenotypic values of the recombinants relative to the values of the
control plants (indicated by arrows). The right panel shows the different QIR sets that can be constructed
for one locus in a three QTL system. Set 1 and 2 will be the most informative

precisely map the recombination event within the QTL-bearing interval. Pheno-
typing the QIRs becomes more reliable by reducing the trait complexity as these
plants are nearly isogenic for all QTL that affect the trait. The downside of the QIR
analysis approach is that the method is limited to traits that are determined by a
maximum of five significant QTL.

2.2.3.2. Introgression line libraries (ILLs) A preferred method for mapping
many agronomically important quantitative traits segregating in the offspring of a
bi-parental cross is the use of Introgression Line Libraries. An Introgression line
(IL) library consists of a series of lines harboring a single homozygous donor
segment introgressed into a uniform, cultivated background (Figure 3) (reviewed in
Zamir 2001; Eshed et al. 1995).

The great advantages of IL libraries in comparison with other mapping approaches
are:
– IL Libraries consist of homozygous ‘immortal’ lines and therefore can be pheno-

typed repeatedly in multiple environments and used for the simultaneous mapping
of many traits;
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Figure 3. Example of an IL library construction process in tomato (12 chromosomes each separated
by a grey bar) by Marker Assisted BackCrossing. Each horizontal bar represents an individual (best
visible in the BC1 selection). In grey, homozygous recurrent parent segments are shown. In black the
homozygous donor segments are indicated (see BC3S1). Light bars represent heterozygous segments.
The black bars on top of the figure show the relative positions of the markers used to assist the selection
of the appropriate introgression lines
(Note: Reprinted from: Trends Plant Sci. 8, Peleman J-D, Rouppe van der Voort J, Breeding by Design,
330-334 © (2003), with permission from Elsevier)

– IL Libraries contain homogenous genetic backgrounds, only differing from one
another by the introgressed donor segment. Thus, epistatic effects from the donor
parent are eliminated.

– QTL are dissected into separate monogenic components which increases the
reliability of measuring phenotypic traits

– ILs containing interesting QTL can be backcrossed to various lines to investigate
interactive effects.

– Although dependent on the resolution of the IL library (= average introgression
segment size), QTLs are typically mapped into smaller intervals than by classical
QTL mapping; IL libraries provide optimal starting material for the fine mapping
of the mapped loci.

– A secondary bonus from using IL libraries is that often new ‘exotic’ alleles can
be found that have a positive effect in the culture crop germplasm (providing the
cross is composed of a elite x exotic cross).

To study interaction (epistasis) between loci, reciprocal IL Libraries can be
constructed. In such case, IL libraries from line A into B and vice versa are
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constructed. By doing so, phenotypes which can not be detected because they are
mediated by interacting loci in the AxB library will be measured as a knocked-out
phenotype in the BxA library. Subsequently, crosses between individual intro-
gression lines each bearing one of the interacting alleles can be made to investigate
the extent of the interaction (Eshed et al. 1996).

To map loci contributing to heterosis, the IL library can be crossed to a tester
parent. This will create an F1 IL library in which each introgression segment
is present in the heterozygous state. This F1 IL library is then phenotyped to
detect heterotic effects caused by specific introgression segments. The past five
years, considerable progress has been made for a number of different crops in the
construction of Introgression Line Libraries (Zamir 2001). IL libraries also provide
perfect starting material for fine mapping of an interesting locus or even isolation
of the causal gene: each line containing a locus of interest can be backcrossed to the
recurrent parent (and if necessary, selfed) to create a large segregating population.
This population can be used to identify recombinants within the introgression
segment using flanking markers. Phenotyping these recombinants will enable the
mapping of the locus at high resolution.

2.2.3.3. Multi-parental mapping populations A novel method for plant geneti-
cists that in theory will be able to circumvent some of the limitations of
the bi-parental mapping method has been used in animal breeding. Recently a
specific population design called “heterogeneous stocks”, based on multiple parent
individuals, has been proposed as a central resource for mouse genetic mapping (The
Complex Trait Consortium 2004; Mott et al. 2000) We refer to these methods as
Multi-parental mapping reviewed by Flint (Flint et al. 2005). The mapping popula-
tions are produced by multiple rounds of intercrossing a group of lines, generating
the heterogeneous stock and subsequently drawing RIL populations from this stock
through subsequent selfing generations. The choice of the initial lines is essential
for the success of the strategy, since the aim is to be able to cover a large part of
the genetic diversity within the breeding germplasm. A Genetic Distance Analysis
with molecular markers will provide a good support for the optimal choice of
complementary lines to combine. The strategy will require an increased amount of
markers fingerprinting as compared to a bi-parental mapping population. This is
because the number of recombination is highly increased and the number of alleles
per locus will be larger then two. The benefit however will be a higher precision
of the mapping (resolution) as well as a higher power of detecting QTL alleles
and QTL interactions. When multiplex marker fingerprinting cost will be further
reduced, this method can be an attractive addition to the efforts of unraveling the
genetics of complex traits.

2.2.3.4. Association mapping An alternative approach which has attracted
increasing attention from plant geneticist over the last years in the use of association
mapping, often referred to as Linkage Disequilibrium (LD) mapping. This method
is increasingly recognized as a valuable addition to the toolbox for identifying loci
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contributing to quantitative traits (Peleman et al. 2003; Thornsberry et al. 2001;
Kraakman et al. 2004; Hagenblad et al. 2004). In association mapping, statistical
association between genotypes and phenotypes is analysed in large germplasm sets,
thereby eliminating the need for population development for the purpose of QTL
mapping. Furthermore the method holds the potential of simultaneous detection
of loci and estimation of the phenotypic value of all different allelic versions
of the QTL that are present in the germplasm sets tested. The identification of
loci influencing the expression of the trait is based on the assumption that a
historical relationship exists between alleles at two closely situated loci, and this
original co-occurrence will gradually decay in the population by recombinations
between the loci during meioses. Consequently, the relative allele distributions of
an unknown gene and that of a very nearby situated marker will be non-random,
or in other words, the two are in dis-equilibrium. In plant breeding germplasm
sets, we can expect the presence of population structure, which will significantly
influence the results of an association study and cause spurious trait-marker associ-
ations. Algorithms and methods are being developed to correct for these effects
(Pritchard et al. 2000; Zöllner et al. 2005; Caldwell et al. 2006). A conceptual
advantage of association mapping is that the linkage is evaluated over the large
pool of historic meioses, allowing gene localization with a higher resolution than
when using linkage mapping (Ranalla et al. 2000). The power of the method will
therefore depend on the extent of LD present around each QTL in the germplasm set
used for the analysis in combination with the resolution of the genotypic scores on
the germplasm set as well as the correct ordering (mapping) of all markers scored.
(Buckler et al. 2002; Rafalski et al. 2004; Smid et al. 2006). Association mapping
can be performed with either single markers or with haplotypes. Haplotypes can be
defined as common sets of (marker) alleles in linkage phase in adjacent loci. When
using haplotypes in association studies, the information of several linked bi-allelic
markers is combined to emulate a single, multi-allelic informative marker. Haplo-
types can be generated from physical map sequences or re-sequenced loci (sequence
haplotypes) or genetic maps (marker haplotypes). We believe that haplotype based
association mapping will provide more power of detection when applied for whole
genome scanning for QTLs then when using single marker association tests (see
Figure 4). (Buntjer et al. 2005; JoséAranzana et al. 2005; The International HapMap
Consortium 2005; Niu 2004).

2.3. Controlling Genes

Whatever methods are employed for parental selection and genetic mapping, most
approaches in molecular breeding start with the assumption that allelic variants at
one or more genes underlie phenotypic variation. This does not always need to be
true, as supra-genic phenomena as genomic imprinting may also cause phenotypic
variation. However, it is correct to assume that if traits can be fine mapped on
genetic linkage maps, they are ultimately caused by alleles of single genes, either
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Figure 4. Analysis of LD and LD mapping in a maize line panel. AFLP® marker scores of 115 Dent
and 23 Flint lines were aligned to the Keygene integrated maize genetic linkage map, for haplotype
based whole genome LD analysis. Panel A displays LD expressed as R2 values of single markers (left)
and marker haplotypes (right, haplotype length = 3) of chromosome 1. A slight increase in the extent
of LD, an improved relation between cM distance and LD and a clear reduction of spurious LD, can
be observed when using marker haplotypes as compared to single markers. Panel B display association
LOD peaks found for the traits male and female flowering. The influence of the population stratification
was assumed to be the cause of some spurious association peaks for these traits. This was confirmed for
a number of the LD peaks found. High LOD scores disappeared after correction for the subpopulation
stratification

Mendelian major genes, or QTL. The highest resolution of molecular breeding is
therefore the cloning of individual genes.

2.3.1. Development of markers through positional cloning

There are several reasons why the identification of individual genes would be
beneficial for breeding purposes. The most obvious is that a causal gene would
allow the development of perfect allele-specific molecular markers for indirect
selection. However, in crops with high levels of LD, such fine resolution may not
be required, and a breeder may be satisfied with a haplotype of the locus of interest.
More important is the fact that gene cloning results in mechanistic models as to
why a particular allelic variant performs better or worse than another, rendering it
a functional marker. This allows a breeder to design intelligent selection criteria to
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discover novel alleles based on pre-defined molecular features, such as a specific
nucleotide sequence, expression level or expression pattern. Molecular selection can
be done before any actual breeding, allowing phenotypic assessment to be restricted
to a few promising alleles from a wider germplasm.

Along with a mechanistic perspective on genetic effects comes a possibility to
control epistasis. Especially for QTL and quantitative inheritance, epistasis is very
pervasive (Mackay 2004) and requires not only an understanding of a QTL itself,
but also the effect of genetic background on the expression of the QTL. The genetic
background may be modelled and optimised by considering the biochemical or
physiological pathways in which a QTL functions. Finally, a benefit of gene cloning
is one of legal protection. If specific alleles lead to improved varieties, breeders can
protect their investments by describing molecular features, allowing highly specific
genotype tests for variety identification.

Presently, gene cloning has not been of major impact for molecular breeding.
This has a number of reasons, which dictate the way in which gene cloning will
be performed in the future. First and foremost, the genes of interest to a breeder
are mostly QTL, which confer relatively mild phenotypic modifications, and segre-
gation of different alleles must invariably be detected by extensive replication of
genotypes. With conventional methods, i.e. map based cloning, these properties
render cloning of QTL cumbersome. As a result, QTL cloning is not a routine
option and is economical only for those loci with clear added value. This issue
is further complicated by the common observation that a QTL effect frequently
fails to replicate well in different genetic backgrounds, leading many breeders to
suggest that single QTL genes have relatively little to add except in very specific
cases. It is imperative, therefore, to improve the technical toolkit to such extent
that cloning QTL, whether of major or minor effect, becomes a cost effective and
simple routine. Developments in this area have been reviewed in detail elsewhere
(Salvi et al. 2005; Morgante et al. 2003). We believe that, with the conventional
hierarchical map based cloning approaches, this goal will for many traits be difficult
to achieve, creating a need to explore alternative methods for higher throughput
cloning of genes with breeding value.

2.3.2. Development of markers through the candidate gene approach

One line of progress comes from emerging genomic tools. Currently, it seems
that evaluation of candidate genes in high throughput association mapping proce-
dures is one of the most promising routes to identifying genes with QTL effects.
This has been demonstrated in several cases and in several crops (Li et al. 2005;
Olsen et al. 2004; Szalma et al. 2005; Thornsberry et al. 2001; Thumma et al. 2005;
Wilson et al. 2004). Biochemical and physiological predictions about the functions
of particular plant genes has led to the identification of subtle quantitative effects
of specific alleles on traits of interest. Once good association mapping panels are
established and characterized for phenotype and population structure (Flint-Garcia
et al. 2005), they can be used indefinitely to assess the effects on selected genes
and polymorphisms within them. A limiting factor becomes the speed and cost of
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resequencing and polymorphism discovery in a large number of genes. With many
possible candidate genes and their gene families, effective association analysis will
become a large scale resequencing endeavour.

The selection of candidate genes can follow from various sources of information.
Among these are pre-established roles from knock-out phenotypes or biochemical
function, but also from genomic location, expression studies, etc. It is important to
note that associations are always statistical, and must be followed up by confirmatory
studies in which specific alleles are tested in segregating populations, or ultimately
by direct genetic modification.

2.3.3. Development of markers through QTL tagging

A second avenue towards identifying genes with useful phenotypic effects is to
reconsider what actually constitutes a QTL. With quantitative inheritance, it is
generally accepted that many genes contribute to phenotype, and that these genes
can be quite different in different crosses. If so, almost any gene can be a QTL, a
notion that opens up at least one novel approach. As has been demonstrated amply
in Drosophila (Norga et al. 2003; Harbison et al. 2004; Mackay 2004), assessing
the quantitative phenotypic effects of a collection of random homozygous insertions
(such as transposons) is very effective in de novo induction and simultaneous
cloning of QTL by tagging. Interestingly, a fair proportion of insertion alleles appear
to improve the phenotype of Drosophila strains that carry them, or correspond
to positionally cloned QTL (Norga et al. 2003; Harbison et al. 2004). Several
excellent transposition systems are available in several species of model plants (Droc
et al. 2006; http://www.arabidopsis.org; McCarty et al. 2005; Stuurman et al. 2005),
which would allow a similar approach as followed in Drosophila. With this method
implemented, QTL identification can get a significant new avenue. Although large
scale insertional mutagenesis is not available for most crop plants, knowledge
about quantitative trait genes in model species should have significant impact on
understanding corresponding genetic systems in crops.

In summary, we believe that cloning genes is a necessary extension of molecular
breeding. With new tools and concepts in hands, the catalogue of useful genes and
their associated phenotypic variation is expected to expand exponentially, providing
many novel opportunities for creating designer genotypes of superior performance.
For QTL of large effect, enhanced procedures for map based cloning should expedite
their isolation. For isolation of QTL with small effects, it is likely that the future
will see a greater emphasis on evaluation of candidate genes and on mutagenesis
based approaches such as tagging with insertion mutagens.

3. OPTIMAL EXPLOITATION OF (BREEDING) GERMPLASM

The application of DNA markers for indirect genome and trait selection, based on
developments as described above, has improved the gain of selection in recurrent
breeding programs by increasing heritability and selection intensities simultane-
ously. Moreover specific applications of DNA markers can create substantially
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more added value in the variety development process. By applying markers in a
creative manner, new traits can be introduced which either could not or could only
be obtained with great difficulty by classical breeding. Therefore, the application
of markers in breeding has created a competitive advantage to those breeders /
companies which have successfully integrated DNA markers as part of their working
tools. Below, a number of examples are provided where creative applications of
markers clearly provide a major benefit over classical breeding.

3.1. Removal of Linkage Drag

One of the earliest creative applications has been called removal of linkage drag.
Many valuable traits are (or have been) introduced into elite germplasm through
crosses with wild relatives and backcrosses with elite lines as the recurrent parent
(RP). Breeders have experienced that this strategy often is hampered by the fact
that the desirable trait from the wild relative is linked to a trait that influenced the
performance of the elite line in a negative way. In order to remove this linkage
drag, one (or more) recombination event(s) has to take place within the initially
introgressed genomic segment from the wild relative. As a consequence of relatively
large sequence diversity between the introgressed segment from the wild relative
and the orthologue genomic segment of the elite RP line, recombination frequency
will be depressed in the introgressed segment (Roger et al. 2000). Only the screening
of a very large (thousands) segregating population, will enable the identification
of the desired recombinant individual. This effort is enormous if the screening
must be based on phenotypic evaluations, but with current high throughput marker
screening platforms, thousands of individuals can be screened with markers flanking
the introgression segment in a day. Only recombinant individuals will need to be
phenotyped in order to confirm the removal of the linkage drag. As an example
of a successful application of this strategy, which has delivered varieties with
novel traits we refer to the development of lettuce varieties resistant to the aphid
Nasonovia ribisnigri (Jansen, 1996) and the development of fertile Rye hybrid
varieties (http://www.pollenplus.de/pollenplus_62.php.).

3.2. Pyramiding Favourable Alleles and QTL

A very powerful example of using markers for the creation of novel varieties is
by pyramiding favourable alleles of genes in one variety (genotype). This approach
can offer great financial rewards through extending the life span of new varieties.
Pyramiding in combination with molecular marker selection is a widely used term for
many different applications. The basis for using efficient marker assisted pyramiding
lies in the precise knowledge of the genetic positions of the genes and the avail-
ability of markers which are in very tightly linked to these genes. Combining different
pathogen resistance genes using this approach has been reported among others by
Gebhardt et al (2006). (Gebhardt et al. 2006; Witcombe et al. 2000). A different
application of the same principle relates to the combination of multiple race-specific



MOLECULAR BREEDING 47

resistance genes, which reside in a resistance gene cluster. Favorable alleles of
homologous resistance genes may be located in tandem, but present in different
accessions. In such case it is of paramount importance to precisely fine map the
alleles of the different genes with respect to one another. This goal can only be
achieved using DNA markers. Subsequently, the linked markers can be utilized
to select for the rare recombinants that combine the favorable alleles in tandem.

An increasing amount of knowledge about the molecular basis of the expression
of traits is available to the modern plant breeder. Extending the principle of
pyramiding favorable alleles to multiple traits, quantitative and qualitative, will
increase the possibility for the plant breeder to create favorable and novel genotypes
by monitoring the segregation of traits during the breeding process, and focusing the
selection on novel combinations of favorable (QTL) alleles (Servin et al. 2004). For
a successful implementation of such an approach, in our opinion, a re-definition of
traits is necessary. A separation of traits into trait-components that can be mapped
separately will be necessary. For example, an extremely important phenotype like
yield is determined by a vast array of component characters, such as root size, plant
size, number of fruit, size of fruit, fruit contents, etc. Mapping the genes involved
in these separate components provides a better understanding of the complex trait
and a higher chance of success. This approach will significantly aid in unraveling
the complexity of agronomically important traits. It is with such traits that, in the
long term, the biggest benefits of MAS can be obtained.

3.3. Effective Exploitation of (Exotic) Germplasm

There are several strategies for exploiting the variation in germplasm collections.
For some traits, it might be necessary to use wild ancestors of crop plants and
to introgress some of the diversity that was lost during domestication in order to
improve agricultural performance under optimal as well as stress conditions. Most
of the genetic variation that is present in wild species and unadapted germplasm
in gene banks, has a negative effect on the adaptation of plants to the agricultural
high performing environments; hence, the challenge is to identify and introduce
into the breeding germplasm, only the advantageous alleles. This is particularly
the case for quantitative traits because the value of a wild or exotic accession
for contributing useful alleles cannot be determined a priori with certainty, either
because the “per se” contribution of the advantageous alleles is not detectable in
the phenotyping range of the wild accession, or because epistatic effects render
the beneficial allele undetected in the background of the wild genome. Breeders
have traditionally been limited in the use of wild germplasm in their breeding
programs due to complex, long-term and unpredictable outcomes, particularly in
crops where quality traits are important market criteria. This is a pity because in most
crops, the cultured germplasm only represents a small section of the vast diversity
available in the species. Tanksley and co-workers have clearly demonstrated that
wild relatives of tomato contain genes contributing to interesting culture character-
istics which are generally not expected to reside in those species (Tanksley et al.
1997; Frary et al. 2000). Marker assisted backcrossing now enables the breeders
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to precisely introgress small sectors of wild/exotic accessions thereby providing
breeders with the tools to effectively unleash the vast resources held in germplasm
collections.

DNA marker based diversity analysis enables gene banks to define core collec-
tions, which will provide a user friendly entry point for breeders to access large
and varied germplasm collections. A large scale genetic distance analysis of the
complete CGN genebank of lettuce in The Netherlands has been performed using
AFLP markers. The analysis involved more than 6.800 samples and a enormous
data set of more than 1,35 million datapoints was produced in this study (Jansen
et al. 2006). This type of analyses will greatly aid selection of genotypes for an
effective broadening the genetic base of the elite breeding germplasm.

Using markers tightly linked to a gene of interest, so called locus haplotyping
can be performed on accessions of germplasm to identify those samples that bear
different alleles at the locus of interest (Peleman et al. 2003). It enables identification
of accessions/lines bearing different alleles at a single locus, which can then be
evaluated into further detail with respect to performance. This enables the breeders
to efficiently identify new traits or better versions of existing traits which then can be
quickly introgressed into their breeding lines. Even more precision can be obtained
when the sequence of the gene underlying the trait of interest is known. Current
costs of sequencing allow for re-sequencing of a gene throughout a germplasm
collection to identify all different sequence alleles that can be found in the wide
germplasm collection. This approach allows the effective exploitation of germplasm
without the enormous task of having to phenotype all accessions (Sicard et al. 1999;
Huang et al. 1992).

A method for the transfer of QTLs of agronomically important traits from a wild
species into a crop variety called ‘advanced backcross QTL analysis’ (AB-QTL) was
first proposed by Steven Tanksley (Tanksley et al. 1996). In this approach, a wild
species is crossed to an elite line from the breeding germplasm and the progeny of
backcross families is selected for the quantitative trait. Typically BC2F2 or BC2F3
populations are evaluated for retention of the traits of interest and genotyped with
polymorphic DNA markers. The data are used for QTL mapping and analysis of
recurrent parent genome recovery simultaneously, thus selecting for an elite line
carrying genomic segments from the wild donor line, which are responsible for an
increased performance of the trait of interest.

The AB-QTL approach has been evaluated in many crops (Septiningish et al.
2003; Zhi-Kang et al. 2005; Pillen et al. 2004). A disadvantage of the method
is that one can not be certain at the beginning of an AB-QTL program, that the
wild accession will contribute useful QTL alleles and thus justify the substantial
investment that needs to be made.

4. SUMMARY AND OUTLOOK

The concept of Breeding by Design (Peleman et al. 2003) is basically simple:
combine all favourable alleles at all loci of agronomical importance, by controlling
the appropriate traits at the molecular level. To achieve this objective, a number of
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technical, methodological as well as psychological barriers have to be overcome.
These barriers and the degree in which these have been resolved so far will be
summarized in this section.

Both the dissection of the genetic basis of traits and the efficient application
of the DNA markers in breeding, require reliable, efficient and cheap genotyping
technology. In the past 15 years, major progress has been reached in reducing
the cost per data point at least 100 fold. This evolution of developing new
and cost reducing marker technologies is still ongoing. Recent reviews provide
ample overview on novel high throughput genotyping technologies (Syvanen 2001;
Syvanen 2005; Chen et al. 2003; Borewitz et al. 2003). It can be expected that
with the current technological progress the cost per datapoint will be reduced to
such an extent that its cost will not be limiting for application in breeding at all.
This will render a number of the applications mentioned in the previous chapters,
such as genome wide LD mapping, multi-parental mapping and high throughput
gene cloning, affordable to be applied at a broad scale. Major breakthroughs in
this field can especially be expected from advances in novel sequencing technology
(Margulies et al. 2005; Chan 2005; Shendure et al. 2004). If we consider complete
gene sequences as the ultimate resolution for genotyping, a cost effective multi-locus
sequencing technology would be the ultimate genotyping technology to describe the
genetic variability in the germplasm of the plant breeder. It is noted that the wealth
of DNA sequence in model (crop) species will allow the exploitation of syntenic
relations of orthologous gene function across species. Such syntenic analyses will
play an important role in speeding up molecular breeding, especially in a large
number of agricultural and horticultural crops, for which the investments needed
for whole genome genetic analysis with DNA markers and DNA sequences will
be too high in comparison with the margins that are made in these crops. Parallel
to developing crop specific molecular tools like high dense integrated molecular
marker maps, these crops may benefit from the sequence knowledge that is gathered
through research on their crop-relatives or the model species for development of
“functional markers” (Anderson et al. 2003)

Not only technology has been rate limiting in the application of genetic mapping
studies. Originally, genetic mapping in plants was typically performed in segre-
gating F2, BC, or at best in DH populations. Often these populations were only
segregating for a limited number of phenotypic characters. Mapping traits this
way was inefficient and costly, since many populations needed to be set-up and
genotyped and only 2 alleles were typically mapped per locus.

The design and use of novel population types have significantly attributed to
the unravelling of genotype-phenotype relations. As we have demonstrated in the
chapters above, this trend is still continuing and novel ways of developing mapping
populations and families are being created and tested (multi-parental populations,
LD mapping panels). In general we can identify a trend towards the utilization of
populations generated as part of the breeding program as opposed to the specific
development of mapping populations purely for the purpose of the mapping project.
Those breeding programs that will implement these integrated strategies in the
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most efficient way will benefit directly from the molecular marker work during the
process of variety development.

If we extrapolate on the technical possibilities and the cost reduction of
genotyping, the key factor of the future for determining the exact relation between
the genotypic and the phenotypic variability will be the precision of phenotyping.
Knowledge on how to dissect complex phenotypes into separate components helps
to objectively determining the values of each of these components and to be able
to determine the genetic factors which have a causal effect on the variation of
the trait component. A method which aims at reducing the phenotype complexity
is to measure metabolites instead of the trait as such (Schauer et al. 2006).
Other methods are based on image analysis of growing plants, which objec-
tively captures quantitative differences of many characteristics simultaneously
(http://www.cropdesign.com/general.php; http://www.lemnatech.com). Irrespective
of the method used for dissecting the phenotype into measurable components, the
strategy will require the re-assembling of complex relations between the compo-
nents, with respect to the agronomically important trait under selection in the
breeding program. This will present a challenge in itself and novel algorithms will
need to be developed that not only will detect reliable relations, but also will be
able to present the complex relations to the user (the plant breeder) in a way that
will actually help the breeder in making decisions during the breeding process.
Furthermore we know that the expression of many quantitative traits is strongly
influenced by the environment and that genotype by environmental interaction is
more the rule than the exception. Modern plant breeders have adapted their pheno-
typic selection methods by taking the environmental effects on the performance of
candidate varieties into account (Cooper et al. 1994; Van Eeuwijk et al 2005). The
challenge for the molecular breeder will be to understand the QTL by environment
interaction as well, which again can only be realized by intelligent visualisation of
such complex relations.

The large scale mapping of traits and genotype by environment interaction effects
will yield an increasing amount of genetic knowledge to be exploited by the plant
breeder. So how will the molecular breeder be able to efficiently exploit the vast
amount of genetic knowledge that will gradually become available? Based on the
developments described in the chapters above, we believe that their will be two
major changes in the way the molecular breeder will operate in the future. First of
all we expect that the design process of ideal genotypes, and the crosses that lead
thereto, will gain more importance in the total breeding program. We have described
this process as Breeding by Design ™ (Peleman et al. 2003). This is basically
an extension of the principle of pyramiding favourable alleles, but also removing
negative alleles from the population (Figure 5). When considering this principle for
multiple QTL of complex traits, displaying environmental and epistatic interactions,
positive selection is not a priori straightforward. In these cases the breeder will have
to adopt a selection strategy combining positive and negative selection. Positive
selection can be performed on alleles and allele combinations, which are absolutely
required for the performance of the variety and a simultaneous negative selection
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Figure 5. The principle of Breeding by Design. Subsequent crosses and selections using markers lead
to the desired superior elite line genotype starting from a collection of 5 parental lines. Dotted lines
indicate marker positions used to select for the desired recombinants (see plate 1)
(Note: Reprinted from: Trends Plant Sci. 8, Peleman J-D, Rouppe van der Voort J, Breeding by Design,
330-334 © (2003), with permission from Elsevier)

can be performed on all allele combinations which in previous candidate varieties
have proven not to produce varieties suitable for market introduction. Such marker
assisted selection methods can be applied in the development of inbred lines as well
as the development of test-hybrids and have the potential of reducing the amount of
test-varieties to be phenotyped significantly. In this way the phenotyping cost can
be reduced thus allowing to intensify the breeding effort by increasing the chance
of generating test varieties harbouring novel allele combinations which are likely
to provide a better performance.

The second major change which we consider a prerequisite for implementation
of these strategies of marker assisted breeding will be the availability of integrated
data-management systems, combining phenotypic, genotypic, pedigree and environ-
mental information. These systems must be able to register the phenotypic “value”
of all genotypes tested in previous breeding circles and environments. The data
must be presented to the breeder in a manner that will support the selection process
as well as the design of new selection circles. With the increasing amount of data
and complex relations known, this can only be achieved if such data management
systems will be developed as “self-learning” systems (McKay et al. 2003; McKay
et al. 2002) that can propose selection and design decisions to the breeder, based
on prior knowledge present in the data-system.
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Ideally, the molecular breeder of the future will be steering an integrated, comple-
mentary application of technological DNA tools, exact phenotyping capacities and
wide germplasm collections and populations in order to develop superior varieties.
During this process, an enormous resource of knowledge is generated which, with
the aid of data management and decision support systems will enable the breeders
to deploy more rational and refined breeding strategies and selection choices. The
recent technological developments are bringing this strategy within reach. However,
there still remain bottle necks at the level of phenotyping precision, the under-
standing of genotype-environment interactions, and the assimilation capacity of the
molecular breeder himself, which needs resolving. Removing these last obstacles
will enable the optimal exploitation of the naturally available genetic resources
and will create unsurpassed possibilities to generate new traits and superior crop
performance.
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CHAPTER 4

MODELING QTL EFFECTS AND MAS
IN PLANT BREEDING

MARK COOPER*, DEAN W. PODLICH AND LANG LUO
Pioneer Hi-Bred International. 7250 NW 62nd Ave, Johnston, IA 50131-0552, USA

Abstract: The empirical evidence accumulated to date indicates that the genetic architecture of the
different traits of organisms, emphasizing here those relevant to plant breeding, should
be viewed as a genetic complexity continuum. This concept is not new to plant breeders.
What is new is that geneticists and plant breeders can now apply high throughput
molecular technologies to identify and study the genes and alleles responsible for the
standing genetic and phenotypic variation for traits in elite breeding populations. Plant
breeders undertake research to develop robust breeding strategies that take advantage
of this growing body of trait genetics knowledge and seek breeding methods that can
be practically applied to improve multiple traits to achieve defined breeding objectives.
While experimental and quantitative methods are developed to detect quantitative trait
loci (QTL) and to implement marker-assisted selection (MAS) for the detected trait
QTL as components of a comprehensive plant breeding strategy, simulation modeling
methods can be applied to quantify the robustness of the chosen QTL analysis and
MAS methods for the trait genetics complexity continuum. We review methods that
can be applied to model the effects of QTL and outcomes from MAS in plant breeding
as our view of the trait genetic complexity continuum unfolds. Some key lessons from
this body of research are discussed.

1. INTRODUCTION

Today there is widespread interest in the field of genetics and much ongoing research
aimed at mapping and studying genetic variation for the regions of the genome
that influence the phenotypic variation for many different traits of organisms. A
motivation for these efforts is an anticipated predictive capability associated with
achieving some level of characterization of the genetic architecture of the standing
variation for traits in natural and constructed reference populations by identifying
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quantitative trait loci (QTL) for the standing variation within the genomes of the
organisms. The QTL so discovered can be useful entry points for many other
types of genetic investigations conducted to understand the fine detail of the DNA
sequence polymorphisms in the region of the QTL and to understand the gene-
to-phenotype relationships for the traits. In plant breeding these broad areas of
interest have progressed to the stage of questioning how best to use the results of
these mapping studies to enhance the success rate in breeding programs by marker-
assisted selection (MAS; e.g., Lande and Thompson 1990, Openshaw and Frascaroli
1997, Podlich et al. 2004, Johnson 2004, Niebur et al. 2004, Moreau et al. 2004a,
Crosbie et al. 2006). Given these interests in the use of QTL as targets for MAS
as part of a comprehensive breeding program strategy, we consider motivations for
modeling the effects of QTL and MAS in plant breeding programs. Some recent
illustrative examples are considered and two simulation experiments are included to
complement the literature review and demonstrate some key points (Figure 1). The
simulation experiments are used mainly as examples to demonstrate that relevant
questions and situations can be tackled in a comprehensive way by applying
appropriate modeling approaches within the context of the key components of a
breeding program: i.e., the germplasm and elite reference population of the breeding
program (Rasmusson 1996), the genetic architecture of the standing variation for
the traits in the reference genotype-environment system (Cooper et al. 2005) and the
breeding strategy (Hallauer and Miranda 1988, Comstock 1996). Today, simulation
modeling methods can be applied as powerful complementary approaches when
comprehensive investigation by closed-form theoretical and empirical methods is
not feasible for the questions and genetic systems under consideration (Kempthorne
1988, Podlich and Cooper 1998, 1999, Cooper et al. 2005, Walsh 2005).

Trait
architecture Germplasm

Breeding
Program

Simulation
Experiment 1

Simulation
Experiment 2

Figure 1. Focus of two simulation experiments conducted to investigate aspects of Quantitative Trait
Locus (QTL) detection and Marker Assisted Selection (MAS) within the context of the germplasm
reference population and trait genetic architecture components of a breeding program: (1) Simulation
Experiment 1 QTL detection, (2) Simulation Experiment 2 QTL detection and application within a MAS
strategy. The dashed lines indicate the areas of emphasis for Simulation Experiments 1 and 2
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Each day we learn more about the gene-to-phenotype architecture of many of
the traits of a diverse array of organisms and also the combined impact that genetic
and environmental variation has on the phenotypic variation for these traits. This
growing and developing bank of knowledge is created from diverse studies that
span microorganisms in laboratory and natural environments, plants and animals
in their natural ecology, plants and animals in agricultural systems and humans
in different societies. However, while we have learnt much we still know a lot
less than we would like to know about many of the genetic and environmental
properties of these genotype-environment systems in order to predict key aspects of
their behavior. While our knowledge of some systems is comprehensive and can be
used effectively for prediction in particular situations our views for complex traits
such as yield and stress tolerance are still often context dependent for many of the
reasons that are discussed below. These context dependencies will always set limits
on the predictive power of the gene-to-phenotype models we construct and therefore
should be examined and understood. We are in the same situation for the agricul-
tural systems within which plant breeding programs operate. Further, agricultural
systems continually change, sometimes gradually and other times rapidly relative to
the timeframe of a breeding program cycle. As our understanding of the components
and dynamics of these agricultural systems advances, breeding programs continue
to operate with objectives to improve the level and stability of yield, abiotic and
biotic stress tolerance and the important end-use quality traits of the varieties of
plants used by farmers for agricultural production (e.g., Figure 2; Duvick et al.
2004). In systems where formal breeding and selection programs have had a long
history there are many opportunities to study the genetic basis of the progress that
has already been made and the types of genetic changes that have contributed to
the realized changes and improvements that have been achieved for the phenotypes
of different traits (Figure 2; Rajaram and van Ginkel 2001, Campos et al. 2004,
Duvick et al. 2004, Janick 2004a,b). Knowledge of the genetic changes that have
contributed and those that did not contribute to genetic gain for the stated breeding
objectives in the past can be used as a foundation for understanding the properties
of the current genotype-environment systems and as a basis for developing predic-
tions of viable experimental and applied paths to explore further opportunities for
genetic improvements in the productivity and sustainability of crops within the
target agricultural systems.

The design of comprehensive breeding strategies that utilize MAS for multiple
traits is an extremely interesting and challenging scientific problem relevant to
many aspects of applied plant breeding today. The common result observed from
experimental investigations designed to map traits is a partial picture of the genetic
architecture of the standing variation for the traits under investigation (Openshaw
and Fascaroli 1997, Schön et al. 2004, Cooper et al. 2005). Expectations of the
genetic changes that can be realized from MAS can be defined based on the
assumption of the additive effects of the QTL identified by trait mapping (Lande
and Thompson 1990, Walsh 2005). In combination with the additive effects of QTL
alleles and the associated additive genetic variation, footprints of the influences
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Figure 2. Changes in elite hybrid trait performance over the history of the Pioneer breeding program;
(a) grain yield, (b) Anthesis-Silking Interval, (c) Non-Barrenness measured as the percentage of non-
barren plants, (d) Leaf angle measured on a 1 to 9 rating scale with 1 = floppy leaves and 9 = erect
leaves. Hybrid trait means are computed as Best Linear Unbiased Predictors (BLUPs) across multiple
environments sampled in side-by-side experiments conducted from 1990 to 2005. For further details see
Duvick et al. (2004)

of a range of non-additive effects, attributed to epistasis, gene-by-environment
interactions and pleiotropy, can also be observed (e.g., Moreau et al. 2004a,b,
2006, van Eeuwijk et al. 2005, Blanc et al. 2006, Carlborg et al. 2006, Holland
2006, Li et al. 2006). Thus, daily the breeder deals with a trait genetic complexity
continuum. It is within the context of this trait genetic complexity continuum that
we can consider the concept of modeling QTL effects and MAS and evaluating the
merits of MAS breeding strategies.

2. MODELING METHODS

2.1. Theory to Application

The concept of modeling the properties of a system to enable prediction of its
behavior is well accepted in many fields of science (Casti 1997, Kauffman 1993,
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Wolfram 2002) and business (Axelrod and Cohen 1999, Bass 1999, Schrage 2000).
In association with the evolution of faster computer hardware and software there
have been advances in the theory and the range of modeling methods that can be
applied to practical problems in genetics and plant breeding (Fraser and Burnell
1970, Kempthorne 1988, Lynch and Walsh 1998, Podlich and Cooper 1998, Cooper
et al. 2002). The application of statistical modeling methods in population and
quantitative genetics has a long history (Fisher 1918, Wright 1932, Crow and
Kimura 1970, Kempthorne 1988, Falconer and Mackay 1996, Lynch and Walsh
1998). The range of statistical methods available to the geneticist has progressed;
expanding from the familiar least squares methods applied to linear models to
the uses of maximum likelihood and Bayesian approaches within various linear
and non-linear modeling frameworks. With advances in technologies for high
throughput genomic, environmental and trait phenotype measurements the avail-
ability of large multidimensional data sets has broadened the range of experimental
investigations that can be conducted to study genetic variation for traits. As the
genetic questions have become more comprehensive and complex the computa-
tional requirements have become more demanding and necessitated further advances
in computing infrastructure and algorithms. With the availability of the required
computing infrastructure, fast and comprehensive simulation capabilities have been
developed to assist investigation of many of the challenging questions that are
relevant to genetics and plant breeding (Podlich and Cooper 1998, 1999). These
enhanced computing tools have opened up many new opportunities to study the
properties of “real-world” complex systems (Casti 1997, Kauffman 1993, Williams
1997, Podlich and Cooper 1998, 1999, Micallef et al. 2001, Wolfram 2002,
Chapman et al. 2003, Crutchfield and Schuster 2003, Wagner 2005, Newman et al.
2006). The main objective of this paper is to review and discuss some potential
applications of simulation modeling methodologies as they have and can be used
to identify and understand QTL effects of traits and to evaluate the potential for
augmenting breeding by MAS. A secondary objective is to relate the status of
the empirical trait mapping results that have accumulated to date to some of the
expectations that emerge from modeling the properties of genotype-environment
systems whenever interactions among the genetic and environmental components
are present; the interactions emphasized here are inspired by the genetic concepts
of epistasis, gene-by-environment interactions and pleiotropy. Our intent with this
second objective is not to make firm conclusions, these fields of investigation are
still in their early stages, but to encourage careful scientific consideration of the
different mapping results that have accumulated to date.

2.2. Mapping Traits

Here we define a QTL to be any region of the genome that is associated with
the standing variation for a trait phenotype in a relevant reference population that
can be identified by one or more sequence-based DNA markers when they are
applied in combination with a suitable experimental design and statistical analysis
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method. Similarly MAS is defined to be any application of the associated DNA
markers to select for combinations of QTL alleles to create and test genotypes
with a predicted trait phenotype in a target genotype-environment system. It is
assumed that the markers can be arranged in the form of a genetic map that
represents their linear order on chromosomes. It is also assumed that within the
region identified as the QTL there is a functional polymorphism in the DNA
sequence that influences the differential realization of the trait phenotype for
different genotypes of the QTL. Thus, it is expected that mapping traits to identify
QTL reveals information about the genomic positions of important functional
polymorphisms in the DNA sequence of the organism that are present within the
reference mapping population. The genetic and functional bases of QTL variation
for traits and their influences on trait phenotypes are considered further below and
elsewhere in this book. Typically MAS strategies used in applied plant breeding
will involve some combined index utilizing QTL marker and trait phenotypic
information.

The mapping resolution that can be achieved in defining the relevant regions
of the genome by QTL analysis methods depends in part on the extent of linkage
disequilibrium in the reference mapping population. In the perfect situation the
marker sequence polymorphism and the functional DNA sequence polymorphism
contributing to the trait phenotypic variation would be the same. This may result
when a QTL has been previously cloned or when a candidate gene is used to
identify markers and a polymorphism at the gene contributes to the standing
quantitative trait variation. However, more typically the QTL are identified by a
genome scan using many markers selected to cover the genome. In these cases
the marker polymorphisms themselves are likely to be neutral and are associated
with the functional polymorphism only by the linkage disequilibrium that exists
for the DNA molecule within the reference population of genotypes. When such a
genome scan is used to identify the QTL that are to be targets for MAS in applied
breeding it is important to understand the extent of linkage disequilibrium in the
reference population used for identification of QTL and that which exists in the elite
breeding populations targeted for application of a MAS strategy. Linkage disequi-
librium between marker and functional polymorphisms in the DNA sequence is
necessary within a reference population to identify an association between a marker
and a QTL. The extent of linkage disequilibrium in mapping populations can be
manipulated by controlling the structure and number of cycles of inter-mating of
individuals (e.g., Winkler et al. 2003). With relatively sparse genetic maps it will
be necessary for the linkage disequilibrium to extend for large segments of the
chromosomes to detect the associations. Alternatively with dense genetic maps it is
an advantage to have less extensive linkage disequilibrium to enable finer mapping
of the QTL. In parallel with the mapping studies that are used to identify QTL,
the individuals within the reference population of a breeding program are contin-
ually inter-mated in designed crossing schemes and subjected to selection. Thus,
in these breeding crosses recombination can continually operate to both break up
current and create new physical linkage associations between alleles of different
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QTL on the same chromosome and between markers and the functional polymor-
phisms of the QTL. Therefore, care must be taken to ensure that the linkage phases
in the mapping study are relevant to those in the breeding reference population
that will be the target for MAS. The two simulation experiments considered below
are designed to take into consideration these influences of linkage disequilibrium
(Figure 1).

Following the arguments given above, here we consider mapping traits within
the context of an ongoing breeding program (e.g., Figures 1 and 2). Thus, any
genetic gain from MAS will need to build on the progress that has been achieved by
conventional breeding strategies. The realized genetic gain for quantitative traits that
has been achieved by breeding can be understood as a long-term outcome from the
application of open recurrent selection strategies that are designed to manage genetic
diversity and manipulate multiple traits over multiple cycles of selection to improve
and stabilize the yield and quality traits for the sets of genotypes grown by farmers
(e.g., Figure 2; Rajaram and van Ginkel 2001, Duvick et al. 2004, Barker et al. 2004).
Much of the breeding progress to date for complex traits such as yield has been
achieved by pedigree and recurrent selection strategies (e.g., Hallauer and Miranda
1988, Comstock 1996, Duvick et al. 2004) applied to select for the desired trait
phenotypes within relevant pools of genetic diversity, rather than by molecular
enhanced approaches such as MAS. However, as with previous changes in core
breeding methodology in the 20th Century there will be an exploratory transition
phase and we can expect this situation to change as the 21st Century unfolds.
The availability of large numbers of polymorphic markers that can be assayed
rapidly and economically by high throughput technologies in large populations of
genotypes has created interest and provides opportunity for augmenting the breeding
process by MAS for the QTL polymorphisms at specific regions of the genome that
are indicated as being responsible for the standing trait genetic variation (Cahill
and Schmidt 2004, Niebur et al. 2004, Crosbie et al. 2006). This is a proven
method for traits under the control of a few major genes or major QTL (e.g.,
Cahill and Schmidt 2004, Crosbie et al. 2006). The extension of this methodology
to traits that are genetically more complex is feasible but requires consideration
of the relative importance of the additive and non-additive components of genetic
variation for the traits within the elite populations used for breeding and importantly
an understanding of the genetic bases of these sources of variation and the potential
influences of different trait genetics on the outcomes of the chosen MAS strategy
(Cooper and Podlich 2002, Niebur et al. 2004, Podlich et al. 2004, Walsh 2005,
van Eeuwijk et al. 2005, Cooper et al. 2005, Welch et al. 2005, Tardieu et al. 2005,
Hammer et al. 2005). Walsh (2005) reminds us that to exploit the additive effects of
alleles requires only identification of the desirable allele of a QTL and selection of
that allele, regardless of the allele combinations at other loci. However, to exploit
non-additive effects requires methods for identification of desirable combinations
of alleles (for dominance, allele combinations at a single locus; and for epistasis,
allele combinations at multiple loci) and selection of these allele combinations and
their consistent transmission to subsequent generations. This effort becomes even
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more challenging in the presence of QTL with pleiotropic effects and QTL-by-
Environment interactions (QEI). The empirical challenge that these complexities
present in applied breeding is the need to conduct more comprehensive mapping
studies to both discover the QTL and the desirable allele combinations and to
evaluate their practical selection by MAS.

While we emphasize modeling methods in this paper, empirical evaluations of
MAS strategies will always be necessary (e.g. Bouchez et al. 2002, Moreau et al.
2004a, Crosbie et al. 2006). However, there are many potential implementations of
MAS and many details of the genetic architecture of traits to consider, making exper-
imental evaluation of all possibilities impractical. Therefore, a combined empirical
modeling evaluation of the potential of MAS strategies by focusing on some of the
common genetic issues is likely to be a more feasible approach (Wang et al. 2003,
2004, Chapman et al. 2003, Cooper et al. 2005, Hammer et al. 2005). A common
feature of the many alternatives that have been proposed is that marker alleles
associated with favorable QTL alleles by coupling phase linkage are used to manip-
ulate trait phenotypes by selecting for designated favorable combinations of the
QTL alleles at one or more QTL. The trait phenotypes for the target QTL genotypes
can be predicted based on experimentally determined effects of the QTL alleles. By
defining and constructing some of the different target genotypes based on predic-
tions from the multi-QTL models, validation experiments can be conducted to
compare the predicted and realized phenotypes and to estimate the realized genetic
gain from MAS. Even for restricted cases such comparisons of MAS with other
breeding strategies is costly, they take considerable time and it is questionable
whether the design of such experiments with adequate power is feasible for complex
traits that are typically improved over multiple cycles of selection within a breeding
program; the breeding program does not wait for the results of such studies. Given
this non-stationary situation within applied breeding programs there is merit in
modeling QTL detection methods and MAS strategies as part of a comprehensive
research program organized to design, refine and optimize a breeding program if
the results are to positively impact the outcomes of the breeding program.

3. QUANTITATIVE TRAITS

3.1. Phenotyping

Attention to relevant phenotyping is a critical component of any trait mapping exper-
iment (Campos et al. 2004). Capacity for phenotyping should be developed in combi-
nation with efforts to develop the genetic resources and mapping tools. Phenotyping
requires definition of the correct plant traits and environmental measurements, in
addition to consideration of experimental plot design and the observational units to
be used to take the measurements, equipment needs, throughput and skill required
to take the measurements, experimental design and analysis methods, and an under-
standing of the characteristics of the target population of environments (TPE) within
which the experiments are to be conducted. Choice of environments depends on the
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traits in question. For traits where prior evidence indicates relatively simple genetic
architecture and no evidence of confounding genotype-by-environment interactions
(GEI), replication toachieveamoderate tohighheritabilitywithinasingleenvironment
may be sufficient for many coarse mapping objectives. When the genetics are more
complex and GEI are known to be important, greater attention must be given to the
number and types of environments used in the experiment. Options that have been
considered range from managed environments chosen to impose specific conditions
(e.g., Ribaut et al. 1996, 1997, 2004, Crossa et al. 1999, Vargas et al. 2006) to relatively
large samples taken to represent different locations and years (e.g., Openshaw and
Fascaroli 1997, Schön et al. 2004, Moreau et al. 2004b). In all cases the interpre-
tation of the QTL effects and the determination of their importance for MAS can be
enhanced by characterizing the relationship between the sample of environments used
for QTL detection and the frequency of occurrence of these environmental condi-
tions in the TPE (Chapman et al. 2000a,b,c, Moreau et al. 2004b, Löffler et al. 2005,
Hammer et al. 2005).

For complex traits, such as yield and tolerance to abiotic and biotic stresses,
consideration is often given to the scope for dissection of the primary trait into
components that are expected to be simpler to work with than the ultimate trait
of interest (e.g., Nguyen and Blum 2004, Ribaut et al. 1996, 1997, 2004, Campos
et al. 2004). This approach has elements that can be viewed as advantages and
disadvantages. It is often argued that trait dissection provides an important advantage
when the component traits themselves have a higher heritability in the reference
mapping population than the ultimate target trait and they have a genetic correlation
with the target trait. For example, in the case of maize grown in environments
where a water deficit during flowering is a common occurrence, the synchrony of
the development of the male and female inflorescences (ASI; Anthesis to Silking
Interval) on a plant and the variability of this synchrony among plants within an
experimental plot is considered to be an appropriate target for investigation of
genetic variation for drought tolerance that ultimately influences yield under the
water deficit (Ribaut et al. 1996, 1997, 2004, Campos et al. 2004). This approach in
maize is strongly motivated by the associated long-term trends in breeding programs
towards higher grain yield and reduced ASI (e.g., Figure 2, Duvick 1977, Chapman
et al. 1997, Duvick et al. 2004). However, a challenge that is associated with
such trait dissection approaches is the difficulty of determining the impact that the
component traits have on the target trait once they are integrated back into the whole
plant response within the context of a TPE (Chapman et al. 2003, Campos et al.
2004, Hammer et al. 2005). Hammer et al. (2006) have argued and demonstrated
a case for the use of crop growth models as appropriate quantitative frameworks
for focusing these trait dissection and integration efforts. They reviewed three case
studies where models with predictive success were developed for traits within plants.
Their key point was that with any trait dissection strategy for complex traits a
complementary trait integration strategy is necessary to determine the importance of
and to deal with any effects of epistasis, GEI and pleiotropy and achieve impact from
MAS in the target genotype-environment system. They demonstrated an application
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of this approach for the design of breeding strategies aimed to improve the grain
yield of sorghum for drought prone environments (Chapman et al. 2003, Hammer
et al. 2005).

3.2. Genetic Architecture

Thus, clearly the widespread availability of molecular markers and their organi-
zation in the form of genetic maps has opened up new opportunities to directly
study the genetic architecture of standing genetic variation for quantitative traits
by enabling mapping of the traits to identify QTL in the elite germplasm of
breeding programs (Niebur et al. 2004, Crosbie et al. 2006). Further, with the
availability of the complete genome sequence of the target organisms we can
investigate the gene-to-phenotype properties of the DNA sequence polymorphisms
contributing to the detected QTL within the target organism and other organisms
through syntenic relationships. Similar efforts are underway in model organisms
and these can inform the investigations conducted in agricultural plants (Mackay
2001, 2004, Welch et al. 2005). With identification of QTL for traits it becomes
feasible to study their number, distribution across the genome, the number and
frequency of alleles for each QTL and the influence of the alleles on trait pheno-
types (e.g., Openshaw and Fascaroli 1997, Li et al. 2006). In turn, knowledge of
the number and effects of QTL for quantitative traits presents the breeder with
new possibilities to apply this genetic knowledge to extend the range of selection
strategies used in breeding. It is important to recall that mapping will identify only
those components of the traits where there is standing genetic variation within the
chosen reference population of genotypes. The QTL and their effects are conditional
on the reference population of genotypes and the environments within which the
mapping studies were conducted and the rigor with which these inference spaces are
sampled. Therefore, the views we obtain are likely to be always partial and context
dependent and as such conditional on the reference germplasm and the details of the
environments sampled from the TPE. While any one mapping approach is unlikely
to reveal information for all of the genes responsible for the relevant trait biology,
the identified QTL provide logical entry points for further studies of the gene-to-
phenotype architecture of the traits and their contributions to genotypic variation
for plant performance in agricultural environments (e.g., Laurie et al. 2004, Cooper
et al. 2005, Li et al. 2006). Further, by combining the results from multiple mapping
studies a more comprehensive view of the genetic architecture of the standing
variation for traits can be obtained (e.g., Jansen et al. 2003, Chardon et al. 2004,
Blanc et al. 2006).

Experience from applied breeding indicates that the genetic architecture of the
standing variation for the traits that are targeted for improvement in the elite
germplasm of a breeding program is most likely to be a genetic complexity
continuum. The continuum extends from “simple” traits that are under the control
of one (Mendelian) or a few (oligogenic) additive genes to more “complex” perfor-
mance traits, such as grain yield and tolerance of abiotic stresses, that are the
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outcome of multiple component traits, each in turn oligogenic or under the control
of multiple genes (polygenic). The appropriate QTL detection and MAS strategies
will differ for traits along the genetic complexity continuum. The majority of the
molecular evidence suggests that many of the genes involved in the variation for the
traits are potentially under a combination of additive and non-additive influences
arising from the effects of epistasis, pleiotropy and gene-by-environment interac-
tions (Moreau et al. 2004b, Welch et al. 2005, Holland 2006, Carlborg et al. 2006,
Li et al. 2006). Empirical evidence from map-based cloning of a few of the trait
QTL identified to date indicates that the functional bases of the genetic polymor-
phisms associated with QTL can be diverse and may be in the regulatory or coding
sequences of the genes that reside within the region of the chromosome indicated as
the QTL (Doebley et al. 1995, Frary et al. 2000, Mackay 2004, Salvi and Tuberosa
2005). Thus, the breeder that is working with many traits simultaneously is contin-
ually dealing with all aspects of this genetic complexity continuum, from simple
to complex trait genetics and from predominantly additive allele effects to strongly
context dependent non-additive allele effects. This situation is not new to plant
breeders, but what is new is that we can now study this trait complexity continuum
at the genetic level by applying appropriate QTL mapping strategies. At the genetic
level useful models of the trait genetic complexity continuum can be formally
defined and quantified within the E(NK) modeling framework (Kauffman 1993,
Cooper and Podlich 2002). Therefore, some of the gene-to-phenotype properties of
traits can be modeled as a continuum extending from simple finite locus models
based on one or a few genes to complex networks of interacting genes (Kauffman
1993, Clark 2000, Cooper and Podlich 2002, Cooper et al. 2005, Hammer et al.
2006). The finite locus and mixed finite locus and polygenic models studied within
the E(NK) framework can be compared and combined with the more classical
statistical models (van Eeuwijk et al. 2005, Walsh 2005, Cooper et al. 2005). From
a quantitative genetics and an applied breeding perspective the concept of trait
genetic complexity can be combined with the concept of trait heritability to examine
the discovery power of different trait QTL mapping methods and to evaluate the
relative strengths and weaknesses of different MAS breeding strategies. Two illus-
trative examples demonstrating some of these applications of the E(NK) modeling
framework are considered below (Figure 1).

3.3. Statistical Modeling Methods

The regions of interest that are studied as QTL are usually identified by the
presence of a significant statistical association between the sequence polymorphisms
of the markers and phenotypic variation for the traits of interest. Both marker
genotype and trait phenotype are measured on individuals sampled from a relevant
reference population of genotypes. Recommended statistical methods have been
developed, but this is still an area of ongoing research. Attention to the impact of
population size on the distribution of estimated QTL effects is necessary to avoid
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inflation of the estimates of QTL effects (Beavis 1998, Openshaw and Fascaroli
1997, Utz et al. 2000, Schön et al. 2004).

If additive QTL effects are the predominant component of the genetic variation
for traits then appropriate closed-form expressions can be used to model the
expected response to selection from alternative breeding strategies as a function
of the proportion of the additive genetic variation accounted for by the QTL.
Lande and Thompson (1990) provided examples of such expressions for a range
of breeding strategies. Alternatively, where non-additive effects predominate or
the standing additive genetic variation is strongly conditioned by the non-additive
effects these expressions may not capture important properties of the genetic archi-
tecture of the traits that can influence both the interpretation of QTL mapping
studies and the outcomes of MAS. In this more complex situation, simulation
modeling methods in combination with comprehensive mapping efforts can be used
to evaluate many detailed aspects of MAS strategies (Niebur et al. 2004, Podlich
et al. 2004, Cooper et al. 2005).

3.4. Gene Networks

As the results from large numbers of trait mapping studies accumulate our view
of the genetic architecture of the standing variation for many traits is broadening.
Summaries from multiple studies indicate distributions of QTL effects that are
suggestive of a genetic architecture where there are a few QTL with large effects
and many QTL with small effects (e.g., Kearsey and Farquhar 1998). The early
mapping studies were conducted in relatively small mapping populations (<200
individuals) with the ambition to identify a few major QTL with broad relevance.
For some simple traits this model of the genetic architecture of traits seems to be
applicable. For many of the complex yield and stress tolerance traits of relevance to
breeding in elite populations this does not appear to be a general result (Openshaw
and Frascaroli 1997, Schön et al. 2004, Carlborg et al. 2006, Li et al. 2006). The
synoptic view obtained from analysis of multiple mapping experiments strongly
suggests that in addition to some consistent additive QTL effects with broad appli-
cability across genetic backgrounds and environments the genetic architecture of
traits in elite breeding populations includes important components of epistasis,
gene-by-environment interaction and pleiotropy. Therefore, not unexpectedly the
relative importance of these different components of the genetic architecture changes
with trait, reference population of genotypes and environments. Collectively these
observations indicate we require approaches for studying the genetic architecture
of traits that allow diagnosis of the relative contributions and importance of the
different additive and non-additive components that contribute to the standing
genetic variation in elite breeding populations. We have tackled this as a genetic
modeling problem by developing a flexible quantitative framework for studying the
genetic architecture of traits in terms of gene networks (Kauffman 1993, Omholt
et al. 2000, Cooper and Podlich 2002, Peccoud et al. 2004, Cooper et al. 2005,
Holland 2006). Therefore, the classical Mendelian and additive polygenic genetic
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models are viewed as special cases within the more general framework. This
framework builds on the study of properties of networks that has its origins in graph
and complex systems theory (e.g., Kauffman 1993, Williams 1997, Crutchfield and
Schuster 2003, Dorogovtsev and Mendes 2003, Wagner 2005, Newman et al. 2006).
Importantly, the theoretical framework can be applied to design and analyze trait
mapping experiments to estimate important properties of the gene-to-phenotype
architecture of complex traits (Cooper et al. 2002, van Eeuwijk et al. 2005, Welch
et al. 2005, Tardieu et al. 2005, Hammer et al. 2005) and to study the impact of
these properties on the expected outcomes of breeding strategies (Cooper et al.
2002, Chapman et al. 2003, Podlich et al. 2004, Peccoud et al. 2004, Wang et al.
2003, 2004, Cooper et al. 2005).

3.5. Crop Growth and Development Models

Crop growth and development models have been proposed as a natural quantitative
framework that serves the dual roles of guiding trait dissection and trait integration
for mapping complex traits; (1) trait dissection to study the genetic architecture
of the complex traits, and (2) integration of the information generated from the
trait dissection investigations to study and quantify the effects of trait QTL on
whole plant response in the TPE (Hammer et al. 2005, 2006). The challenge of
predicting effects at the level of the trait phenotype from changes at the level
of the DNA sequence can be viewed as a scaling problem in biology, where the
objective is to scale knowledge of DNA sequence variants from the level of the
molecular polymorphism to predict the relevant trait phenotype of the selected
plant genotypes replicated across the environments of the TPE. For the effective
application of molecular genetics to plant breeding this interface between trait
dissection and integration appears to be fertile territory for productive interac-
tions between experimental and theoretical trait genetics research (e.g., Bower and
Bolouri 2001, Hammer et al. 2006). Hammer et al. (2006) considered desirable
properties of models for such applications. They focused on the levels of detail that
are likely to be required to adequately capture the key features of an interacting
set of genes to enable prediction of their collective influence on plant growth and
development processes. Three case studies were reviewed; (1) the developmental
transition from the vegetative to the reproductive stage in Arabidopsis thaliana
(Welch et al. 2005), (2) leaf expansion by maize under variable environmental
conditions (Tardieu et al. 2005), and (3) multi-trait drought tolerance strategies
for improvement of grain yield of sorghum in a diverse set of dryland environ-
ments (Hammer et al. 2005). In each of the case studies genetic variation was
related to a model of the target physiological process that responded to key environ-
mental inputs. The physiological models they considered did not capture all of the
molecular details of the interactions among the genes influencing the traits. Instead
the models captured the integrated behavior of sets of genes by way of coefficients
that quantified the influence of environmental variables on the key plant growth
and development processes that influenced the traits studied; Tardieu et al. (2005)
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referred to these key growth and development relationships as meta-processes.
Van Eeuwijk et al. (2005) demonstrated how statistical mixed models can be
defined to detect and predict the effects of QTL for the coefficients of the plant
growth and development processes targeted by Tardieu et al. (2005) and Hammer
et al. (2005).

4. QUANTITATIVE TRAIT MODELING: QTL ANALYSIS
AND MAS STRATEGIES

Combining the modeling concepts discussed above it is possible to apply simulation
and statistical methods to model QTL detection methods and MAS breeding
strategies (Figure 1). Some aspects are demonstrated below. A recurrent population
improvement scenario (Figure 3) is used as the breeding strategy example and trait
genetic architecture is simulated as a complexity continuum applying the E(NK)
modeling framework (Kauffman 1993, Cooper and Podlich 2002).

At all stages of a breeding program experiments are designed to measure trait
phenotypes for the sampled genotypes in a sample of test environments. We refer
to these experiments in general as multi-environment trials (METs; Figure 3). In
combination with measuring trait phenotypes the genotypes can be fingerprinted
to characterize genetic polymorphism and the environments can be characterized
to understand the relationship of the MET to the TPE (Chapman et al. 2003,
Moreau et al. 2004b, Löffler et al. 2005). The trait data generated from METs can
be organized as a two-way table with rows indexed for different genotypes and
columns indexed for different environments. Each cell in the table represents a
phenotypic observation on a genotype in an environment. This basic structure can be
extended for multiple observations per trait and multiple traits. Thus, the phenotypes

Hybrids

Evaluation and selection
in Multi-Environment Trials (METs)

Crosses

Inbred 
development

Population A

Crosses

Inbred 
development

Population B

Figure 3. Schematic representation of a reciprocal recurrent selection breeding strategy used to simulate
the breeding strategy in Simulation Experiment 2
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for traits measured on the sample of genotypes in the sample of environments (Pijr)
can be modeled within a statistical framework as:

(1) Pijr = �+Gi +Ej + �GE�
ij
+�ijr

Where � is the grand mean, Gi is a genotypic main-effect of individual i, i=1,…, I,
Ej is the environmental main-effect of environment j, j=1,…, J, �GE�ij is the
genotype-by-environment interaction effect for the combination of individual i
and environment j, and �ijr is the residual effect for phenotypic observation r on
individual i in environment j, r=1,…R. The underlining of the terms in the model
indicates that these are treated as random variables sampled from the reference
genotype-environment system being explored by the breeding program. A common
statistical assumption is to assume that the random terms are variables distributed
as Normal(0,�2). A range of different specifications and extensions of this statis-
tical model with associated biological interpretations of the terms can be given
within a mixed model framework (e.g., van Eeuwijk et al. 2001, 2005, Smith
et al. 2002a,b). To provide a complementary framework for a genetic interpre-
tation of the observed trait variation we can also consider components of the trait
phenotypic variation arising from the combination of a “genetic signal” component
�Gi + �GE�ij�, an “environmental context” component (Ej) and an “environmental
noise” (�ijr) component. The genetic signal component can be viewed as a geneti-
cally determined trait value for individual i with genotype �NK�i as a physiological
outcome of the combined action of the alleles of the N genes influencing the
trait for individual i, within the context of environment Ej . To emphasize that
the N genes can interact to determine an observable trait outcome for a genotype
the K parameter is used to indicate the interaction topology of a gene network
influencing the trait (Kauffman 1993, Cooper and Podlich 2002, Cooper et al.
2005); K=0 indicates the N genes act independently in the model and increasing
levels of K indicate increasing levels of interaction among the N genes. Thus,
the genetic signal component �Gi + (GE)ij� can be written as Ej(NK)i; read as
the NK genotypic value for genotype i within environmental context j. This form
of the E(NK) model provides a basis for relating the gene-to-phenotype biology
dimension of the trait to the genetic variation dimension that exists within a
particular reference population of genotypes, such as the elite genetics of a breeding
program, and its reference genotype-environment system. Here the noise component
�ijr is taken to be an outcome of the systematic and random sources of environ-
mental variation associated with growing and measuring the trait phenotypes of
the sampled genotypes in an experimental sample of environments. Taking the
genetic signal, environmental context and noise components together we can rewrite
equation (1) as:

(2) Pijr = Ej�NK�i +�ijr
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Some of the relationships between the form of the E(NK) model given in equation
(2) to the extensions of model (1) used for QTL mapping of traits have been
discussed previously (Cooper et al. 2005, van Eeuwijk et al. 2005). Applying
equations (1) and (2) together we can consider QTL mapping from the perspective
of extracting the genetic signal component associated with the N genes contributing
to the trait phenotypic variation and the interpretation of the characterized genetic
variation within an E environmental and NK genetic background context. Under-
standing the genetic and environmental contexts of the detected genetic signal
provides a sound basis for interpretation of the QTL effects and evaluating the
opportunities for MAS. In the two in silico examples considered below we will use
aspects of the relationship between equations (1) and (2) to simulate the process
of QTL detection in mapping studies and the application of the detected QTL
for enabling MAS within a breeding strategy. Equation (2) is used to simulate
an ensemble of different genotype-environment systems, ranging from simple to
complex, and QTL mapping methods are applied within the statistical framework
indicated by equation (1) to identify the N genes and their effects on the trait
phenotype.

To simulate an ensemble of genotype-environment systems, for any E(NK) gene-
to-phenotype model for a trait we define a set of N genes and distribute these
across a genome of 10 chromosomes (Figure 4). For the applications considered
here the N genes have positions in the genome that are defined in terms of a
genetic map. For the selected levels of E and K each of the N genes is charac-
terized for any gene-by-environment interaction effects and epistatic effects by
identifying the other K genes with which it interacts (Figure 4) and the number
of environment specific effects. Pleiotropic effects are not explicitly considered in
the two examples below. The E(NK) model effects for the N genes can be derived
in a number of ways. Approaches we have considered include, sampling from an
underlying statistical distribution of gene effects (e.g., Kauffman 1993, Cooper
and Podlich 2002), direct specification of genotypic values where knowledge of
physiological epistasis is available (e.g., Podlich and Cooper 1998, Cooper and
Podlich 2002), defining appropriate sets of differential equations to capture the
dynamics of biochemical pathways (e.g., Peccoud et al. 2004), defining coefficients
for appropriate processes within crop growth and development models (Chapman
et al. 2003, Hammer et al. 2005). From any of these different parameterizations of
the E(NK) model genotypic values can be determined for any genotype-environment
combination within the reference system by applying equation (2). Clearly the
investigator will select an approach relevant to their objectives. Given a definition of
the E(NK) model we can simulate a MET within the context of a breeding program
by sampling a set of I genotypes from the relevant stage in the breeding program
and determining their genotypic values in a sample of J environments applying
the chosen E(NK) model. The �ijr noise component can be added to the genotypic
values by defining the appropriate trait heritability for the reference population of
genotypes and applying this to the sample of I genotypes to determine an appro-
priate empirical error variance component. Given a noise component Normal(0,�2

� )
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Figure 4. Representation of an example genome used in the simulation experiment. Genome is shown
for an E(NK)=2(48:1) genetic model (i.e. two environment types, 48 genes influencing trait performance,
additive and epistatic gene interactions; labeled as K=1 for simplicity). Molecular markers are shown as
lines. Genes are shown as squares. Genes that have the same performance across the two environment
types are shown in grey. Genes that have different performances across the two environment types (i.e.
gene-by-environment interaction) are shown in black. Genes involved in di-genic epistatic networks
are highlighted by arrows. Example gene effects for the different types of gene action are shown in
Figure 5; Labels 4a=additive, 4b=gene-by-environment, 4c=epistatic, 4d=combination of epistatic and
gene-by-environment interaction

random �ijr variables can be added to the Ej�NK�i genotypic value to give a pheno-
typic Pijr value for each genotype. Once the trait phenotypes are defined for the
simulated MET (Figure 3) any appropriate QTL analysis method can be applied
to the simulated MET data set (e.g., van Eeuwijk et al. 2005). For the purposes
of this study we define the objective of the QTL mapping step in the simulation
experiments as the identification of as many of the N genes as possible and the
correct estimation of the global additive effects of the identified subset of the
N genes.

5. DEFINING THE BREEDING PROGRAM
AND GERMPLASM CONTEXT

To investigate QTL detection and MAS for the trait genetic complexity continuum
within a breeding program context the QU-GENE software (Podlich and Cooper
1998) was applied to simulate population improvement over five cycles of Reciprocal
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Recurrent Selection (RRS; Figure 3). Many of the detailed steps involved in the
breeding cycle were omitted from the simulation of the breeding program to focus
on specific aspects of modeling QTL detection and MAS. Additional details of the
breeding cycle can be included when considered necessary. Following the definition of
anappropriateensembleofE(NK)models tobeused to represent theputativeproperties
of the gene-to-phenotype architecture of a trait a suitable reference population of
founder genotypes is defined for the breeding program. Two related simulation exper-
iments are considered below; (1) Simulation Experiment 1 was designed to inves-
tigate aspects of the power of QTL detection and definition of QTL effects within
the context of a bi-parental mapping study, and (2) Simulation Experiment 2 was
designed to investigate applications of the results of QTL analyses to enable MAS
over multiple cycles of a breeding program (Figure 1). Here we do not attempt to
simulate or investigate any particular breeding program or exemplify a particular MAS
strategy. The emphasis is on demonstrating that a comprehensive modeling approach
can be applied to investigate the QTL effects that are likely to be detected from a
QTL analysis approach and to consider the impact of a MAS strategy that utilizes the
detected QTL information. As discussed above the scenario chosen here can be
replaced and parameterized for the situations of interest to the investigator.

5.1. Simulation Experiment 1

5.1.1. Modeling QTL detection

In Simulation Experiment 1 (Figure 1) the results from QTL analysis of a bi-parental
cross were examined for a range of simple to complex polygenic gene-to-phenotype
models (Table 1).

Applying equation (2) an ensemble of E(NK) genetic models and associated bi-
parental mapping populations was simulated for a single trait for N=48, E=1, 2, 5,
K=0, 1, 2. As discussed above the objective is to demonstrate the modeling process
rather than conduct a comprehensive analysis of a particular scenario. Therefore, the
ensemble considered here is small and restricted in range of complexity compared
to other investigations we have undertaken previously, but is sufficient to demon-
strate the modeling process. The number of genes was held constant to limit the
size of the simulation experiment; N=48 was chosen to represent a moderate sized

Table 1. E(NK) genetic model combinations, heritability levels and
replication applied to simulate a trait genetic complexity continuum for
Simulation Experiments 1 and 2

Parameter type Levels Level Details

Number of genes 1 N=48
Number of environments 3 E=1,2,5
Level of epistasis 3 K=0,1,2
Heritability 5 H=0.1,0.3,0.5,0.7,0.9
Model parameterizations 50 Replicates 1 to 50
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polygenic system. For E=1 there is one environment-type for the TPE. For E=2 and
E=5 there are multiple environment-types and gene-by-environment interactions
are introduced. For the E=2 and E=5 models the different environment-types were
assumed to occur with equal frequency in their respective TPE; E=2 frequency
E1=E2=0.5 and for E=5 frequency E1=E2=E3=E4=E5=0.2. Further, for the E=2
cases, a subset of 24 genes from the total of N=48 genes was defined to have
no gene-by-environment interaction and the remaining 24 genes were defined to
have gene-by-environment interactions. For the E=5 cases, there was an increase
in the number of genes defined to have gene-by-environment interactions relative
to environment-type 1, ranging from 10, 19, 29 and 38 genes across environment-
types 2 through 5, respectively. For the K=0 cases, all 48 genes were defined
as additive (i.e., no epistatic interactions). For the K=1 cases, there were 24
additive genes and 12 di-genic epistatic networks. For the K=2 cases, there were
12 additive genes and 12 tri-genic epistatic networks. For each of the 9 factorial
combinations of E and K, samples of 50 parameterizations of the E(NK) model were
created by sampling the genetic effects from a Uniform(0,1) distribution (Kauffman
1993, Cooper and Podlich 2002). Typical examples of the types of gene effects
that can be generated are shown for a subset of the N genes in Figure 5; i.e., (a)
additive, (b) gene-by-environment, (c) epistatic, and (d) combined epistasis and
gene-by-environment effects).
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Figure 5. Example set of gene effects generated by the E(NK) model. The types of effects shown
are: (a) additive, (b) gene-by-environment, (c) epistatic, and (d) combination of epistatic and gene-by-
environment. Only the homozygous genotypes are shown. The simulated genome locations of the genes
responsible for the simulated genotype responses are shown in Figure 4
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Five levels of environmental noise (i.e., error in equations (1) and (2);
�ijr ∼ N�0��2

�)) were considered to represent different levels of heritability ranging
from high to low (Table 1). Environmental noise across the experiment was defined
in relation to the E(NK) = 1(48:0) case (i.e., additive genetics case). Error variance
component estimates (�̂2

� ) were computed from �̂2
� = �̂2

g

(
1
H

−1
)

for five levels of
broad sense heritability H = 0.1, 0.3, 0.5, 0.7, 0.9, based on the estimated genetic
variance �̂2

g present in the E(NK) = 1(48:0) case. For a defined level of H the
estimates of the error variances were applied across all genetic models (i.e., all
levels of E and K). Thus, the five levels of H applied in the simulation experiment
represent a constant �̂2

� that is referenced to the E(NK) = 1(48:0) model. In total
2,250 combinations of E(NK) model, parameterizations and heritability levels were
considered (9×50×5).

To simulate a bi-parental mapping population two individuals contrasting for all
N=48 genes were defined as parents. The two individuals were crossed to generate an
F1 from which a random set of doubled-haploids (DHs) was generated for mapping.
In all cases a mapping population size of 500 DHs was used. This population sample
size is large in comparison to that used in many published mapping studies, but is
not large enough to avoid the Beavis effect for polygenic systems such as those
considered here (Beavis 1998, Openshaw and Fascaroli 1997, Schön et al. 2004).
The phenotypes of the 500 DH lines used to map the QTL of the trait were measured
in a single environment sampled at random from the TPE. QTL mapping in a single
environment was chosen to demonstrate within the simulation experiments some
influences of context dependent effects due to gene-by-environment interactions. For
each of the 2,250 genetic model combinations, 20 bi-parental mapping population
replicates were considered. The 20 replicates represented different samples of the
500 DHs. Thus, a total of 45,000 DH populations were created for QTL mapping.
The QTL mapping of the trait was conducted using composite interval mapping as
implemented in QTL Cartographer V1.16 available for the Linux operating system
(Basten et al. 1995). The QTL Cartographer software and the composite interval
mapping method were chosen because of their wide use as reported in the literature.
Other mapping methods can be applied. All QTL tests were conducted to test
for additive QTL effects and no explicit tests were conducted for QTL-by-QTL
effects or QTL-by-Environment effects. These are potential and useful extensions
that we recommend in order to generalize the analyses considered here, but were
considered beyond the illustrative scope of this investigation. Forward and backward
regression (SRmapqtl with method FB) was used to search for cofactors. QTL
scanning was conducted every 2 cM with two additional parameters, where genetic
background was set to 10 and window size was 10 cM. QTL were deemed to be
detected if the peak of the LOD profile exceeded the defined empirical significance
threshold and fell within 15 cM of either side of the true QTL position. For each
analysis the number of QTL identified and the estimated additive effects of the
QTL were recorded. The number of QTL detected was compared with the total
number of simulated QTL (N=48) as a measure of the power of QTL detection.
The estimated QTL effects were compared with the true QTL effects graphically
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to obtain measures of the Type I (false positives), Type II (false negatives) and
Type III (correct detection of QTL position with incorrect ranking of the alleles
for additive effects relative to the global additive effects) error rates associated
with detection and definition of QTL effects. True QTL effects for E(NK) genetic
models with gene-by-environment interaction (E>1) were computed by averaging
allele effects across individual environment-types in the TPE. True QTL additive
effects for E(NK) genetic models with epistasis (K>0) were computed by contrasting
allele effects at a gene, averaged across the rest of the genetic background in a
given epistatic network; i.e., these average effects were intended to define ‘global’
additive effects for each of the N genes within the complete system of N=48 genes
segregating in the mapping population.

5.1.2. Results

For all E(NK) models, the number of QTL detected decreased with heritability
level (Figure 6). The largest percentage of true QTL detected was for the gene-
to-phenotype models with no epistatic interactions (K=0, Figure 6a–c). There was
a decrease in the percentage of QTL detected when epistatic interactions were
included in the gene-to-phenotype models (Figure 6d–f, K=1; Figure 6g–i, K=2). In
terms of QTL detection, there was little difference in the results for increasing levels
of E. The limited influence of gene-by-environment interaction on the total number
of QTL detected in this case was due to the fact that the mapping populations were
evaluated in a single environment-type sampled from the TPE and the crossover
types of gene-by-environment interactions simulated (e.g., Figure 5b).

For the additive E(NK)=1(48:0) models the effect of decreasing heritability was
a reduction in the ability to detect the QTL with small effects (Figure 7). While
there were fewer large-effect QTL than small-effect QTL present to be detected
(Figure 7b,e,h) a greater percentage of the large-effect QTL that were present were
consistently detected (Figure 7c,f,i). In general there was a tendency to over-estimate
the true effects of the subset of the N genes detected as QTL. The tendency to
over-estimate the true effects increased with decreasing heritability (Figures 7a cf.
7b, 7d cf. 7e, 7g cf. 7h).

The QTL effects were most accurately estimated for the additive E(NK)=1(48:0)
models at H=0.9 (Figure 8a). For this combination of E(NK) model and heritability
30.4% of the QTL were detected. The overall number of Type I, II and III errors
was low relative to the number of correct detections of QTL and determination of
the additive effects of the alleles. The majority of the Type II errors were associated
with genes of small effect. Increasing the complexity of the gene-to-phenotype
model by introducing epistasis (K>0) and gene-by-environment interactions (E>1)
created greater uncertainty in the correct detection and determination of the true
additive gene effects by QTL detection (Figure 8). With the inclusion of gene-by-
environment and epistatic interactions, there was a tendency to over-estimate the
additive effect relative to the true additive effect. Notably there was also an increase
in the number of Type III errors relative to the additive model at all levels of
heritability (Figure 8; e.g., 8a cf. 8b,c). For all E(NK) genetic models, the capacity
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Figure 6. Percent of true QTL detected by Composite Interval Mapping (CIM) in the bi-parental mapping
populations. Results are shown for nine genetic models (i.e. factorial combinations of E and K) and five
levels of heritability (H=0.9,0.7,0.5,0.3,0.1). For each combination, the results are the average across
the 50 genetic parameterizations and 20 bi-parental replications (i.e. 1000 data sets)

to detect and correctly estimate additive gene effects decreased with heritability
(Figure 8; e.g., 8a,d,g). With lower heritability, the effects of the correctly detected
QTL tended to be over estimated. Further, genes with small true effects could
still be declared as significant QTL and in these cases the effect of the gene
was greatly overestimated by the declared QTL effect. While the number of QTL
detected decreased with the presence of epistasis and gene-by-environment inter-
action effects, some of the N=48 genes were still detected as QTL, even though
the correct definition of their global additive effects was more difficult. The results
obtained from simulating QTL mapping for different genetic model scenarios
emphasize some of the challenges associated with QTL mapping. For example,
the over-estimation of QTL effects in genetic models with gene-by-environment
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Figure 7. Distribution of estimated and true QTL effects detected for the E(NK)=1(48:0) model at three
heritability levels. Panels (a), (d), (g) show the distribution of estimated QTL effects. Panels (b), (e), (h)
show the distribution of true QTL effects. The QTL detected in the mapping studies are shown in light
grey. The QTL not detected in the mapping studies are shown in dark grey. Panels (c), (f) and (i) show
the distribution of true QTL effects for the set of true QTL detected in the mapping studies

and epistatic interactions are indicative of the fact that QTL effects from mapping
studies are often estimated based on a partial picture of the genotype-environment
system (e.g., in this experiment the mapping populations were evaluated in a single
environment-type from the TPE). The implications of these results for MAS are
considered further in Simulation Experiment 2.

5.2. Simulation Experiment 2

5.2.1. QTL detection and MAS

In Simulation Experiment 2 (Figure 1), the results of QTL mapping studies, as
described in Simulation Experiment 1, were used as inputs into a MAS breeding
strategy for comparison with the genetic gain achieved by phenotypic selection
(PS). The MAS and PS selection schemes were investigated within a RRS
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Figure 8. True and estimated additive QTL effects for three genetic models (E(NK)=1(48:0);
E(NK)=2(48:1); E(NK)=5(48:2)) and three levels of heritability (H=0.9,0.5,0.1). Results are shown as a
heat plot, using true and estimated QTL detected by Composite Interval Mapping (CIM) in the bi-parental
mapping populations. For each sub-panel, the results are displayed for the 50 genetic parameterizations
and 20 bi-parental replications (i.e. 1000 data sets). Colors range from cyan through dark red. Type I, II
and III errors are highlighted by arrows. Type I errors represent cases where QTL were falsely detected
in a given map region (i.e. false positives), Type II errors represent cases where the true QTL were not
detected by CIM, (i.e false negatives) and Type III errors represent cases where the QTL were correctly
detected but the estimated favorable allele was incorrectly defined. The percentage of true QTL detected
is listed in each sub-panel (see plate 2)

breeding strategy conducted for five cycles (Figure 3). The objective of the RRS
breeding strategy was defined as increasing trait value for single-cross hybrids;
e.g. to simulate the case of selecting for higher grain yield of hybrids (Figure 2).
The reference genotype-environment systems, genetic models and QTL mapping
methods for Experiment 2 were the same as those defined for Experiment 1
(Table 1). To implement a MAS strategy the results of the QTL analysis were
applied to define a Target Genotype (TG). Given the breeding objective was to
achieve increased trait value the TG within any cycle of the breeding program was
based on the definition of the favorable additive allele effects for the identified QTL.
Selection was then implemented by using the identified QTL allele profiles of the
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individuals to identify desirable bi-parental crosses that would enable an increase in
the number of favorable QTL allele effects in progeny of the cross. In combination
with QTL-based cross selection, phenotypic selection for increased trait value was
conducted within each cross based on the results of a simulated MET. Consistent
with the RRS strategy all individuals were tested for trait phenotypic performance in
testcross combination, with testers selected from the complementary heterotic group
(Figure 3). The selection was conducted for higher trait performance within both of
the heterotic groups and genetic progress was measured in terms of improvements
in hybrid performance, where the hybrids were single-cross F1 hybrids based on
combinations of elite inbreds, with one parent taken from each of the two heterotic
groups.

Following Podlich et al. (2004) a Mapping-As-You-Go strategy was applied
over the five cycles of selection. Therefore, a QTL analysis was conducted for
the founding reference population of genotypes and for both heterotic groups for
each cycle of selection as in Simulation Experiment 1. The parents used in each
QTL mapping study were defined in conjunction with the germplasm present at
any given cycle of the breeding program. The genotypes were evaluated for their
trait phenotype in a single environment-type sampled at random from the TPE. For
each mapping reference population at each cycle of selection extreme individuals
were identified, one with a low and one with a high trait phenotype. The extreme
individuals were crossed to generate an F1 from which a random set of 500 DHs
was generated for mapping as in Simulation Experiment 1. However, in contrast
to Simulation Experiment 1, not all genes were guaranteed to be segregating in
the mapping study in any given cycle of selection. In total, QTLCartograher was
run 225,000 times in Simulation Experiment 2 (9 genetic models × 50 genetic
parameterizations × 5 heritability levels × 20 breeding replications × 5 cycles
of selection). Thus, the QTL analysis and interpretation procedures described for
Simulation Experiment 1 were completed 225,000 times in Simulation Experiment
2 to implement the MAS strategy. In parallel with the MAS strategy a comparable
PS strategy was conducted for the same reference populations. The response for
MAS was then measured in terms of the advantage demonstrated over phenotypic
selection (MAS-PS) for increase in trait value in the TPE.

5.2.2. Results

The number of detected QTL segregating in the mapping population was typically
much less than the total N = 48 polymorphic genes in the reference population
of the breeding program (Figure 9a–c). The largest number of QTL detected was
usually observed in cycle 1 and the number of QTL detected decreased over the
five cycles of selection (Figure 9a–c). For all genetic models the number of QTL
detected decreased with heritability. For the genetic models with increasing levels
of epistasis (Figure 9b,e K = 1 and 9c,f K = 2) there was the potential for an
increased genetic signal component relative to the noise component, compared to
that defined for the additive genetic model (Figures 9a,d K = 0), and there was an
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Figure 9. The average number of true QTL segregating against the average number of true QTL
detected for five cycles of selection (a-c) and the average cumulative number of true QTL detected
over five cycles of selection (d-f). The results are shown for three genetic models (E�NK� = 1�48 	 0�;
E�NK� = 2�48 	 1�; E�NK� =5(48:2)) and three levels of heritability (H = 0
9� 0
5� 0
1). The numbers
on panel (a)-(c) represent the five cycles of selection. The average cumulative number of true QTL was
computed taking into account the number of “new” QTL detected each cycle of selection (i.e. QTL that
were not detected in any previous cycle of selection). For each combination, the results were computed
from the 50 genetic parameterizations and 20 breeding replications (i.e. 1000 simulations)

associated increase in the number of QTL identified (Figure 9b,c) compared to the
additive model at the same starting level of heritability (Figure 9a).

For the additive model (Figure 9a), there was a relatively large decrease in the
number of QTL detected from cycle to cycle over the five cycles of selection. The
genetic models with gene-by-environment and epistatic interactions (Figure 9 b,c)
showed different patterns of decrease in QTL detection over the cycles of selection.
With high heritability (H=0.9) the genetic models with higher levels of gene-
by-environment interactions and epistasis had an initially lower number of QTL
detected than for the additive genetic model (e.g. Figure 9c cf. 9a). However, the
cumulative number of QTL detected was higher over cycles of selection compared
to the additive model (Figure 9f cf. 9d). The cumulative QTL discovery results
suggest that when gene-by-environment and epistatic interactions were a component
of the genetic architecture of the trait, new components of genetic variation were
more consistently identified by QTL mapping over cycles of selection compared to
the additive model (Cheverud and Routman 1996, Podlich et al. 2004).
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For the RRS MAS strategy considered there was genetic improvement in the
population trait mean over the five cycles of selection (Figure 10). For all genetic
models considered response to selection decreased with lower heritability. The
rate of improvement of the trait, normalized relative to the global target genotype
with the highest possible trait performance, decreased with the increased levels of
genetic complexity introduced by including and increasing the levels of epistasis
and gene-by-environment interactions.

The genetic change over cycles of breeding, as measured in terms of genetic
distance (Hamming Distance) from the global target genotype, differed among the
E(NK) genetic models (Figure 11). For the additive model (Figure 11a) progress
towards the global target genotype was achieved over the five cycles of selection and
was more consistent and less variable (Figure 11b) when compared to the genetic
models with epistasis and gene-by-environment interactions (Figures 11a cf. 11c,e
mean genetic distance; Figures 11b cf. 11d,f variance of genetic distance). There are
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Figure 10. Average response in the TPE for the nine genetic models (factorial combinations of E and K)
and five levels of heritability over five cycles of selection. For each combination, the results were
computed from the 50 genetic parameterizations and 20 breeding replications (i.e. 1000 simulations)
(see plate 3)
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Figure 11. Mean and Variance of Hamming Distances (HD) of hybrid combinations from the target
genotype for three genetic models (E(NK) = 1(48:0); E(NK) = 2(48:1); E(NK) = 5(48:2)) and five
levels of heritability (H = 0.9,0.7,0.5,0.3,0.1), over five cycles of selection. For each combination, the
results were computed from the 50 genetic parameterizations and 20 breeding replications (i.e. 1000
simulations) (see plate 4)

important differences in the paths towards genetic improvement of the trait between
the additive E�NK� =1(48:0) genetic models and those with epistasis (K > 0)
and gene-by-environment (E > 1) interactions. For the additive model all paths to
genetic improvement lead towards the global target genotype and a more restricted
number of paths towards genetic improvement were exploited among the different
replicates. Thus, there was a decrease in the genetic distance between the breeding
population and the global target genotype over cycles of selection and the rate of
approach to the target genotype was greater with higher heritability (Figure 11a).
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When epistasis was a component of the genetic model there were multiple workable
paths towards genetic improvement of the trait from the initial reference population.
Many of these paths to higher trait performance resulted in the creation of genotypes
with higher trait performance that were different from the global target genotype
that was defined as a reference point. A number of these different genetic paths
towards trait improvement were identified among the different replicates of the
breeding programs starting from the same reference population conditions. Thus,
when epistasis was a component of the genetic model, genetic improvement in trait
performance was still achieved over the cycles of selection (Figure 10) while on
average there was less progress towards the global target genotype (Figures 11c,e
cf. 11a) and greater variation among replicates (Figures 11d,f cf. 11b).

On average the MAS selection strategy resulted in a greater rate of increase
in trait performance compared to the PS strategy for the five cycles of selection
(Figure 12). Thus, augmenting phenotypic selection with selection based on QTL
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Figure 12. Difference in the average response (Marker-assisted selection – Phenotypic selection) for the
nine genetic models (factorial combinations of E and K) and five levels of heritability over five cycles
of selection. For each combination, the results were computed from the 50 genetic parameterizations
and 20 breeding replications (i.e. 1000 simulations of each breeding strategy) (see plate 5)
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model predictions contributed to greater rates of genetic gain over multiple cycles
of breeding. While the magnitude differed the advantage of MAS over PS was
observed for all genetic models and heritability levels considered. For the additive
model, following an initial increase in the advantage of MAS for the first two cycles
the advantage over PS had begun to decrease by cycle 5. For the more complex
genetic models with epistasis as a component of the genetic architecture of the trait
the increase in the advantage of MAS over PS persisted for more cycles of selection
(e.g. Figures 12d,g cf. 12a) and in some cases continued to increase over the five
cycles of selection (Figures 12h,i). For all genetic models the advantage of MAS
over PS decreased with lower heritability (Figure 12). This was consistent with
the result that the number of QTL detected decreased with decreasing heritability
(Figure 9).

6. IMPLICATIONS OF MODELING

A comprehensive modeling approach can be applied to assist a breeder in under-
standing the likely outcomes of a QTL analysis method, the properties of the
detected QTL effects given the selected analysis strategy and also their potential
influence on the outcomes of a MAS strategy. Importantly with advances in
simulation modeling methods these methods can be applied to many relevant
contexts that cover the likely trait genetic complexity continuum relevant to
the breeder and need not be restricted to considering only the additive effects
of polygenic systems. These opportunities have previously been emphasized by
Kempthorne (1988) and Lande (1991). We advocate the application of compre-
hensive modeling approaches in combination with a relevant program of empirical
investigations to map the genetic architecture of the traits. The in silico experiments
can be harmonized with and parameterized for the questions relevant to MAS within
the target breeding program and the genotype-environment system context.

The two illustrative simulation experiments that were considered here were
designed to be simple relative to the complexity of the trait genetics that can be
encountered within real genotype-environment systems and also in terms of the
specific details involved in conducting multiple cycles of a breeding program. Our
intention was not to model any specific “real-world” scenario but to remove as
much of the detail as possible to focus on a few key points relevant to QTL mapping
of traits and MAS in breeding in general. Some results that were emphasized by
the simulation experiments were:
1. Improvements in trait phenotyping that lead to either higher heritability by

reducing sources of experimental error or refined definitions of the key traits to
be measured and the environment-types within which they should be measured
will lead to improved power to detect and characterize QTL and enhance the
opportunities to achieve positive results from MAS.

2. The results from trait mapping studies are expected to change over the course
of the cycles of a plant breeding program as selection changes the composition
of the standing genetic variation. Thus, trait mapping that is intended to impact
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MAS in breeding programs must be done within the context of the reference
germplasm of the breeding program to obtain reliable indications of the potential
benefits of MAS.

3. Selection is effective at achieving genetic improvements in trait phenotypes along
the genetic complexity continuum. This result is consistent for both theoretical
(Cooper and Podlich 2002, Podlich et al. 2004) and importantly with empirical
studies (Figure 2; Duvick et al. 2004, Crosbie et al. 2006) of genetic gain from
breeding. With appropriate attention to trait heritability, QTL will be identified
for traits along the genetic complexity continuum, from the simplest to most
complex traits. Moving beyond classical Mendelian systems in specific reference
populations it would seem appropriate to consider the results of any trait mapping
study as entry points into understanding the genetic architecture of the complex
traits. These entry points can be built on with subsequent studies.

4. Theoretical and empirical treatments of QTL analysis and MAS indicate that
it is easier to demonstrate impact from MAS for traits under more simple
genetic control but that the major opportunities for long-term improvements
over conventional breeding strategies are actually for the more complex traits.
This experimental to application gap requires us to extend our current quanti-
tative genetics modeling framework to more explicitly deal with the complex-
ities of the genetic architecture of traits, such as epistasis, gene-by-environment
interactions and pleiotropy, if we are to realize the potential advantages from
MAS for complex traits in applied breeding (Cooper et al. 2005, Holland 2006,
Hammer et al. 2006).

While we demonstrated some aspects of the points listed above in two relatively
simple simulation experiments our experience is that they apply equally to more
comprehensive situations involving higher levels of genetic complexity and that are
more inclusive of the details of the genotype-environment system and the breeding
programs under consideration (Cooper and Podlich 2002, Wang et al. 2003, 2004,
Cooper et al. 2005). Below we consider further details of these points and their
implications for MAS in plant breeding.

What have plant breeders been able to learn to date from the results of the different
trait mapping experiments? The current empirical evidence obtained from mapping
traits in elite breeding populations indicates that the genetic architecture of traits is a
complexity continuum that extends from simply inherited traits controlled by one or
a few additive genes to complex traits under the control of many interacting genes
that frequently influence more than one trait. The view of the genetic complexity
continuum that is achieved by any one study will likely be context dependent and
depend on the traits considered and the germplasm and environments examined
(Cooper et al. 2005; see also comments by Sing et al. 2003 and McClearn 2006).
This is not a negative result but is an important consideration that should caution
investigators against broad generalizations from the context dependent perspec-
tives of their individual experiments. Further, in addition to mapping the more
traditional plant traits we can now map molecular phenotypes and study many
of the details that are involved in scaling effects that traverse from the level of



88 COOPER ET AL.

expression and translation of DNA sequence variation, biochemical pathway and
molecular signaling components to the levels of multiple trait phenotypes of plants
grown across multiple environments. Much of this molecular detail suggests there
is potential for complex context dependent effects of the allelic variation for genes
with the potential to introduce non-additivity into the gene-to-phenotype archi-
tecture of traits (e.g., Holland 2006, Li et al. 2006, Carlborg et al. 2006). However,
the presence of a complex genetic architecture including epistasis, pleiotropy and
gene-by-environment interactions does not preclude the identification of QTL that
exhibit properties of additive genetic variation within a given reference population,
as shown in the above two simulation experiments. Thus, even with complex trait
genetics both the currently available theory and empirical evidence are consistent
in indicating that many forms of genetic architecture can be observed depending
on the choice of trait and reference population of genotypes and environments for
QTL mapping. The empirical evidence that demonstrates the presence of important
interactions in the gene-to-phenotype architecture of traits often forces us to reject
the global applicability of the naïve additive model and at least be circumspect of
the level of predictability that can be achieved from studies that show predominantly
additive effects. The reference system may well behave additively in its present
context. However, breeders work with germplasm and manage utilization of popula-
tions to achieve levels of predictability over multiple cycles of selection (Bubeck
et al. 2006). Therefore, the important question for the breeder is whether the current
additivity can be used to project into the new genetic states of the system that will
be created by selection. An important second result that is observed both empirically
and in the gene network theory we apply is that even in the presence of complex
genetic interactions selection can still operate to identify paths towards genetic
changes that contribute to improved trait phenotypes (Cooper and Podlich 2002).
Thus, an important distinction between the simple and complex genetic models of
trait genetic architecture that we have considered here is in the cumulative nature
of the additive genetic variation exploited by selection. Theoretical investigations
have demonstrated that new sources of additive genetic variance can be released
within a reference population by restricting the dimensions of an epistatic genetic
system contributing to the standing genetic variance (Cheverud and Routman 1996,
Podlich et al. 2004). From an analysis perspective this potential source of new
genetic variation can be viewed as conditional genetic variation within appropriate
reference populations (e.g., Carlborg et al. 2006). The modeling of different forms of
trait genetic architecture inspired by the empirical evidence provides some views of
how effective paths towards genetic improvement of multiple traits can be identified
along the trait genetic complexity continuum (Hammer et al. 2006).

Given the arguments above, why model QTL effects and MAS for plant breeding
applications? An answer we give is that with our current knowledge of the genetic
architecture of the traits the process of designing and optimizing a MAS breeding
strategy that outperforms conventional selection (i.e., one based on selection on
pedigree and phenotypic information) to create novel genotypes with improved
phenotypes is a complex problem beyond the limits of complete specification and
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long-term prediction. As with other complex scientific problems of this nature,
one reason that motivates the use of modeling methods is to accelerate and enable
the design and implementation of practical breeding strategies that deal with
multiple traits of varying genetic complexity. Formal modeling methods provide a
quantitative framework for integrating the multiple streams of phenotypic, genetic,
pedigree and environmental information that must be combined to detect QTL and
apply the information used by the breeder to implement forward selection in an
applied breeding program. Such a quantitative modeling framework can be encoded
within an appropriate high performance computing infrastructure and designed to
deal in real-time with the large volumes of data generated by breeding programs
(Cooper et al. 2006). As research continues to advance our understanding of the
genetic architecture of traits new ideas for mapping genetic variation for traits and
applying the results within MAS strategies will continue to emerge. The modeling
framework we outlined above can be used to extend the prerequisite empirical
studies and accelerate an understanding of the strengths and weaknesses of the
proposed breeding strategies and quantify their potential benefits. Thus, as new
genetic evidence accumulates we can more rapidly advance from ideas to practical
application by breeders whenever benefits are identified.

Theory suggests potential benefits from MAS for simple and complex traits
(Lande 1991, Lande and Thompson 1990, Podlich et al. 2004, Cooper et al. 2005).
However, for quantitative traits it is often difficult to empirically demonstrate
the advantages over conventional selection on phenotypes alone (Moreau et al.
2004a). A comprehensive approach to modeling QTL effects to evaluate the oppor-
tunities for MAS in applied breeding requires recognition that we are dealing with
multiple traits and a genetic complexity continuum. Further, to evaluate the merits
of breeding strategies, such as MAS, we require a quantitative genetics framework
that enables investigation of the performance of breeding strategies for all parts
of the continuum. Classical quantitative genetics theory (Lynch and Walsh 1998,
Walsh 2005) provides such a framework when we are interested in the expected
genetic gain that can be attributed to selection for the additive components of the
genetic architecture of the traits. The breeder’s prediction equation can be extended
to indicate the proportion of the additive genetic variation accounted for by QTL
(Lande 1991, Lande and Thompson 1990) and to indicate the contributions of non-
additive sources of variation to short and long-term gain (Walsh 2005). However,
for many of the practical issues related to implementing MAS in a breeding program
and where the non-additive components of genetic variance are important compo-
nents of the genetic architecture of the traits the classical framework does not
provide answers to many of the breeders’ questions. Thus, we need an equivalent
of the breeder’s equation that can deal explicitly with both the additive and non-
additive components of the genetic architecture of traits (Holland 2006). For these
situations we can extend the quantitative framework using stochastic simulation
methods based on genetic models that are defined to incorporate the additive and
non-additive components of the genetic architecture of traits (Cooper et al. 2005).
The E(NK) model is an example of a framework that can be applied for this purpose
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and customized for the genetic information available on the architecture of traits
within defined reference populations of genotypes. Combined with access to the
growing body of knowledge on the molecular basis of the genetic architecture
of traits many “real-world” scenarios can be incorporated and used to guide the
definition of the relevant genetic models (Cooper et al. 2005, Walsh 2005, Hammer
et al. 2006). Implementation of the quantitative framework applied here within an
appropriate computing infrastructure enables the breeder to deal with many of the
complexities that arise from the intersection of theoretical models and the empirical
evidence describing components of the genetic architecture of traits.

7. SUMMARY AND OUTLOOK

Today the trait changes that have been brought about by plant breeding (e.g.,
Figure 2) can be described at the genotype and phenotype levels. Even though
the molecular and functional bases for most of the genetic changes are not fully
understood genetic progress is still made by breeding programs (Figure 2). MAS
strategies offer opportunities for accelerating the rates of genetic progress that
can be achieved. Currently some of the early proposed applications of MAS are
under empirical evaluation and others are being applied (e.g., Moreau et al. 2004a,
Cahill and Schmidt 2004, Niebur et al. 2004, Podlich et al. 2004, Hammer et al.
2005, Crosbie et al. 2006). Beyond the theoretical considerations there are many
issues that require detailed consideration when applying MAS in applied breeding.
Given that mapping studies will identify only a component of the standing genetic
variation for traits in a sample of the reference genotype-environment system at a
point in time, theory and experience suggests that these studies should be viewed
as entry points into the study of the genetic architecture of traits that will need to
be continually refined (Podlich et al. 2004). Further, it is important to realize that
modeling the effects of QTL is one component of a larger modeling effort aimed
at understanding the nature and role of genetic variation in the sustainability of
the genotype-environment systems that have been adopted in agriculture. Modeling
QTL effects and MAS is an evaluation of our capacity to understand and manipulate
the standing genetic variation to create and evaluate new genotype-management-
environment states within agricultural systems by selecting on identified compo-
nents of the genetic variation. This should be viewed as a potential refinement and
enhancement of how breeders have operated in the past. The “Green Revolution” for
wheat and rice in the second half of the 20th Century is an example of such a change
that was realized by conventional breeding. The “Green Revolution” was enabled
when suitable genes for reduced plant height were incorporated into the reference
populations of the wheat and rice breeding programs to decrease the incidence of
plant lodging and enable farmers in suitable ecogeographical regions to increase
grain yield by applying increased levels of fertilizer and water inputs to the system
(e.g., Perkins 1979, Rajaram and van Ginkel 2001, Borlaug and Dowswell 2005,
Khush 2005, Duvick 2006). As was the case in the past sustainable progress from
breeding will result from a clear definition and execution of breeding objectives
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within a comprehensive breeding program strategy that combines knowledge of
germplasm, trait genetics, selection strategies and the TPE (Hallauer and Miranda
1988, Comstock 1996, Podlich and Cooper 1999, Cooper et al. 2005, Duvick 2006,
Hallauer and Pandey 2006). In association with our expanding body of knowledge
of both the gene-to-phenotype architecture of traits and the nature of the standing
genetic variation in elite breeding populations, trait mapping and MAS provides the
breeder with many new opportunities for genetic improvement of multiple traits to
enhance the performance and sustainability of agricultural systems.
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Abstract: The investigations of patterns of linkage disequilibrium for designing association-
mapping studies are fast becoming a method of interest for complex trait dissection and
improvement practices in many crop plants. The methodology and its applications to
crop improvement, to date are discussed.

1. INTRODUCTION

Association mapping, also known as linkage disequilibrium mapping, is a relatively
new and promising genetic method for complex trait dissection. Association
mapping has the promise of higher mapping resolution through exploitation of
historical recombination events at the population level, that may enable gene level
mapping on non-model organisms where linkage based approaches would not be
feasible (Nordborg and Tavare 2002; Risch and Merikangas 1996).

Association mapping utilizes ancestral recombinations and natural genetic
diversity within a population to dissect quantitative traits and is built on the basis
of linkage disequilibrium concept (Geiringer 1944; Lewontin and Kojima 1960).
One of the working definitions of linkage disequilibrium (here on will be referred
to as LD) is the non-random co-segregation of alleles at two loci.

In contrast to linkage based studies, linkage disequilibrium based genetic associ-
ation studies offer a potentially powerful approach for mapping causal genes with
modest effects (Hirschhorn and Daly 2005). While linkage analysis is based upon
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detection of non-random association between a genotype and a phenotype in well-
characterized pedigrees, association mapping focuses on associations within popula-
tions of unrelated individuals. In general, chromosomes sampled from unrelated
individuals in a population will be much more distantly related than those sampled
from members of traditional pedigrees. In other words, the time to most recent
common ancestor (MRCA) of any given two individuals from a population of
unrelated individuals would be greater than that of a pedigree population. This is
what makes LD mapping suitable for fine-scale mapping: there will have been more
opportunities for recombination to take place over several generations, between
many alleles, in a species, while there can be only a few generations of recombi-
nation present in pedigree populations. Increase in the rate of recombination will
lead to reshuffling of the chromosomal segments into smaller pieces. This will lead
to reduction of the LD in short distances around loci, and lead to significant co-
occurrence (i.e. LD) between only loci physically close, allowing high resolution.
Whereas pedigree studies work with recombination events in few generations that
enable exchange between chromosomes at the order of megabases, association
studies deal with segmental exchanges measured in kilobases (Paterson et al. 1990;
Stuber et al. 1992; Thornsberry et al. 2001).

2. WHAT IS LINKAGE DISEQUILLIBRIUM AND HOW
IS IT RELATED TO ASSOCIATION MAPPING STUDIES?

The term linkage disequilibrium was first introduced back in late 1940‘s to describe
the degree of non-random association between pairs of loci. In the absence of
demographic effects that might confound the linkage disequilibrium patterns, LD
summary statistics such as r2 can be used to define the level of co-occurrence of
alleles at two loci (Hill and Robertson 1968). When r2 is zero, alleles at two loci
do not co-occur more frequently than would be expected under random sampling.
r2 approaches its maximum of 1 as alleles at two loci show more frequent co-
occurrence within the population sample examined. There are various other linkage
disequilibrium statistics that can be used for this purpose (Hedrick 1987) all of
which aim to estimate the predictive value of a marker locus on another locus that
is displaying non-zero LD with it (if LD statistic is zero, two loci examined have
zero predictive value for each other).

Association mapping uses these properties of the measures of pairwise LD
statistics to infer the predictive value of a marker locus for the association of
the chromosomal region it resides with the phenotype. The high-LD chromosomal
region around a marker locus defines the predictive range of a certain genetic
marker. If LD within this genomic range is complete, any polymorphism within this
range will have the same predictive value for the association with the phenotype.
Hence, as a result of a significant marker-phenotype association, it can be concluded
that the causative polymorphism resides within this high LD region around the
marker locus.
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With respect to association mapping, the most significant aspect of LD is its
predictive properties over the haplotype it resides in. However, the extent of LD
(in base pairs) within species and even within individual genomes are highly
variable, and therefore most reliably estimated empirically (Long and Langley
1999). Theoretical estimation of the levels of LD for realistic population models that
does not satisfy the assumptions of Wright-Fisher model is complex. The hardship
is mostly due to the large number of interrelated factors involved in the formation
of patterns of LD, including but not limited to genetic drift, population admixture,
and natural selection (Pritchard and Przeworski 2001; Wall and Pritchard 2003).

The statistical power of associations is determined by the extent of LD with the
causative polymorphism, as well as sample size used for the study (Long and Langley
1999; Wang and Rannala 2005). If LD decays too fast within a region, large number of
markers would be required to scan target regions of a genome. On the other hand, if LD
decays too slowly, the size of the haplotype blocks would be too large to unambigu-
ously reveal underlying causative locus. In other words, the decay of LD over physical
distance in the study population determines the marker density required and the level
of resolution that may be obtained in an association study.

2.1. How to Estimate LD

There are several summary statistics proposed for estimation of linkage disequi-
librium (Hedrick 1987), however the most commonly used summary statistic within
the association study framework is known as r2 (Hill and Robertson 1968; Lewontin
1988). Conceptually and mathematically r is the Pearson’s (product moment) corre-
lation coefficient of the correlation that describes the predictive value of the allelic
state at one polymorphic locus on the allelic state at another polymorphic locus,
where r2 is the squared value of correlation coefficient that is also called coefficient
of determination. r2 explains the proportion of a sample variance of a response
variable that is explained by the predictor variables when a linear regression is
performed.

Lewontin’s D, is another summary statistic for LD that is commonly used. D
describes the difference between the coupling gamete frequencies and repulsion
gamete frequencies at two loci. From D a second measure of linkage disequi-
librium, that is normalized D’ can also be estimated. Even in samples taken from
populations at equilibrium under neutrality, variances of linkage disequilibrium
summary statistics are typically large but D’ has the lowest variance (Hedrick 1987).
However, estimation using D’ may generate erratic and unreliable results when low
frequency alleles or small sample sizes are used for the analysis. It is advised to
collapse the alleles using an allele frequency cut-off prior to estimation of linkage
disequilibrium statistics D and D’.

Other than these commonly used summary statistics for LD, there are also
likelihood-based methods that investigate probability of independence between
pairs of sites using two-locus sampling distributions, rather than calculating a
summary statistic for LD. These methods, usually referred to as model-based LD
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estimators, also provide means of estimating population recombination parameter
4Nc under neutral equilibrium model from nucleotide sequence data (Golding 1984;
Hudson 1985; Hudson 2001) or generating other model-based estimates of LD
for comparisons with observed patterns (Mueller 2004) under various population
structure and demographic history scenarios. Although the estimation of LD through
these methods are more computationally intensive compared to the pairwise-LD
estimation methods, they are extensively used for evolutionary and population
genetic studies as well as investigations on the domestication of various crop plant
species (Wright et al. 2005; Wright and Gaut 2005).

2.2. Interpretation of LD Data

Estimating LD from empirical data is a straightforward procedure; however inter-
pretation of results of LD analysis and extrapolation of this information to the
genome may be more complex. It is important to estimate the rate of decay of LD
with physical distance to be able to extrapolate information gathered from a small
collection of sampled loci to the whole genome investigated. This extrapolation
is essential for association mapping study design since it may be used for deter-
mining the marker density required for scanning previously unexplored regions of
the genome as well as determining the maximum resolution that can be achieved
for genotype phenotype associations for the study population.

The levels of LD are expected to be highly variable across the genome, due to
several factors such as variation in recombination rate and selection. For reliable
results, this variation needs to be taken into account when designing experiments
to exploit LD. Variation in rate of recombination across the genome is a key factor
that contributes to the variance observed in patterns of LD. A number of researchers
have focused on the distance at which average r2 is reduced to 0.10, as a reasonable
point to conclude there is minimal LD to detect associations with complex traits.
The reasoning for this r2cut-off is as follows: in a complex trait a large quantitative
trait locus (QTL) may only explain approximately 10% of the phenotypic variation.
If a marker only explains 10% of the total QTL variation, then the marker will
only explain one percent of the phenotypic variation. Detection of locus effects
that cause smaller than 1% phenotypic variation requires exponentially increasing
population sizes therefore such small effects would be considered undetectable in
a moderate size study population.

Sufficient power for association studies of complex traits requires LD blocks to
be defined more strictly for greater LD as well as larger population sizes. Current
human genetic studies focus on genome scans aiming for much higher LD (e.g.
r 2> 0.80) (Barrett 2006), and are developing haplotype based approaches that can
help capture more variants (Pe’er et al. 2006).

2.3. LD in Plants

Studies on rates of decay of linkage disequilibrium in various plant taxa
(Flint-Garcia et al. 2003) such as maize (Zea mays ssp. mays) (Ching et al. 2002;
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Palaisa et al. 2003; Remington et al. 2001a; Tenaillon et al. 2002), barley (Hordeum
vulgarae) (Caldwell et al. 2004; Caldwell et al. 2006), Arabidopsis thaliana
(Nordborg et al. 2002; Nordborg et al. 2005), and sorghum (Sorghum bicolor)
(Hamblin et al. 2005) and durum wheat (Triticum durum) (Maccaferri et al. 2005),
indicate tremendous variation in the extent of linkage disequilibrium. This variation
is mostly due to founder effect followed by genetic drift that leads to unequal
number of effective recombinations in species sub-populations. Furthermore, selfing
also plays an important role (Nordborg 2000).

The population sample effect is clearly observed in maize, where LD decays
within 1kb in land races (Tenaillon et al. 2001), in approximately 2 kb in diverse
inbred lines (Remington et al. 2001a) and can extend up to 100 kb in commercial
elite inbred lines (Ching et al. 2002). In barley, in a study of four loci Caldwell
et al. (2006) shows that LD might extend up to 212 Kb in elite lines while it might
decay below r2 = 0.2 within 0.4 kb for the same region in wild lines. In wild barley
(Hordeum spontaneum) the results on analysis of LD over 18 loci suggests that LD
decay displays a pattern quite similar to that of maize at some loci, that decays
below significant levels within 2 kb (Morrell et al. 2005). However, there are a
proportion of the loci that show more extensive LD, which may be the result of
admixture. In European Aspen (Populus tremula), Ingvarsson (2005) shows that
there is substantial variation not only across populations but also across loci, and
estimates the range of decay of LD to an expected value of r2 to less than 0.05
within a few hundred basepairs. In a comparison of nine loci across two population
samples of loblolly pine (Pinus taeda L.), Gonzalez-Martinez et al. (2006a) shows
that the rates of decay of linkage disequilibrium are fast; decays below the level of
r2 < 0.2 within 2 kb but is variable and not significantly different for the independent
population samples investigated for loblolly pine.

In predominantly selfing Arabidopsis, LD at a key flowering time locus (FRI)
extends beyond 250 Kb (Nordborg et al. 2002). However, in large genomic surveys,
the decay of LD was reported to be much faster genome-wide: below the level of
r2 < 0.2 within about 30 Kb (Nordborg et al. 2005). In another selfing species,
soybean (Glycine max), Zhu et al. (2003) studied the patterns of LD in 143 short
amplicons that spans approximately 12.5 cM of the genome. The study reports that
significant decay of LD was detectable within approximately 2–2.5 cM that roughly
equals to 1–1.5 Mb. There are few studies that investigate LD in rice (Orzya sativa)
to date; at a disease resistance locus it was reported that substantial LD extends
beyond 100 kb (Garris et al. 2003) and even further at the waxy domestication
locus (Olsen et al. 2006). For the rice genome, more comprehensive studies are
underway.

3. ASSOCIATION POPULATIONS AND STATISTICS

There are five main stages for association studies: (1) Selection of population
samples, (2) Determination of the level and influence of population structure on the
sample, (3) Phenotyping the population sample for traits of interest (4) Genotyping
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Box 1. The steps employed during an association study

the population, for either candidate genes/regions or as a genome-wide scan and
(5) Testing the genotypes and phenotypes for their associations (Box 1).

The choice of association test is the last step of the study and is mostly dependent
on the previous steps according to the characteristics of the population that was
used to collect the genotypic and phenotypic data (Breseghello and Sorrells 2006a;
Breseghello and Sorrells 2006b; Lewis 2002). Furthermore, possible complications
due to population structure in the study sample may adversely affect the associ-
ation test results. The influence of population structure on each association study
depends on the relatedness between sampled individuals in the studied population.
Therefore, the populations amenable for association studies may be classified
according to the level of relatedness between the individuals forming the association
population.

In the following subsections, we will first discuss the influences of population
structure on various association study designs, followed by examples of control for
its influences by accounting for the relatedness between individuals forming the
association population.

3.1. Population Structure

Most important constraint for the use of association mapping for crop plants is uniden-
tified population substructuring and admixture due to factors such as adaptation or
domestication (Thornsberry et al. 2001; Wright and Gaut 2005). Population structure
creates genome-wide linkage disequilibrium between unlinked loci. When the allele
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frequencies between sub-populations of a species is significantly different, due to
factors such as genetic drift, domestication or background selection, genetic loci that
do not have any effect whatsoever on the trait may demonstrate statistical signifi-
cance for their co-segregations with a trait of interest. Provided that a large number
of neutral markers are available for estimation of genome wide effects of structure,
it is possible to statistically account for such effects in association data analysis
(Yu et al. 2006b).

In cases where the population structuring is mostly due to population stratification
(Bamshad et al. 2004; Pritchard 2001) three methods are often acknowledged to
be suitable for statistically controlling the effects of population stratification on
association tests: (1) genomic control (GC) (Devlin et al. 2004; Devlin and Roeder
1999; Devlin et al. 2001), (2) structured association (SA) method including two
extensions that are modified for the type of association study as case-control (SA-
model) (Pritchard et al. 2000b) or quantitative trait association study (Q-model)
(Camus-Kulandaivelu et al. 2006; Thornsberry et al. 2001), (3) unified mixed model
approach (Q+K) (Yu et al. 2006b).

First method suggested for statistically controlling population structure was GC
that assumes population structuring has equivalent effects on all loci genome-wide.
In GC method, a small random set of markers (e.g., polymorphisms unlikely to
affect the trait of interest) are used to estimate influence of population structure
on the association test statistics (inflation factor), such that the significance of
the association statistic (P value) estimated is adjusted to account for population
structure. The general principle of GC is to use individual genomes from the sample,
to estimate levels of confounding due to substructure and more direct relatedness
such as familial relationship in the study and scale the final significance level of
the association reported accordingly (Devlin et al. 2001).

Structured association methodology, utilizes marker loci unlinked to the candidate
genes under investigation to infer subpopulation membership. The application of
structured association to qualitative and quantitative traits is done using the appro-
priate model depending on the trait and population type, with either SA or Q models
respectively. In application of SA for quantitative trait association (Q-model), a two
stage procedure is constructed where for the first stage each subject’s probability
of membership in each subpopulation is estimated (Pritchard et al. 2000a; Pritchard
et al. 2000b) and then in the next stage, a test of association is conducted using
subpopulation membership as a variable for the anociation model tested (Pritchard
et al. 2000b). In case-control studies, the probability of the SNP frequency distri-
bution based on population structure is compared between the case and control
samples. For quantitative traits, the population structure estimates are used as co-
variates in the regression model that defines the correlation of the genotype with
the phenotype (Camus-Kulandaivelu et al. 2006; Thornsberry et al. 2001).

In unified mixed model approach (aka Q+K model) of Yu and Pressoir
et al.(2006b), a large set of random markers that can provide genome-wide coverage
are used to estimate population structure (Q) and relative kinship matrix (K), which
are fit into a mixed-model framework to test for marker-trait association. In the
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unified mixed-model approach, each of the factors that may confound association
analysis, that is, familial relatedness between individuals (K) and relatedness due to
population structure (Q) are considered as independent variables within the species
population. In order to account for the combined affects of such relatedness factors,
they are included as covariates into the regression model that defines the correlation
between genotype and the phenotype during association testing.

The genetic makeup of the study population that was used to collect genotype
and phenotype data defines the model and type of association statistics to be used
for association tests. This will be discussed further in the next section.

3.2. Classic Association Populations

If the individuals forming the study population are effectively unrelated, the study
population may be considered a random sample of individuals from species
population and is therefore equivalent to any natural population. The relatedness
amongst the individuals forming the population can be either estimated using
pedigrees (Emik and Terrill 1949) or inferred using molecular markers (Blouin 2003;
Lynch and Ritland 1999; Oliehoek et al. 2006; Wang 2002). These individuals can
either be selected from originally natural populations, or subselected from selections
included in breeding programs, to form a classic association population. Selecting
individuals from breeding programs offers the advantage of easy incorporation
into future breeding programs, however the number of lineages incorporated in the
association study becomes limited (Breseghello and Sorrells 2006a; Breseghello
and Sorrells 2006b).

All the previously mentioned statistical methods for population structure infer-
ences are applicable to the classic association populations; however Q+K model
has the widest base of applicability across all structured association study designs
in natural populations.

In plants, so far the focus has been on quantitative traits in natural popula-
tions. In maize, using diverse inbred lines it was possible to select a sample of
102 lines with relatively few closely related individuals by sampling across the
world’s breeding programs (Remington et al. 2001a; Thornsberry et al. 2001).
However, as larger samples were gathered to increase statistical power to over
300 maize lines it became extremely difficult to find samples that match the
structure expected in natural populations (Flint-Garcia et al. 2005). These are the
cases where the combined natural and family based approaches are most powerful
(Yu et al. 2006a). In Arabidopsis (Nordborg et al. 2005), natural samples were
collected from around the world but because of strong population structure and
selfing, these samples in many respects behave more like families for associ-
ation mapping purposes (Aranzana et al. 2005). Association studies with some tree
species are more likely to fall into the model of effectively unrelated individuals
(Gonzaléz-Martinéz et al. 2006b; Thumma et al. 2005). Most crop plant studies
will probably fall on a continuum between natural and family-based association
populations.
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3.3. Family Based Association Populations

If the association population is a collection of unrelated families, instead of single
unrelated individuals, it is possible to perform a joint linkage and association analysis
on the population, that potentially can be more informative on the trait of interest
than either approach alone (Holte et al. 1997; Karayiorgou et al. 1999). For instance,
in human genetics, where the association populations are collections of parent-
offspring trios, two types of study design is considered: transmission disequilibrium
tests (TDTs) (Allison 1997; Fulker et al. 1999; Monks et al. 1998; Rabinowitz
1997; Spielman et al. 1993) , family based association tests (FBATs) (Herbert
et al. 2006; Horvath et al. 2001; Laird et al. 2000; Laird and Lange 2006; Lake
et al. 2000; Lange et al. 2003). Stich et al. (2006) modified the QTDT algorithm
to test its applicability to inbred plant populations, and developed a model named
Quantitative Inbred Pedigree Disequilibrium Test (QIPDT), for analysis of joint
linkage and association data from crop plant populations. Another family based
population design that was essentially developed for crop and livestock breeding is the
Henderson’sMixedModelApproach (Henderson1975),generallyknownfor its appli-
cations in Best Linear Unbiased Predictors (BLUPs). Family based association study
design investigates co-segregation and linkage simultaneously (Spielman et al. 1994).

A long standing mixed model method has been used by animal scientists to
analyze the data from extended pedigree in dairy or cattle breeding programs
(Henderson 1975; Henderson 1976; Henderson 1984). The superiority of the mixed
model lies in its incorporation of the phenotypic observations from relatives of
an individual into the estimation of the breeding value of that individual. The
amount of information that is incorporated depends on the heritability of the trait
and the genetic relationships (traditionally defined by pedigree information) among
individuals. Naturally, this method has been extended to quantify the single gene
effect while accounting for the pedigree relationship (Kennedy et al. 1992) and
is applicable to association mapping with family based association populations.
Taking this mixed model framework, Yu et al. (2006b) suggested to replace the
pedigree-based co-ancestry with a marker-based relative kinship (K) to account for
the relatedness among individuals.

This unified mixed model approach is demonstrated to be the most powerful
statistic compared to all the rest of the statistics, for the family based association
studies and those studies falling between classical and family-based designs. The
flexibility and generality of this approach allow association studies to be carried
out on any population without the restriction on the specific family structure.

3.4. Special Association Populations

Recently, the field of plant association genetics pioneered the use of a new type of
association population, designed to incorporate advantages of both linkage based
and linkage disequilibrium based quantitative trait dissection approaches in associ-
ation studies, in a stronger design than Transmission-Disequilibrium Test (TDT)
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design. This builds off of some of the joint linkage-association approaches encoun-
tered in cattle breeding (Blott et al. 2003; Meuwissen and Goddard 1997). The
Nested Association Populations (NAM) are developed through controlled crosses
between a diverse selection of unrelated individuals according to a breeding scheme
that aims shuffling of alleles in diverse samples either across backgrounds or
against a reference background while keeping track of number and locations of
the recombination events that shuffle the parental chromosomes (Yu et al. 2006a).
The subsequent generations of progeny of the crosses can then used as associ-
ation populations. A population generated according to this described scheme not
only provides tremendous power to the statistical tests of association, but also
enables the projection of genotype information from the parents to the progeny
optimizing genotyping cost for large studies. The cross design is expected to effec-
tively reduce many of the affects of admixture and population structure on the
association population. For such populations, a two step procedure for associations
is suggested.

The two stage study design of nested association mapping requires deep
sequencing or genotyping of the parents for SNP identification across the genome
followed by lower density genotyping in the progeny in order to infer the locations
of the recombination breakpoints during the crosses. Once the recombination break-
points are localized and the recombination blocks are traced back to the contributing
parent, the haplotype information from the parents can be directly projected on the
progeny genome, without further need for genotyping within these blocks.

This design scheme enables the researcher to utilize the advantages of both
linkage based and linkage disequilibrium based genetic mapping approaches. It
provides genome wide coverage, with high resolution and is performed on an
experimental cross that is robust to genetic heterogeneity with representation of
several alleles per loci in a large population.

Because of the balanced design, straightforward multiple regression approaches
can be applied (Yu et al. 2006a) for association testing. Currently, availability of
such nested association populations are reported for maize (Yu et al. 2006a) and
loblolly pine (Baltunis 2005; Ersoz 2006; Kayihan et al. 2005). Further statistical
methods that are going to utilize and combine information from both parent and
progeny generations for NAM type populations are currently under development.

These mentioned association population structures represent the continuum
of LD levels from low in classic association populations towards high in
biparental breeding populations. Nested association populations that are similar to
heterogenous intermated populations (Niebur et al. 2004) fall in the mid-range of
this continuum with moderate levels of LD and linkage.

4. FALSE POSITIVES AND POWER OF ASSOCIATION

One of the major concerns in the association mapping studies is the statistical
power of the association testing, since as it stands, there is a trade off between
the power and accuracy for reporting associations due to false positives. The major
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determinant of the levels of false positives and power of associations is the level
of population structure in the association population.

A false positive (Type I error) occurs when a test incorrectly reports that it
has found a positive result where none really exists. The classical definition of
Type I error is an incorrect rejection of the null hypothesis - accepting the alter-
native hypothesis even though the null hypothesis was true. The second functional
biological definition of false positives is also used in association studies. In this
framework, false positives do not only arise due to the failure of the statistical test
performed, but also in cases where the statistical test is valid and the association
exists but it is an association with population structure instead of the trait of interest.
Population structure can lead to identification of loci that generate statistically
significant but biologically invalid associations solely due to their tight correlation
with population structure. However, if the population structure in an association
study is properly dealt with, this is not expected to be a source of false positives.

Traditionally, Type I error rate (�) for multiple testing is controlled with the
Bonferroni correction. The Bonferroni correction in general is conservative and
leads to power loss for detection if the polymorphisms are in linkage disequilibrium
and/or the traits are correlated with one another.

Another statistical method suggested for control for multiple testing is False
Discovery Rate (FDR) procedure. The FDR is the proportion of positive results
that are actually false positives to the whole set of positive results obtained from
a statistical test. The procedure can be used to estimate a cutoff for a particular
FDR (Benjamini and Hochberg 1995), or estimate an FDR for a particular cutoff
(Storey 2002; Storey and Tibshirani 2003). The FDR approaches may be most
appropriate when multiple traits are being compared or when the markers are not
in extensive LD (Chen and Storey 2006). Essentially based on the relative costs
of false positives on further follow-up research, appropriate false discovery rates
should be determined and be used.

A third procedure that can be applied for multiple testing correction is the
permutation test (Churchill and Doerge 1994; Doerge and Churchill 1996), which
controls for the genome-wide error rate (GWER). The permutation test has the
ability to estimate effects on significance levels caused by the use of correlated
markers as well as correlated traits. In this approach, the trait values are permuted
relative to the genotypic data. These permutation approaches are appropriate ways to
control the GWER, however, they can be quite conservative if one expects numerous
QTLs. Recently, the GWERk approach of Chen and Storey (2006) incorporates a
method for a more liberal balance of true and false positives provides a reasonable
avenue.

Other than these statistical methods proposed, it is also possible to non-
parametrically estimate the false discovery rate through comparison of distributions
of P values, against a set of markers of known influence and a set of random markers
scored on the same association population, with simulations. The probability of
false associations is simply the ratio of the proportion of significant associations
detected in the random set to the proportion of significant associations detected
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in the simulated set of known influence loci. This method provides a fast and
rigorous way of estimating FDR, if a set of random markers has been scored on the
association population. Since random markers are required to estimate population
structure, this method should be applicable for association testing in most cases.

The power of a statistical test is the probability that the test will reject a false
null hypothesis. Some of the relevant parameters that can effect the power of
association studies are, but not limited to (1) The type of association test, single
marker or haplotype based, (2) The multiplicity control method, (3) Population-
Structure control method, (4) Genetic architecture of the trait, (5) Population size,
(6) Marker density, (7) Type of populations used for associations, family based or
effectively unrelated (Long and Langley 1999).

Simulation studies that investigate the power of the association tests for candidate
gene association approach report that 300 individuals in a natural population provide
enoughpower todetect repeatableassociationswhenpopulationstructure iscontrolled
properly (Camus-Kulandaivelu et al. 2006; Long and Langley 1999; Thornsberry et al.
2001; Yu et al. 2006a). These power estimates are based on candidate gene studies,
where there are few SNPs being evaluated relative to the entire genome. Genome scan
type association studies rapidly becoming feasible, but for such studies the population
sample size required to obtain sufficient power will be larger. The exact population
size required will depend on the LD structure for the population. Population sizes of
1000 to 5000 genotypes will likely be sufficient in most cases.

The power of association will be low, if the trait is highly correlated with
population structure. Statistical controls for population structure, under such circum-
stances would result in false negatives. An example of such a case is demonstrated
for maize and Arabidopsis flowering time traits (Aranzana et al. 2005; Flint-Garcia
et al. 2005). The reason for flowering time and population structure to be correlated
is that flowering time is an adaptive trait that largely defines the structure. The Q+K
model can produce somewhat better results in these situations (Yu et al. 2006b), but
in general a different sample or genetic design is required to work with traits that
are tightly correlated with population structure. From a study of 60 traits on a maize
diversity panel of 302 inbred lines, the only traits that showed strong relationship
with structure were two flowering time related traits.

Three studies using different germplasm have analyzed maize flowering time and
the dwarf8 (d8) gene (Andersen et al. 2005; Camus-Kulandaivelu et al. 2006; Thorns-
berry et al. 2001). These studies highlight the difficulties of studying traits related
to population structure. In all three studies, when population structure is ignored;
highly significant associations between the traits and polymorphisms in d8 are detected
that are often much more significant than any of the random markers. It is clear that
the putatively functional allele is segregating with a very high allele frequency in
some populations while it is represented at very low frequencies in other popula-
tions. This is exactly what would be expected if flowering time is under diversi-
fying selection between the various sub-populations. Furthermore, upon application
of standard corrections for managing population structure (Q) the d8-flowering time
association is significant for some samples but not for others in all three studies.
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Essentially, there is low statistical power to evaluate candidate genes that are involved
in the clinal adaptation and/or creation of population structure. While empirical signif-
icance estimates obtained through contrasting the significances of the candidates with
large numbers of random markers, the most effective approach for this type of trait
may be specially constructed association populations, with balanced designs.

5. PHENOTYPING AND GENOTYPING STRATEGIES
FOR ASSOCIATION TESTING

As in all other quantitative genetic studies, the success of an association study is
heavily dependent on the accurate evaluation of the phenotype of interest. The within
population variation observed for genotypes and phenotypes for an association is
much greater than that found in most bi-parental mapping populations. While greater
variation is preferable while aiming for higher resolution and allele mining, it can
pose problems for accurate evaluation of this variation in a meaningful way in a single
environment.

The inherent variation observed in phenotypic trait measurement, when combined
with the substantial genetic variation included in some association studies, requires
careful experimental design to acquire quality data. In addition, evaluations in
multiple environments with controls and unbalanced designs may be required. In
our experience with maize, we found that evaluating the germplasm in short day
environments has facilitated some trait evaluation by reducing photoperiod effects
between lines. Additionally, we found that evaluating the germplasm in testcrosses
(F1 hybrids) has reduced the phenotypic range into a manageable level. Since each
of these approaches interact with the genetic architectures of the traits, future studies
will be needed to fully understand the tradeoffs of various study design approaches.

In the association study design, genotyping is required for both inferences on the
genotype/phenotype associations and on the population structure and demography.
The first aim of querying candidate regions for polymorphisms is best achieved
by genotyping SNPs within these candidate regions. The second aim of gathering
information on population specific phenomenon like structure, linkage, demography,
and kinship can be achieved through genotyping neutral background markers, such
as SNPs on non-coding regions or SSRs (simple sequence repeats) distributed
evenly throughout the genome.

All genetic markers can be used for investigating association; however, SNPs
potentially have the most utility compared to rest of the genetic markers. Various
assays were developed for detection of known and unknown SNPs. Some are
relatively easy to implement and low in cost, others are developed for high volume
screening at substantial cost. As the cost of genotyping reduces, genome-wide
scans of all available polymorphisms in a species genome are becoming rapidly
feasible and preferable over targeted SNP genotyping approaches. SSR markers
have historically been useful in association studies and do have high information
content, but they may be difficult to find in candidate gene regions and they are
several fold more expensive to score than SNPs.
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For the purposes of inferences on the population history, genotype information
from a large number of neutral marker loci is required. We are using the term
neutral marker loosely here, to indicate the non-candidate loci, i.e. the loci that were
not designated as candidate loci that can putatively influence a trait of interest. The
density of the markers required should be scaled to provide genome-wide coverage.
Simulation studies suggest 100 SSR or 200 SNP markers would suffice to get a
reasonable estimate of population structure and relatedness for most crop plants
(Yu and Buckler unpublished results).

When targeting candidate loci for association studies, the greatest statistical power
is achieved when the marker and QTL have equal allele frequencies (Abecasis et al.
2001) in the study population. This is due to opportunity created for maximal linkage
and LD since robust detection of associations requires the marker and trait loci
are in phase. If there is no knowledge of the QTL frequency distribution a priori,
the best alternative is to choose markers with a wide range of allele frequencies
that are likely to mimic the QTL mutation rate. Some SSRs probably mutate faster
and have a different frequency distribution than QTL, which may make them less
useful for association mapping. SNPs with a wide range of allele frequencies are
most likely to be informative. In order to maximize the information content of
SNPs, a large number of them can be chosen to scan a particular genomic region,
and this can be achieved with numerous algorithms available for choosing SNPs.
(Ackerman et al. 2003; Daly et al. 2001; Forton et al. 2005; Gabriel et al. 2002;
Halldorsson et al. 2004; Johnson et al. 2001; Ke and Cardon 2003; Patil et al. 2001;
Sebastiani et al. 2003; Zhang and Jin 2003).

Wether the phenotype of interest has a binary or quantitative phenotype is also of
interest for the association study design. When a binary trait is being investigated,
case-control type populations are required for association analysis, where equivalent
sized sub-populations of individuals that display the phenotype of interest (cases)
and do not display the phenotype of interest (controls) are querried for allelic associ-
ation of genetic loci with the case and control phenotypes in a statistically significant
manner. The statistical test performed is simply a hypothesis test, that asks weather
or not the allelic frequency distribution of a locus is the same or different for a
given locus between the two sub-populations. Bulk Segregant Analysis (BSA) type
(Michelmore et al. 1991) bulked sample genotype screening methods for all the
available marker loci may facilitate the candidate gene and association discovery,
for binary traits (Shaw et al. 1998). The challange of case-control type studies is to
make sure that the case and control groups are comparable in terms of their genetic
makeup. Most of the statistical methods aim to detect and correct for the affects
of population statification and ancestry differences between the case and control
groups (Price et al. 2006; Pritchard et al. 2000b).

6. ASSOCIATION MAPPING IN CROP PLANTS

The motivations for attempting association mapping in different crop plants are
highly variable. For historically well studied crop plants, such as maize and rice,
the major motivation for association approach is dissection of complex traits at
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very high-level resolution, as well as allele mining from natural genetic diversity
resources. For other organisms where there is insufficient or little genetic resources
the major motivation is functional marker development and identification of
molecular markers tightly linked to the trait locus for marker assisted selection
and breeding practices. Thus, each association study stands alone for their own
motivations and should be evaluated for its utility and success based on their initial
motivations and aims.

Association mapping approach requires extensive infrastructure development and
preliminarystudies todeterminepopulationstructureandLD(Box1).Once theprelim-
inary data and infrastructure for association mapping for a species is available, several
association studies on various plant taxa report successful results for tests of associa-
tions between candidate locus genotypes and various complex phenotypes (Table 1).

In model organism Arabidopsis, the association mapping practice is mostly
motivatedbygeneratingproofofconcept, identificationofQTLinvolvedinadaptation,
and additional alleles to supplement other mutagenesis approaches. The candidate-
gene association study at the CRY2-Cryptochrome2 locus reported diverse functional
alleles (Olsen et al. 2004). In their first attempt for a genome-wide association
study in Arabidopsis, Aranzana et al. (2005) reports identification of previously
known flowering time (FRI locus) and three known pathogen resistance genes.

In maize, all reported association studies so far have targeted candidate
genes with known mutant phenotypes and are motivated by high resolution
mapping and allele mining purposes. For instance, d8 locus with flowering
time (Andersen et al. 2005; Camus-Kulandaivelu et al. 2006; Thornsberry et al.
2001), bt2(brittle2), sh1(shrunken1) and sh2(shrunken2) with kernel composition,
ae1(amylose extender1) and sh2(shrunken2) with starch pasting properties (Wilson
et al. 2004) and sweet taste (Tracy et al. 2006), a1(anthocyaninless1) and
whp1(whitepollen1) genes with maysin synthesis (Szalma et al. 2005), lyc-e
(lycopene epsilon cyclase) gene with carotenoid content (Harjes et al. 2006) are
studies that report very high resolution associations, as well as localizing the
causative polymorphism within 1–2 Kb of the marker loci reported. In maize, very
little is known about association mapping from a genomic scale, mostly due to
incomplete genomic sequence and very rapid decay of LD. At the Y1 locus a
relatively large genomic context was examined. Y1 is a key gene in carotenoid
production in maize (Buckner et al. 1990; Buckner et al. 1996), and through an
association study (Palaisa et al. 2003) the allelic variation was traced down to
multiple independent insertions in the Y1 promoter region that cause up regulation
of the downstream Y1 gene. At this locus, associations were also shown to extend
to neighboring genes (Palaisa et al. 2004) albeit with weaker significances. This
extended LD is mostly the result of breeding efforts in the 20th century that specifi-
cally targeted this simple Mendelian inherited trait. The extended LD at Y1 locus is
likely to be one of the most extensive in the maize genome; effective over 100s of
kb, while other domestication loci tb1 (teosinte branched 1) (Lukens and Doebley
2001) and tga (teosinte glume architechture) (Wang et al. 2005) show LD that
extends over 10s of kb. However, it should be emphasized that tb1 and tga domes-
tication loci demonstrate patterns of reduced diversity as well as extended LD,
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indicating that the estimates of LD is not as efficient as they are at Y1. Furthermore
it is plausible to assume that not all of the selection events may have similar LD
patterns to that of Y1 locus.

Rice is another crop plant that was extensively studied and has whole genome
sequence available. Association studies in rice are mostly motivated by allele mining
for economically important traits. An example of such a study is the associations
reported between WAXY locus of and glutinous phenotype that is commonly known
as the sticky rice (Olsen and Purugganan 2002).

In many important plant species such as forest trees, the generation time of the
organism presents a tribulation for the complex trait dissection through genetic
analysis. In these species, association-mapping approach offers the opportunity to
overcome the limitations of organismal systems, and enables fast trait improvement.
Several successful results in candidate gene based association studies have recently
been reported from forestry crop species eucalyptus (Eucalyptus nitens and Eucalyptus
globulus) and loblolly pine (Pinus taeda L.). For instance, a study by Thumma et al.
(2005) reports an association between the Cinnamoyl-CoA-Reductase (CCR) gene
and microfibril angle in Eucalyptus spp. In a loblolly pine candidate gene joint-
linkage and association study, associations of several candidate regions with fungal
disease resistance traits are reported (Ersoz 2006). Also in loblolly pine wood quality
candidate gene association study for association of chemical and physical wood
property traits cad and sams2 genes with early wood formation, lp3-1 gene with percent
late wood, 4CL with juvenile and mature wood, �-tubulin with microfibril angle,
and CesA3 with cellulose content are reported (Gonzaléz-Martinéz et al. 2006b).

Another motivation for association approach is the opportunity to unify the elite
germplasm resource of an organism through investigation of the breeding material.
In an association study, Breseghello and Sorrells (2006b) investigate the wheat
kernel size and milling quality in an elite germplasm collection of soft-winter wheat
from eastern US. It identifies, three candidate regions on chromosomes 2D, 5A and
5B that are significantly associated with traits (Breseghello and Sorrells 2006b).
This study clearly demonstrates the utility of association mapping as a powerful
method that can provide a bridge for closing the gap between the implementation
of the genetic trait dissection results to marker-assisted selection.

Several AFLP based genome scan studies have also been successful in discovering
associations in germplasm samples with high LD. In perennial rye grass Lolium
perenne (Skøt 2005) successful associations for underlying major flowering time
(heading date) QTL were identified. In sea beet (Beta vulgaris ssp. maritime)
(Hansen et al. 2001) identification of several AFLP markers that show significant
associations with another flowering time trait (bolting date) is also reported.

7. CONCLUSIONS

So far, map based cloning approaches are reported to successfully clone 12 major
effect QTL and nine small effect QTL (Price 2006). The time scale from QTL
mapping to positional cloning practice is estimated to be between 5 to 10 years,
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while sufficient resolution for QTL cloning through association mapping can be
achieved within 2–3 years. Furthermore, there is a substantial lag between the QTL
discovery to marker assisted crop improvement practices, dedicated to verification
of the presence and stability of QTL, in the traditional linkage based studies. In a
well-designed association study, some of the results can be immediately applied to
marker-assisted improvement.

The true large scale applications of association mapping will become apparent as
multiple species began to have marker densities sufficiently high for whole genome
scan by association mapping. Currently, several research groups are working on
whole genome scan approaches in half a dozen species that have whole genome
sequences available, and there are at least 50 more species whose genome sequences
are being completed in the near future.

The goal of association mapping in many crop plants is to identify key genes
controlling various traits and mine the best alleles from diverse germplasm to be
incorporated in elite breeding material. Traditionally genetic markers were mostly
used for trait improvement through several breeding based approaches such as
Marker Assisted Selection (MAS), Marker Assisted Breeding (MAB) and Mapping
As You Go (MAYG) (Podlich 2004) as well as QTL cloning/transformation based
approaches (Remington et al. 2001b). Association mapping has the potential to
provide numerous useful alleles to these marker assisted breeding programs. These
markers assisted breeding programs using association data are now underway in
numerous plant breeding companies. In the next few years, we will also witness
the applications of association mapping and MAS for public breeding programs.

Association mapping holds an important and rapidly expanding niche in quanti-
tative trait mapping studies along with linkage mapping and positional cloning, and
it is likely that this niche will continue to expand over the next decade.
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Abstract: The genetic improvement of crop plants is the most viable approach to meeting the
increasing demand for agricultural output. This goal may be achieved by using the
wealth of genetic variation provided by nature. Until now, scientists have been unable to
exploit the genetic potential warehoused in plant germplasm repositories for quantitative
traits associated with agricultural yield. Here we review the development and appli-
cation of the advanced-backcross and introgression-line breeding populations for the
identification of wild species derived chromosome segments that improve agricultural
performance of elite germplasm. The results of studies in a wide range of crops indicate
that, unlike their domestic relatives, which are often depleted in genetic variation, wild
populations of plants carry a tremendous wealth of potentially valuable alleles, many
of which would not have been predicted from the phenotype of the wild plants. The
results from these studies may help open up new sources of genetic variation for plant
breeding and biotechnology and shed light on the nature of quantitative trait variation.

1. THE RATIONALE FOR RE-DOMESTICATION
OF NATURAL BIODIVERSITY

Today modern agriculture – and, for that matter, human existence – is dependent
on the cultivation of a few highly productive crop species. All these species were
originally domesticated by humans from wild relatives about 10,000 years ago
(Ladizinsky 1998; Simmonds 1976). Although the exact mechanisms by which
domestication was carried out are not known, there is evidence suggesting that
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domestication of most crop plants occurred in specific ‘centers of origin’ throughout
the world, and has generally involved only a few founding genotypes. The ‘founder
effect’ principle in crop evolution is responsible for the fact that many crop plants
contain only a small fraction of the genetic variation that is present in their wild
ancestors. In the case of tomato, for example, new-world founder cultivars were
introduced into Europe in the sixteenth century, and these few introductions repre-
sented the starting point for the development of the improved germplasm that was
then disseminated to many areas of the world. Similarly, the majority of modern
U.S. hard red winter wheat varieties originated from only two lines imported from
Russia and Poland, while almost all soybean varieties in the United States derive
from a dozen of introductions from China, and cotton varieties trace back to a few
Mexican lines. By contrast, maize, a naturally outcrossing species, has experienced
more gene flow between cultivated and wild species, which has given rise to a
highly polymorphic genome (reviewed by Zamir 2001).

The first outcome of the domestication process were landrace varieties that can
be considered the earliest form of cultivars. They are the result of a slow breeding
process that farmers have conducted over the centuries by selecting improved plant
types in their fields, which have arisen through naturally occurring mutations,
recombination, and spontaneous outcrossing events. Since landraces have been
selected for subsistence agricultural environments, they produced low, but stable
yields. As a result of the selection exerted by humans during domestication in favor
of desired traits including large fruit and seed size, sweet flavor and pleasant aroma,
or against unfavorable ones such as seed shattering or unpleasant aroma, cultivated
germplasm often shows a wide range of extreme phenotypes, which can frequently
be more diverse than those observed in the original wild germplasm. However, this
phenotypic variation may not always correspond to a proportionally wide underlying
genetic variation as single gene mutations can exert wide pleiotropic effects.

Domestication, therefore, represents the first genetic bottleneck that was imposed
by humans on wild germplasm, and the derived early domesticates carry only
a subset of the genetic variation found in the wild ancestors (Ladizinsky 1998;
Simmonds 1976). After domestication, intensive breeding of crop varieties by
modern science has further eroded the genetic base in many crops. Due to the overall
superior performance of elite crops over their related wild species, most modern
plant breeding programs are often based on repeated intercrossing of a limited
number of genetically closely related elite lines, which leaves most of the genetic
variation contained in the unadapted germplasm basically unexploited. Moreover,
as farmers throughout the world shifted to growing high-yield varieties, many
landraces were lost. The problem of a reduced gene pool of cultivated germplasm
is particularly relevant in self-pollinated crops, such as tomato and rice, where
the level of genetic variation in cultivated varieties can be lower than 5% of that
available in nature (Miller and Tanksley 1990; Wang et al. 1992).

The reduced genetic base which characterizes many modern crop varieties not
only makes them more susceptible to disease epidemics, but it also reduces the
chances for plant breeders to identify useful new combinations of genes, thus
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causing in the long term a slower rate of crop improvement. On the other hand,
exotic germplasm, including wild relatives and early landrace varieties, offer a
vast genetic resource that can potentially broaden the genetic base of modern
varieties (Tanksley and McCouch 1997). The potential value of exotic germplasm
was recognized early at the beginning of the past century (Bessey 1906; Burbank
1914), Nikolai Vavilov (1887– 1943) and Jack Harlan (1917–1998) being among
the first to set up plant collections. These examples, combined with the alarming
rate at which locally adapted landraces are being lost and at which natural habitats
are being damaged, have led the international community to invest efforts and
resources in large plant collections and preservation in the form of seed banks,
focusing primarily on “exotics”. Worldwide, there are more than 700 documented
seed collections holding an estimated 2.5 million entries including many exotics,
and for a staple crop like rice, more than 20,000 wild accessions are stored in seed
banks (Plunknett et al. 1987)

In spite of the wealth of genetic potential preserved in germplasm collections,
breeders have so far been unable to fully exploit it, especially for the improvement
of complex traits important to agriculture, including yield, nutritional quality and
stress tolerance. Such traits often show a polygenic inheritance pattern resulting from
the segregation of numerous interacting quantitative trait loci (QTL), with varying
magnitude of effect, whose expression is modified by the genetic background and
the environment. Exotic germplasm has been commonly used as a source for major
genes for disease and insect resistances (Plunknett et al. 1987), as shown by the
high number of resistance genes derived from wild species which can be found
in elite germplasm. For example, at present, commercial tomato hybrids include
different combinations of 15 independently introgressed disease-resistance genes
that originate from various wild resources; in rice, the genes for resistance to more
than seven pathogens have been introgressed into cultivated rice germplasm from
wild species, and some lines containing the wild introgressions are in commercial
cultivation; and in wheat, wild relatives have been used as sources for approximately
30 independent resistance genes (as reviewed by Zamir 2001).

The limited use of exotic genetic resources for the improvement of quanti-
tative traits can be explained by the fact that the transfer of traits from unadapted
germplasm that carries many undesirable genes into elite lines is a time-consuming,
laborious process which requires an efficient selection procedure and many genera-
tions of backcrossing to the adapted parent in order to recover most of the desirable
agronomic traits, without always ending in a successful product. Moreover, several
inherent problems are often associated with crosses involving wild and domesti-
cated species, including unilateral incompatibility, hybrid inviability or sterility,
infertility of the segregating generations, suppressed recombination between the
chromosomes of the two species, and ‘linkage drag’– the transfer of tightly-linked
undesirable loci with the traits of interest. Furthermore, much of the wild germplasm
is phenotypically inferior to modern cultivars for many of the quantitative traits that
breeders would like to improve.
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With the availability of co-dominant DNA markers, it has become possible
to construct saturated genetic maps which have provided the necessary tools to
overcome some of the above-mentioned problems associated with the use of exotic
germplasm, and to allow its more systematic and efficient use as a source of valuable
alleles for the improvement of quantitative traits. Marker-based estimates of genetic
variability within and between accessions permit a more rational and efficient
sampling of genebanks. Molecular maps have allowed the genetic dissection of the
loci underlying quantitative traits, and by fine mapping QTL it is possible to distin-
guish pleiotropy from close linkage. Moreover, recombinants can be more efficiently
identified in which close linkages are broken, thus reducing the negative effects of
linkage drag (Tanksley 1993). Once tightly-linked markers to the target QTL are
identified, marker assisted selection (MAS) can be used to transfer the QTL more
precisely and efficiently into the desired genetic background. Finally, QTL mapping
studies have also provided stronger evidence that despite the inferior phenotype,
unadapted germplasm is likely to be a source of agronomically favorable QTL
alleles associated with transgressive segregation observed in several interspecific
crosses (de Vicente and Tanksley 1993; Eshed and Zamir 1995; Tanksley et al.
1996; Tanksley and McCouch 1997). These results suggest that there are many
favorable alleles that were “left behind” by the domestication process and that
these alleles can now be more efficiently “recovered” using innovative genomic-
assisted breeding strategies such as molecular maps and the integrative power of
QTL analysis (Tanksley and McCouch 1997; Zamir 2001; McCouch 2004).

Despite the numerous QTL-mapping studies conducted and reported for many
crops, the contribution of QTL analysis to breeding new varieties has so far been
low. This may in part be due to the fact that QTL-mapping efforts and plant breeding
programs have generally been independent processes. Moreover, almost all QTL
studies have used early segregating generations (F2, F3 and BC1) for mapping and
QTL detection. Favorable QTL alleles identified in these early generations often
lose their effects once they are introgressed into the genetic background of elite
lines. This can be explained with the relatively high level of epistatic interactions
that occur between donor QTL alleles and other donor genes in early mapping
generations.

New tools and concepts must therefore be developed that would allow us to use
more efficiently the genetic potential stored in seed banks and in exotic germplasm,
for the improvement of elite genotypes, thereby enriching the genetic base of crop
species and accelerating the rate of genetic improvement. Here we review two
related molecular breeding strategies, the “advanced backcross (AB) QTL method”
and “exotic libraries” that have been developed and tested in several crops with the
purpose of increasing the efficiency with which natural biodiversity can be exploited
to improve yield, adaptation and quality of elite germplasm. These approaches,
along with the recent developments in technology and statistical methodology, have
laid the premises for the ‘Breeding by Design’ concept, which aims to design
superior genotypes ‘in silico’. This is pursued by understanding the genetic basis
of agronomically important traits and allelic variation at the target loci through
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a combination of precise genetic mapping, high-resolution chromosome haplotyping
and extensive phenotyping (Peleman and van der Voort 2003). The final goal of this
new concept is the optimal exploitation of the naturally available genetic resources
to generate new traits and improve crop performance.

2. THE ADVANCED BACKCROSS QTL MAPPING STRATEGY

Advanced backcross QTL analysis (AB-QTL) was proposed by Tanksley and
Nelson (1996) as a new breeding method that integrates the process of QTL
discovery with variety development, by simultaneously identifying and trans-
ferring useful QTL alleles from unadapted (e.g., land races, wild species) to elite
germplasm, thus broadening the genetic diversity available for breeding (Figure 1).

The strategy differs from other QTL mapping methods because the molecular-
marker and phenotypic analyses are delayed until advanced generations, like BC2

or BC3, when the frequency of the donor-parent genome is reduced and therefore
the segregating population resembles the recurrent parent of the cross. Moreover,
during the development of these advanced populations a negative genotypic and/or
phenotypic selection is exerted against unfavorable alleles originating from the
unadapted parent. This avoids the masking effect of deleterious wild alleles for traits
such as seed shattering, sterility, undesirable growth habit and small fruit that could
otherwise interfere with later measurements of yield and other agronomic traits
(Tanksley and Nelson 1996). Because in the advanced backcross families analyzed
the recurrent parent’s alleles are at a much higher frequency, the probability is
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Figure 1. Scheme of the “Advanced Backcross QTL mapping strategy”
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reduced for the detection of QTL requiring epistatic interactions among alleles
from the donor parent. Instead, there should be a higher probability of detecting
additive QTL which will more likely continue to function as predicted once they
are transferred in the recurrent parent background. For crops where open pollinated
varieties are the norm, field testing can be conducted on BC2S1 or BC3S1. On the
other hand, for crops where commercial hybrids are more commonly used, the BC2

or BC3 plants are crossed with a tester variety to generate BC2F1 or BC3F1 families.
Another advantage of the AB-QTL method is that, once favorable QTL alleles are

detected, only a few additional marker-assisted generations are required to generate
near isogenic lines (NILs) or introgression lines (ILs) that can be field tested in
order to confirm the QTL effect and subsequently used for variety development.
Therefore, a cycle of AB-QTL analysis (i.e. QTL discovery, NIL/IL development
and testing) represents a direct test of the underlying assumption of QTL breeding:
that favorable alleles detected in segregating populations (i.e. BC2 or BC3 in the
case of AB-QTL) will continue to exert their positive effects once they are placed
in the genetic background of elite lines.

The AB-QTL strategy was initially developed and tested in tomato (Tanksley et al
1996). Since then, it has been adapted for use in other crops including rice (Xiao et al
1996, 1998; Moncada et al. 2001; Thomson et al. 2003; Septiningsih et al. 2003a,b),
maize (Ho et al. 2002), wheat (Huang et al. 2003; Narasimhamoorthy et al. 2006),
pepper (Rao et al. 2003), barley (Pillen et al. 2003, 2004; von Korff et al. 2005,
2006; Li et al. 2005a), bean (Blair et al. 2006).

2.1. Advanced Backcross QTL Analysis in Tomato

The tomato AB-QTL mapping project started in 1995 as a molecular marker-
assisted breeding experiment applied in processing tomatoes. For this purpose
a commercially acceptable publicly available open-pollinated processing variety
(cv. E6203) was chosen as recurrent parent, and the only source of genetic variation
permitted for improvement of E6203 was QTL alleles derived from wild tomato
species. The main objectives of the project were: i) to test wild germplasm as a
source of novel, useful QTL; ii) to test a new marker-assisted breeding scheme
for maximizing chances of QTL discovery; iii) to develop new lines that would
outperform elite commercial varieties by focusing on improving soluble solids
content, while maintaining or improving other important traits for the processing
industry, including yield, viscosity, firmness, color and fruit size.

The use of a common recurrent parent allows more direct cross-species compar-
isons of the genetic control of the analyzed traits. In order to increase the probability
of identifying in each separate study a high proportion of useful, new QTL, exotic
germplasm donors for use with the AB-QTL method were selected on the basis
of genetic uniqueness, representing the broadest possible spectrum of wild species
maintained in seed banks.

So far five AB-QTL studies have been conducted in tomato involving crosses with
the five wild Solanum species: S. pimpinellifolium (acc. LA1589) (Grandillo and
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Tanksley 1996; Tanksley et al. 1996), S. peruvianum (acc. LA1708) (Fulton et al.
1997), S. habrochaites (acc. LA1777) (Bernacchi et al. 1998a,b), S. neorickii (acc.
LA2133) (Fulton et al. 2000), and S. pennellii (acc. LA1657) (Frary et al. 2004). All
these wild species have been the sources of many major resistance genes. However,
no effort has been made to take full advantage of the high level of genetic variation
available for the improvement of quantitative traits.

For four studies marker analysis was conducted on BC2 populations while BC3

or BC2F1 families or both were used for phenotypic analysis (Table 1). The
S. peruvianum AB-QTL study represents the only case in which genotypic analysis
was postponed until the BC3 generation, and phenotypes were evaluated on the
derived BC4 families. The estimated percentage of genome covered with molecular
markers ranged from 55% for the S. pennelli study to up to 94% for the S. pimpinel-
lifolium and S. habrochaites studies (Grandillo and Tanksley 2005).

All populations were field tested, in several locations worldwide, for numerous
traits important for the tomato processing industry, ranging from a minimum of 19
traits measured in the S. habrochaites study up to 35 traits evaluated in the case
of the S. peruvianum AB-population (Table 1). In all cases, total yield, red yield
and main fruit quality characteristics, including soluble solids content or brix, fruit
color, viscosity, firmness and fruit pH were measured. Due to the frequent negative
relationship existing between brix and yield, the derived parameter brix x yield was
considered as a more comprehensive biological and agricultural estimate for the
productivity of processing tomatoes (Eshed and Zamir 1995, Tanksley et al. 1996).
Moreover, the advanced backcross populations obtained with the four wild species,
S. pimpinellifolium, S. peruvianum, S. habrochaites and S. neorickii have also been
used to identify QTL influencing flavor as assessed by a taste panel, and QTL
for biochemical properties that may contribute to the flavor of processed tomatoes,
such as sugars and organic acids (Fulton et al. 2002).

In all five interspecific AB-QTL populations analyzed so far, favorable wild QTL
alleles have been detected for more than 45% of the evaluated traits (Grandillo and
Tanksley 2005). For example, in the S. habrochaites AB population, of the 101
QTL identified for 17 traits for which allelic effects could be deemed as favorable
or unfavorable, 17 (17%) QTL corresponding to 8 traits (47%), had trait-improving
alleles derived from S. habrochaites (Bernacchi et. al 1998a; Grandillo and Tanksley
2005). Approximately the same percentage of traits with favorable wild-alleles were
obtained with S. pennelli (48%, Frary et al. 2004), while even higher percentages
were observed for S. pimpinellifolium (88%, Tanksley et al. 1996), S. peruvianum
(73%, Fulton et al. 1997) and S. neorickii (69%, Fulton et al. 2000).

For 12 traits it was possible to compare the percentages of positive QTL alleles
detected in each wild tomato accession (Grandillo and Tanksley 2005). Favorable
wild alleles were identified not only for traits for which the unadapted species
showed a superior phenotype (e.g., soluble solids content, puffiness and cover) but
also for those traits for which the wild phenotype was, in most cases, agronomically
inferior (e.g., total yield, fruit weight and fruit color). The average percentage of
favorable wild QTL alleles estimated across the five wild species ranged between a
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minimum of 3% for total red yield to a maximum of 88% for soluble solids content.
Over ten traits common to all five studies, the highest percentage of positive QTL
was identified in the S. pimpinellifolium study (44%), followed by the S. peruvianum
(41%), S. neorickii (28%), S. pennellii (27%) and S. habrochaites (15%) studies
(Grandillo and Tanksley 2005).

Overall, these results have shown that in tomato, on average, for approximately
30% of QTL for any given trait, the wild species allele is expected to be superior
(from an agricultural viewpoint) to the cultivated parent allele. Furthermore, after
having sampled several wild species genomes the rate of discovery of “new” QTL
alleles is still approximately 50% (Fulton et al. 2000; Frary et al. 2004). These
results suggest that continued sampling of exotic germplasm should guarantee the
discovery of new and useful QTL alleles.

2.2. Advanced Backcross QTL Analysis in Other Species

The AB QTL method has so far been tested also in rice, wheat, maize, barley,
pepper and bean (Table 1).

In rice four parallel AB-QTL studies have been conducted for yield and yield
components using the same wild accession of Oryza rufipogon (IRGC 105491) as
donor parent and four different elite varieties as recurrent parent: the high-yielding
Chinese hybrid V20/Ce64 (Xiao et al. 1996, 1998), the upland Oryza sativa subsp.
japonica rice variety Caiapo from Brazil (Moncada et al. 2001), the U.S. long-grain
tropical japonica cultivar Jefferson (Thomson et al. 2003), and the elite tropical
cultivar IR64 (Septiningsih et al. 2003a). The use of the same O. rufipogon accession
as donor parent offers the advantage of being able to compare the effects of wild
QTL alleles in different genetic backgrounds and environments, and to identify
QTL that are likely to be most stable when transferred to a new genetic background
and/or evaluated under different environmental conditions.

In the first study conducted by Xiao et al. (1996, 1998) an interspecific BC2

testcross population of 300 families was evaluated for 12 agronomically important
traits under high-input conditions. Although the O. rufipogon accession was pheno-
typically inferior for all traits analyzed, transgressive segregants that outperformed
the elite hybrid variety, V20A/Ce64, were observed for all 12 traits. A total of 68
significant QTL were identified, 35 (51%) of which had beneficial alleles deriving
from the donor wild parent. Interestingly, 19 (54%) of these beneficial QTL alleles
were free of deleterious effects on other traits. This was the case, for example, for
the two QTL on chromosomes 1 and 2, for which the O. rufipogon alleles were
associated with an 18% and 17% increase in grain yield per plant, respectively,
without increasing plant height or delaying maturity (Xiao et al. 1996, 1998).

In the study conducted by Moncada et al. (2001) 274 BC2F2 families were
evaluated for eight agronomic traits under the low-input conditions of the drought-
prone acid soils to which Caiapo was adapted. Although O. rufipogon was pheno-
typically inferior for seven of the eight traits analyzed, 56% of trait-enhancing QTL
identified were derived from this wild donor parent. These results showed that
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the AB-QTL method offers a useful strategy for the genetic improvement also of
cultivars adapted to stress-prone environments.

A similar high percentage (53%) of favorable O. rufipogon alleles were detected
for yield and yield component QTL in a study conducted using the cultivar Jefferson
as recurrent parent (Thomson et al. 2003). On the other hand, a lower percentage
(33%) of favorable O. rufipogon alleles were identified for the same yield-related
traits using the cultivar IR64 as recurrent parent (Septiningsih et al. 2003a). The
same population was also analyzed for 14 seed quality traits (Septiningsih et al.
2003b). Although a low proportion of O. rufipogon favorable alleles were identified
for the quality QTL, it is worth noting that all but one of the positive O. rufipogon-
derived yield and yield component QTL reported in Septiningsih et al. (2003a)
were not linked to the negative grain quality QTL detected. This suggests that there
is not likely to be a large amount of linkage drag associated with grain quality if
markers are used to selectively introgress positive yield QTL from O. rufipogon
into an IR64 background. Overall, these results indicate that one of the closest wild
relatives of cultivated rice, O. rufipogon, despite its overall inferior appearance,
contains QTL alleles that are likely to substantially improve the performance of
elite rice germplasm for agronomically important traits, including yield.

The use of advanced backcross generations for the identification of useful QTL
has also been applied to an interspecific population of rice, derived from a cross
between the two cultivated species O. sativa (cv. V20A, a popular male-sterile line
used in Chinese rice hybrids) and O. glaberrima (acc. IRGC#103544 from Mali)
(Li et al. 2004). Approximately 300 BC3F1 hybrid families were used to identify
QTL associated with grain quality and grain morphology. Eleven significant QTL
were identified for seven of the 16 grain-related traits analyzed, with favorable
alleles coming from O. glaberrima at eight (73%) loci.

In barley five AB-QTL studies have been conducted using four different interspe-
cific crosses (Pillen et al. 2003, 2004; von Korff et al. 2005, 2006; Li et al. 2005a).
In the first two studies, Pillen et al. (2003, 2004) conducted two separated AB-
QTL analyses on BC2F2 populations derived from crosses between the wild barley
accession ISR101-23 (Hordeum vulgare ssp. spontaneum) and the two German
spring barley varieties ‘Apex’ (H. vulgare ssp. vulgare) (A x 101) and ‘Harry’
(H x 101), respectively. Both populations were evaluated for 13 agronomic quanti-
tative traits measured in a maximum of six environments. In the A x 101 population
a relatively high proportion (34%) of the total significant 86 QTL identified had
favorable effects derived from the exotic parent, for seven of the 13 traits investi-
gated. In one case the exotic parent allele was associated with a yield increase of
7.7% averaged across the six environments tested. In the H x 101 study an even
higher percentage (48%) of favorable wild QTL alleles was detected out of the total
108 putative QTL identified. A comparison of the two AB-QTL studies showed
that, in all, 26% of the putative QTL could be detected in both AB populations,
suggesting a high degree of epistatic genetic interactions between the detected QTL
and the genomic background.
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Given the favorable results obtained on yield with the wild barley ISR101-23,
a different exotic barley accession was tested using a modified AB-QTL scheme,
where a BC2-double haploid (DH) population derived from a cross between the
spring barley cultivar ‘Scarlett’ and the wild barley accession ISR42-8 (H. vulgare
ssp. spontaneum) was evaluated for nine agronomic traits in up to eight environ-
ments (von Korff et al. 2005, 2006). A total of 86 putative QTL were detected
for nine agronomic traits (von Korff et al. 2006) and for 31 (36%) of them the
wild alleles had a favorable effect. The same BC2DH population has also been
used to detect resistance genes against powdery mildew (Blumeria graminis f.sp.
hordei L.), leaf rust (Puccinia hordei L.) and scald [Rhynchosporium secalis (Oud.)
J. Davis]. For the majority of resistance QTL (61%) the wild parent contributed the
favorable allele (von Korff et al. 2005).

A modified AB-QTL scheme was applied to spring barley also by Li et al.
(2005a). In this study a BC3-doubled haploid (DH) population derived from the
cross between the German spring barley cultivar ‘Brenda’ (H. vulgare ssp. vulgare)
and the wild species line ‘HS213’ (H. vulgare ssp. spontaneum) used as donor,
was evaluated for yield and its components as well as malting quality traits. A total
of 25 significant QTL were identified, and positive wild QTL alleles were found
for 5 (20%) QTL. Due to the low percentage (6.25%) of donor-parent genome, the
BC3-DH lines could be directly used for the development of near-isogenic lines.

Wild barley germplasm (H. vulgare ssp. spontaneum acc. HOR11508) has also
proven to be a good source of QTL alleles with favorable effects on yield and other
agronomically important traits under conditions of water deficit in Mediterranean
countries (Talamé et al. 2004). Of the total 80 significant QTL identified by Talamé
et al. (2004), 42 (52%) had beneficial alleles derived from the donor wild parent
H. spontaneum.

In wheat the first report on AB-QTL analysis is the study conducted by Huang
et al. (2003). A BC2F2 population derived from a cross between the German winter
wheat variety ‘Prinz’ and the synthetic hexaploid wheat line W-7984 developed
by CIMMYT and derived from Triticum taushii for the D genome, was used to
identify QTL for yield and yield component traits (Huang et al. 2003). Of the
total 40 significant QTL identified for the five traits analyzed, 24 (60%) of them,
had favorable alleles derived from the synthetic wheat W-7984, despite the fact
that synthetic wheat was overall inferior with respect to agronomic appearance and
performance. For four of the seven QTL identified for yield the wild allele had an
effect that increased total yield, and the increases associated with the wild allele
ranged from 5% to 15%.

Another AB-QTL study was conducted in hard winter wheat (Triticum aestivum
L.) by Narasimhamoorthy et al. (2006). In this case, a population of 190 BC2F2�4

lines derived from a cross between the hard red winter wheat variety ‘Karl 92’
and the synthetic wheat line TA 4152-4, was evaluated in two environments and
analyzed for 11 yield-related traits as well as for resistance to wheat soilborne
mosaic virus (WSBMV). Of the ten putative QTL identified the favorable allele was
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contributed by the synthetic parent at three (30%) QTL, namely for grain hardness,
kernels per spike, and tiller number.

In pepper AB-QTL analysis has been used in an interspecific BC2 population
derived by crossing the bell-type Capsicum annuum cv. Maor to the small oval-
fruited wild C. frutescens BG 2816 accession (Rao et al. 2003). The BC2 and the
BC2S1 families were evaluated for ten yield-related traits, and a total of 58 QTL
were identified. For six (10%) QTL, alleles with opposite effects to those expected
from the phenotype were detected in the wild species. The relatively low percentage
of transgressive and favorable QTL alleles originating from the wild donor could
in part be due to the choice of the wild parent which is quite closely related to
C. annuum. Therefore, in order to get a more comprehensive picture of the potential
of marker utilization of exotic germplasm in pepper improvement, additional crosses
with more distantly related Capsicum species need to be analyzed.

Recently, Blair et al. (2006) used the AB-QTL analysis approach to identify QTL
for agronomic performance in a population of BC2F3�5 introgression lines generated
from the cross of a Colombian large red-seeded commercial cultivar, ICA Cerinza,
and a wild common bean accession, G24404. A total of 41 significant QTL were
identified for the eight traits measured, 14 (34%) of which showed positive alleles
derived from the wild parent.

The AB-QTL method has been tested also in maize (Ho et al. 2002), an allog-
amous crop species which, unlike tomato and rice, has retained abundant genetic
variation (Eyre-Walker et al. 1998). Ho et al. (2002) showed that the AB-QTL
method can be extended to BC2TC progeny derived from two elite heterotic inbreds
for the identification and transfer of agronomically useful QTL as well as for the
maintenance and selection of favorable epistatic interactions.

3. INTROGRESSION LINES AND ‘EXOTIC LIBRARIES’

Favorable wild QTL alleles become a useful resource for breeding programs after
they have been fixed in isogenic lines and after the superior performance of
the isogenic line is confirmed in comparison to the cultivated recurrent parent
in replicated field experiments. Isogenic lines can be generated by systematic
backcrossing and introgressing of marker-defined donor segments in the recurrent
parent background. In plants, also depending on the strategy used for their devel-
opment, these lines have been referred to as near isogenic lines (NILs) or QTL-NILs
(Eshed and Zamir 1996; Tanksley and Nelson 1996; Monforte and Tanksley 2000a;
Monforte et al. 2001; Lecomte et al. 2004; Yates et al. 2004; Frary et al. 2003;
Eduardo et al. 2005; Chaïb et al. 2006; Thomson et al. 2006), introgression
lines (ILs) (Eshed and Zamir 1995, 1996; von Korff et al. 2004; Canady et al.
2005; Li et al. 2005b; Xu et al. 2005; Zygier et al. 2005; Liu et al. 2006; Tian
et al. 2006; Petsova et al. 2001, 2006), backcross inbred lines (BILs) (Jeuken
and Lindhout 2004), backcross recombinant inbred lines (BCRIL) (Monforte and
Tanksley 2000a), recombinant chromosome substitution lines (RCSLs) (Matus et al.
2005), chromosome segment substitution lines (CSSLs) (Wan et al. 2004) and
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‘Stepped Aligned Inbred Recombinant Strains’ (STAIRS) (Koumproglou et al.
2002). Introgression lines (ILs) represent near-isogenic lines (NILs) with relatively
large average introgression length, while BILs and BCRILs are backcross popula-
tions generally containing multiple donor introgressions per line. Similar genetic
structures have been developed and used also in mice and rat genetics and they
are referred to as chromosome substitution strains (CSSs), and more specifically
as consomic and congenic strains when either the entire chromosome or part of
a chromosome in an inbred strain has been substituted from a different inbred,
respectively (Nadeau et al. 2000; Singer et al. 2004). For simplicity, hereafter we
will use the term introgression lines (ILs) for plant lines containing a single marker-
defined homozygous donor segment, pre-ILs for lines which still contain multiple
homozygous and/or heterozygous donor segments.

ILs allow either the screening for QTL of entire genomes (Eshed and Zamir
1995), or focusing on a specific region of interest for fine mapping QTL (Paterson
et al. 1990). Given the properties of introgression lines and the potential of exotic
germplasm as a source of genetic variation which has overcome the pressure of
natural selection during evolution, Zamir (2001) proposed to invest in the devel-
opment of a genetic infrastructure of “exotic libraries” in order to enhance the
rate of progress of introgression breeding. An exotic library consists of a set of
introgression lines (ILs), each of which carries a single, possibly homozygous,
marker-defined chromosomal segment that originates from a donor exotic parent,
in an otherwise homogeneous elite genetic background; the entire donor genome
would be represented in a set of introgression lines. Since populations of intro-
gression lines have been developed also by using adapted germplasm as donor
parents, in more general terms these series of introgression lines can be referred to
as libraries of introgression lines or IL libraries.

While the production of such a congenic and permanent resource was not a
trivial task in the early days, when molecular markers were still being developed
(Ramsay et al. 1996), the availability of numerous marker-screening technologies
has now made the development of such libraries a more efficient process
that can be completed after ten generations of crossing and marker analysis
(Young 1999).

3.1. Introgression Lines for the Analysis of Complex Traits

Several features of these libraries of introgression lines contribute to their efficiency
in detecting and mapping QTL underlying traits of agronomic importance: 1) the
lines in the library differ from the recurrent parent by only a single, defined
chromosomal segment derived from the donor parent; therefore, their phenotypes
generally resemble that of the recipient parent, which, in the case of crosses between
cultivated and exotic germplasm, reduces the sterility problems that occur in other
breeding-population structures characterized by a higher frequency of the exotic
parent genome, and also allows the lines to be evaluated for yield-associated traits;
2) the ability to statistically identify small phenotypic effects is increased because all
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the phenotypic variation between a line in the library, or the hybrid of the recurrent
parent with an IL (ILH), and the nearly isogenic recurrent parent is associated with
the introgressed segment; 3) the statistical procedure to detect QTL is simplified as
it relies on the comparison of each IL with the background recurrent line for the trait
of interest, and is therefore less affected by the need for experiment-wise error. A
significant difference for any one comparison indicates the presence of one or more
QTL on the differential chromosome segment defining the introgression line; 4) the
epistatic effects that are mediated by other regions of the donor genome, with the
exception of the loci contained in the same introgression line, are eliminated; 5) IL
libraries provide a permanent resource with a characterized genotype, and therefore
the phenotypic value of each introgression can be tested on multiple replicates,
reducing the effect of the environment and increasing the power of QTL detection.
Moreover, replicated trials of the same line can be analyzed in different years
and/or environments, which allows us to determine more precisely the effect of
each QTL in different environments and estimate the extent of QTL by environment
interactions (Monforte et al. 2001; Liu et al. 2003; Gur and Zamir 2004). The
permanent nature of these lines not only facilitates more accurate estimates of the
mean phenotypic values but it also allows several laboratories to collect data for
different traits on the same lines, thereby creating a comprehensive phenotypic
database for general access (Zamir 2001).

The map resolution of a population of ILs is defined by the overlap between
contiguous segments (bins) to which genes or QTL can be assigned by comparing
lines (Pan et al. 2000; Liu et al. 2003). Bin lengths vary across the genome,
depending on the number, length, and overlap of adjacent segments. Although
the initial ILs contributing to an IL library generally provide a relatively low
level of map resolution, they represent the starting point by which the phenotypic
effects of QTL can be fine-mapped to smaller intervals (Paterson et al. 1990). High
resolution mapping of QTL not only allows us to assess whether the effect on
the phenotype is due to a single QTL or to several tightly linked QTL affecting
the same trait (Fridman et al. 2002; Monna et al. 2002; Thomson et al. 2003),
but also to verify whether possible undesirable effects are caused by linkage drag
of other genes or by pleiotropic effects of the selected QTL (Eshed and Zamir
1996; Monforte and Tanksley 2000b; Monforte et al. 2001; Frary et al. 2003;
Yates et al. 2004). Besides reducing linkage drag, the development of lines with
smaller introgressions (sub-ILs) allows molecular markers to be found which are
more tightly linked to the QTL of interest that can be used for marker-assisted
breeding (MAB).

Once introgressed chromosome segments have been sub-divided and targeted,
and QTL-containing lines have been created, crosses between the lines can be
used to study the phenotypic effects of QTL interactions, to better understand
the nature of epistasis (Eshed and Zamir 1996; Lin et al. 2000; Yamamoto et al.
2000). ILs can also be used to obtain more precise estimates of the magnitude of
QTL x genetic background interaction (Eshed and Zamir 1995, 1996; Monforte
et al. 2001; Lecomte et al. 2004; Gur and Zamir 2004; Chaïb et al. 2006).
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Introgression lines are also a powerful tool to study the genetic basis of heterosis,
since homozygous lines in a library can be crossed to different tester lines, allowing
the effects of heterozygosity on the phenotype to be investigated (Semel et al.
2006). Finally, ILs have also proven to be very efficient tools for the positional
cloning of key genes underlying quantitative traits (Frary et al. 2000; Fridman et al.
2000, 2004; Yano et al. 2000; Takahashi et al. 2001; El-Din-El-Assal et al. 2001;
Kojima et al. 2002).

One of the first examples of the development of this type of library was that
by Kuspira and Unrau (1957), who used whole-chromosome substitution lines to
analyze polygenic traits in common wheat. In tomato, in order to gain an insight into
the underlying genetic factors that govern differences between the cultivated tomato
and its wild relatives, Zamir and colleagues used RFLP (restriction fragment length
polymorphism) markers to develop a full-coverage exotic library in the form of 50
introgression lines from a cross between the wild green-fruited species S. pennellii
(acc LA716) and the cultivated tomato Solanum lycopersicum (cv. M82) (Eshed and
Zamir 1995). This population allowed the identification of yield-associated QTL,
and to examine their epistatic and environmental interactions (Eshed and Zamir
1995, 1996). These studies also highlighted the higher efficiency with which IL
populations can detect QTL compared with conventional segregating populations
such as F2, BC1 or recombinant inbreds (RIs) (Zamir and Eshed 1998). For example,
while Eshed and Zamir (1995) detected a minimum of 18 and 23 QTL for fruit size
and brix, respectively, only a maximum of 7 and 4 QTL were detected for the same
traits when using standard mapping populations. To increase the mapping resolution
of this ‘exotic library’ additional 26 sub-ILs have been added and the resulting 76
lines partition the entire genetic map into 107 bins, which are defined by singular or
overlapping segments (Pan et al. 2000; Liu et al. 2003). Over the past 10 years the
76 ILs and their hybrids have been assayed for 20 different yield-associated, fruit
morphology and biochemical traits. The resulting data are presented, in silico, in
a search engine ‘Real Time QTL’ that displays a range of statistical and graphical
outputs that describe in a user-friendly way the components of the genetic variation
(http://zamir.sgn.cornell.edu/; Gur et al. 2004). This exotic library has also been
used to identify the QTL controlling leaf dissection (Holtan and Hake 2003), fruit
nutritional and antioxidant contents (Rousseaux et al. 2005), and tomato aroma
(Tadmor et al. 2002). The latter study, identified malodorous, a wild species allele
negatively affecting tomato aroma that was selected against during domestication,
thus providing a genetic explanation of one of the aroma changes that occurred
during the domestication of tomato. Recently, Semel et al. (2006) have used the
76 S. pennellii ILs to assess the contribution of overdominant (ODO) effects to
heterosis in the absence of epistasis. Thirty-five different traits for yield and fitness
were measured in the field on homozygous and heterozygous plants, and a total of
841 QTL were identified. ODO QTL were detected only for the reproductive traits,
which suggested that the true ODO model involving a single functional Mendelian
locus is a more likely explanation for the heterosis observed in the ILs. than the
pseudoODO model.
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3.2. Library Resources

Since the pioneer studies conducted by Kuspira and Unrau (1957) and by Eshed
and Zamir (1995, 1996) and the theoretical landmark laid by Tanksley and Nelson
(1996), sets of introgression lines representing different fractions of the exotic
(wild species and/or landrace varieties) parent genome have been developed for
various crops including tomato (Bernacchi et al. 1998b; Monforte and Tanksley
2000a; Chetelat and Meglic 2000; Canady et al. 2005), rice (Li et al. 2005b; Tian
et al. 2006), lettuce (Jeuken and Lindhout 2004), wheat (Petsova et al. 2001, 2006;
Liu et al. 2006) and barley (von Korff et al. 2004) (Table 2). In other cases, such as
in rice (Lin et al. 1998; Li et al. 2005b; Wan et al. 2004; Xu et al. 2005; Mei et al.
2006), and in melon (Eduardo et al. 2005), libraries of introgression lines have been
developed starting from crosses between cultivated parents. Sets of introgression
lines have also been developed for the model species Arabidopsis thaliana using the
three accessions Columbia, Landsberg and Niederzenz (Koumprouglou et al. 2002).

Several strategies have been used to develop ILs and pre-ILs; in several cases
marker-assisted selection has been applied since the first generations of backcrossing
(Eshed and Zamir 1995; Fulton et al. 1997; Bernacchi et al. 1998a,b; Chetelat and
Meglic 2000; Monforte and Tanksley 2000a; Eduardo et al. 2005), while in other
studies molecular characterization and selection of pre-ILs and ILs was postponed
after several cycles of random backcrossing (Jeuken and Lindhout 2004; Matus et al.
2003; Liu et al. 2006; Tian et al. 2006). In wheat, sets of single chromosome
substitution lines were used as starting material to develop ILs (Petsova et al.
2001, 2006).

From the tomato AB-QTL populations MAS has been used to develop ILs
and pre-ILs that contain specific QTL alleles derived from the wild donors
S. habrochaites, S. pimpinellifolium, and S. peruvianum, and that are able to signifi-
cantly improve the performance of the elite variety (Tanksley et al. 1996; Bernacchi
et al. 1998b, Monforte and Tanksley 2000a,b; Monforte et al. 2001; Yates et al.
2004). Evaluation of the agronomic performance, in five locations worldwide, of
23 ILs and pre-ILs containing either S. habrochaites or S. pimpinellifolium intro-
gressions, revealed that a high percentage (88%) of quantitative factors exhibited,
in at least one location, the phenotypic effect as had been detected in the previous
QTL analysis of the BC2/BC3 populations (Bernacchi et al. 1998b). However, the
significance at which QTL/factors were detected in the BC3 families as well as the
degree of conservation of QTL across locations seemed to be modest predictors for
those realized in the derived ILs and pre-ILs.

From the S. habrochaites AB-QTL population (Bernacchi et al. 1998a,b),
Monforte and Tanksley (2000a) developed a set of 99 ILs and pre-ILs which
provided a coverage of approximately 85% of the wild donor genome, and therefore
represent a useful tool for the identification of valuable QTL deriving from the
wild donor parent. The lines differ in many traits including yield, leaf morphology,
trichome density, and fruit traits such as shape, size and color; favorable wild QTL
alleles were detected for several of these traits (Monforte and Tanksley 2000b;
Monforte et al. 2001; Yates et al. 2004). The lines also differ in biochemical
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composition including sesquiterpenes (Van der Hoeven et al. 2000), soluble solids
content of the fruits (Monforte and Tanksley 2000b; Monforte et al. 2001), and
anthocyanin content (Oyanedel 1999). Currently, a new set of S. habrochaites
ILs, each containing single homozygous wild introgressions, is being developed in
order to ensure whole genome coverage and increase the mapping resolution of the
population (Grandillo and Tanksley, personal communication).

Starting from the S. pimpinellifolium (acc. LA1589) BC2 population developed
as part of the AB-QTL strategy, Doganlar et al. (2002) derived a set of 196 inbred
backcross lines (IBLs). The 196 pre-ILs were evaluated for 22 quantitative traits
and a total of 71 significant QTL were identified. For 48% of these QTL the wild
allele was associated with improved agronomic performance. To facilitate the use
of this population, a subset of 100 of the 196 lines was selected which ensures the
most uniform genome coverage and map resolution.

In tomato, another exotic library has been developed using the wild tomato-
like nightshade Solanum lycopersicoides (accession LA2951) as donor parent, in
the genetic background of cultivated tomato (Solanum lycopersicum cv. VF36)
(Chetelat and Meglic 2000; Canady et al. 2005). The population consists of a primary
subset of 56 lines which ensure maximum coverage of the S. lycopersicoides genome
(approximately 96% of the total map units), homozygosity whenever possible, and
a minimum number of introgressed segments per line; and a secondary subset of
34 lines which provides increased map resolution for specific regions. For this
population, homozygotes were not recovered for certain introgressed segments, and
therefore several lines have to be maintained at the heterozygote level.

From the two barley AB-QTL populations generated by introgressing the wild
accession (ISR42-8, from Israel) of Hordeum vulgare spp. spontaneum into two
different spring barley cultivars, Scarlett (S) and Thuringia (T), two sets with 49
(S42) and 43 (T42) pre-ILs, respectively, were developed using marker-assisted
selection (von Korff et al. 2004). The two sets of pre-ILs cover approximately 98%
(S42) and 93% (T42) of the exotic genome, and contain on average 2 (S42) and 1.5
(T42) additional non-target introgressions. Pure ILs are currently being generated
by marker-assisted backcrossing of the pre-ILs , and an additional set of pre-ILs is
also being developed using a winter barley cultivar as the recurrent parent and a
different exotic accession as the donor (von Korff et al. 2004).

In rice, over the last decade several libraries of introgression lines have been
developed, which are in some cases termed ‘chromosome segment substitution lines,
or CSSLs’ (Sobrizal et al. 1996; Kurakazu et al. 2001; Ahn et al. 2002; Kubo et al.
2002; Doi et al. 1997; Wan et al. 2004; Ebitani et al. 2005; Li et al. 2005; Xu et al.
2005; Mei et al. 2006; Tian et al. 2006). Of particular relevance are the findings
of Li et al. (2005b) who report the results of a large backcross (BC) breeding
program – part of the International Rice Molecular Breeding Program – conducted
at the International Rice Research Institute (IRRI) to introgress the genetic diversity
of the primary gene pool of rice into three elite genetic backgrounds: two high-
yielding varieties, IR64 (indica) and Teqing (indica), and a new plant type breeding
line (NPT, tropical japonica). A total of 195 accessions, including commercially
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grown cultivars and landraces, were used as donor parents in the backcross program,
and over 20,000 ILs and pre-ILs were developed in the three elite rice genetic
backgrounds, which contain allelic diversity for a wide range of quantitative traits.
This large set of ILs and pre-ILs was developed as genetic stocks of wide genome
coverage that could complement genome-wide insertional and deletion mutants
genetic stock for large-scale functional genomic research in rice (Li et al. 2005b).

The Chinese common wild rice (Oryza rufinpogon Griff.) has been used as donor
parent for the development of a population of 159 (BC4F4) ILs and pre-ILs in
the background of Indica cultivar (O. sativa L.) Guichao 2 (Tian et al. 2006).
The 159 lines represented 67.5% of the wild parent genome. The mean number of
homozygous and heterozygous donor segments were 2 (ranging 0-8) and 1 (ranging
0–7), respectively, and the majority of the introgressions have sizes smaller than
10 cM. The 159 lines were evaluated in two locations for seven yield-related traits,
and favorable wild QTL alleles were found for the three traits panicles per plant,
grains per panicle and filled grains per plant.

Exotic libraries have been developed also in wheat. Petsova et al. (2001, 2006)
reported the development of 84 ILs generated from a set of Triticum aestivum
cv. Chinese Spring/‘Synthetic 6x’ single chromosome substitution lines for the
D-genome, where individual chromosomes of the wild grass Aegilops tauschii
replaced the homologous chromosomes of the cv. Chinese Spring. The genome of
the exotic parent is fully represented in these lines, with the exception of three
telomeric regions and a region of less than 24 cM on the chromosome arm 3DL.
A subset of 52 ILs were evaluated for six quantitative traits including flowering time,
plant height, ear length, spikelet number, fertility and grain weight per ear. Favorable
wild QTL alleles were detected for nine (53%) of the 17 significant QTL identified.

Another synthetic hexaploid wheat genotype, Am3, obtained by crossing Triticum
carthlicum with Aegilops taushii, was used as exotic parent for the development of
97 BC4F3 lines (16 ILs and 66 pre-ILs) in the genetic background of the common
wheat Chinese cultivar Laizhou953 (Liu et al. 2006). The 97 lines cover 37.7% of
the donor parent genome. The lines were evaluated for nine yield-related traits in
field trials conducted in three consecutive years. For every trait there were lines
showing a better performance than the recurrent parent, indicating that favorable
QTL alleles for the traits of agronomic importance have been transferred from the
exotic parent to the elite wheat variety.

In lettuce, Jeuken and Lindhout (2004) developed a set of 28 backcross inbred
lines (BILs) or pre-ILs of the wild species Lactuca saligna (CGN 5271) in the
cultivated background of L. sativa (cv. Olof), covering at least 96% of the wild
genome. Most of the lines (20 out of the total 28) contained a single homozygous
wild introgression. At least 77% of the L. saligna genome is represented in 24 lines
that are completely homozygous (BILs and doubleBILs). The lines were used to
map 12 simple morphological traits.

In melon, interspecific crosses between Cucumis melo and wild Cucumis species
are not viable; therefore, in order to develop a collection of ILs for this species,
Eduardo et al. (2005) used an intraspecific cross between two distantly related
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cultivars: a Spanish cultivar “Piel de Sapo” (PS), belonging to the horticultural
group inodorous, which was used as recipient parent, and the exotic Korean cultivar
“Songwhan Charmi” (accession PI161375) (SC), included in the horticultural group
conomon, as the donor genotype. The genetic distance between the two cultivars
is one of the highest distances observed between melon cultivars (Monforte et al.
2003). A collection of 57 ILs was obtained, with each line containing a single
independent introgression from the SC parent in the PS genetic background, and
covering overall at least 85% of the SC genome. Three ILs have already been used
to verify the QTL influencing fruit shape, external color and flesh color (Monforte
et al. 2004).

With the aim of increasing the genetic diversity of upland cotton (Gossypium
hirsutum L., 2n = 52), Saha et al. (2006) reported the development of 14 BC5S1

chromosome substitution lines carrying specific chromosomes or chromosome arms
from G. barbadense L. substituted into G. hirsutum. G. barbadense is the only
52-chromosome relative of Upland cotton that is cultivated. It represents a good
source of genes for improving fiber length and quality, whereas Upland cotton is
more valued for its high yield. The lines, together with the derived F2 families, have
been evaluated for eight agronomic and fiber traits. The results showed that fiber
quality of G. hirsutum can be improved by introgressing specific genomic regions
of G. barbadense without genetic drag effect of poor agronomic qualities.

In order to provide a direct approach to QTL mapping and improve the power of
resolution Koumproglou et al. (2002) developed a resource of lines for Arabidopsis
thaliana that facilitate QTL localization first to a particular chromosome, then to
successively smaller regions within a chromosome (< 0.5 cM) by means of simple
comparisons among a few lines. This resource consists of the five single whole
Chromosome Substitution Strains (CSS1-5) plus a large number of homozygous
lines derived from each CSS and that are referred to as ‘Stepped Aligned Inbred
Recombinant Strains’ (STAIRS) to reflect their structural relationship. By using
both resources a QTL can be located, in three steps, first to the chromosome by
comparing the 5 CCSs, then to 5-10 cMs and finally to a < 1 cM region. At every
step only a limited number of lines are required, which allows high replication.
The final step provides two lines that are identical except for the short differential
region. These pairs of isogenic lines are very valuable for the analysis of QTL, for
identifying candidate genes and for gene expression studies.

3.3. Multiple-Introgression Lines for Breeding

The results obtained from the tomato QTL mapping studies together with those
obtained for other crops indicate that it is unlikely that the introgression of a single
QTL will result in a substantial improvement in yield-associated phenotypes as well
as for other agriculturally important traits. On the other hand, MAS pyramiding of
newly-discovered favorable wild QTL alleles from the same or from different wild
donor species to obtain multi-QTL ILs could be the strategy to greatly improve
crop performance. A similar scenario was also observed, for example, for the acyl-
sugar-mediated insect resistance that characterizes S. pennelli, as transferring this
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resistance from the wild species into the cultivated tomato requires at least 5 QTL,
without which no acyl-sugars are accumulated (Lawson et al. 1997).

From the tomato AB-QTL project, four favorable wild QTL were pyramided
that together produce an effect on brix and brix x yield that goes far beyond
any other commercial cultivar and nearly doubles the brix x yield over the
original starting material (cv. E6203). By means of MAS, Gur and Zamir (2004)
developed a multiple-introgression line (IL789) by pyramiding three independent
yield-promoting genomic regions derived from the drought-tolerant green-fruited
wild species S. pennellii into the genetic background of the cultivated recipient
genotype M82. In order to assess the potential of the wild QTL in the context of
high-yield genetic backgrounds – those close to the “yield barrier”– the IL789 was
crossed with four inbred tester lines, whose hybrids with M82 exhibit the highest
brix x yield values (Gur and Zamir 2004). Yield of the hybrids between IL789
and the four testers was more than 50% higher than that of a leading commercial
tomato hybrid (BOS3155) that was used as control, and this higher performance
was observed under both wet and dry field conditions that received 10% of the
irrigation water. Moreover, the effectiveness of the wild introgressions in diverse
genetic backgrounds indicated that alleles similar to those of the wild species are
not present in the cultivated tomato gene pool. These results underline the potential
of exotic germplasm to improve yield stability in different environments, which has
long been recognized as an important objective in plant breeding.

The validity of the QTL pyramiding approach for crop improvement has been
demonstrated also in rice (Ashikari and Matsuoka 2006). For this crop high grain
productivity and short plant height are both important traits. QTL analysis conducted
on progeny of an intraspecific cross of rice identified QTL for grain number
(Gn1) and for plant height (Ph1), and two NILs, NIL-Gn1 and NIL-Ph1, were
developed carrying QTL alleles that increased grain number and reduced plant
height, respectively. To combine both positive phenotypes, the two lines were
crossed and by MAS a bi-QTL NIL, NIL-Gn1 + Ph1, was obtained that carried both
favorable QTL alleles in the ‘Koshihikari’ genetic background. This pyramiding
line showed increased grain production (+23%) and reduced plant height (–20%)
compared with the recurrent control ‘Koshihikari’.

Overall these results show that QTL pyramiding is a successful approach for
producing new varieties. In addition, the tomato examples provide solid evidence
that exotic germplasm represents a rich source of new valuable QTL. As more wild
accessions will be screened by means of the AB-QTL method and by means of
the “exotic libraries” approach, it will be these new combinations of QTL, from
various accessions, that will really break the curve in plant improvement.

3.4. Introgression Breeding in the ‘-omics’ Age

One of the most challenging tasks facing modern biology is unraveling the molecular
basis of complex phenotypes, a knowledge that should positively impact on practical
breeding programs.
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The attributes of QTL mapping in plants have facilitated the cloning of QTL in
the model plant Arabidopsis and in crops such as wheat, tomato, maize and rice
(see the review of Paran and Zamir 2003; Salvi and Tuberosa 2005 and chapter
9 in this book; Varshney et al. 2006). These studies have shown that, similarly
to the variation found for numerous genes that control quality traits, variation in
QTL alleles in plants has been identified in both coding and regulatory regions.
However, the number of plant QTL that have been molecularly identified so far is
still low (about twenty), and most of these QTL have large phenotypic effects that
allow them to be treated as major-effect genes during the cloning process (Paran
and Zamir 2003; Salvi and Tuberosa 2005; Varshney et al. 2006). This prevents
us from defining a general molecular model that underlies quantitative variation
(Morgante and Salamini 2003).

Although an extremely powerful and unbiased approach, delimiting a QTL to
a single gene using genetic approaches is still a time-consuming and technically
demanding process (Fridman et al. 2000, 2004). In order to accelerate the rate of
QTL discovery it is necessary to invest in genomic technologies and biological
resources as well as in methodologies that will enable integration of genetic compo-
nents of QTL variation in genomic databases.

Biological resources that seem promising to improve the efficiency of QTL cloning
in plants include germplasm collections that allow fine QTL mapping via linkage
disequilibrium (Rafalski 2002) and introgression lines. We have already shown how
the use of ILs, which isolate a single QTL region, transformed the task of QTL
cloning into one similar to that performed for simple Mendelian traits, with the
exception that phenotyping requires more detailed measurements. However, as such,
the approach is still far from being easy and rapid. Any additional information that
could be associated to the observed traits in the introgression lines would therefore
be useful in identifying the allele(s) responsible for a particular phenotype. In this
regard, integrated strategies can be pursued to reduce the list of candidate genes
for target QTL (Wayne and McIntyre 2002). Whenever available, data mining of
DNA sequences and gene function in the public domain can help identify candidate
genes. ESTs can be mapped to the target IL as they can also provide candidate genes
should their map position fall within the QTL region. High-throughput expression
technologies such as transcriptional analysis via microarray and gene chips, proteomic
analyses and metabolic profiling can be applied to selected ILs in order to obtain the
expressional candidates and related genes for target QTL. Transcriptomic analysis
of a selected IL can identify not only genes with expression-level differences that
map to the QTL and that are therefore candidate genes, but also differentially
expressed genes that map outside the region and that therefore reveal downstream
changes as a result of the introgression. Transcriptional profiling of ILs containing
sufficiently short differential regions thus provide a valuable tool to identify the
members of gene networks that may be regulated by QTL (Juenger et al. 2006).
Once candidate genes for target QTL are identified, they can be verified either by
conventional genetic complementation or by molecular and functional analyses of
allelic diversity at candidate loci, by RNAi knockout/knockdown (Ahlquist 2002).
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Given that the functional diversity of QTL alleles detected at the phenotypic level
must reflect their diversity at the molecular level, an alternative way for QTL verifi-
cation can be based on the analysis of multiple functional alleles at QTL identified
in ILs derived from different donor parents (Fridman et al. 2004: Li et al. 2005b).

Along these lines, the S. pennellii IL population has been used to explore the
potential of the ‘candidate gene approach’ to identify candidate genes for QTL
influencing the intensity of tomato fruit color (Liu et al. 2003) as well as tomato
fruit size and composition (Causse et al. 2004). In both cases a QTL mapping
analysis was conducted for the quantitative traits of interest along with the mapping
analysis of genes encoding, respectively, enzymes of the carotenoid biosynthesis
pathway and enzymes involved in the fruit primary carbon metabolism. While in the
first study the number of QTL that co-segregated with the same bins that contained
the candidate gene was close to the number that is expected by chance alone, in
the second study, Causse et al. (2004) found a number of obvious links between
the presence of S. pennellii alleles of these genes and the observed trait. In order
to provide additional definition of the biochemical traits that are altered in each
line, metabolomic profiling of the S. pennellii ILs was pursued (Overy et al. 2005),
and a comprehensive metabolic profiling and phenotyping of the S. pennellii IL
population allowed identification of 889 quantitative fruit metabolic loci and 326
loci that modify yield-associated traits (Schauer et al. 2006). The analysis indicates
that at least 50% of the metabolic loci are associated with QTL that influence
whole-plant yield-associated traits. Finally, Baxter et al. (2005) conducted a study
of transcriptomic changes in six non-overlapping S. pennellii introgression lines
that share the common trait of increased ripe fruit soluble solids and increased
accumulation of fruit carbohydrate. The analysis provided evidence of genome-wide
transcriptional changes and revealed links to mapped QTL and described traits.

This way ILs provide a new paradigm to increase the efficiency in discovery,
candidate gene identification and cloning of target QTL based on convergence of
evidence deriving from QTL position, expression profiling data, functional and
molecular diversity analyses of candidate genes (Li et al. 2005b). Given the large
amount of data that will be generated by these integrative strategies, and the major
role that extensive and precise phenotyping will play, another challenge we have
to face is how to develop a framework for presenting, in silico, in a user-friendly
bioinformatics management system, the range of statistical outputs that result from
QTL studies; for example, homozygous, heterozygous, pleiotropic, epistatic and
environmental effects. This framework, which can be based on the genetic or
physical sequence map, will form the basis for further integration of QTL databases
with genome information that includes gene content, expression and function.

4. CONCLUSIONS AND FUTURE PERSPECTIVES

Plant evolution under domestication led to increased productivity, but at the same
time narrowed the genetic basis of crops. The challenges facing modern plant
breeders are to develop higher yielding, nutritious and environmentally friendly
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varieties that will improve the quality of human life. This review demonstrates that
wild ancestors of crop plants can be employed to enrich the genetic variation that
was lost during domestication. This can be done through the advanced-backcross or
introgression line genetics following the concept of breeding by design (Peleman
and van der Voort 2003). For this purpose we should invest more in educating
plant breeders about the value of exotic variation tailored to the discovery of useful
QTL and develop statistical tools to detect and validate traits in a wide multitude
of population structures.
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Abstract: The DNA sequencing of the entire nuclear genomes from Arabidopsis, rice and poplar
has facilitated the broad-adoption of contemporary research techniques that extend
far beyond the study of individual genes. New post-genomic technologies such as
microarray based genome-scale gene expression profiling and proteome analysis are
absolutely dependent on deep sequence coverage of the gene-space, but have an
immense potential to drive the research community in exciting new directions. Facets
of many crop genomes currently preclude them from complete sequencing, but the
broadest adoption of post-genomic technologies is essential to make in-roads in plant
biotechnology and crop improvement. A variety of technologies are available that can be
used to establish a genomics foothold in even the most recalcitrant of crop plant species.
In this review we address the fundamental technologies that are being widely adopted
within the crop-plant research community to gain such a foothold. By considering
primarily the expressed sequence tag resources, we have explored how even moder-
ately simple genomic resources may be exploited in molecular marker development,
candidate gene selection and microarray-based gene expression profiling.

1. INTRODUCTION

The prospect of genomics without a genome sequence might appear an oxymoron.
Genomic and post-genomic technologies such as DNA-microarray based expression
profiling and large-scale proteomics clearly require access to a well-assembled and
comprehensively annotated genome sequence. This basic requirement is, however,
largely inaccessible to many species of crop plant. Such crops may have fantas-
tically large and repetitive genomes that preclude them from complete genome
sequencing due to the underlying technical and practical limitations of today’s
DNA sequencing capabilities. Even when a species has an accessible genome size,
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the size and wealth of the research community, and the anthropocentric value of
the species within agriculture may preclude adequate coverage genome sampling.
Regardless of the need for the genome sequence itself, emerging techniques and
technologies coming from such fields as functional genomics and system biology
have the power to dramatically change the repertoire of tools available to the
contemporary molecular biologist, plant breeder and geneticist. Not adopting these
technologies would enhance the ever-increasing divide that separates our model
plant species (e.g. Arabidopsis thaliana) and agriculturally and scientifically focused
crop species (e.g. Oryza sativa, Lycopersicon esculentum or Glycine max) from the
more ‘humble’ crop species (arguably such species as Beta vulgaris, Daucus carota
or Musa acuminata)

The plant kingdom is a rich source of biodiversity. An estimated 270,000 extant
species of vascular plant (May 1990) represent the half aeon of molecular evolution
and genome adaptation since plants first colonised land. This landing on the
Gondwana super-continent, and it’s timing during the mid-Ordovician period of the
Palaeozoic era is supported by tetrahedral spore observations from the fossil record
(Friedman and Cook 2000; Wellman and Gray 2000; Wellman et al. 2003). The
resulting diversification of the land plants now supports the bulk of the terrestrial
food chain, but not surprisingly, relatively few domesticated species of plant account
for the bulk of human nutrition. The United Nations Food and Agriculture Organi-
sation (FAO) estimates the volumes of different domesticated crop plants that are
farmed globally, and the five species of greatest relevance in terms of yield would be
sugarcane, maize, wheat, rice and potato (http://en.wikipedia.org/wiki/Agriculture).
The anthropocentric value of these ‘crop’ plants is therefore immense, and the
understanding of the basic and applied aspects of their biology has the potential
to greatly influence agriculture. This agricultural focus within the crop sciences
clearly structures and influences both research philosophies and direction. The new
methods, paradigms and resources currently available to the model species are
also being widely adopted within crop research. The topic of this review aims to
highlight and illustrate how the crop plant community is actively ‘catching-up’ with
the genomic technologies that are now well refined in the plant species that have
the luxury of a complete genome sequence.

It is reassuring that the arsenal of tools available to the crop research community
has not remained static since the publication of the Arabidopsis and rice genome
sequences. Several technologies that predate the first plant genome sequences have
come to the forefront as pioneer technologies for accessing the wealth of infor-
mation that is often cryptically encoded within the genome. These technologies
have been joined by other cutting edge methods that again enrich the landscape of
resources available to today’s biologist. In this chapter we address how some of the
alternative strategies to complete genome sequencing are being applied within the
context of crop research to at least partially fill the genomic void. We also address
how the resulting resources are being utilised and exploited within contemporary
biology, and reciprocally how contemporary technologies are increasingly utilising
the available genomic substrate.
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2. AN INTRODUCTION TO PLANT GENOMES

Sequencing any crop-genome is, in essence, something that should be completely
analogous to sequencing either the Arabidopsis or rice genome. The strategies
that may be employed to access a plant genome have been reviewed recently
(Paterson 2006). A genome contains a number of chromosomes and, in turn, each
of the chromosomes contains a rather large number of nucleotides. The decoding
and representation of this chromosomal information as a textual pseudo-molecule
is the ultimate goal of a genome assembly. Once a crop genome has been selected
for sequencing, a decision needs to be made as to whether the whole genome would
be sampled using a clone-by-clone sequencing approach or if it will be sequenced
using a whole genome shotgun sequencing approach. This philosophical decision
will then direct the specific needs for DNA libraries and the experiments that
need to be performed to establish these reference genomic foundations. A genome-
sequencing centre that is well equipped with the needed robotics, fluidics stations
and automated DNA sequencing machines can then start the process of sequencing
the genome.

At first sight this seems like quite a manageable endeavour. While there are
certainly some logistical hurdles in managing the tens of millions of sequencing
reactions, the DNA sequencing of whole genomes seems straightforward. In reality,
while complicated by the needs for robotics, massive data handling capabilities
and an extremely well managed logistics infrastructure, the DNA sequencing of
the volumes of data encoded within the genome is not especially problematic. The
problems faced by the genome sequencing projects lie within the data generated,
not with the data generation itself. The most intractable of the problems faced by
the genome projects it that of converting the millions of individual DNA sequences
into the pseudo-molecule scaffolds that represent the individual chromosomes. This
process of building the genome scaffold is a process called ‘assembly’. To under-
stand the problems encountered within assembling a plant genome require that first
we consider what is already known about plant genomes, their sizes and the under-
lying populations of structures and repeat elements, and the way that plant genomes
evolve.

2.1. Variability of Plant Genome Sizes

Plant genomes tend to be large. Whereas the Arabidopsis genome is cited as having
a genome size of approximately 125 Mbp (AGI 2000), and thus being equivalent
to reference invertebrate genomes, Caenorhabditis elegans (97 Mbp, C. elegans
Sequencing Consortium, 1998) and Drosophila melanogaster (∼130 Mbp (Adams
et al. 2000)), Arabidopsis is not at all representative of the plant kingdom. One
of the reasons that Arabidopsis was selected for genome sequencing was that it’s
genome is amongst the smallest characterised plant genomes. The C-value paradox
(Vendrely and Vendrely 1948) is especially true within plant species.

Within the angiosperms, Fragaria viridis represents the species currently with
the smallest measured haploid genome size (98 Mbp) (Antonius and Ahokas 1996).
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The lily, Fritillaria assyriaca (124,852 Mbp) may represent the largest angiosperm
genome listed in the plant C-values database (Bennett and Leitch 2003), but Trillium
rhombifolium (109,270 Mbp) has the largest published genome (Grif et al. 1980).
With further sampling of plant species, it is reasonable to assume that plant genome
sizes will continue to span over four orders of magnitude in size. Within the crop
plants there is again much diversity in genome size. Rice, one of the smaller
genome sized grass species has a haploid genome size of approximately 490 Mbp.
Lycopersicon esculentum (1005 Mbp) and Hordeum vulgare (5439 Mbp) represent
the next size order and species such as Triticum aestivum (16979 Mbp), again,
have even larger genomes. In (Paterson 2006), Andrew Paterson has argued that
performing a meaningful depth (8x coverage) sequencing of the genomes from
the 200 most critical crop plant species would require the sampling 3.4 x 1012

nucleotides of sequence. This is 72 times the amount of all DNA sequence currently
available in the GenBank database.

Size in itself is not a critical limitation to the sequencing of a genome although
the expense of sequencing 1012 nucleotides is certainly insurmountable. Techni-
cally though, genome centres with sufficient funding could adequately sample the
genomes. The underlying issues lie with the observation that larger genomes contain
more repetitive sequence content.

2.2. Jumping Genes and Repetitive Elements

We have established that plant genomes can be very large, and that crop species have
genome sizes that are considerably larger than those of either Arabidopsis, populus
or rice (2,352 Mbp on average (Paterson 2006)). The problem, however, is not the
size of the genome, but the underlying repetitivity (see (Peterson et al. 2002b) for
a review). The repetitive nature of a sequence is important, ‘complex’ sequences
have a single or few repeats whereas low-complexity, or repetitive, sequences may
be found hundreds or thousands of times throughout the genome. The essence of
this repetitive nature problem is that genomic sequence complexity is not uniform.
Within any given genome sequence, the total genomic DNA may be considered as
belonging to one of four general classes. These four classes include (a) single-copy
or low complexity DNA, (b) moderately-repetitive DNA (c) highly-repetitive DNA
and (d) ‘foldback’ DNA.

This DNA complexity may be studied using kinetics during re-association exper-
iments (e.g. (Peterson et al. 2002a; Peterson et al. 2002b)). The kinetic experiments
reveal that the fraction of the genome that represents non-redundant sequence is
lower in larger genomes. Therefore as genome size increases, the absolute amount
of low complexity DNA remains relatively static but there is a disproportionate
increase in the amount of moderately and highly repetitive DNA content. The
further study of re-association kinetics suggests that the moderately or highly repet-
itive molecules are likely present in hundreds to many-thousands of copies per
genome (Peterson et al. 2002a). These abundant molecules are therefore unlikely to
represent the protein-coding genes that genomic research is currently interested in.
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The massive effort to sequence a large genome will therefore involve the sequencing
of relatively few ‘type’ regions that are present thousands of times, while the needed
protein coding sequences would remain relatively poorly sequenced.

A more detailed investigation of the repetitive content of plant genomes reveals
that the sequences are biased to specific classes of mobile DNA, the long-terminal
repeat (LTR)-retrotransposons (Kumar and Bennetzen 2000). It has been suggested
that these LTR-retrotransposons may account for more than half of the larger nuclear
genomes (Lagudah et al. 1997; Meyers et al. 2001; Morgante 2006; SanMiguel et al.
1998). Specific classes of LTR-retroelements (mainly copia-like and gypsy-like
elements), in maize have proliferated within the last five million years leading to a
doubling in the genome size (SanMiguel et al. 1998). This recent proliferation means
that the bulk of repeats are highly similar, having not had enough time to diverge
greatly at the molecular level (SanMiguel et al. 1998). This again compounds
the issues of sequence disambiguation; e.g. it cannot be established as to whether
a sequence from a copia-like element stems from element number 1 or element
number 1001!

2.3. Polyploidy

Another factor that has precluded some species from further genomic investigation
is that many crop plants are polyploid (Adams and Wendel 2005). Polyploidy is
a significant force in plant genome evolution, and investigation of large sequence
collections reveals evidence that polyploidisation events are recurrent for most
species of plant (Blanc and Wolfe 2004a, b). While genome doubling events
are followed by massive differential gene loss, some species still contain the
hallmarks of recent genome duplication events and exist as polyploids with multiple
copies of related genomes. Such polyploids may exist as autopolyploids e.g.
sugarcane (Ming et al. 2001) (where chromosomes from the ancestral genome
can pair with each other) or as allopolyploids e.g. cotton (Nekrutenko and Baker
2003) (where clearly defined chromosome pairs have been re-established). A crop
species showing recent polyploidy will again share many of the genome sampling
issues as faced by species containing significant repetitive sequence; how can one
establish which copy of a particular genomic segment is being assembled? In
reality, unless existing as a recent autopolyploid event, this would only likely pose
a serious problem within the functional and sequence conserved regions of the
genome.

2.4. Genome Context Summary

It is not the fact that genomes are highly biased to relatively few repetitive elements
that precludes a species from genome sequencing. The critical problem lies in
both the repetitive elements themselves and the limitations of today’s dideoxy
sequencing technologies. If we consider first the sequencing reaction, only as much
as a thousand nucleotides of DNA may be read reliably within a single reaction.
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For the expedited reading of the whole genome, shotgun sequencing of either the
whole genome or individual sub-cloned elements is performed. This has the result
that the assembler algorithm is faced with a large number of sequences that are
neither ordered nor oriented when compared to the reference starting sequence.
When reading through regions of high complexity with low repeat content, long
identical substrings within different reads may be used to join sequences with a
high degree of confidence (unambiguously). Once there is a degree of repetitivity
within the sequence collection then it becomes increasingly difficult to compute
if the repeat is indeed a repeat, and how it relates to other non-repeat and repeat
sequence. It must be assumed that any given sequence read may overlap with any
other read, and a significant background of erroneously assembled but unrelated
sequences must be expected. (Jaffe et al. 2003; Myers 2005; Myers et al. 2000;
Myers et al. 2002) While approaches have been optimised to allow for assembly
with significant repetitive content, the process is not trivial. As a result shotgun
sequencing is typically performed on a case-by-case basis and paired-sequences
from libraries with different insert sizes are sequenced such that blocks of repetitive
sequence can be tolerated and meaningful genome scaffolds may be constructed.
Even with a sensible sequencing strategy, a significant number of contigs will
be sequenced that cannot be structured or oriented into higher-order super-contigs
without additional manual curation and directed chromosome walking to close the
most intractable of gaps.

While these observations are best documented following the human and
drosophila genome assemblies, this problem is likely to be more acute within plant
genomes. Study of the maize genome have shown that while it has a rather average
‘plant’ genome in both terms of genome size and re-association kinetics, the bulk
of sequenced retrotransposons have been inserted within the last five million years
(SanMiguel et al. 1998). Plant genomes thus having more repetitive DNA than
animals and having fewer distinguishing mutations cannot be easier to assemble!
(Haberer et al. 2005; Paterson 2006) The general consensus within the plant genome
sequencing community is that alternative approaches to whole genome sequencing
are needed. We will address the contemporary methods that are being utilised
to establish genomic resources within various species of crop plant in the next
sections.

3. EXPRESSED SEQUENCE TAGS AND THE TRANSCRIPTOME

The application of expressed sequence tag (EST) data within plant biology has
been well reviewed elsewhere within the scope of managing the divide between the
model and non-model plant species (Mayer and Mewes 2002) and as reviews of the
available resources (e.g. (Rudd 2003, 2005)). ESTs continue to represent a basic
commodity within the analysis of genomes and their genes. Whereas the complete
sequencing of a genome may utilise either a clone-by-clone approach or a whole
genome shotgun approach to acquiring adequate coverage to assemble a meaningful
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scaffold, EST sequencing is directed at the quick, cheap and simple sequencing of
partial gene transcripts.

ESTs are typically sequenced from cDNA libraries. mRNA is purified from
a given tissue, organ or whole organism that may be described according to an
ontology representing development, biotic stress, abiotic stress and environmental
conditions. Within this mRNA population the ratio of transcripts faithfully repre-
sents the expression levels of all underlying transcribed genes and the stability of the
individual transcripts. The resulting sequence collection is therefore rather hetero-
geneous with most transcripts coming from relatively few genes and many more
transcripts having much lower representation levels. Following the mRNA isolation
the transcripts may be reverse transcribed thus creating a pool of cDNA sequences
that can in turn be cloned into a plasmid vector. The cDNA sequence collection
may also be normalised prior to cloning. Such a normalisation step is aimed at
reducing the bias within the sequence collection by selectively removing most of
the most abundant transcripts. While the logic for cDNA normalisation is clear,
many researchers continue to sequence from non-normalised libraries because of the
wealth of pseudo-expression information that can be gleaned from the comparison
of gene representation between sequence libraries. Regardless of normalisation, the
resulting plasmid constructs are typically cultured in 96 well microtitre plates and
the EST is obtained by sequencing into either the 5’ or 3’ end of the cloned cDNA
insert. The decision as to whether the 5’, 3’ or if both ends should be sequenced
again depends on the rationale underlying the individual project.

Since the first description of an EST collection (Adams et al. 1991), and subse-
quently the first systematically acquired Arabidopsis ESTs (Delseny et al. 1997),
there are now 9.3 million plant ESTs in the public domain (EMBL Release 86, daily
updates included until 15th April 2006), which in turn have been prepared from
over 400 plant species. Table 1 lists the 40 plant species with most available ESTs.
From these ‘top’ species, 20 are crop plants and most of the others are commer-
cially grown within horticulture, viticulture or forestry. Of the 442 plant species
represented within the EST databases, 254 species have at least 500 ESTs and 91
species have in excess of 10,000 ESTs. Plotting the richness and depth of plant
EST sequence collections chronologically (data sampled from the dbEST database,
but are not shown) reveals that sequence content continues to grow unabated and
that in addition to the addition of increasingly large amounts of sequence data the
number of species reflected within the dataset also continues to grow.

Whilst at first glance, the heterogeneity of the plant EST collections paints a
rosy picture of transcriptomic sequence availability, a closer inspection reveals that
the sequences are rather biased towards certain species. Figure 1 illustrates the
taxonomic grouping of large plant EST collections (an arbitrary filter of collections
with more than 10k sequences has been imposed). From this approximate cladogram
of the plant kingdom, it can be seen that the available sequences are highly biased
towards the agriculturally relevant angiosperms. This is certainly reassuring to the
crop plant community, the direct beneficiaries of these massive sequence resources,
but this is at the same time a little disappointing when we consider a more holistic
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Table 1. A summary of the 40 plant species with most publicly available EST sequences. Sequences
were downloaded from the EST division of the EMBL database (release 86, 28th Feb 2006). In addition
to the species name, common names where available are shown in addition to the number of EST
sequence reads. These species represent 80% of the total 9.3 million plant ESTs and show a reasonable
range of taxonomy and agricultural or academic relevance

Species name Common name Number of ESTs

Oryza sativa rice 1186294
Zea mays maize 692030
Arabidopsis thaliana Thale cress 622791
Triticum aestivum wheat 601402
Hordeum vulgare barley 437321
Glycine max soybean 356805
Pinus taeda Loblolly pine 329469
Saccharum officinarum sugarcane 246301
Medicago truncatula barrel medic 221123
Solanum tuberosum potato 219765
Sorghum bicolor sorghum 208466
Lycopersicon esculentum tomato 199875
Malus x domestica apple 199036
Vitis vinifera European grapevine 196013
Chlamydomonas reinhardtii Chlamydomonas 167641
Picea glauca White spruce 132624
Physcomitrella patens subsp. patens Physcomitrella 120702
Lotus japonicus Trefoil 111623
Gossypium hirsutum cotton 108424
Citrus sinensis orange 92521
Populus trichocarpa black cottonwood 89943
Aquilegia formosa x Aquilegia pubescens Columbine hybrid 85039
Populus tremula x Populus tremuloides aspen hybrid 82239
Picea sitchensis Sitka spruce 80789
Brassica napus oilseed rape 72362
Helianthus annuus sunflower 66098
Gossypium raimondii another cotton 63577
Ipomoea nil Japanese morning glory 62282
Lactuca serriola prickly lettuce 55490
Lactuca sativa lettuce 54822
Populus trichocarpa x Populus deltoides black cottonwood hybrid 53116
Euphorbia esula leafy spurge 47543
Coffea canephora Robusta coffee 46907
Festuca arundinacea tall fescue 44342
Prunus persica peach 41541
Gossypium arboreum cotton 39223
Nicotiana tabacum tobacco 38857
Trifolium pratense red clover 38109
Zingiber officinale ginger 38083
Populus tremula aspen 31234

Total 7581822
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Figure 1. An approximate cladogram showing the taxonomic relationship between plant species with
more than 10,000 ESTs. The cladogram structure has been derived from the NCBI taxonomy database.
The EST collections have been extracted from within the EST division of the EMBL database (release 86).
Super-imposed on the figure are basic legends that identify groups of related species that are of relevance
to agriculture and forestry. These clades include the gymosperms and the angiosperm clade that contains
the rosids (eurosid I and eurosid II are highlighted), the asterids, the caryophyllids and the
monocots. These ‘rough’ descriptive clades describe 80% of the species with more than 10,000 ESTs.
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view of the plant kingdom. There is a wealth of comparative and functional data
within the poorly sampled clades that will undoubtedly enlighten the research
community as to the clusters of genes that are manifested throughout plant life and
that account for the developmental, metabolic and ecological adaptations of the
constituent plants (Pryer et al. 2002). This rather general criticism of the sequence
content of the EST databases is however minor, and a number of research groups
(ours included) is actively working towards filling in some of these taxonomic
gaps (e.g. sequencing ESTs from untouched clades such as the hornworts) and
in increasing the comparative genomic resolution within the poorly sampled plant
lineages.

It is unclear as to whether EST collection can ever substitute a ‘completed
genome’ quality genome assembly with associated annotation and analysis. EST
sequencing has been adopted on such a large scale because ESTs are simple and
cheap to produce when the genome sequence itself is impractical to sequence.
ESTs are not actively sequenced as an alternative to the genome, but rather as
an adequate interim solution. Substantial EST resources are an extremely valuable
resource during the gene modelling and annotation of a complete genome sequence,
so this ‘interim sequence solution’ has several valuable roles. It may therefore be
concluded that ESTs are of interest in the broader studies of crop genomics. They
may be sequenced to establish a glimpse of the sequence diversity reflected within
the genome, or may be produced to facilitate the construction of cDNA microarrays
(this will be discussed in more detail later in this chapter).

4. REDUCED REPRESENTATION SEQUENCING

The robust sequencing of significant numbers of ESTs is a solid and accepted route
to sampling a collection of genes that are actively expressed within a given tissue
representing the developmental, homeostatic, biotic and abiotic environment. This
snap-shot is however biased towards the biological system. While this is a primary
objective of many EST sequencing strategies, the bias also means that many gene
sequences that have either low expression levels or are expressed in only a few cells
following precise signals will remain unsampled. For many genomic approaches,
this bias makes no sense. There are solutions to this conundrum that may fall within
the realm of sub-genomic sampling. The technologies that we will address here
include draft or partial genome sequencing, BAC end sequencing, methylation-
filtration of the gene space and high-C0T selection of low complexity DNA. Each

�
Figure 1. Looking at the sampled species reveals two new facets of EST biology. Compared to earlier
reviews that have considered EST collections and the taxonomic content of the collections (e.g. (Rudd
2003, 2005)), there is a more meaningful sample of species that fall outside of the angiosperm crop
species (e.g. Adiantum, Nuphar and Saruma). Also of considerable note is that for several genus multiple
species have been sampled (e.g. Populus, Lactuca, Pinus and Gossypium) illustrating that the power of
comparative genomics is being applied to ‘genomeless’ organisms
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of these approaches is directed at sampling a fraction of the genome in a gene
expression independent manner.

4.1. Draft Genome Sequencing

The objectives of a typical genome project are to sequence the bulk of accessible
euchromatic DNA, and to assemble the resulting sequence reads into a minimal
set of “contigs” representing large continguous stretches of genomic DNA. The
process of sequencing requires a sufficient amount of sequence redundancy such
that the total pool of underlying sequences can be unequivocally assembled into
super-scaffolds whilst allowing for the random sample effects. The Arabidopsis
genome has been sequenced to approximately seven genome equivalents (AGI 2000)
meaning that the average DNA residue represents a consensus sequence of at least
7 read nucleotides. A 1x genome sequencing strategy would therefore imply that a
single residue will represent the consensus of a single sequence read, so, through
chance alone some bases will be sequenced more frequently whilst others may
remain un-sequenced. The strategy for partial genome shotgun sequencing where a
0.5x genome coverage is therefore reasonable. Whilst using 10-times fewer reagents,
and thus costing 10-times less, than a 5x genome, such a strategy does not preclude
the species from further completion in the future. This technique has been applied
successfully within the crop species Brassica oleracea (Ayele et al. 2005; Katari
et al. 2005). The results of this strategy revealed the potential of genome survey
sequencing for comparative genomic analysis and as a tool for gene identification.
Brassica oleracea, however, has a compact genome of 650 Mbp with the result
that 35% of brassica sequence corresponded to protein coding gene sequence in the
close relative species, Arabidopsis thaliana. When we consider large species such
as wheat, such an approach would seem impractical. A draft genome sequencing
approach might therefore make sense for the smaller crop plant genomes, and could
be extremely valuable in surveying closely related species, but this is not a reliable
route for the larger plant genomes!

4.2. BAC End Sequencing

Bacterial artificial chromosomes (BACs) are large genomic inserts that have been
cloned into bacterial constructs. BAC-by-BAC sequencing arguably provides a more
efficient strategy for complete genome sequencing than the shotgun sequencing
approach. A BAC library may be constructed that contains a certain number of
genome equivalents. By sequencing both ends from a large enough number of
BACs, a sequence resource can be generated that provides some insight into the
content of the underlying genome. As with the genome survey approach in the
previous section on draft genome sequencing, this approach is largely impotent for
gene discovery within the larger genomes, but at least can be used to establish
the types of retroelement that will be encountered within a more thorough genome
sampling, and can provide a route for the discovery of molecular markers. Large
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BAC libraries are available for a very large number of species and are widely used
within map-based cloning and the discovery of candidate genes (e.g. (Ling and Chen
2005) and (Gaafar et al. 2005)). The sequencing of BAC ends within the context of
genome survey has been described for at least ginseng (Hong et al. 2004), soybean
(Marek et al. 2001) and maize (Gardiner et al. 2004). The deep sequencing of BAC
ends only really becomes appropriate once a whole genome sequencing strategy has
been adopted, but nevertheless there remain significant Genome Survey Sequence
(GSS) resources in the public domain.

4.3. Methylation Filtration of the Gene Space

Current biology and post-genomic technologies are largely biased towards the
understanding of the protein coding genes and their regulatory elements. Random
genome sampling techniques appear unsuitable for large genomes so alternative
approaches to sampling the parts of the genome enriched for the gene space in
a largely unbiased manner have been sought. It is well known that the bulk of a
larger plant genome is repetitive and that much of this repetitive content consists
of retroelements. It has also been shown that much of this repetitive DNA is hyper-
methylated in comparison to the hypo-methylated ‘gene-space.’ These observations
have been applied to the development of technologies that can be used to create
libraries that are enriched for the hypo-methylated genome fraction. This is achieved
by the isolation and shearing of genomic DNA. The DNA, which is of mixed
methylation states, is cloned and propagated in an E. coli strain containing a
5-methyl cytosine restriction system. This has the result that methylated DNA is
cut, and unmethylated fragments will be successfully cloned and propagated. The
construction of such libraries has been coined “methylation filtration” (Rabinowicz
et al. 2003; Rabinowicz et al. 1999). The technologies have been demonstrated in
both maize (Palmer et al. 2003) and in sorghum (Bedell et al. 2005).

4.4. High-C0T Sequencing

High-C0T sequencing is based upon renaturation of sheared genome fragments, and
has been elegantly demonstrated, again, using the sorghum (Peterson et al. 2002a)
and maize genomes (Yuan et al. 2003b). Genomic DNA is isolated and sheared into
fragments that are sufficiently small that ‘gene’ sequence can likely be dissociated
from any adjacent retroelement or other repeat; the experimental fragment size
being 1.8 kbp on average for maize (Yuan et al. 2003b). The resulting fragments are
then melted, and renaturation is performed in a controlled and gradual manner. The
study of the resulting population of DNA fragments reveals the C0t-values, where
C0 is the nucleotide concentration and t is the reassociation time (see (Paterson
2006) for illustrated review). With the establishment of a C0T curve, particular
fractions may be identified that contain high complexity DNA fragments, and which
should therefore also contain significantly less retroelement or other repeat. Shotgun
sequencing of clones isolated from high-C0T fractions has indeed revealed that
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there indeed is a clear enrichment for gene sequence with a concomitant reduction
in the amount of repeat or retroelement sequence. This technology has been at least
demonstrated in sorghum (Peterson et al. 2002a), the maize genome (Yuan et al.
2003b) and wheat (Lamoureux et al. 2005). The selection of high- C0t libraries thus
demonstrates another route into a preferential sampling of the gene-space.

4.5. Reduced Representation Summary

There are a number of extremely powerful techniques that may be used to
access the content of the protein coding space within a genome. While EST
sequencing has been very widely adopted throughout the research community,
the other approaches to the sampling of the gene space have been demonstrated
as effective and powerful approaches, but have been adopted only within the
context of very large pilot projects within the scope of further complete genome
sequencing. These true genome sampling technologies in addition to providing
routes to the unbiased collection of protein-coding genes, gives access to transcribed
but non-polyadenylated features, to random slices of the genome, and to hypo-
methylated genome fragments, or to any continuum of features within. With DNA
as the starting material rather than a poly-adenylated RNA there seems to be a
much greater versatility for genome sampling and genomeless genomics, especially
since these technologies will provide access to the regulatory regions upstream
of the genes themselves and can provide access to both intronic and exonic
sequence.

These methodological advances in conquering the plant genome have been
focused by applying the traditional di-deoxy sequencing methods to sequencing
from DNA libraries that have been constructed using complex techniques. The
sequencing method has remained largely unchanged throughout, albeit with greater
automation. Common sense would demand that in order to solve the insurmountable
issues of plant genome sequencing we would need access to technologies capable
of sequencing significantly longer DNA regions. It is therefore counter intuitive, in
that one emerging technology excels in the production of shorter sequence reads
(Margulies et al. 2005). The process of genome sequencing using 454 sequencing
yields as many as 500,000 sequences in parallel from a single run. Each read
is significantly shorter than a typical ‘Sanger read’ in that the average length
may be only 110 nucleotides. While this technology does not solve the issues of
plant genome sequencing, the ability to rapidly sequence vast amounts of short
sequence from the genome, the transcriptome or any other reduced representation
library does open up some rather fantastic opportunities to the plant research
community.

In future we will undoubtedly see a much wider adoption of these non-EST
technologies, but it seems that for the moment at least, the crop plant community
has the best access to EST resources. ESTs can certainly provide an answer to
many questions posed, and for the remainder of this review I will focus solely on
the EST sequences and their applications.
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5. COMPUTERS, DATABASES AND THE REPRESENTATION
OF CROP EST SEQUENCE DATA

The volumes of publicly available EST data have created a formidable resource for
the research community as exemplified the dbEST database (Boguski et al. 1993).
This resource however has not been designed for the needs of the biologist. The
dbEST database (or it’s siblings such as the EST division of the EMBL database at
the EBI (Cochrane et al. 2006)) has been designed as a sequence repository where
researchers are both free to contribute their sequences, and as a repository they are
expected to deposit their sequences upon publication. The sequence repository is
therefore humble in it’s offerings and the sequences and their critical annotations
and associations are maintained as a flat and textual representation of the data,
rather than as a structured, maintained or curated collection of sequences. This does
not mean that these sequences alone are without use. Public BLAST (Altschul et al.
1990) servers such as the NCBI BLAST server use the available EST resources
as a substrate against which user sequences may be compared. The data from
within these primary databases is also freely available to download in full. This
free data accessibility also provides the gateway into secondary sequence databases
that exploit the fuller potential of the contained information.

The plant research community is no stranger to databases and web-based methods
for the presentation and dissemination of biological knowledge. The Arabidopsis
(Garcia-Hernandez et al. 2002; Hubbard et al. 2005; Schoof et al. 2004) and rice
(Karlowski et al. 2003; Schoof et al. 2005; Yuan et al. 2003a) genome databases
have paved the way for the exploitation of genome data in research, and further
‘generic’ database infrastructures for the description and exploitation of plant
genomic data have been discussed (e.g. (Hubbard et al. 2005; Lawrence et al. 2005;
Schoof et al. 2005)) so that the crop plant research community will be a direct
beneficiary of the forthcoming crop-plant genome initiatives. The critical aspect of
a meaningful database is that data should be stored and maintained in a structure
such that biologically meaningful queries can be addressed to the data collection
and meaningful results can be retrieved quickly and simply. The Arabidopsis, rice
and maize genome databases act as a repository for the raw genome sequences –
while important this sequence is of little direct relevance to the community. Onto
this data substrate additional annotation and analyses of varying dimensionality are
layered (Reed et al. 2006). The information added typically includes gene-models,
map positions, similarity and identity to known genes and descriptions that relate
to function, structure, ontology or domain content.

When we consider the primitive data-types that are associated with sequences in a
genome database the content is not completely dissimilar to the information content
that could (or should) be associated with EST sequences. As argued earlier, an EST
collection is fragmentary at best with a significant background of sequencing error
(empirically shown as approximately 1.5% mismatch error per nucleotide using
Arabidopsis EST sequence, data not shown) and massive sequence redundancy. To
make sense of the sequence data, it is therefore imperative that the EST sequences
be cleaned, clustered and assembled to produce a minimal ‘unigene-set’. This
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Figure 2. A diagram illustrating the flow of information within the openSputnik EST sequence and
annotation database (Rudd 2005). Collections of EST sequence are downloaded from public sequence
databases such as the dbest and are used to build species centric databases. The EST sequences are
aggressively trimmed of known and probable sources of contamination such as E.coli sequence, cloning
vector etc. The ‘filtered’ sequences are then clustered and assembled using specialist software resulting
in a ‘unigene set’ of reduced redundancy and increased complexity. These unigene sequences are used
to predict probable molecular markers and in conjunction with other assembled sequence collections
are used to establish comparative genomics resources. The comparison of the unigene set to the fully
sequenced genomes and to reference protein databases such as UniProt allos for the tentative assignment
of role and function and facilitates the unigene assignment to the Gene Ontology. Peptide sequence
is predicted on the basis of codon usage and maximum likelihood assessment of the sequence and
the resulting peptides are annotated for protein domains, signal peptides, transmembrane domains and
sub-cellular localisation. The fullest repertoire of annotations ensures that a simple EST collection may
be exhaustively searched for biological context that may be used for the selection of candidate genes
for crop improvement
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unigene sequence collection can then be annotated and analysed to build a sequence
resource that may be used for comparative and functional genomics and that may
act as a plentiful resource of candidate genes for further analysis. Figure 2 shows
the analytical graph that is used within the openSputnik EST sequence database
(Rudd 2005) to assign meaning to ESTs and their parent unigenes.

The openSputnik database (Rudd 2005) is not alone in providing a repository of
processed EST data for a collection of crop species. Other databases may contain
significant volumes of processed data for several species (e.g. plantGDB (Dong
et al. 2004), the TIGR gene indices (Lee et al. 2005) or the NCBI UniGene
resource (Wheeler et al. 2006)) or may contain focussed and deep annotation and
analysis for a more restricted collection of species (e.g. parasitic plants (Torres et al.
2005), flowering plants (Albert et al. 2005), peach (Lazzari et al. 2005), pineapple
(Moyle et al. 2005), or many others).

It is reasonable to summarise that EST databases are an essential resource for
migrating information between genomes, for understanding what an EST might do,
and where else it might be found and as a general resource for the understanding
of the content of a crop species, and a fundamental resource in the selection of
candidate genes during the process of crop improvement. The assumption that a
large crop EST collection may be treated as a genome-project in miniature, while
correct, is also naïve. There is much more that can be done using the large and
already existing sequence resources, or with sequence collections that may be
created for a specific need.

6. GENOME SEQUENCE, SEQUENCE HETEROGENEITY
AND MOLECULAR MARKERS

It seems likely that for the foreseeable future many of the crop species that we are
currently reliant upon will remain unsequenced. EST sequencing has demonstrated
a technology that may be applied to establish a glimpse of the underlying gene
content and databases have been established that work around the limitations and
caveats of EST sequence to provide the maximal available context to interested
researchers. Meanwhile, some of the caveats of EST sequence data (namely the vast
redundancy within sequence collections) have been turned to the advantage of the
community. Mining EST collections for molecular markers is routinely performed
and robust methods have been developed for this.

While genomics is a relatively new approach within the crop plant community,
genetics is a traditional approach whereby researchers and breeders attempt to
identify the chromosomal intervals in which traits that enhance performance, value
or the scientific merit of the plant are delimited. To make sense of breeding
populations breeders have been constructing both genetic and physical maps from
many genomes. The genetic maps are reliant upon molecular markers that can
be of a few different types. The most popular markers include simple sequence
repeat markers (SSR), single nucleotide polymorphism (SNP) markers or more
recently conserved ortholog set (COS) markers. While SSR and SNP markers were
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traditionally identified manually, the vast volumes of data in the EST databases
have led to the development of automated processed for candidate marker selection.

SSRs, also known as microsatellite markers, consist of a variable number of
typically di-nucleotide or tri-nucleotide repeats. The variability in number of repeat
elements will segregate between breeding populations and again may be used in
the construction of a genetic map. ESTs have been well used within the generation
of SSR markers within several grass species (and in other crops) e.g. (Barkley
et al. 2005; Graham et al. 2004; Gupta et al. 2003; Mian et al. 2005; Saha et al.
2004; Thiel et al. 2003). The aim of these experiments was to identify potential
microsatellites and to investigate if length variability could be identified within
other populations. SSR markers are cheap to test and develop, and will remain a
favourite of the crop research community.

SNPs are an enticing form of molecular marker; they are simple in that they are
composed of a nucleotide difference at a single position within the much larger
chromosomal context. This single difference reliably differentiates between given
varieties, cultivars or ecotypes. There has been much discussion recently on compu-
tational methods that may be used to select SNPs from within the redundancy
of large sequence collection (Huntley et al. 2006; Kota et al. 2003; Marth 2003;
Matukumalli et al. 2006; Weil et al. 2004). Regardless of the underlying method-
ologies, the selection of candidate SNPs has provided an expedited route to the
discovery and validation of novel markers.

Not only can plant breeders utilise large sequence collections that reside in the
public domain for the selection of candidate markers, but there are also suggestions
(in mammalian systems at least) that SNP markers developed in one system may be
applicable to other systems (Grapes et al. 2006). The selection of likely candidate
SNPs from pig protein coding sequences and their comparison to known human
SNPs has revealed that there is a reasonable correlation in gene-to-gene variability
across species opening the prospects for site-directed mining of SNPs between
species.

7. CROP PLANTS AND THE DNA MICROARRAY

While ESTs have often been sequenced to access both gene sequence from a
given genome and to derive an approximate expression level for the sequenced
transcripts on the basis of the underlying sequence redundancy, new technologies
have come to the forefront that allow for the parallel investigation of both relative
and comparative expression levels within series of experiments.

The northern blot (Alwine et al. 1977) has become an indispensable method
for the quantification of RNA molecules that have been resolved on a gel and
immobilised onto a solid substrate. A labelled DNA ‘probe’ is hybridised to these
immobilised RNAs and the resulting quantification of label provides a view of
transcript abundance. A reverse procedure was demonstrated using 45 Arabidopsis
genes. A probe to each gene was immobilised on a glass slide and free-labelled
RNA extracts were hybridised to the first arrays. Quantification of label from
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each gene allowed for the parallel investigation of expression across the whole
set (Schena et al. 1995). This simple demonstration of an array technology has
naturally evolved and now 48,000 probes may be comfortably fitted on a single glass
slide, hundreds-of-thousands of features may be placed on other more proprietary
platforms such as those from companies including Illumina, Agilent, Affymetrix or
Nimblegen.

7.1. cDNA Arrays

An EST sequence stems from a cDNA clone. The cDNA insert that has been
sequenced may be mechanically applied to a treated glass-slide to create a cDNA
array. The cDNA may be spotted prior to sequencing such that a large number of
candidate genes that are differentially expressed following a particular treatment
may be identified and then sequenced e.g. (Lim 2005). Alternatively the cDNAs
may be arrayed after the sequencing step so that in addition to the selection of
new candidate genes, already known sequences may be investigated for quantitative
differences within an experiment. The application of cDNA arrays in contemporary
crop biology has become extremely widespread and brief literature review identifies
publications relating to Arabidopsis (Kim and von Arnim 2006) (Oono et al. 2006),
cotton (Shi et al. 2006), medicago (Tesfaye et al. 2006), sorghum (Buchanan
et al. 2005), wild rice (Kim et al. 2005), potato (Rensink et al. 2005) (Schmidt et al.
2005), the genus Senecio (Hegarty et al. 2005), poplar (Taylor et al. 2005), cassava
(Lopez et al. 2005), citrus (Forment et al. 2005), gerbera (Laitinen et al. 2005),
eucalyptus (Duplessis et al. 2005), Brassica oleracaea (Soeda et al. 2005), straw-
berry (Aharoni et al. 2004), tobacco (Matsuoka et al. 2004) and pine (Egertsdotter
et al. 2004).

The continued popularity of cDNA microarrays is in part driven by the relative
inexpensiveness of physically arraying small aliquots of DNA solution onto a glass
slide. Since no a priori knowledge as to the content and structure of the genes
expressed within a tissue is needed, cDNA arrays are inexpensive to set-up and
are amenable to customisation (groups of target genes may be easily added to the
array). The array construction process can be further simplified by arraying the
DNA solution onto nylon filters yielding ‘macro-arrays’. Macroarrays have a much
lower feature density and a typical filter may contain only a few thousand features
at most. Such arrays continue to be used within genomics research e.g. (Beldade
et al. 2006; Derory et al. 2006; Jia et al. 2006; Nakano et al. 2006; Puthoff and
Smigocki 2007), but the availability of many academic and commercial service
providers have driven the popularity of both cDNA and oligonucleotide microarrays.
Another critical consideration of the macroarray technology is the physical size of
the array (tens of square centimetres) and the necessary volumes of hybridisation
solutions that are required. Macroarrays are therefore unsuited to some of the more
contemporary and sensitive techniques within gene expression profiling. It might be
argued that macroarrays are best suited to pilot projects, small numbers of candidate
genes, or to preselected clusters of pre-classified genes.
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7.2. Oligonucleotide Arrays

Oligonucleotide arrays instead of being reliant upon a cloned and amplified cDNA
molecule use instead the sequence to select for long DNA oligonucleotide sequences
that may be between 25 and 80 nucleotides long. These oligonucleotides may be
synthesised and mechanically arrayed onto a glass slide, they may be synthesised on
micro-beads and arrayed or may be synthesised directly on an array as exemplified by
the Affymetrix photolithography process. Commerical oligonucleotide arrays such as
those provided by Affymetrix have been widely adopted by the research community
since they may provide greater reproducibility and sensitivity than cDNA arrays.

Since the manufacture of oligonucleotide arrays requires access to deep quality
sequence information this has recently been restricted to the model organisms.
However, the demands of the crop research community has been such that
oligonucleotide arrays are commercially available on the Affymetrix platform for
Arabidopsis thaliana, Hordeum vulgare, Zea mays, Medicago truncatula, Oryza
sativa, Populus trichocarpa, Glycine max, Saccharum officinarium, Lycopersicon
esculentum, Triticum aestivum and Vitis vinifera. Other companies such as Illumina
and Nimblegen have methods for probe design and optimisation and a ready to
prepare oligonucleotide arrays to suit the needs of the crop research community.
It would seem that with today’s broad and deep EST collections that meaningful
oligonucleotide arrays could be synthesised to address many questions and to
identify candidate genes involved in many biological processes.

The popularity of microarrays as a fundamental technology to view differential
gene expression and as a bridge-technology into the field of system biology or
functional genomics is clear (Allison et al. 2006). It has been argued that if signif-
icant EST, or other genomic resource, exist then eventually a microarray will be
produced (Richmond and Somerville 2000). The varied crop plants for which cDNA
and oligonucleotide arrays are already available show that this argument is indeed
completely true; furthermore, there are cases where ESTs have undoubtedly been
sequenced as a step in the construction of a microarray.

The roles of microarrays within plant genomics continue to diversify. The devel-
opment of techniques for array-based single nucleotide polymorphism (SNP) classi-
fication and the concomitant genome-scale genotyping and haplotyping strategies
are opening exciting new developments for the plant breeders (Borevitz 2006).
Array-based SNP technologies have already been demonstrated in at least potato
(Rickert et al. 2005) and rice (Shirasawa et al. 2006) and will undoubtedly be
described in many more species. This exciting new direction is perhaps limited
by our ability to define the starting SNPs rather than in their subsequent detection
(Chevreux et al. 2004).

8. CONCLUSIONS AND PROSPECTS

The crop species are in a position where they are already benefiting from the rewards
of the genomics era, or where they will soon join the species that already benefit. It
is rather simple to produce and normalise cDNA libraries that represent the genes
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actively expressed within any plant, it’s constituent tissues and their development,
and a wide continuum of biotic and abiotic stresses. These plant EST resources will
contain over 10 million ESTs by the end of 2006 and the data contained within the
sequence collections will be routinely used by molecular biologists working outside
the model species with their complete genomes. These EST data drive research and
deeper mapping projects accompanied by new technologies such as microarray and
proteomics-based approaches to biology will justify the resources.

We suspect however that the face of plant genomics will fundamentally change
in the near future. While EST sequencing has demonstrated fantastic results for
hundreds of species, alternative reduced representation approaches to the genomic
sampling are perhaps more complete and valuable.

New technologies such as Illumina beadarrays™ for SNP genotyping and
expression analysis, or Nimblegen arrays™ for gene expression are opening up
fantastic new research avenues for the crop plant community. As the price of
DNA sequencing continues to drop, and with the development of further new post-
genomic technologies it may be that soon ESTs will have had their day. While
the focus of the crop plant research community has been towards the proteins and
the genetic mapping of traits, the new empowering post-genomic technologies will
provide a plethora of novel and increasingly valuable tools with which in addition
to surveying genes and their proteins we can additionally address gene expression,
gene regulation and functional networks.

The repetitive and complex structure of many plant genomes may preclude
the broadest definitions of plant genomics, but methylation-filtration and high-C0t
filtering of the gene space are undoubtedly a better solution than the patchy transcrip-
tomic representation found within EST collections. There are certainly caveats to
the transition, and not all crop species will be surveyed at first, but everything
that can be done with EST can also be done with methylation-filtered or high-C0t
sequence.
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COMPARATIVE GENOMICS OF CEREALS
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Abstract: Cereals such as wheat, barley, maize, sorghum, millet and rice belong to the grass
family and comprise some of the most important crops for human and animal nutrition.
Comparative genomic studies in cereals have been pioneering the field of plant compar-
ative genomics in the past decade. The first comparative studies were performed at the
genetic map level. They have revealed a very good conservation of the order (colin-
earity) of molecular markers and of QTL for agronomic traits along the chromosomes
thereby establishing evolutionary relationships between the cereal genomes. For this
reason and because of its small size, rice was promoted as a model and was chosen to
be the first cereal genome sequenced. Further, the development of large EST collec-
tions and the first inter- and intra-specific comparative studies of BAC sequences from
maize, sorghum, rice, wheat and barley have increased the resolution of comparative
analyses and have shown that a number of rearrangements disrupting microcolin-
earity have occurred during the evolution of the cereal genomes in the past 50–70
million years.

This chapter reviews comparative studies that have been performed at the macro- and
micro- levels in cereals and discusses what was learned about the mechanisms under-
lying genome evolution in these important crop species. It describes how this knowledge
can be applied to support gene discovery and cereal crop improvement and presents
the opportunities that will be available within the next few years as the sequencing of
several cereal genomes in addition to rice will be completed.

1. INTRODUCTION

Cereals (grass species that are cultivated for their edible seeds) such as wheat,
rice, maize, barley, oat, sorghum or millets constitute over 50% of the total crop
production worldwide (http://www.fao.org/). Since the beginning of agriculture,
their grains have represented one the most important renewable resources for
human food and domestic animal feed. Moreover, cereal seeds and straw represent
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an increasingly important feedstock for non-food products and for bioenergy
production to supplement or replace fossil fuel based products and energy. All
cereal crop species are members of the grass (Poaceae) family that is the fourth
largest family of flowering plants. With about 10‘000 species growing under
nearly all climates and latitudes, grasses exceed all other families in ecological
dominance and economic importance. In terms of genome organisation they
represent a very diverse family with basic chromosome numbers ranging from 4
to 266 and genome sizes ranging from 400 Mb to 17 Gb (Feuillet and Keller
2002). Within the grass family, the cereals are represented in four of the five
main sub-families (Figure 1): Sorghum, maize, pearl millet and foxtail millet are
members of the Panicoideae; finger millet belongs to the Chloridoideae; rice
to the Ehrhartoideae; and wheat, barley, oats, and rye are Pooideae representa-
tives. Fossil data and phylogenetic studies have estimated that the grasses have
diverged from a common ancestor 50 to 70 MYA (for reviews see Kellogg 2001
and Gaut 2002). Archaeological records suggest that farming started concomi-
tantly in a least three widely separated regions 10‘000-5‘000 years ago during
the late Neolithic period. The three most important cereals were domesticated
independently in three centres: wheat in southwestern Asia in the Fertile Crescent
region, maize in Mexico and rice in both southeast Asia and west Africa (Harlan
1992; Zohary and Hopf 2000; Piperno and Flannery 2001). Due to their economic

Figure 1. Phylogenic relationships between cereal genomes
Divergence times from a common ancestor between the different species are indicated on the branches
of the phylogenic tree (in million years). Duplication or polyploidization events are shown with an
arrow. The five main grass subfamilies are indicated in grey and italic
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importance, broad diversity, and relatively recent evolutionary history, grasses have
been subjected to extensive research. Early comparative studies were performed
using isozymes but it is only with the development of DNA markers and the
“genomic revolution” in the early 1980‘s that a “common language” was found to
compare genomes.

Comparative genomics studies the relationships between genomes of different
species. It enables the identification of the portion of genomes that are conserved
and those that are unique, thereby allowing one to relate specific changes in genome
structure and content to differences in the biology of the different species. It
gives insight into the mechanisms of genome evolution and speciation as well as
provides tools for a variety of studies and applications that range from the densi-
fication of DNA markers on genetic maps to the identification of conserved genes
and regulatory sequences. Comparative genomics can be performed at different
levels (genetic map, partial or whole genome sequence) depending on the genomic
information available in the species that are compared. It allows one to utilize
genomic resources from model species to accelerate gene discovery in species for
which genomic tools or sequences are not yet available. Comparative genomics
in families with a relatively recent history, such as the cereal crops, has great
potential because it provides access to and understanding of the basis of diversity
and adaptation that, in turn, allows for increased exploitation of the genetic resources
for crop improvement.

Comparative genomics between grasses and mostly cereals such as barley, wheat,
maize, rice, and sorghum has been the focus of intense research during the past
8 years. Early results indicated a good level of conservation of marker order at
the genetic map level (macrocolinearity) and thus with its small genome size and
well studied genetics, rice was promoted as a reference genome for grasses. The
release of the first rice genome sequence drafts in 2002 and the development of
a number of genomic resources (EST collections, BAC libraries) from different
cereal species then enabled inter- and intra-specific comparisons at the sequence
level (microcolinearity). This shed new light onto the level of conservation between
the cereal genomes and provided the first insights into the mechanisms that have
shaped these genomes during 50–70 million years of evolution.

2. MACROCOLINEARITY: COMPARATIVE GENOMICS
AT THE GENETIC MAP LEVEL

Early comparative genetic mapping studies have indicated that despite large differ-
ences in ploidy level, chromosome number, and haploid DNA content, the linear
order (colinearity) of markers remained largely conserved between grass species
over several million years of evolution (reviewed in Devos and Gale 2000, Feuillet
and Keller 2002). The estimated level of colinearity has evolved at the same time
that the level of resolution of the analysis has increased with the saturation of
genetic maps with new markers and the availability of the various sequences of the
rice genome after 2002.
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2.1. Building the “Crop Circles” Model

Initial comparisonsbetween thegenomesofall importantgrassspecieswereperformed
with restriction fragment length polymorphisms (RFLP) markers. This provided
compelling evidence that, except for a few large rearrangements, the linear order
of markers on the chromosomes was conserved (macrocolinearity) despite 50-70
million years of divergent evolution. These data were brought together into the famous
“crop circles” (Moore et al. 1995; Devos and Gale 1997) that provided a repre-
sentation of the relationships between orthologous chromosomes in eight species
belonging to three grass subfamilies: rice (Ehrhartoideae), foxtail millet, sugar cane,
sorghum, pearl millet, maize (Panicoideae), and the triticeae and oats (Pooideae).
The degree of macrocolinearity led to the consideration of grasses as a single genetic
system built from 30 rice linkage blocks that possibly represented linkage blocks
of the ancestral grass genome (Moore et al. 1995). These results, however, were
obtained from low resolution genetic maps with an average of one marker every
10 cM that allowed the detection of only dramatic rearrangements. Moreover, the
maps were constructed with low copy RFLP markers that were selected for their
ability to provide a signal in cross hybridizations, thereby limiting the detection
of whole or partial genome duplication events and making it difficult to assess
orthologous and paralogous relationships of gene families. Finally, as comparisons
based on the genetic maps overemphasize polymorphic regions, the overall genomes
were not evenly represented and this was especially true for the centromeric regions.

A reassessment of the colinearity among the grass genomes was performed by
Gaut in 2002 utilising collated data from different comparative studies to estimate
the probability for one marker that is found in the vicinity of another to be in a
colinear region. The data indicated that the average probability for moving from
one marker into a colinear region was not very high (about 50% on average) even
between closely related species such as maize and sorghum. These results suggested
extensive rearrangements between the grass genomes and questioned the concept of
using small grass genomes (rice or sorghum) as a proxy for more complex genomes
(maize or wheat) (Gaut 2002).

2.2. Sequence-based Macrocolinearity Studies

In the past 5 years, the release of the rice genome sequences (Feng et al. 2002, Goff
et al. 2002, Sasaki et al. 2002, Yu et al. 2002, The Rice Chromosome 10 Sequencing
Consortium 2003, International Rice Genome Sequencing Project 2005; The Rice
Chromosome 3 Sequencing Consortium 2005) and the development of large EST
collections from other cereals have provided new insights into the level of colinearity
between the cereal genomes. For wheat and barley, the International Triticeae EST
Cooperative (ITEC; http://wheat.pw.usda.gov/genome/) resulted in increasing the
number of ESTs present in the public databases from 6 in 1998 to more than
one million (879,909 for wheat; 461,471 for barley) by mid-2006. For maize and
sorghum, 753,411 and 237,054 ESTs have been released into the public domain,
respectively (http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html; 09/06/06
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release). Large programs aiming at globally assigning (in genetic or deletion bins)
or mapping precisely ESTs have resulted in the mapping of 7,107 EST singletons
(16,099 loci) into a chromosome bin map using sets of euploid and aneuploid
lines in wheat (Qi et al. 2004) and the addition of 1,454 new candidate genes
to the 4,821 existing loci in maize (http://www.maizemap.org/iMapDB/iMap.html)
(Falque et al. 2005).

With these data, it became possible to compare in silico the sequences of EST
markers mapped in different cereal species to each other and to the rice genome
sequence and thus, to study macrocolinearity at a higher resolution. Because these
comparisons are based on sequence alignments and because in most of the cases it is
difficult to infer orthologous and paralogous relationships, statistical analysis needs
to be performed to evaluate objectively whether the association between two or more
genes in the same order on two chromosomal segments occurs by chance or if it
reveals significant colinearity. Several software programs such as LineUP (Hampson
et al. 2003), ADHoRE (Automatic Detection of Homologous Regions, Vandepoele
et al. 2002) and FISH (Fast Identification of Segmental Homology, Calabrese et al.
2003) have been developed recently for this purpose. A number of programs e.g.
Cmap (Fang et al. 2003) and websites such as Gramene (for the last update see
Jaiswal et al. 2006) have also been established to visualize the sequence-based colin-
earity data obtained between the grass genomes. Outputs of the sequenced-based
macrocolinearity between the rice genome sequence and 9,332 wheat genetic marker
sequences (http://www.tigr.org/tdb/synteny/wheat/description.shtml), 1,569 maize
markers (http://www.tigr.org/tdb/synteny/maize_IBMn/description.shtml), and 447
sorghum markers (http://www.tigr.org/tdb/synteny/sorghum/description.shtml) can
be found at TIGR.

These studies greatly enhanced the resolution of comparative mapping and
revealed additional features of the conservation between cereal genomes. In maize,
more than 2,600 mapped sequence markers identified 656 (46%) putative orthol-
ogous genes in the rice genome (Salse et al. 2004). The high resolution provided
by this sequence-based approach identified six new colinear regions between maize
chromosomes 1, 4, 5, and 6 and rice chromosomes 9-12, 6-8, 6, and 1, respectively.
It also provided evidence for duplications events within the rice genome that had not
been found before (Figure 2). In wheat, similar studies with 4,485 ESTs increased
the resolution of comparative mapping with rice by 25-30 fold (Sorells et al. 2003;
Sorrells 2004) and have allowed the specification of the degree of conservation
between orthologous chromosomes. Thus, we know now that chromosome 3 is
the most conserved and chromosome 5 is the least conserved of all the wheat
chromosomes when compared to rice (La Rota and Sorrels 2004). In an extensive
colinearity study using RFLP, candidate genes, and EST sequences from the short
arm of wheat chromosome 1A and rice chromosome 5S, Guyot et al. (2004) found
frequent disruptions of the marker order resulting in a mosaic conservation of genes
in this region. Studies focussing on single chromosome groups or regions have
been performed recently as well for rice chromosome 3 compared to the wheat and
maize (Buell et al. 2005, The Rice Chromosome 3 Sequencing Consortium 2005)
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Figure 2. Macrocolinearity relationships between the rice and maize genomes (updated from Salse et al.
2004)
Schematic representation of the macrocolinearity identified through EST comparisons between the 10
maize chromosomes (Zm1–10) and the 12 rice chromosomes (Os1–12). Chromosomes are represented
by thick vertical bars (black for maize, dashed for rice) and orthologous genes are linked by thin bars.
Regions of maize chromosomes 1, 5, 6 (or 8) and 9 define duplicated regions on rice chromosomes
8-12, 2-6 and 6-10, 1-5 and 3-6, respectively

and for rice chromosome 11 compared to wheat (Singh et al. 2004). In addition
to ESTs, low-pass BAC sequences also can be used for sequence based compar-
ative studies. Klein et al. (2003) have used them successfully in sorghum to align
chromosome 3 BAC sequences against the rice chromosome 1 sequence and to
identify a previously undetected inversion between the two chromosomes.
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Thus, increasing the resolution of map-based comparative studies as well as
applying statistical tests to the sequence based comparisons has revealed additional
chromosomal rearrangements between rice and the grass genomes than those
reported previously that were based on RFLP analysis and, thus, led to the revision
of the “concentric crop circles” model (Devos 2005). Further, it provided a more
complex picture of the orthologous relationships between these genomes and raised
significant questions about using rice as a model for the direct transfer of infor-
mation to the other grass species.

3. MICROCOLINEARITY: COMPARATIVE GENOMICS
AT THE SEQUENCE LEVEL

Increasing evidence that rearrangements limit the extent of colinearity between
the grass genomes has led cereal geneticists working with non-model genomes to
develop large insert BAC libraries from their own species to perform map-based
cloning and study genome structure and evolution. Technological improvements
have allowed the construction of BAC libraries with a sufficient number of clones
to provide reasonable coverage even from large and complex genomes such as
those of wheat and barley (Chalhoub et al. 2004). In addition, for polyploid species
such as wheat, recent advances in flow sorting techniques (Kubalakova et al. 2002)
have allowed the isolation of DNA in sufficient amounts and quality to construct
libraries from single chromosomes or chromosome arms (Safar et al. 2004; Janda
et al. 2004; 2006). To date a number of BAC libraries are available from different
cereal species, subspecies, and even from different varieties (Table 1), permitting
microcolinearity studies at different levels.

3.1. Interspecific Comparative Studies: Looking at 50–70 MY
of Speciation

One of the first microcolinearity studies was performed at the Shrunken 2/ Antho-
cyaninless1 (sh2/a1) orthologous regions in maize, sorghum, and rice (Chen et al.
1997; 1998). Despite large differences in the length of the intergenic regions in
maize compared to rice and sorghum and a tandem duplication of one gene (A1)
in sorghum, the linear order of the four genes (Sh2, X1, X2 and A1 ) present at
this locus was remarkably conserved between the three species. In contrast, in
the Triticeae, the colinearity was limited to the conservation of the Sh2 and X1
genes on chromosome 1L; whereas, the two other genes, X2 and A,1 were found
on a non orthologous chromosome (3L). This indicated that numerous rearrange-
ments including genes translocation have occurred at this locus since the diver-
gence between the Triticeae and the other grasses (Li and Gill 2002). Similarly,
substantial rearrangements were observed at the adh1 gene in maize, rice, and
sorghum. Nine genes were found in a colinear order between maize and sorghum
but three additional genes were present in sorghum in an interval that was more
than 3 fold larger in maize (Tikhonov et al. 1999). Additional comparisons with
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Table 1. BAC libraries of cereal genomes. Nb clones = Number of clones. References are given for BAC
libraries that represent more than 3 fold genome coverage. The web address of the Clemson University
Genomics Institute (CUGI) is given below the table

Plant species Nb Clones coverage insert size Reference
(kb)

Zea mays B73 247680 14 137 CUGI*
Zea mays BSSS53 70000 3 100 Song et al. 2001
Zea mays B73 331776 20 130 Yim et al. 2002
Sorghum bicolor 13440 2.8 157 Woo et al. 1994
Sorghum bicolor 110592 17 120 CUGI*
Sorghum propinquum 73728 13 132 CUGI*
Oryza sativa cv IRBB21 11000 3.5 125 Wang et al. 1995
Oryza sativa cv Teqing 14208 4.4 130 Zhang et al. 1996
Oryza sativa cv IR64 18.432 3.3 107 Yang et al, 1997
Oryza sativa diverse cultivars 8 libraries 2.5–10 107–150 CUGI*
Oryza wild species 12 libraries 10.8–19.3 123–161 Ammiraju et al. 2006
Triticum monococcum

cv DV92
276480 5.6 115 Lijavetzski et al. 1999

Triticum urartu 163200 3.7 110 Akhunov et al. 2005
Aegilops tauschii 144000 3.7 119 Moullet et al. 1999
Aegilops tauschii 181248 4.1 115 Akhunov et al. 2005
Aegilops speltoides 237312 5.4 115 Akhunov et al. 2005
Triticum durum cv Landgon 516096 5.1 131 Cenci et al. 2003
Triticum aestivum cv Glenlea 650,000 3.1 79 Nilmalgoda et al. 2003
Triticum

aestivum cv Chinese Spring
1000320 7 140 Allouis et al. 2003

Triticum
aestivum cv Chinese Spring

395136 3.4 157 Shen et al. 2005

Triticum
aestivum 3B (Chinese
Spring)

67968 6.2 103 Safar et al. 2004

Triticum
aestivum 1D, 4D, 6D
(Chinese Spring)

87168 3.4 85 Janda et al. 2004

Triticum
aestivum 1BS
(Chinese Spring)

65,280 14.5 82 Janda et al. 2006

Hordeum vulgare 313344 6.3 106 Yu et al. 2000
Secale cereale 373632 6 125-150 Shi and Gustafson

(Pers.Com.)

∗ http://www.genome.clemson.edu/groups/bac/

rice revealed a very complex history of rearrangements at this locus involving
differential gene translocations, insertions, and deletions. It also indicated that the
rice genome is highly stable whereas maize has undergone a high frequency of gene
deletions during its evolution (Tarchini et al. 2000; Bennetzen and Ramakrishna
2002; Ilic et al. 2003). Since these first studies, several other micrococolinearity
studies have been performed in cereals at different orthologous loci that harbor
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genes involved in resistance (e.g. Lrk, Rp1, Rph7), development (e.g. Vrn1, lg2/lrs1,
PhdH1), and quality (e.g. Zein, Ha, r/b, Glutenin ) (Table 2). All of these studies
confirmed that many small-scale genic rearrangements, such as single or multiple
gene insertions and/or deletions, tandem duplications, inversions, and transloca-
tions that were previously overlooked by comparative mapping, occurred during
the evolution of the cereal genomes (for reviews see Feuillet and Keller 2002;
Bennetzen and Ramakrishna 2002; Devos 2005). Depending on the chromosomal
location and type of locus, the extent of conservation can vary from single gene
differences to complete disruption of colinearity due to translocations. The compar-
isons have been very helpful in identifying some of the mechanisms involved in
the rearrangements that have shaped the grass genomes during their evolution.
It clearly showed that retroelements have played a major role in the expansion
of the large genomes of maize, barley, and wheat through nested insertions and
that numerous small deletions caused by unequal homologous recombination and
illegitimate recombination have counteracted this expansion (for a recent review
see Bennetzen et al. 2005).

Table 2. Inter and intra specific microcolinearity studies in cereals:
List of the various loci that have been compared at the sequence level through BAC
sequencing between different cereal species. The asterix indicates comparisons that
have also been performed at the intraspecific level

Locus Compared plant species Reference

Lrk Wheat, barley, maize, rice Feuillet and Keller 1999
Rph7 Barley*, rice Brunner et al. 2003

Scherrer et al. 2005
adh1/adh2 Maize, sorghum, rice Tikhonov et al. 1999

Ilic et al. 2003
Tarchini et al. 2000

Vrn1 Wheat, barley, sorghum, rice Ramakrishna et al. 2002a
lg2/lrs1 Maize, rice Langham et al. 2004
sh2/a1 Maize, sorghum, rice, wheat Chen et al. 1997

Chen et al. 1998
Li and Gill 2002
Bennetzen and Ma 2003

Zein Maize*, sorghum, rice Song et al. 2002
Song and Messing 2003

Ha Barley, rice, wheat* Caldwell et al. 2004
Chantret et al. 2005

r1/b1 Maize, sorghum, rice Swigonova et al. 2005
Orp1/Orp2 rice sorghum Ma et al. 2005
Rp1 Maize, sorghum Ramakrishna et al. 2002b
Phd-H1 Barley , rice Dunford et al. 2002
Glutenin Rice, wheat* Wicker et al. 2003

Gu et al. 2004
Bz Maize*, rice Fu and Dooner 2002

Lai et al. 2005
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3.2. Intraspecific Comparisons: Looking at Less Than a Few MY
of Speciation

With the development of BAC libraries from different subspecies in rice and
from wheat species at different ploidy levels, microcolinearity studies have been
performed within species with divergence times of less than 5 million years. Several
studies compared BAC sequences of the homoeologous A, B, and D genomes of
wheat that are estimated to have diverged from a common ancestor between 2.5
and 4.5 million years ago (Huang et al. 2002). The first two studies compared
orthologous glutenin gene loci in the A and B genomes of T. durum and the
D genome of Ae. tauschii (Gu et al. 2004), as well as the homoeologous A genomes
of T. durum and T. monococcum (Wicker et al. 2003). In both cases, conservation
between the different genomes was restricted mostly to the gene space; whereas,
sequence rearrangements in the intergenic regions were due mainly to the inser-
tions of retrotransposons and illegitimate recombination events. BAC sequences
that originate from two different haplotypes identified at the disease resistance
locus Lr10 were compared in diploid (T. monococcum), tetraploid (T. durum), and
hexaploid wheat (T. aestivum) (Isidore et al. 2005). Insertions as well as deletions
and unequal crossing over between transposable elements have reduced the overall
percentage of sequence conservation between the three orthologous regions to 33%
and very few elements were conserved in the intergenic regions even within the
same haplotype. A good degree of conservation of the gene content and order
was found between the diploid and tetraploid sequences that belong to the same
haplotype; however, a large rearrangement involving a deletion followed by a
large inversion was observed in the second haplotype in hexaploid wheat. Finally,
this work enabled the determination of the estimated divergence time between the
A genomes of wheat at 2 MY (Isidore et al. 2005). Comparative sequencing was
also performed at the Ha locus that controls grain hardness in wheat. Orthologous
BACs were compared in Triticum aestivum, Triticum durum and the diploid relatives
Triticum monococcum and Aegilops tauschii (Chantret et al. 2005). Rearrange-
ments, such as transposable element insertions, sequence deletions, duplications,
and inversion involving illegitimate recombination, were shown to be responsible
for the major differences observed between the same genomes at different ploidy
levels (Figure 3). These comparisons provided an explanation for the previously
reported loss of the Pina and Pinb genes in tetraploid wheat, through large deletions
that occurred independently in the A and B genomes following polyploidization
(Figure 3). Together, these data allowed the identification of major mechanisms
involved in both expansion and reduction of the wheat genomes. They suggest that
TEs have been very active since the divergence of the A, B, and D genomes as
well as after polyploidization and that illegitimate DNA recombination, leading to
various genomic rearrangements, is one of the major evolutionary mechanisms in
these genomes.

Draft or complete sequences from the two major rice subspecies Oryza sativa
ssp. Japonica and Oryza sativa ssp. indica were released between 2002 and 2005
(Goff et al. 2002; Yu et al. 2002; IRGP, 2005) permitting comparative studies



COMPARATIVE GENOMICS OF CEREALS 187

between genomes that diverged less than 0.5 MYA (Ma and Bennetzen 2004).
Before the release of the genome drafts, small BACs isolated from japonica and
indica subspecies at the maize zein storage protein z1C-1 orthologous locus were
compared. This indicated a nearly complete conservation between the sequences
of the two rice subspecies with only few differences in intergenic regions (Song
et al. 2002). Feng et al. (2002) aligned 2.3 Mb of orthologous chromosome 4
sequences from indica and japonica. Again, extensive conservation was observed
but the larger size of the alignment identified deviation from colinearity even
within genic regions. More than 9,000 Single Nucleotide Polymporphisms (SNPs)
as well as 63 and 138 Insertion/Deletions (Indels) were observed for the indica
and japonica sequences, respectively. Together, these data suggest that the rice
genome has been very stable since the divergence between the japonica and indica
subspecies. In the near future, additional rice genomes will be investigated though
the Oryza Mapping Alignment project (OMAP; http://www.omap.org/index.html)
and extensive sequence comparison between the 10 different rice genome types will
provide very significant insights on the evolution of the genomes within a species.

Figure 3. Microcolinearity studies at the Hardness locus in wheat (adapted from Chantret et al. 2005)
Schematic representation of BAC sequence comparisons at the wheat Ha locus from the A (Am : T.
monococcum; Aa : T. aestivum; Ad : T. durum) , B (Ba : T. aestivum ; Bd : T. durum) and D (Da : T.
aestivum; Dt : Ae. tauschii) genomes in different polyploidy context. Genes (CDS) (light blue), class I
TEs (yellow), class II TEs (green), unclassified elements (gray), MITEs (red ), and short repeats (black)
are indicated. Orthologous CDS between the different genomes are linked by dashed bars whereas CDS
duplications and deletion events are indicated by arrows. The GSP, Pina and Pinb genes that were lost
in tetraploid wheat following polyploidisation are highlighted in red and are numbered respectively as
gene 2, 4, 6
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Preliminary data using BAC end sequences from the existing 12 BAC libraries
revealed a linear relationship between the genome size and the LTR retrotrans-
poson content thereby indicating the predominant role of this class of repeats in
the evolution of the rice genomes (Ammiraju et al. 2006). Recently, Monna et al.
(2006) identified 7,805 polymorphic loci (SNP, Indels) within 1,117 predicted inter-
genic sequences that were obtained from eight rice cultivars and a wild O.rufipogon
accession and demonstrated the potential of intraspecific comparisons for associ-
ation studies in rice.

With the release of the sequence drafts, whole genome sequence compar-
isons have been performed between the japonica and indica subspecies (Feltus
et al. 2004; Shen et al. 2004). Depending on the stringency of the analysis,
400,000 to more than one million SNPs and indels have been identified
and are available now in public databases (http://www.plantgenome.uga.edu/snp;
http://shenghuan.shnu.edu.cn/ricemarker). Beyond the information that these
comparisons provide on the divergence between the subspecies, they represent
an extremely useful source of markers for genetic mapping and map-based
cloning in populations derived from crosses between the two subspecies since
the Indels are conserved beyond the sequenced cultivars within each subspecies
(Shen et al. 2004).

Beside BAC sequence or whole genome sequence comparisons, large scale
comparisons can be performed as well using BAC end sequences (BESs). Recently,
BAC ends and physical maps have been used to compare additional indica and
japonica cultivars to the Nipponbare sequence. For example, the comparison of
12,170 BESs from the indica variety Kasalath with the 12 Nipponbare pseudo-
molecules identified an average SNP rate of 0.71% on chromosome 1, 4 and 10
(Katagiri et al. 2004). The Nipponbare chromosome 3 sequence also was compared
with a reconstructed chromosome 3 from the wild relative Oryza nivara. No major
rearrangements were observed but the results of the alignments of paired BESs
suggested that the japonica chromosome is 21 % larger than nivara chromosome 3
and that there is high variability in the intergenic regions. In wheat, 11 Mb of BAC
end sequences have been very obtained recently from chromosome 3B of hexaploid
wheat (Paux et al. 2006). Comparison with 2.9 Mb of random sequences from
Aegilops tauschii, the D- genome donor of bread wheat (Li et al. 2004), suggested
that the larger size of the B-genome compared to the D-genome of wheat is due
to a higher content in repetitive elements and provided insight into which families
of TE are responsible mostly for differential expansion of the homoeologous wheat
genomes during evolution (Paux et al. 2006).

3.3. Intervarietal Comparisons: Looking at Less than 10,000 Years
of Speciation

The observed absence of colinearity at the intraspecific level between recently
diverged species raised the question of sequence rearrangements within different
lines or varieties. A first study, comparing BAC sequences from the bronze (bz1)
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locus in two maize inbred lines (McC and B73), surprisingly revealed as dramatic
of differences between the two lines as those observed between orthologous loci
in two different species (Fu and Dooner 2002). Violation of microcolinearity did
not concern only the length and composition of the intergenic regions, it affected
also the gene density and content. Four out of ten genes present in McC were
absent in B73. Such a dramatic variation in gene copy number and insertion of
different transposable elements was found also at the orthologous loci containing
the zein storage protein gene cluster z1C-1 between the maize inbred lines B73 and
BSSS53 (Song and Messing 2003). In addition, expression analysis of the genes
present at the z1C-1 locus demonstrated that even though approximately the same
number of genes is expressed in the two inbred lines, only three of the genes exist
in both lines. Recently, Brunner et al. (2005) extended these studies by comparing
DNA sequences from four allelic chromosomal regions in the Mo17 and B73 maize
inbreds. Almost 50% of the total sequence analyzed was not shared between the two
inbreds. Most of it consisted of LTR-retrotransposons and other mobile elements
but there were also considerable differences in the genic sequences. In total, 23
out of 68 putative genes (34%) were present only in either Mo17 or B73. In
contrast to the z1C-1 locus where half of the non-shared sequence originated from
extensive local duplications, the non-shared sequences corresponded to clusters of
genes fragments. Interestingly, in contrast to the shared genes, the non-shared genes
were not present at colinear positions in rice suggesting that they likely originate
from insertions rather than deletions. Only very recently, Morgante et al. (2005)
identified the non shared pseudogene clusters as part of non-autonomous Helitrons,
a new type of eukaryotic transposable elements. These transposons appear to have
copied and incorporated genic segments from different genomic locations of the
host, clustered them together and duplicated these arrangements via a copy-past
transposition mechanism to non-allelic loci across the maize genome (for references
see Morgante et al. 2005).

More than 300 kb of sequence spanning the Rph7 leaf rust disease resistance gene
have been compared recently between two barley cultivars (Scherrer et al. 2005).
Colinearity was restricted to five genic and two intergenic regions representing
less than 35% of the two sequences. In each interval separating the conserved
regions, the number and type of repetitive elements were completely different
and a single gene that was identified later as an helitron (C. Feuillet, personal
communication) was absent in one cultivar. In both cultivars, the non-conserved
regions consisted of ∼53% repetitive sequences mainly represented by long-terminal
repeat retrotransposons that were inserted less than 1 million years ago. PCR-based
analysis of intergenic regions at the Rph7 locus and at three other independent loci
in 41 H. vulgare lines indicated rapid and recent divergence at homologous loci in
the cultivated barley genome (Scherrer et al. 2005). The rearrangements observed
in barley were less dramatic than those found between maize inbreds as well as
those observed between rice subspecies suggesting that maize has a highly unstable
genome compared to the other grasses.
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No comparative analysis has been performed yet between different wheat
varieties of the same ploidy level. However, BAC libraries from three hexaploid
T. aestivum cultivars are available (Table 1) and comparative studies are underway
(http://www.intl-pag.org/14/abstracts/PAG14_W30.html). It will be interesting to
compare the rate and mechanisms of evolution at a similar time scale in barley and
wheat, two species that are closely related but that have very different population
histories. Future intraspecific comparisons will provide greater understanding of the
evolutionary differences between the cereal genomes.

4. GRASS GENOME DUPLICATION

Polyploidy, i.e. the presence of multiple sets of chromosomes in the same nucleus,
is an important evolutionary mechanism in angiosperms. The analysis of EST
collections, macro- and microcolinearity studies, as well as whole genome sequence
comparisons clearly indicate that genome duplications have been a significant
driving force in the evolution of plant genomes. The identification of a common
duplication event between monocots and dicots suggests that all angiosperms are
actually ancient polyploids (Bowers et al. 2003). Polyploid species are found also
in cereals such as wild rice (tetraploid) and wheat (tetraploid, hexaploid), while
maize has been recognized as an ancient tetraploid (Gaut 2001).

Cytological studies had suggested long ago that diploid cereal genomes are
ancient polyploids (McClintock 1930; Ting 1966). In the 1990‘s, the use of
molecular markers revealed the presence of duplicated loci on the genetic maps
in different cereals suggesting ancestral genome duplications and polyploidization
events in the history of species that are now identified as diploids. In 1993, Ahn and
Tanksley found 72% of the genetic markers at two loci on their reference genetic
map in maize, while in rice, pairing of RFLP mapping suggested that chromosome
1 and 5 (Kishimoto et al. 1994) as well as chromosome 11 and 12 (Nagamura et al.
1995) were ancient duplicates. With the release of the rice genome sequence drafts
in 2002, whole genome duplication analysis was undertaken. Analysis of the 370
Mbp of Oryza sativa ssp indica sequence revealed 10 paralogous blocks involving
47% of the annotated genes. Ancient duplication events were estimated to have
occurred 70 MYA, the more recent one involving chromosomes 11 and 12, 5 MYA
(Yu et al. 2002; Yu et al. 2005). Duplications involving a large number of genes
along the length of chromosome representing 65% of the sequenced genome with
18 pairs of duplicated segments were identified in the japonica sequence (Paterson
et al. 2004; IRGSP 2005). It confirmed that most of the duplicated segments result
from an ancient whole genome duplication event that occurred before the radiation
of the cereal genomes and that the largest duplicated fragment involving rice
chromosomes 11 and 12 is independent and more recent. Identification of duplicated
blocks in the rice genome sequence has been updated recently by TIGR based on
42,662 non-transposable element related rice protein sequences and using specific
alignment criteria (http://www.tigr.org/tdb/e2k1/osa1/segmental_dup/index.shtml).
The origin of the duplications in rice are still a subject of controversy as it has been
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proposed that rice is either an ancient aneuploid (Vandepoele et al. 2003) or an
ancient paleopolyploid (Paterson et al. 2003). These two interpretations are based on
distinct considerations about gene tandem duplications within blocks of paralogous
genes that bias the dating procedure of the duplication events. In other species such
as wheat, maize, and several dicots, evidence for aneuploidy or paleoploidy has
been suggested by comparative analysis of EST databases (Blanc and Wolfe 2004).
In many genomes, genome duplication is followed generally by diploidization that
involves gene loss; one copy may be retained at one locus in the first genome
but is lost in the other genome while the second copy is retained. Consequently,
diploidization often results in disruption of microcolinearity and the observation that
genes that are not found at orthologous positions are nevertheless present elsewhere
in the genomes.

Even if genetic mapping can indicate ancient duplications, there is nothing more
powerful than a genome sequence to identify the origin and the mechanisms of
ancient duplications. There is no doubt that the projects that are underway for
sequencing the maize and sorghum genomes (see chapter 6) will provide additional
information and shed new light into the duplication events that have affected
differentially the grass genomes during their evolution.

5. COMPARATIVE GENOMICS AS A TOOL FOR GENE
DISCOVERY AND MARKER DEVELOPMENT

Comparative genomic studies have increased knowledge about the level of conser-
vation between the cereal genomes and led to the generation of genomic tools that
can be used to define efficient strategies for genetic studies and gene isolation in
these genomes.

5.1. Colinearity-Based Gene Cloning in Cereals

In some cases, the conservation of sequence at orthologous positions between the
genomes can reflect the conservation of a gene with a similar function between
species. Early comparative genetic studies using RFLP identified that a number of
genes and quantitative trait loci (QTL) for developmental and domestication traits,
such as shattering, plant height, vernalisation, flowering time, row number, and
kernels per row, were at orthologous positions in cereal genomes (Lin et al. 1995;
Paterson et al. 1995; Bailey et al. 1999). The concomitant discovery of colinearity
between rice and the other cereals opened up opportunities to use the rice genome
data to support positional cloning of genes from the other genomes in a so called
“cross genome map-based cloning” approach even before the rice genome sequence
was completed (Killian et al. 1997). The best example of colinearity in gene type
and function and in the efficient use of rice for direct gene cloning in other cereals
is the isolation of the “green revolution” dwarfing genes Sd1 (Monna et al. 2002),
Rht-1 in wheat, D8 in maize (Peng et al.1999). In the last years, the isolation
of genes by map-based cloning in barley, wheat, and maize has revealed as well
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examples of conservation between genes at orthologous positions in cereals. Thus,
the wheat vernalisation gene, Vrn1 (Yan et al. 2003) and the barley photoperiod
PPD-H1gene have orthologous genes in rice (Turner et al. 2005). In other cases,
gene conservation has been suggested based on the conservation of genetic locations
for similar phenotypes e.g. the maize barren stalk1 mutation was mapped in a
region colinear with the rice lax panicle gene (Gallavotti et al. 2004). In regions
where microcolinearity is high, candidate genes can be identified directly from the
rice sequence even if the target trait has not been mapped at a colinear position in
rice. This has been used successfully to support the isolation of the powdery mildew
resistance gene Ror2 (Collins et al. 2003) and the sw3 dwarfism gene in barley
(Gottwald et al. 2004). In other cases, similar functions do not seem to be associated
with similar genes. For example, in a study comparing QTL for heading time in
rice and barley, Griffiths et al. (2003) have shown that in rice a number of QTL
belong to the CONSTANS gene family but that in barley none of the homologous
CONSTANS genes are associated with any of the known QTL for flowering time.
Thus, generally genes and QTL involved in developmental processes and that
have been selected during domestication show good conservation between cereal
genomes and rice genes are good candidates for direct gene isolation.

In contrast, other types of genes do not show colinearity between the cereal
genomes. Indeed, there is no example of colinearity for disease resistance (R) genes
in grasses and, so far, map-based cloning of R genes in cereals was not profiting
significantly from the rice genome information. The non-syntenic location of these
genes between cereals has been already identified through comparative genetic
analysis (Leister et al. 1998) and, in many cases, the attempts to use colinearity
with rice for isolating R genes have revealed the limits of colinearity between
the cereal genomes. The first example that questioned the extent of the utility
of using rice for map-based cloning of disease R genes was the work with the
barley stem rust resistance gene Rpg1. Despite a certain degree of some colinearity
retained at the orthologous locus in rice (Killian et al. 1997), no orthologous gene
is present in the rice genome and map-based cloning of Rpg1 has been achieved
in barley (Brueggeman et al. 2002). In some cases, such as with the leaf rust Lr10
and the powdery mildew Pm3 fungal disease R genes, the rice genome contains
genes homologous to the wheat genes but at non-orthologous positions, indicating
massive genome rearrangements (Guyot et al. 2004). Both of these genes were
cloned using alternative strategies (see below). The only known exception to this
lack of colinearity between R genes has been reported recently by Chen et al. (2005)
who showed that a QTL conferring resistance to the blast fungus Magnaporthe
grisea is conserved in rice and barley at the same homologous location and with
the same race specificity.

Even if the gene is not present at its orthologous position in rice, the flanking
genes are often conserved enough to provide a collection of markers than can be
used to saturate the target region in the other cereal genomes. For example, rice
ESTs were used to reduce the genetic interval around the disease R loci Rpg1 and
Rph7 in barley to a density that allowed initiation of chromosome walking in barley
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(Brueggeman et al. 2002, Brunner et al. 2003). Colinearity between rice, sorghum,
and sugarcane was used also to generate markers and saturate the genetic region
for the map-based cloning of Bru1, a major leaf brown rust resistance gene from
sugarcane (Asnaghi et al. 2004). There are now many additional examples of the
use of rice EST derived markers to saturate genetic regions in other cereals and
this approach is routinely used now in laboratories that are involved in cereal gene
cloning worldwide (Collins et al. 2003; Yan et al. 2003; Yan et al. 2004; Gallavotti
et al. 2004; Bortiri et al. 2006). Recently, a new model species, Brachypodium, has
been proposed (Draper et al. 2001; Vogel et al. 2006) for temperate cereals such as
wheat and barley and it was used successfully in combination with rice to isolate
Ph1, one of the key gene controlling pairing in polyploid wheat (Griffith et al.
2006).

In cases where colinearity is too low, alternative strategies, such as transposon-
tagging, the use of more closely related species, or direct map-based cloning in
the species of interest have to be applied. Such an example is given by the maize
Ramosa1 gene, that controls the architecture of the tassel. This gene is specific for
the Andropogoneae tribe and is lacking in rice. It was isolated recently using a
transposon-tagging strategy (Vollbrecht et al. 2005). In wheat, so called “subgenome
map-based cloning” (Stein et al. 2000) has been used to isolate the Lr10 and Pm3
disease R genes both of which are located on the short arm of chromosome 1A in a
non colinear region with rice (Guyot et al. 2004). In this strategy, genetic mapping
was performed in hexaploid wheat and physical chromosome walking was done
with BACs from the A genome diploid relative T. monococcum (Feuillet et al.
2003; Yahiaoui et al. 2004).

5.2. Gene Annotation and Marker Development

Complete genome sequences provide the basis for understanding the gene structure
and function within species. As genes are the most conserved features between
genomes, the availability of a genome sequence can help greatly to predict genes
in other genomes. Even between distantly related genomes such as the one of rice
and A. thaliana the ancestors of which diverged 200 million years ago and do not
show extensive macrocolinearity, a large number of genes have been conserved
(Salse et al. 2002). Thus, the rice genome sequence represents a unique tool to
support gene annotation in other cereals, a critical issue in view of the sequencing
of additional cereal genomes expected to be completed in the next decade (see
chapter 6). Conversely, the alignment of ESTs from other cereal species with the
rice genome sequence can help to predict new genes from rice. The generation of
a large set of full-length cDNAs in rice (The Rice Full-Length cDNA Consortium
2003) is particularly useful for gene annotation of other cereal genomic sequences
as it can help to validate intron/exon boundaries and can be used to train gene
predictors. The identification of intron/exon boundaries is helpful as well for the
development of new markers. Indeed, SNP frequencies are higher in introns than
in exons and the possibility to design PCR primers that amplify intronic sequences
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improves polymorphism detection in species, such as wheat, that chronically suffer
from a lack of polymorphism. This concept has been applied recently in pearl
millet by Bertin et al. (2005) where millet ESTs were aligned against the rice gene
sequences to predict the location of introns and to amplify products across the
sequences followed by the detection by Single Strand Conformational Polymor-
phism (SSCP). The SSCP-SNP marker technique has great potential for the devel-
opment of COS (Conserved Orthologous Set) markers for comparative mapping in
cereals as comparisons can be performed between sequences from many different
species and used to define perfect match primers.

5.3. Functional Comparative Genomics in Cereals

The development of genomic resources, in particular EST collections for several
crops, has enabled genome-wide studies of gene expression based on various
types of DNA chips. DNA chips are now available for rice, wheat, barley and
maize. In the beginning, the lack of standardization and the use of home-made
chips made it nearly impossible to compare different experiments. However, this
situation is changing rapidly as a result of improvements in the technology,
the commercialisation of high quality DNA chips, and strict requirements by
most journals for standardisation of data presentation (Brazma and Vilo 2001).
Although there are still some limitations (e.g., poor annotation, incomplete repre-
sentation of the genome for most crops, different kinetics of development and
phenotypic stages, variable experimental conditions), it has become possible to
compare gene expression profiles in similar physiological and biological situations
in different cereals. Since the various crops often show different adaptive responses,
these comparisons should be particularly helpful to unravel key regulatory genes
and investigate control of their expression. A number of transcriptomic studies
of stress responses using various types of DNA chips have been reported in
various cereals, but they have not yet been extensively compared. Recently, a
comparative micro-array analysis between winter and spring wheat with a set
of 974 unigenes led to the identification of 65 candidate genes differentially
expressed under cold treatment (Gulick et al. 2005). Expression profiling experi-
ments in cereals will accumulate and be stored in databases (http://barleybase.org/;
http://www.ricearray.org/; http://www.maizearray.org/) enabling thereby the rapid
development of meta-analysis of expression patterns across cereal species.

6. CEREAL GENOMES SEQUENCING

The recognition of rice as a model for cereal crops positioned it for genome
sequencing in 1997 through the International Rice Genome Sequencing Project
(IRGSP) that aimed at sequencing the japonica cultivar Nipponbare through a clone-
by-clone shotgun (CBC) approach. In addition to the first IRGSP sequences (Sasaki
et al. 2002), drafts were obtained from whole genome shotgun (WGS) sequencing
from the same cultivar by Syngenta (Goff et al. 2002) and from the indica cultivar
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‘93-11’ by the Beijing Genomics Institute (BGI) (Yu et al. 2002). Recently, the
complete and accurate sequencing of Nipponbare has been achieved (International
Rice Genome Sequencing Programme, 2005). Already, these resources have boosted
cereal genomics and rice breeding and have demonstrated that sequencing of large
genomes is feasible. They also have paved the way for further cereal genomes to
be sequenced by demonstrating the relative advantages and limits of the CBC and
WGS strategies (Yu and Wing 2004; Paterson 2006). Although the drafts using
Whole Genome Shotgun sequencing approaches were released before the BAC-by-
BAC sequenced genome, the later approach has provided a much more accurate
and useful sequence. On the other hand, sequences that are refractory to cloning
are represented in WGS and therefore a hybrid approach using a combination of
both methods appears to be the best strategy to follow (Green 2001).

As in animals, sequencing additional cereal genomes will accelerate and enhance
the impact of comparative genomics in the identification of key regulators that
underlie genetic variation and adaptation of these species to their environment and
support their improvement. Recently, an additional small sized genome, Brachy-
podium distachyon (diploid, 10 pairs of chromosomes, a genome size of 335 Mbp)
that belongs to the Pooideae family and is therefore phylogenetically closer to
wheat than rice, has been proposed as new model for temperate grasses (Draper
et al. 2001), in particular, for the study of basic developmental processes specific to
monocots, such as cell wall synthesis (Vogel et al. 2006). BAC libraries have been
constructed from two Brachypodium distachyon ecotypes (ABR1 and ABR2) and
the colinearity between Brachypodium, rice, and other Poaceae sequences has been
investigated through PCR screening and fluorescent in situ hybridization (Hasterok
et al. 2006). In addition, the US DOE/JGI has announced its intention to provide a
8X WGS sequencing of this genome. Although the extent of colinearity needs to be
studied further, this new resource should facilitate physical mapping and sequencing
of the Triticeae genomes.

After rice, the next cereal crop with a relatively small genome (738 Mb)
that has been chosen for sequencing is sorghum (diploid, 10 chromosome pairs),
a species of major economic importance that can also serve as a reference
genome for tropical cereals. Physical maps of Sorghum bicolour and Sorghum
propinquum have been genetically anchored (Bowers et al. 2005) and methyl
filtration sequences have been produced for this species (Bedell et al. 2005).
These resources are being used in combination with a 8X WGS that is being
done by the US DOE/JGI to produce genetically oriented pseudomolecules
(http://www.jgi.doe.gov/sequencing/why/CSP2006/sorghum.html).

While there have been significant reductions in sequencing costs over the past
five years, the complete sequencing of larger and more repetitive cereal genomes
such as those of maize and wheat remains relatively expensive given the limited
financial resources available for plant genomics. Thus, for these genomes, currently
the strategy is to first focus on sequencing the gene space while waiting for a
revolution in sequencing technologies that will significantly reduce sequencing costs
(Service, 2006) and can still handle repeated sequences. Gene enrichment (GE)
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methods such as methyl and Cot filtration have been used to successfully increase
the representation of the genic regions in maize and wheat leading to enrichment
factors up to 13.7 fold (Whitelaw et al. 2003; Yuan et al. 2003; Springer et al.
2004; Lamoureux et al. 2005; Rabinowicz et al. 2005). Combining GE (5X) with
low redundancy BAC (3X) and whole genome shotgun (2X) sequences is therefore
a promising approach to ensure a sufficient coverage (˜10X) of the genic regions
for these genomes (Rabinowicz and Bennetzen 2006).

For maize (diploid, 2.4 Gb, 10 pairs of chromosomes), genetic maps and physical
maps have been established already (Coe et al. 2002) and a “gold standard”
for genome sequencing has been defined by the maize community. This “gold
standard” is the complete sequence and structure of all maize genes with their
locations identified on both the genetic and physical maps of maize using B73
as the reference. A project is now under way (http: //www.nsf.gov/awardsearch/
showAward.do?AwardNumber=0527192) and sequencing will be carried out using
a combination of WGS, BAC sequencing, and GE sequences that will be completed
by MSLL (Methylation Spanning Linker Libraries) and HMPR (HypoMethylated
Partial Restriction libraries) sequencing to ensure that most of the gene space is
captured (Rabinowicz and Bennetzen 2006).

With 17 Gb (hexaploid, 21 chromosome pairs), bread wheat, is 40 times larger
than rice and 6 times larger than maize. Its recent polyploidization represents an
additional difficulty in physical mapping and sequence assembly but also makes
it a very suitable model to study the effect of polyploidy on genome evolution
and for determining the best strategies for sequencing polyploid genomes. In 2004,
a workshop was held to identify the foundation needed for sequencing wheat
(Gill et al. 2004) and an International Wheat Genome Sequencing Consortium
(IWGSC) was created in 2005 with the goal of establishing a physical map
of the 21 chromosomes of hexaploid wheat and sequencing the wheat gene
space in the first place (http://wheatgenome.org). A number of pilot projects are
underway currently to determine the best strategy for the construction of the
physical map: whole genome fingerprinting and/or chromosome specific strategies.
In addition, a project to construct a physical map of Ae. tauschii, the wild diploid D
genome donor species of hexaploid wheat, is underway (http://wheat.pw.usda.gov/
PhysicalMapping/) and will serve as a good framework for assembling the
hexaploid D genome chromosomes. Like wheat and rye, barley (diploid, 5 Gb,
7 pairs of chromosomes) is a member of the Triticeae, and therefore also repre-
sents a potential target for genome sequencing in this major tribe. A physical
mapping project is in preparation (http://pgrc.ipk-gatersleben.de/etgi/publications/
whitepaper_barley_physmap_and_sequence.pdf) and a project to identify, finger-
print and contig BACs containing expressed genes (ESTs) was launched in 2003
(http://phymap.ucdavis.edu:8080/barley/).

A key question at this time is the extent to which the rice genome sequence
can facilitate the construction of the physical maps of other cereal genomes. BAC
end sequencing followed by in silico mapping on the rice genome has been used
efficiently to order BACs from Oryza sativa ssp Kassalath on the japonica sequence



COMPARATIVE GENOMICS OF CEREALS 197

as part of the Oryza Map Alignment Project (Ammiraju et al 2006) and there is
no doubt that this approach will be very effective for genomes that are closely
related. However, the level of rearrangements between rice and the other cereal
genomes and the high amount of repeated sequences that are not conserved between
these genomes will likely hamper any useful alignment of BES from wheat, maize,
sorghum, or barley to the rice sequence. Thus, the utility of the rice genome sequence
in constructing physical maps in other cereals will be limited more than likely to
providing a source of additional markers to anchor the physical maps to the genetic
maps. For this reason, it is important to obtain the sequence from genomes in
different branches of the phylogenetic tree (Paterson, 2006). In this regard, sorghum
will likely be very useful for maize, and it remains to be determined the extent to
which extend Brachypodium can serve as a reference for assembling the physical
maps of wheat and barley.

7. SUMMARY AND OUTLOOK

The past decade has witnessed the first breakthrough in cereal genomics and has
illustrated the power of comparative studies in these economically important species.
Comparative studies in cereals led to improved genetic maps, the development of
accurate markers for breeding, and the map-based isolation of the first genes of
agronomic interest. It also provided insight into the evolution of the cereal genomes,
unravelling some of the major mechanisms that have shaped their evolution during
the past 50-70 million years, and highlighted the differences in their stability.
However, with only one species sequenced, the power of comparative genomics has
been limited mostly to the identification of structural differences between the cereal
genomes. Over the next ten years, we can expect significant breakthroughs as the
sequencing of additional cereal genomes will allow the identification of elements
that have been conserved during evolution and that have a functional significance
as has resulted from animal comparative genomics. In mammals, comparisons of
human, mouse and rat genomes indicated that about 3% of the genome corre-
sponding to non protein coding sequences are ultra conserved across genomes
and have been under purifying selection (Bejerano et al. 2004). This has led to
the idea that while waiting for high-quality genomic sequences from many other
mammals it should be possible to detect highly conserved functional elements by
comparing low-redundancy sequence data (about 2 fold redundancy) that would be
obtained from species chosen to maximize the representation of the mammalian
genomes (Margulies et al. 2005). Paterson (2006) has suggested recently that such
a “phylogenetic shadowing” concept could be applied to the angiosperms and that
in addition to those genomes currently underway, low redundancy sequencing of
16 additional genomes chosen across 28 taxa might provide some clues about
conserved functional elements in plants. In addition, the author suggested that
sequencing wild and domesticated representatives would provide information about
the genomic features that underlie domestication. Conserved non coding regions
(CNS), i.e. conserved sequences located in the non coding regions of genes (introns
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or upstream regulatory sequences), have been surveyed in cereals (maize vs rice)
and mammals (human vs mouse) by Freeling and collaborators (Kaplinsky et al.
2002; Inada et al. 2003). They showed that CNSs are more abundant in regulatory
genes such as transcription factors and that despite similar divergence times from
their common ancestors, grass genes have dramatically fewer (5- to 20-fold) and
smaller CNSs than mammalian genes. One possible explanation is that in contrast
to vertebrate genomes, plant genomes have been subjected to several complete
rounds of whole genome and/or segmental duplications and polyploidization events
that have affected profoundly their organisation with the subfonctionalisation of
duplicated genes leading to a greater loss of CNS per gene (Lockton and Gaut
2005). Future comparative genome sequencing in cereals will help to confirm these
features and provide clues to the relationship between CNS, regulation, and pheno-
types. In addition, CNSs also represent great targets for PCR primer binding sites
that can be used to design a new generation of COS markers for high density
mapping in cereal genomes.

For the past decade, comparative genomics in cereals has pioneered in many ways
the field of plant comparative genomics. There is no doubt that with the ongoing
efforts, comparative studies in cereals will continue to provide invaluable infor-
mation for a better understanding of the adaptation of plants to their environment
and open new areas for breeding strategies, plant protection, and conservation of
biodiversity.
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CHAPTER 9

CLONING QTLS IN PLANTS

SILVIO SALVI∗ AND ROBERTO TUBEROSA
Department of Agroenvironmental Sciences and Technology, University of Bologna, Viale Fanin 44,
40127 Bologna, Italy

Abstract: The utilization of a number of genomics platforms and analytical methods allows us
to fine map and clone major quantitative trait loci (QTLs) responsible for the genetic
control of quantitatively inherited traits. To date, most plant QTLs that were successfully
cloned have been dissected by means of a positional cloning approach within a biparental
cross. In some cases, an association between allelic variation at a candidate gene and
a phenotype has been established through the analysis of existing genetic accessions.
The effectiveness of these strategies can be enhanced by using appropriate genetic
materials (e.g. introgression libraries, panels of unrelated accessions, etc.) and the latest
developments in forward- and reverse-genetic platforms. Under this respect, the ‘omics’
platforms provide a new paradigm to identifiy candidate genes and clues for their
function. Completion of genome sequences and improved bioinformatics will facilitate
in silico cross-matching of candidate sequences with QTLs in programmes of positional
cloning or association mapping. Several QTLs have been associated to candidate genes
solely based on map information and further circumstantial observation, and without
completing a formal cloning procedure. Although QTL mapping and cloning have so
far been almost synonymous with the dissection of the genetic control of naturally
available phenotypic differences, genes involved in controlling quantitative traits could
be identified also by combining quantitative genetics with insertional mutagenesis.
Although QTL analysis and cloning addressing naturally occurring genetic variation
will continue to shed light on mechanisms of plant adaptation, a greater emphasis on
approaches relying on mutagenesis and candidate gene validation is likely to accelerate
the discovery of the genes underlying QTLs.

1. INTRODUCTION

For most phenotypic traits, variation among individuals within one species cannot
be accounted for by allelic differences at one single locus. Instead, the action of
multiple loci, their interactions and random environmental effects are involved
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in determining phenotypes. Early work indicated that loci with major effects on
quantitative traits could be identified and mapped on chromosomes by evaluating
the correlation between trait values and the allelic state at genetic markers (Sax
1923; Thoday 1961). This led to the definition of quantitative trait locus (QTL;
Geldermann 1975) as a genetic locus where functionally different alleles segregate
and cause significant effects on a quantitative trait. With the advent of molecular
marker technology, QTL mapping on chromosome linkage maps has become a
standard procedure in quantitative genetics (Paterson et al. 1988; Tanksley 1993;
Lynch and Walsh 1998; Hackett 2002). By coupling marker technology with
genomics resources such as bacterial artificial chromosome (BAC) libraries and
physical maps, and by exploiting appropriately developed plant materials, it is now
possible to clone single QTLs and identify the DNA polymorphisms responsible for
a target QTL (Paran and Zamir 2003; Salvi and Tuberosa 2005). The impact of QTL
mapping and cloning on our understanding of plant biology is remarkable: for the
first time, we have the opportunity to unravel and describe the genetic complexity
(i.e. the number and the type of action of genes) behind quantitatively inherited
processes/traits such as adaptation to photoperiod conditions, extreme environments,
domestication and many others, including yield and its stability. Such description
is at the core of evolutionary genetics and plant breeding.

This chapter highlights the major methodological trends toward QTL cloning
and some preliminary indications on the molecular nature of quantitative variation.
Clearly, genetic adaptation also involves selection for mutations with a strong effect
on the phenotype which are usually classified as Mendelian genes rather than QTLs.
Examples of such loci are the major genes (FLC and Frigida) involved in the
vernalization response and flowering time of Arabidopsis (Michaels and Amasino
1999; Johanson et al. 2000), the vernalization (Vrn1-3) loci in wheat and barley
(Yan et al. 2003, 2004, 2006) and the photoperiod response Ppd-H1 locus in barley
(Turner et al. 2005). Because the cloning and the characterization of such loci did
not require the QTL mapping and cloning toolbox, the relevant results have not
been considered for this review.

2. AVENUES TOWARD QTL CLONING

QTL analysis for a given trait in plants usually begins with a primary (or coarse)
QTL mapping step which localizes all major loci responsible for the trait variation
observed in a given biparental population. Subsequently, a QTL is mapped within a
chromosome supporting interval of ca. 10–30 cM (Lynch and Walsh 1998; Doerge
2002) which can include several hundred genes. The challenge is then to enhance
the genetic resolution so that the QTL is confined to a chromosome segment ideally
including only one gene. Positional cloning and association mapping are the two
main approaches that have been deployed for cloning QTLs. Both approaches
exploit linkage disequilibrium (LD; i.e. the level of non-random assortment of alleles
at different loci) in order to verify the correlation between the shortest chromosome
region tagged by molecular markers and the trait value.
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In positional cloning, the increase in mapping resolution is obtained by producing
a new, large mapping population (ca. 2000 or more F2 plants) derived from the cross
of two nearly-isogenic parental lines (see below) carrying functionally different
alleles at the target QTL. In association mapping (see Gupta et al. 2005), the
phenotype/marker correlation is carried out across a set of unrelated individuals
(e.g. cultivars, germplasm accessions, etc). Because entries are seperated by many
generations, hence meiotic events, the genetic resolution is expected to be higher
than the one usually obtained by positional cloning (Flint-Garcia et al. 2003). The
genes found to co-segregate with the target QTL are then functionally tested in
order to identify the actual candidate gene and to gain further independent evidence
about its involvement in controlling trait expression.

3. POSITIONAL CLONING OF QTLS

The key to success in the positional cloning of a QTL is the preparation of
appropriate genetic material. With few exceptions, all QTLs cloned so far have
required the production of a population from the cross of nearly isogenic lines
(NILs) differing only for the allele composition at the target QTL region. Such
parental lines have often been indicated as QTL-NILs (Salvi and Tuberosa 2005).
In such a population, due to the reduction or absence of other segregating QTLs,
the target QTL becomes the main genetic source of variation and, according to
the heritability of the trait, a major source of the total phenotypic variation, thus
enabling the detection of significant differences between phenotypic means of
the QTL genotypic classes (+/+, −/− and, when present, −/+). The level of
replication and/or progeny testing is generally based upon the heritability of the
trait considered. Under appropriate experimental conditions, the QTL is considered
Mendelized (Alonso-Blanco and Koornneef 2000) and genetic distances between a
QTL and the nearby molecular markers can be more precisely estimated. In only
two cases in Arabidopsis (BRX and TE1/ERECTA; Table 1), the large proportion
of phenotypic variance explained (0.80 and 0.21–0.64, respectively) by the QTLs
allowed their fine mapping for positional cloning directly into the primary mapping
populations.

The NILs suitable for positional cloning of QTLs can be produced by a number
of designs (Tuinstra et al. 1997; Alonso-Blanco and Koornneef 2000): (i) selfing
BC2 or BC3 progenies that, based on marker analysis, have recovered most of the
genome of the recurrent parent and remained heterozygous at the QTL; (ii) crossing
a parental line with a NIL differing only at the target QTL region and obtained
after several cycles of backcross and selfing; (iii) selfing a residual heterozygous
individual within a highly homozygous family (Tuinstra et al. 1997).

QTL-NILs can also be efficiently identified within introgression libraries (ILs),
i.e. collections of lines where each line is isogenic to a background elite parental
line with the exception of a single short chromosome segment introgressed from
a donor (Zamir 2001), frequently a wild or unadapted accession. Remarkably, the
same IL of the wild tomato Lycopersicon pennellii within the cultivated tomato
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genetic background (Eshed and Zamir 1994) provided the source of the QTL-NILs
utilized for the cloning of three tomato QTLs. NILs suitable for positional cloning
are also produced by the advanced backcross QTL analysis (ABQA) method, which
combines backcrossing chromosome segments from a wild accession within an
elite line with some level of phenotypic selection against extreme phenotypes with
undesirable characteristics (Tanksley and Nelson 1996).

An important innovation for QTL analysis and mapping is the concept of multi-
parental intercrossed population as proposed by Mott et al. (2000). This type of
population is generated by crossing a panel of parental lines chosen in order to
capture a considerable portion of the genetic variation of the species, followed
by performing several cycles of intermating to enhance genetic resolution. This
approach promises to increase the efficiency of QTL mapping both in terms of
detection (segregation is expected at many loci) and genetic resolution due to the
repeated cycles of intermating). It should be noted that a substantial increase in
genetic resolution can also be obtained by repeated intercrossing of F2 plants of
standard biparental populations (Lee et al. 2002).

During the fine mapping step, the resolution of the target QTL in two or more
linked loci can bring positional cloning projects to an end when the proportion
of phenotypic variability explained by each QTL is too small to be revealed with
a realistically manageable number of replications. QTL clusters have indeed been
observed in plants (Khavkin and Coe 1997; Tuberosa et al. 2002, 2003; Chen and
Tanksley 2004). On the other hand, cloning was accomplished when one of the
linked QTLs retained most of the effect (Fridman et al. 2002; Kojima et al. 2002).

The recruitment of polymorphic markers required for the fine mapping of a QTL
is a rather simple procedure for species where the genome has been sequenced or
information is available in terms of ESTs (expressed sequenced tags). However,
in species for which detailed sequence information is not available or cannot be
deduced from syntenic, related species, a large number of molecular markers (e.g.
AFLPs) need to be screened in genotypes contrasted at the target region (e.g. pair
of QTL-NILs).

Arguably, a major improvement in the positional cloning of QTLs will be
indirectly provided by the implementation of marker technologies (e.g. single feature
polymorphisms on array platforms; Borevitz et al. 2003) enabling the genotyping of
a large population in a fraction of the current time and cost, therefore boosting
the development of nearly isogenic materials and the use of very large mapping
populations for fine mapping.

3.1. Physical Mapping and Candidate Sequences

When the genetic resolution approaches the cM level, the markers closest to the
target QTL are used for anchoring the genetic map to the physical map, i.e. the
genomic sequence or, when sequence information is unavailable, a BAC (bacterial
artificial chromosome) contig covering the QTL region. An early transfer of the
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information to the physical map allows for the efficient generation of new single-
copy markers useful for refining the genetic mapping and the search for candidate
genes. Even if only a BAC contig is available, sequenced BAC ends can often be
transformed in genetic markers and low-pass, shot-gun sequencing can provide a
glimpse of local gene content. At this stage, exploitation of synteny and microco-
linearity is particularly useful in species where a contigued library or the genome
sequence is not available (see chapter in this book by Salse and Feuillet). For
example, the relatively high microcolinearity of wheat with rice and Brachypodium
helped the cloning of the Ph1 locus (Griffiths et al. 2006) and is now being explored
to clone an important QTL for resistance to Fusarium head blight (Cuthbert et al.
2006; Liu et al. 2006).

It is worth reporting that a recent observation of Price (2006) based on the results
of several QTL cloning studies in plants indicates that the actual position of the
polymorphism responsible for a given QTL was always very close (from a few to
less than 1 cM) to the position of the QTL peak originally mapped in the primary
population. Nonetheless, this hypothesis of high accuracy of coarse QTL mapping
should be critically considered in view of the fact that it is based solely on major
QTLs that were successfully cloned.

Among the studies herein considered, six (Tga1 in maize; Gn1, GS3, Hd6, sh4
and SKC1 in rice; Table 1) managed to obtain a genetic resolution sufficiently high
to reduce the number of genes co-segregating with the target QTL to one, and in
some cases to a portion of the target gene (Brix-9-2-5 in tomato: Fridman et al. 2004)
or the regulatory sequence (qSH1 in rice: Konishi et al. 2006; Vgt1 in maize: Salvi
et al. 2007) containing one or very few allelic sequence polymorphisms between
parental alleles. Nonetheless, QTLs have been cloned even when the physical region
identified after fine mapping spanned a large number of genes (up to 38; Werner
et al. 2005). In this case, the general approach has been to select candidates for
further testing via function prediction (e.g. Cry2, FLM, Hd1 and Hd3a; Table 1).
When multiple coding sequences with no obvious candidate gene are identified, two
possible options are to further increase the mapping resolution and/or to functionally
test each open reading frame (ORF). It is interesting to note that while QTL cloning
was accomplished in rice and maize by exploiting positional cloning at its best
(i.e. delimiting the target chromosome region to a portion containing one or very
few genes), in Arabidopsis this was never accomplished (Table 1). Conversely,
researchers engaged in QTL cloning in Arabidopsis instead of further refining the
mapping resolution at the target region have preferred to test directly the function
of a rather large number of genes. This approach is possible only for those species
where well-annotated genome sequence and reverse-genetics techniques/platforms
suitable for high-throughput, functional gene testing are available.

3.2. Validation of a Candidate Sequence

The functional testing of a candidate gene/s can be performed by over-expressing or
down-regulating the target gene through genetic engineering or RNAi (Waterhouse
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and Helliwell 2003), by genetic complementation of a known mutant (Doebley
et al. 1997) or by rescuing and phenotypically and molecularly characterizing
mutants at the candidate gene (Wang et al. 2005). If available within the species
under investigation, reverse genetics tools such as T-DNA or transposon-tagged
populations (Maes et al. 1999) and/or TILLING (Targeting Induced Local Lesions
in Genomes; McCallum et al. 2000; see chapter in this book by Till et al.) can
also be exploited. As compared to transposon tagging, TILLING and RNAi are
appealing alternatives for their almost universal applicability and for providing
subtle changes of gene functionality comparable to those observed naturally. Gene
replacement, still in its infancy but already reported in rice (Iida and Terada 2004)
can be considered the ultimate tool for validating candidate genes.

The validation of a QTL mapping in non-coding regions remains one of the
current major challenges faced by those engaging in QTL cloning. Regulatory
regions close to (e.g. promoters) or far from (e.g. enhancers/silencers) from the
target gene have been shown to host sequence polymorphisms causing variation in
quantitative phenotypes. In one case, a single nucleotide substitution located ca. 12
kb upstream of a transcription factor was responsible for its regulation contributing
to the non-shattering phenotype typical of cultivated rice (Konishi et al. 2006).
However, other mutations within the coding sequence were also required to fully
explain the non-shattering phenotype (Konishi et al. 2006). In other cases, the
functional polymorphisms were mapped to promoters (Cong et al. 2002; Bentsink
et al. 2006) and/or enhancers (Clark et al. 2006; Salvi et al. 2007), but because
of insufficient map resolution and/or large number of allelic differences within the
DNA region co-segregating with the phenotype, it was not possible to pinpoint a
single polymorphism, nor to identify any molecular mechanisms (e.g. methylation,
chromatin folding, DNA-protein interaction, etc.) responsible for the actual effect
on transcription.

Notably, in all these cases the cis-regulatory effects of QTL regions on the
downstream gene were tested by means of allele-specific gene expression assays
(Pastinen and Hudson 2004; Wittkop et al. 2004; Salvi et al. 2007). In such cases,
the level of the two allelic mRNAs can be independently quantified by means of
SNPs detection techniques based on quantitative PCR on cDNA from F1 plants
obtained from the cross between QTL-NILs. In these conditions, the detection of
differences in the expression level of the two alleles can be ascribed to differences
in cis-regulatory regions since trans-acting regulators should act homogeneously in
the nucleus.

After considering all of the above-mentioned aspects, it is clear that positional
cloning of QTLs in plants remains a rather demanding and daunting undertaking.
Additionally, positional cloning has so far been limited exclusively to major QTLs,
since all the cloned QTLs showed, in the primary genetic analysis, an R2 value
higher than 15% (Table 1). It should be noted that (i) R2 values based on primary
mapping can be grossly overestimated (Beavis 1994) due to statistical artefacts
and (ii) epistasis can modify the genetic effect of the target QTL when the
genetic background changes (Doebley et al. 1995), for instance during QTL-NIL
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preparation. Therefore, an independent evaluation of the QTL effect (e.g. by devel-
oping and testing QTL-NILs; Landi et al. 2005) is recommended before embarking
on QTL cloning.

4. CLONING QTLS BY ASSOCIATION MAPPING

As an alternative to positional cloning, QTLs can be molecularly dissected through
association mapping by searching for a statistical association between allelic variants
at marker or candidate loci and the mean of the analyzed trait within a set of
unrelated genotypes characterized by low LD (Cardon and Bell 2001). The analysis
evaluates the trait mean change caused by the substitution of one allele with
another. For QTL cloning in plants, the interest lies in (i) the possibility of finding
chromosome regions important for controlling quantitative traits without the costly
and time-consuming production of large experimental populations (Morgante and
Salamini 2003), (ii) the potentially high genetic resolution provided by the many
meiotic events which occurred during past generations, and (iii) the possibility of
surveying a large number of functionally diverse alleles per locus.

The major factor to be considered in association mapping is the level of LD
among the tested accessions. In plants, the extensive LD analyses conducted in
Arabidopsis and maize have indicated that while LD persists over hundreds of kb in
Arabidopsis, in maize LD decays after a few kb, although it can extend significantly
farther in collections of elite germplasm (Flint-Garcia et al. 2003, 2005, see chapter
in this book by Ersoz et al.). With high LD values (i.e. in the ca. 1- to 5-cM range)
marker-trait association can theoretically be revealed with a manageable number
of molecular markers (Maccaferri et al. 2005). In this case, the expected mapping
resolution will only be sufficient for the discovery and coarse mapping of the QTL.
On the other hand, with germplasm panels with low LD (i.e. < 0.1-0.5 cM) the
diagnostic power of a single marker will only extend for a short distance, thus
requiring a prohibitively high number of markers for a whole-genome scan. In
this case, association mapping can still be used to fine map the QTL at the gene
level after the QTL is positioned using standard mapping procedures. Based on
this, it is conceivable that different sets of genotypes, characterized by high or low
LD, can be assembled and used for QTL discovery or candidate gene validation,
respectively, as suggested for human genetics (Reich et al. 2001). Notably, the
presence of population structure, i.e. the possible presence of hidden subgroups
(e.g. due to relatedness, selection, etc.) with an unequal distribution of alleles may
influence the efficacy of this approach by causing spurious trait-marker associations
(Pritchard et al. 2000).

A powerful approach for identifying different haplotypes (i.e. combinations of
allelic variants) at target loci and making them available for association mapping
is provided by EcoTILLING (Comai et al. 2004), a technique which allows for the
identification of virtually all single nucleotide polymorphisms (SNPs) and small
insertion/deletions within a ca. 1-kb window in a set of genotypes at a fraction of
the sequencing cost. This notwithstanding, the necessity to screen also regulatory
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regions often quite distant from the effector genes indicates that the selection of
candidate sequences to be tested for association mapping is not a trivial task if
the genomic scan aims to be comprehensive. Examples of the identification of
association between haplotype variation at a candidate gene and a quantitative trait
were reported in Arabidopsis (Olsen et al. 2004), Brassica (Osterberg et al. 2002;
Gupta et al. 2004), potato (Simko et al. 2004) and in maize (Thornsberry et al.
2001; Whitt et al. 2002; Guillet-Claude et al. 2004; Palaisa et al. 2004; Wilson et al.
2004; Szalma et al. 2005). The identification of a statistically significant association
between haplotype variation at a candidate gene or sequence and a quantitative
phenotype should be followed by validation experiments similar to those described
within the positional cloning approach.

A partially different approach for identifying genes involved in processes such
as domestication and adaptation to modern cropping system was proposed by
Yamasaki et al. (2005). The underlining hypothesis is that genes which underwent
strong selection through domestication and during early farming practices should
show a sizeable reduction in molecular diversity when comparing wild germplasm,
old landraces and modern cultivars. Therefore, an “historical” loss of molecular
diversity should highlight genes important for adaptation to modern cultivation
practices and to determine crop productivity.

5. FUNCTIONAL GENOMICS AND QTL CLONING

Functional genomics is contributing to many aspects of QTL analysis and cloning.
Transcriptional profiling between contrasting QTL genotypes can quickly provide a
list of genes differentially expressed; subsequently, those genes functionally related
to the target trait and mapping at the QTL region can be selected as candidates
(Wayne and McIntyre 2002; Giuliani et al. 2005). Unfortunately, the number of
QTLs cloned so far in plants is too small to test the validity of this approach. Indeed,
when the QTL caused a difference in gene expression level between alleles, those
differences were either too low (ca. two-fold; Doebley et al. 1997) or showed too
strong of a spatial and/or temporal pattern (Cong et al. 2002) to allow for their identi-
fication with a standard microarray-based transcriptome analysis. Other profiling
platforms, such as MPSS (massively parallel signature sequencing; Brenner et al.
2000) and SAGE (serial analysis of gene expression; Gowda et al. 2004; see chapter
in this book by Sharma et al.) are better suited to detect subtle differences in gene
expression. Transcript profiling can reach the sub-tissue level of resolution if carried
out in combination with laser-capture microscopy (Schnable et al. 2004).

The expression profiling of a mapping population at the mRNA or protein level
allows us to treat the level of expression of a single gene as a quantitative trait
and to dissect its genetic control by QTL analysis (Jansen and Nap 2001; Brem
and Kruglyak 2005). The loci controlling the level of gene expression have alterna-
tively been named transcript quantity loci (TQLs), expression QTLs (eQTLs; Schadt
et al. 2003; see Figure 1) or protein quantity loci (PQLs; Damerval et al. 1994;).
Correspondences between eQTLs and/or PQLs for candidate genes with QTLs for
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Figure 1. Expression profiling of a mapping population at the mRNA level via microarray analysis to
identify expression QTLs (eQTLs) for specific cDNA and therefore genes. Correspondence between an
eQTL peak for a specific cDNA (e.g. cDNA-2) and a QTL peak for a trait causally linked to the function
of the protein encoded by the cDNA provides circumstantial evidence supporting the role of the cDNA
as a candidate gene for the target trait (see plate 7)

morpho-physiological traits have already been observed in small- or medium-scale
experiments (de Vienne et al. 1999; Francia et al. 2004; Guillaumie et al. 2004).
Microarray-based studies have mapped eQTLs both at the same location of the gene
whose expression was measured, thus indicating a role for cis-regulatory allelic
variation, and also at distant chromosome positions (Brem et al. 2002; Schadt et al.
2003; West et al. 2007). The same studies highlighted the presence of eQTL “hot
spots”, i.e. chromosome regions apparently responsible for controlling the simulta-
neous expression of many genes (see the chapter in this book by Kirst and Yu).

6. QTL TAGGING

QTL mapping and cloning have been so far almost synonymous for the dissection
of the genetic control of naturally available phenotypic differences. However, genes
involved in controlling subtle and environmentally affected traits can be identified
also by combining quantitative genetics with mutagenesis. Indeed, it has been argued
that mutagenesis could be more efficient for dissecting the genetic basis of quanti-
tative traits than QTL analysis, which only provides “accidents of history” allelic
variants as stated by Nadeau and Frankel (2000). One way proposed is to utilize a
tagging (insertional) approach (Robertson 1985; Soller and Beckmann 1987). Such
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framework would require the phenotypic screening of an insertionally-mutagenized
population for the target quantitative trait in order to identify those lines with a
phenotypic mean value outside a predicted range due to environmental effects.
The complete screening experiment would involve a manageable number of plants
(e.g. from a few thousand up to tens of thousands) if multiple insertion systems
are employed and several quantitative traits are concurrently evaluated (Soller and
Beckmann 1987). The gene functionally modified or inactivated by the insertional
event can be rescued using standard molecular procedures. Following a similar
approach, QTL tagging has already been successfully accomplished in Magnaporthe
(Fujimoto et al. 2002), the causal agent of rice blast, and in Drosophila (Norga
et al. 2003). In plants, QTL tagging could be carried out with a number of different
approaches, based on T-DNA as well as DNA-transposons and retrotransposons.
However, systems relying on callus cultures (e.g. activation of rice TOS-17 retro-
transposon; Hirochika et al. 1996) should be considered with caution due to the
occurrence of somaclonal variation, i.e. the de novo variation observed in plants
regenerated from tissue culture and caused by changes in DNA-methylation, trans-
poson activity and others molecular events (Kaeppler and Phillips 1993) that can
potentially alter any quantitative trait and therefore hinder the identification of the
tagged QTL. Instead, interesting resources are the Ac-Ds-based insertional popula-
tions developed in rice (Jeon and An 2001): in these cases, following the intro-
duction of the heterologous transposons, the majority of the mutational events were
created by new transposition activity. In maize, a Mu-based insertional population
has been developed in a non-segregating genetic background (McCarty et al. 2005),
where most of the quantitative variability can be attributed to the segregation of the
tagged QTLs.

7. THE ROLE OF CANDIDATE GENES

Classically, a link between a gene and a quantitative trait can be hypothesized based
on linkage information (all genes co-segregating with a QTL are positional candi-
dates) or communality between the quantitative trait physiology and the biochemical
function of the gene (functional candidate gene; Pflieger et al. 2001) or both. For
example, completion of genome sequences and improved bioinformatics will facil-
itate in silico cross-matching of candidate sequences with QTLs in programmes of
positional cloning or association mapping. Additionally, a deeper understanding of
the mechanisms governing gene expression will extend the concept of candidate
gene to include cis-acting regulatory sequences as well. Several QTLs have been
associated to candidate genes solely based on map information and further circum-
stantial observation, and without completing a formal cloning procedure. Examples
of this type are: a CBF-gene cluster associated to cold tolerance QTLs in barley
and wheat (Francia et al. 2004; Tondelli et al. 2006), the phytoene-synthase gene
associated to a major QTL for endosperm (and semolina) colour in durum wheat
(Pozniak et al. 2007), glutamine-synthetase genes associated to grain yield QTLs in
maize (Hirel et al. 2001, Martin et al. 2006), cellulose synthase-like genes associated
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to a QTL for accumulation of cell-wall glucans in barley (Burton et al. 2006) and
a gene involved in inflorescence development (ra1) associated with a QTL for
tassel branching in maize (Upadyayula et al. 2006). Based on these premises, it
is conceivable that in the future, QTL cloning will increasingly rely on candidate
gene information.

8. CONCLUDING REMARKS

Robertson (1985) suggested that qualitative mutant alleles and wild-type alleles at
loci affecting quantitative traits are the extremes of a possible range of effects,
with QTLs resulting from the segregation of naturally-available alleles with milder
effects. To date, the cloning of plant QTLs has essentially confirmed Robertson’s
hypothesis since the type of mutations, genes and cellular and physiological
pathways determining quantitative traits are not distinct from those underlining
Mendelian traits and in some cases involve the same genes for which a strong
mutation was already known. Among the QTLs cloned so far, the apparent
abundance of regulatory genes or transcription factors, which potentially act on
many downstream functions, was to a certain extent expected due to the complexity
of the traits that are usually investigated in QTL analysis.

Almost invariably, the QTLs cloned had shown the largest phenotypic effect
in the original experimental populations, often produced by wide crosses between
subspecies. Additionally, targeting major QTLs simplifies the cloning process
especially when it is based on positional cloning. However, the so-called minor
QTLs (i.e. those showing a smaller effect on the trait in the original population)
should be targeted with the same emphasis since they can represent potentially
important genes and their identification as “minor” could simply be due to the segre-
gation of alleles of rather similar effect in the experimental cross. For this reason,
a vast number of minor but equally important QTLs (and genes) are expected to
govern yield and agronomic traits in crosses involving elite germplasm, where plant
breeding has already eliminated most undesired alleles. It is likely that the constant
improvement of the molecular platforms, new types of genetic materials, progress
in bioinformatics, high-throughput phenotyping and the increasing availability of
tools for functionally testing candidate genes will offer the opportunity of targeting
QTLs other than those with a major effect (Varshney et al. 2006).

Having identified an allele with a strong genetic effect in one genetic background
by no means warrants a successful plant breeding intervention using marker-assisted
selection or genetic engineering. It is probably naive and too optimistic to assume
that complex traits resulting from the interaction of hundreds of cellular and devel-
opmental functions can be easily altered by acting on one single genetic component,
if even the outcomes resulting from engineering interventions at the cellular level
are difficult to predict (Stephanopoulos et al. 2004). Clearly, a model providing
a simplified and manageable representation of the interacting physiological and
developmental components is needed in order to identify the most promising entry
steps (Hammer et al. 2006), that is, what are the genes/QTLs to preferentially act
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upon. Particularly challenging sources of complexities are gene interactions (which
QTL analysis still handles rather poorly; Erickson et al. 2004) at transcriptional
and post-transcriptional levels, metabolic fluxes, key developmental steps and their
integrated responses to environmental cues.

From a more practical and applicative standpoint, we wish to underline the
importance of an accurate and equally relevant phenotyping for the success of any
QTL cloning effort; due to the elusive nature of most quantitatively inherited traits,
precise phenotyping under appropriate conditions probably remains the most critical
factor limiting our capacity to dissect QTLs. Although it is not possible to predict
to what extent QTL cloning will impact molecular breeding in the next decades,
we remain confident that progress toward a more targeted and effective tailoring
of improved cultivars will be accelerated by the systematic dissection of QTLs
governing the naturally occurring variation relevant for improving and sustaining
crops’ yield.
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Abstract: Serial Analysis of Gene Expression (SAGE) is a powerful technique for genome wide
analysis of gene expression. The SAGE technique quantifies a ‘tag’ which represents
the transcriptome product of a gene. A tag for the purpose of SAGE, is a nucleotide
sequence of a defined length, directly adjacent to the 3’-most restriction site for a
particular restriction enzyme. Thus, data product of SAGE is a list of tags with their
count values, providing a digital representation of cellular gene expression. Several
technical modifications have been made to the original SAGE protocol to improve its
efficiency, reducing the amount of input RNA, increasing the length of SAGE tags,
and allowing further use of SAGE results. This chapter deals with the methodology
of SAGE, problems associated with SAGE, various SAGE modifications attempted,
comparison with other contemporary high-throughput methods like microarrays, and
current applications of SAGE in plant transcript profiling. In plants, SAGE has been used
to analyse: (1) host-pathogen interactions, (2) plant responses to various environmental
and nutritional stresses, (3) metabolism of toxic compounds, and (4) transcript profiling
of a particular tissue/organ. Although majority of these studies have confined to model
plants i.e. rice and Arabidopsis thaliana, a few recent efforts have extended the use of
SAGE to other plant species also.

1. INTRODUCTION

The goals of crop sciences are to increase crop productivity, improve crop quality,
and maintain the environment. The increase that is required in the world food
supply will have to rely on increase in economically viable and sustainable food

∗Corresponding Author: deansbt@yahoo.co.in, sharmapc_meerut@yahoo.com

227

R.K. Varshney and R. Tuberosa (eds.), Genomics-Assisted Crop Improvement:
Vol. 1: Genomics Approaches and Platforms, 227–244.
© 2007 Springer.



228 SHARMA ET AL.

production. This may be possible by reducing pre- and post harvest losses due to
pests and pathogens and stabilizing yields in poor soils and changing environments.
Analysis and manipulation of plant genomes using molecular tools provide practical
approaches to enhance the efficiency of agriculture by improving in both the quantity
and quality of production. In plants, genetic information is now being uncovered en
mass such that plant that used to be looked at in terms of its individual genes can
now be examined in terms of its genome organization, expression and interaction.

Initiatives on whole genome sequencing efforts for more than 450 eukaryotic
species have provided a wealth of sequence information available in the public
domain. The publication of the complete genome sequence of model plants
Arabidopsis thaliana and rice has equipped the biologists with the opportunity to
describe a plant’s basic genetic determinants (Arabidopsis Genome Initiative, 2000;
International Rice Genome Sequencing Project, 2005). Information on both the
physical and functional annotation of the genome can be gained through transcript
profiling (Hughes et al. 2001; Shoemaker et al. 2001). In recent years, transcript
profiling has become synonymous with gene expression analysis, largely because
of the technical difficulties and greater molecular complexities of proteomics and
metabolomics (Smith 2000). The wide accessibility of transcript profiling in recent
years has led to the establishment of various high-throughput methodologies of
gene expression analysis. These methodologies differ in their convenience, expense,
number of transcripts assayed and sensitivity (Kuhn 2001). However, as in case
of genome sequencing projects, automation and efficient data management are
essential factors in all comprehensive transcript profiling systems.

2. METHODS OF TRANSCRIPT PROFILING

Understanding of underlying principles governing gene expression across genomes
has generated immense interest in this area of experimental biology. Ueda et al.
(2004) studied genome-wide gene expression in many experimental conditions in
six model organisms namely E. coli, S. cerevisiae, D. melanogaster, A. thaliana,
M. musculus and H. sapiens. This comprehensive study demonstrated that the gene
expression dynamics follows the same and surprisingly simple principle from E.
coli to human. Their findings provide a universal principle in the regulation of
gene expression and show how complex and dynamic organization can emerge
from simple underlying dynamics. Thus, there is a great deal of universality and
flexibility in gene expression across a wide range of taxa.

Transcript profiling has been going on in one form or another for over 25
years (reviewed by Goldberg 2001). This period has exploited techniques such as
northern transfer hybridization, S1 nuclease analysis and in situ hybridization. While
these methods are characterized by good, well-defined sensitivities, they are time-
consuming, and therefore well suited for the in-depth analysis of a small number of
genes. The first genomics technology practiced on a large scale, sequencing the 3’
ends of cDNAs to produce expressed sequence tags (ESTs) provided a cost effective
and rapid approach to describe the collection of genes expressing at a given time
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in a particular tissue during the life cycle of an organism. By comparison, current
high-throughput transcript profiling technologies have relatively poorly defined
sensitivities. Therefore, these early methods provide both a valuable means of
confirming and extending the results obtained with the more global approaches.

The high-throughput approaches can be divided into two classes: (1) Direct
analysis, including procedures involving nucleotide sequencing [EST sequencing
(Adams et al. 1995); serial analysis of gene expression (SAGE) (Velculescu et al.
1995); massively parallel signature sequencing (MPSS) (Brenner et al. 2000)],
and fragment sizing [Differential display (DD) (Liang and Pardee 1992), cDNA-
amplified fragment length polymorphism analysis (cDNA-AFLP) (Bachem et al.
1996)]; and (2) Indirect analysis, involving nucleic acid hybridization of mRNA or
cDNA fragments [oligo chips (Lockhart et al. 1996), cDNA microarrays (Schena
et al. 1995)]. Details regarding principle, cost involved and relative advantages and
disadvantages of different methods are available elsewhere (Donson et al. 2002;
Bals and Jany 2001; Cekan 2004; Meyers et al. 2004).

3. SERIAL ANALYSIS OF GENE EXPRESSION (SAGE)

Serial analysis of gene expression, or SAGE, is a technique designed to take
advantage of high-throughput sequencing technology to obtain a quantitative profile
of gene expression. Essentially, the SAGE technique measures not the expression
level of a gene, but quantifies a ‘tag’ which represents the transcriptome product of
a gene. A tag for the purpose of SAGE, is a nucleotide sequence of a defined length,
directly adjacent to the 3’-most restriction site for a particular restriction enzyme.
The data product of the SAGE technique is a list of tags, with their corresponding
count values, and thus provides a digital representation of cellular gene expression.
Theoretically, a sequence stretch, as short as 9 bp can distinguish 49that is 2,62,144
transcripts, provided a random nucleotide distribution throughout the genome. This
ability appears sufficient to discriminate all the transcripts in higher plants and
humans as well.

3.1. Methodology of SAGE

SAGE procedure starts with the synthesis of double-stranded cDNA from mRNA
using a biotinylated oligo(dT) primer. The cDNA is then cleaved with a restriction
enzyme (called anchoring enzyme, AE). NlaIII is the most frequently used enzyme,
but substitution like Sau3A and Rsa1 are possible. The 3’ –most region of the
cleaved cDNA with a common NlaIII cohesive end at its 5’ –terminus is then
recovered by binding to streptavidin-coated beads. After dividing the reaction
mixture into two portions, two independent linkers are ligated using NlaIII cohesive
termini to each portion. These linkers are designed to contain type IIS enzyme
(usually Fok1 or BsmF1, designated as tagging enzyme, TE) site near (or partially
overlapping) the 3’ –NlaIII sequence. The reaction mixtures are digested with type
IIS enzyme and released portions are recovered. Resulting staggered ends of the
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products are blunt-ended by T4 DNA polymerase. Two portions are mixed again
and ligated. Since the 5’ -ends of the linkers are blocked by amino group, only
the mRNA derived termini can ligate in a tail-to-tail orientation. The products
(ditags) are PCR-amplified, cleaved by NlaIII, and then separated by polyacry-
lamide gel electrophoresis (PAGE). Ditag fragments flanked both ends with NlaIII
cohesive terminus are isolated and ligated to obtain concatemers. Highly concate-
nated products are recovered by PAGE, cloned into a suitable plasmid vector to
create a SAGE library, followed by sequencing of individual clones. Alternatively,
ditags can immediately be sequenced by 454 platform to reduce cost. The resulting
sequence data are analysed using the SAGE software (Johns Hopkins University,
Baltimore, MD) which extracts the tags from the sequence and determines their
abundance and identity. Figure 1 shows a flow sheet of different steps of SAGE
procedure. Since a typical SAGE experiment involves the comparison of at least
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Figure 1. Schematic diagram of SAGE procedure (see text for details) (see plate 8)
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two different libraries, the statistical significance of gene expression differences
between libraries is calculated for each transcript detected. The various aspects
of statistical analysis of SAGE data and the repertoire of bioinformatics tools for
SAGE have been presented by Pylouster et al. (2005) and Tuteja and Tuteja (2004a).

3.2. Problems Associated with SAGE

Although SAGE produces a digital output, loss of fidelity may occur during
conversion of an actual transcript and its expression level to a tag and its count
value. Accuracy in both the assignment of tags to genes as well as the ability to
quantify a gene’s expression level are sacrificed in order to increase throughput,
that in turn increase the speed and lower the cost of analysis.

So, two problems arise when dealing with SAGE data. The first deals with
ensuring that the tags and their counts are a valid representation of transcripts and
their level of expression, and the second, with making valid tag to gene assignments.
In consideration of the first problem, the valid tag sequence data, sequencing error
has the greatest effect. Assuming that there is an average 1% per base sequencing
error rate, for ten bases, the chance of one or more errors occurring is roughly 10%.
Therefore, such an error will lower or increase the correct tag count by one, or
will establish a tag which really does not exist. Such a situation will not seriously
affect the results for tags with relatively high counts but definitely create problem
in cases where tag count is very low, particularly for those with a count of one.
Therefore, one should either exclude the tags with such very low counts or should
adopt other means of verification of the results.

The second problem, making valid tag to gene assignments, unspecific and
ambiguous tag to gene assignments, as well as sequencing error, both play a role in
creating confusion. In making tag to gene assignments, a certain degree of ambiguity
is encountered. One solution to overcome these problems has been attempted by
increasing the size of the SAGE tag. Although the original SAGE protocol yielded 9
base pair tag (Velculescu et al. 1995) further modifications in the technique increased
the tag size to up to 14 bp, 21 bp in LongSAGE (Saha et al. 2002), and 26 bp
in the SuperSAGE (Matsumura et al. 2003, 2005) by using the different tagging
enzymes. The longer tag SAGE not only ensures more fidelity of results but the infor-
mation so derived on gene expression profiling may be extended for further appli-
cations like SuperSAGE array (Matsumura et al. 2006). Another approach, known
as GLGI (Generation of Longer cDNA fragments from SAGE tags for Gene Identi-
fication; Chen et al. 2000, 2002a, 2002b) is based on converting SAGE tags into
their corresponding 3’ ends using a PCR strategy. Lee et al. (2002) compared the two
approaches and showed that significantly higher enhancement of tag specificity could
be achieved using the GLGI approach compared to increasing the tag length from 10
to 35 bases. Since the conventional 14-bp SAGE tags may not always perform well
in the GLGI approach due to length constraint, a combination of Long/SuperSAGE
and GLGI should lead to more robust SAGE-based gene expression profiling
circumventing the problem of decreased specificity in the conventional approach.
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There will be instances in which multiple genes share the same tag as observed
frequently in the gene families, and instances in which one gene has multiple tags
as in the genes having alternate Poly (A) sites. A population polymorphism may
also pose a similar problem. Moreover, messages without a poly (A) tail will also
be excluded from SAGE analysis.

Some other technological problems also encounter the SAGE technology. The
requirement of relatively high amount of starting material that is mRNA poses
problems in constructing meaningful SAGE libraries. To counter this problem,
various modifications of SAGE have been attempted (see next section) which allow
up to 5000 fold reduction in the starting material.

Another technical problem often propping up in SAGE experiments is of contami-
nation by linker-dimers. To minimize such contamination, Powell (1998) introduced
the use of biotinylated primers. Kenzelmann and Muhlemann (1999) suggested a
simple heating step during final ligation step that enhanced the length concatemers
with an average of 67 tags. This eliminated the small sized concatemers and thereby
increased the efficiency of tag collection by reducing the sequencing efforts.

A major problem of the SAGE approach is how to further analyze the unassigned
tags. Since the original strategy (Velculescue et al. 1995) utilized the conven-
tional oligonucleotide-based plaque lift method that may yield many false positives.
Different workers have attempted to address the problem (RAST-PCR, van den
Berg et al. 1999; Matsumura et al. 1999).

SAGE is generally believed to provide an unbiased and quantitative report
of gene expression. However, it can under perform for a number of reasons.
Certain transcripts may be missed due to the absence of a recognition site for the
anchoring enzyme or GC content bias (Margulies et al. 2001). While the use of
two anchoring enzymes may help bypass this problem, this would be financially
unviable. Transcripts that produce multiple tags is a frequently reported problem
in the literature (Welle et al. 1999; Neilson et al. 2000; Fizames et al. 2004).
Alternate splicing and incomplete digestion with the anchoring enzyme during
library construction have also been reported as source of multiple tags per transcript
in humans (Welle et al. 1999). In barley, it appears that polyadenylation is more
likely to be the source of such tags (Ibrahim et al. 2005). Unneberg et al. (2003)
and Pleasance et al. (2003) have analyzed influence of important factors viz. tag
length, restriction site and transcript database on transcript identification.

3.3. Modifications of SAGE

Several technical modifications have been made to the original SAGE protocol to
improve its efficiency and for further use of SAGE results. These include:

Micro-SAGE (Datson et al. 1999) or SAGE-lite (Peters et al. 1999): The former
technique uses a preliminary cDNA PCR step that could potentially introduce an
amplification bias. The latter modification has formed the basis of performing the
standard enzymatic steps on mRNA attached to a solid phase.
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SAR-SAGE (small amplified RNA-SAGE) (Vilain et al. 2003) method involves T7
RNA polymerase dependent transcription of the mRNA segment between the tag
and the poly (A) tail. This additional amplification step allows preparation of SAGE
libraries with as low as 50 ng of total RNA. Moreover, since no PCR step is used
to amplify the starting material, any PCR caused representation bias is overcome.

MiniSAGE (Ye et al. 2000) and SADE (SAGE adaption for downsized extracts;
Virlon et al. 1999) developed to diminish the loss of material throughout the
procedure permit lowering of input RNA.

LongSAGE : uses a different type IIS restriction endonuclease MmeI as the
tagging enzyme that cuts 17-bp 3’ from the anchoring site (Saha et al. 2002). The
longer tags increase the power of identification of genes, while not diminishing the
sensitivity of SAGE given by the use of PCR and concatenation.

RL-SAGE (Robust-LongSAGE) : An improved version of LongSAGE with better
cloning efficiency and increased insert size (Gowda et al. 2004).

SuperSAGE : A method for the isolation of tag sequences >25 bp from defined
positions of cDNA by using the type III restriction enzyme EcoP15I . Use of this type
III endonuclease as the “tagging enzyme” dramatically improves the conventional
SAGE protocol through a reliable identification of the corresponding genes and an
accurate gene expression analysis (Matsumura et al. 2003, 2005).

Other modifications have improved cDNA synthesis by using more efficient
polymerases, minimized contaminants that inhibit ditag formation, release, and
concatenation by adding purification steps and improved the screening of
concatemer inserts (Powell 1998; Virlon et al. 1999; Lee et al. 2001; Angelastro
et al. 2000, 2002). A potentially confounding factor is the GC content of the freed
ditags that may affect their stability hampering their ability to concatenate. This bias
in favour of GC-rich ditags can be prevented by keeping them at a low temperature
and by querying the GC content of the concatemer inserts. Munasinghe et al. (2001)
have successfully applied SAGE with a few modifications to A-T rich genome of
Plasmodium falciparum.

Because the transcripts are anchored to oligo(dT) beads, potential internal poly
(A) priming has been addressed by Nam et al. (2002). Contaminating genomic DNA
fragments containing poly(A) stretches can be eliminated by DNase pre-treatment
but RNA species could create spurious tags. Whether oligo(dT) primers in solution
or on solid phase magnetic beads have similar internal priming potential is not clear.
In practice, this issue has not been a significant factor for the numerous SAGE
projects performed.

3.4. Comparison of SAGE with Microarrays

SAGE and microarrays are the two high-throughput methods used to analyse
complete transcriptome in different plant, animal and microbial systems. Microarrays
allow large scale gene expression analysis in many samples at a time which
is not feasible through SAGE. However, as a ‘closed architecture’ technology,
microarrays allow detection of change of expression of spotted genes only and
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therefore does not allow the discovery of new genes. In contrast, SAGE is an ‘open
architecture’ system that enables both the discovery of new expressed genes and
the accurate quantification of the resulting transcripts (Boheler and Stern 2003;
Wang 2003). Furthermore, tags of only 14 bp in the initial SAGE and 21 bp in
the LongSAGE procedure are too short for unambiguous tag-to-gene annotations,
hampering the application of SAGE to ‘non-model’ organisms for which genome
sequence information is not available. SuperSAGE, an improved version of SAGE,
allowing the isolation of 26 bp tags, greatly improves the efficiency of tag-to-gene
annotation and has extended the application of SAGE to ‘non-model’ organisms
(Matsumura et al. 2003). In a very recent experiment, Matsumura et al. (2006)
have used these 26 bp long SuperSAGE tags as hybridization probes in microarray
analysis called as SuperSAGE array. This platform combines the advantages of
the highly quantitative SuperSAGE analysis with the high-throughput microarray
technology. SuperSAGE array system thus represents a new paradigm for microarray
construction, as no genomic or cDNA sequence data are required for its preparation.

A comparative study of gene expression pattern in developing barley caryopsis
was performed using SAGE and Affymetrix GeneChip technology (Ibrahim et al.
2005). A good overall concurrence between the two methods was observed while
reporting absolute expression levels and comparative analysis of gene expression
profiles. However, the agreement between two methods was more acceptable for
genes expressed at high levels than those expressed at low levels. In addition to this
solitary report from plant system, many works involving other biological systems
describe direct (Ishii et al. 2000; Kim 2003) and indirect comparisons between
these two approaches (Evans et al. 2002; Iacobuzio-Donahue et al. 2003). They
also report a good comparability between SAGE and microarray based systems.
Nevertheless, some discrepancies between the two methods were evident which
can result due to the complexity of the experimental protocols, and potential for
associated measurement errors. In Arabidopsis, it was possible to detect transcription
from 20243 different annotated genes from leaf tissue using combination of SAGE,
MPSS and microarrays (Robinson et al. 2004), which represents approximately 70%
of the predicted gene content. Although there may be some degree of error owing
to differences in growth conditions and the developmental stage of the material
used, SAGE was able to detect expression in leaf tissue from 64% of the annotated
genes identified across the three profiling platforms, which is comparable to 66%
for microarray analysis but is lower than the 78% detected using MPSS. Therefore,
MPSS may have an advantage over SAGE in generating a complete representation
of the whole transcriptome, but access to this technology is limited to specialized
laboratories.

4. APPLICATIONS OF SAGE

SAGE was originally developed to study differential gene expression in cancerous
and normal human tissues as an alternative to EST sequencing with a view to
reduce sequencing labour and cost. Therefore, the early SAGE studies have focused
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mainly on human transcript profiling. Later, the use of technology was extended
to other organisms including plants. Current holdings at SAGEdb maintained at
NCBI include 625 SAGE libraries, of which only 18 belongs to plants. The total
tag number has reached little over 42 million including about 1.7 million tags from
plant sources (Table 1). Some other summary SAGE data is provided in Table 2.
Important Web resources on SAGE are listed in Table 3.

SAGE has been used to identify tumor markers for a variety of cancers
(Riggins 2001, Tuteja and Tuteja, 2004b and references therein). Simultaneously,
this technology has been widely applied for other studies aiming to analyse
the effect of drugs on tissues, to identify disease-related genes, and to provide
insights into disease pathway (reviewed by Ye et al. 2002; Tuteja and Tuteja,
2004c). In all these studies, comparison of the normal and target tissues has
led to the identification of a number of highly up-regulated and down-regulated
genes. The future studies on these lines will certainly lead to the identification of
candidate genes to be focused while aiming to develop effective disease control
strategies.

In comparison to human and other animal systems, SAGE in plants has been
attempted rather infrequently. Although, the first report of SAGE profiling in rice
appeared seven years ago (Matsumura et al. 1999), some good use of the technology
has been demonstrated only recently (see Dean and Lorenz 2004; Lorenz and Dean
2005; Meyers et al. 2004). In plants, SAGE has primarily been used to analyse:
(1) host-pathogen interactions, (2) plant responses to various environmental and
nutritional stresses (3) metabolism of toxic compounds, and (4) transcript profiling
of a particular tissue/organ. Majority of these studies have confined to model plants
i.e. rice and Arabidopsis thaliana. However, a few recent efforts have extended the
use of SAGE to other plant and fungal species also.

Table 1. Summary of current holdings in SAGEdb (http:/www.ncbi.nlm.nih.gov/SAGE)

Organism Number of
libraries

Total number
of tags

Number of
unique tags

Homo sapiens 327 19300584 1296360
Mus musculus 213 16549657 1552119
Caenorhabditis elegans 17 1928482 211328
Drosophila melanogaster 5 489140 41225
Arabidopsis thaliana 7 248659 37798
Oryza sativa 4 805823 126663
Medicago truncatula 3 131599 8770
Pinus taeda 2 150885 42641
Zea mays 2 368519 59720
Musa acuminata 1 10196 5274
Magnaporthe grisea 1 246967 51927
Plants (Total) 18 1705485 275592
All Organism (18 species) 625 42215451 3810871
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Table 2. Data on SAGE libraries in SAGEdb

Characteristic
No. of libraries

Tag length (bp)

10 467
14 3
17 154
22 1
Anchoring Enzyme
NlaIII 594
Sau3A 28
Rsa1 3

4.1. Host-Pathogen Interactions

Great emphasis has been laid time-to-time on understanding molecular mechanisms
underlying host-pathogen interactions in different biological systems. Availability
of detailed information on this subject is necessary to devise strategies to control
crop diseases, which reduce crop production by 10% worldwide. One step in this
direction focuses on gene expression profiling in both, the host and the pathogen.

Matsumura et al. (2003a) has developed and used SuperSAGE technology
to monitor gene expression profiles of both rice and its blast fungus Magna-
porthe grisea, simultaneously making use of fully sequenced genomes of both the
organisms. The hydrophobin gene was found to be the most actively transcribed
M. grisea gene in blast-infected rice leaves. Earlier the same group (Matsumura
et al. 2003b) has exploited normal SAGE to elucidate genes involved in cell death
and associated processes in rice suspension culture cells treated with cell wall
extract of M. grisea. Among the down regulated genes in the elicitor treated cells,
a BI-1 gene coding for the Bax inhibitor was identified. The functional role of
this gene identified through SAGE was confirmed by overexpressing the gene in

Table 3. Important SAGE resources on the internet

Web site URL Description

SAGEmap www.ncbi.nlm.nih.gov/SAGE Public database repository by NCBI at National
Institute of Health conjuction with NIH’s
Cancer Genome Anatomy Project (CGAP)

SAGEnet www.sagenet.org Public SAGE database maintained by
Vogelstein/Kinzler Lab at Johns Hopkins
University, Baltimore

Genzyme www.genzyme.com/SAGE Properietary SAGE database; company also
offers SAGE services for commercial users

Mouse SAGE site http://mouse.biomed.cas.cz/sage/ Public database maintained at the Institute of
Molecular Genetics, Academy of Sciences of
Czech Republic
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transgenic rice. Another study (Irie et al. 2003), used SAGE to identify genes
involved in appressorium formation in M grisea by analysing expression profile
of fungal conidia in the presence and absence of cAMP. RT-PCR of 13 randomly
selected genes confirmed the SAGE results, verifying the fidelity of the SAGE data.
Thomas et al. (2002) used SAGE to characterize changes in transcript accumulation
during early development of barley mildew pathogen Blumeria graminis on barley
leaves.

SuperSAGE has also been used to study gene expression changes preceding
hypersensitive response (HR) caused by INF1 elicitor in Nicotiana benthamiana, a
non-model plant recently used for a number of experiments on functional genomics.
NbCD1 and NbCD3 genes encoding proteins that induce cell death upon overex-
pression were isolated from N. benthamiana (Nasir et al. 2005). Several up- or down-
regulated genes were identified following NbCD1 overexpression in N. benthamiana
by infiltrating leaves with Agrobacterium tumefaciens carrying plasmids harbouring
NbCD1 and GFP (control) in the glucocorticoid –inducible gene expression
cassette GVG. SuperSAGE along with RT-PCR validation identified 58 differen-
tially expressed transcripts between the two samples. Several of the differentially
expressed genes were previously linked to pathogen defense and hypersensitive
death. The results on differential gene expression in response to NbCD1 and
NbCD3 genes obtained through SuperSAGE and SuperSAGE array (Matsumura
et al. 2003) were significantly similar as 74% of all the expressed genes showed
identical expression patterns. These authors have strongly demonstrated the use of
SuperSAGE, SuperSAGE array and RACE (rapid amplification of cDNA ends)
techniques in combination for systematic and comprehensive transcription analysis
as well as rapid isolation of target genes for functional analysis in even non-model
organisms where no prior sequence databases are available. These tools certainly
will find promising applications in human studies such as for cancer diagnostics
and prognostics (Argani et al. 2001; Yasui et al. 2004).

One of the efficient and currently followed reverse genetics approach for
functional genomics involves RNAi. SuperSAGE tags are long enough to be directly
used for synthesizing short-hairpin (sh)RNA, which is expressed in eukaryotic cells
to induce RNA interference with the corresponding gene. Tag sequence may be
cloned in a suitable expression vector and transferred directly into fungal cell or
plant cells via Agrobacterium. After RNAi of the corresponding gene is estab-
lished, virulence (fungus) and resistance (plant) can be tested (Matsumura et al.
2006). Thus, SAGE has great potential as an important tool in functional genomics
(Figure 2).

Mysore et al. (2001) identified tomato genes that are up-regulated and down-
regulated by Pti4 (Pto interacting protein), a tomato transcription factor, through
SAGE analysis. Subsequently, in a more detailed study (Chakravarthy et al. 2003),
SAGE was used to compare the transcripts in wild type and Pti4-expressing
Arabidopsis plants. Comparative profiling revealed 78 differentially abundant
transcripts encoding defense-related proteins, protein kinases, ribosomal proteins,
transporters, and two transcription factors. Many of the genes identified were
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Figure 2. Applications of SuperSAGE in functional genomics

expressed differentially in wild-type Arabidopsis during infection by Pseudomonas
syringae pv tomato, supporting a role for them in defense related processes. In
cassava (Manihot esculanta), host-plant resistance to the cassava mosaic disease
(CMD) was analysed using SAGE by comparing gene expression patterns in a
bulk of 40 each of CMD resistant and susceptible genotypes drawn from a gene
mapping population (Fregene et al. 2004). Annotation of more than 30 differentially
expressed tags revealed several genes expressed during systemic acquired resistance
(SAR) in plants and other genes involved in cell-to-cell and cytoplasm-to-nucleus
virus trafficking. The genes identified through SAGE have provided a sound basis
for further research towards identification of candidate genes for effective disease
management.

4.2. Response to Environmental Stresses

Breeding crops adapted to extreme environments like cold, drought is one of the
main objectives of modern plant breeding. Information regarding differential gene
expression in these environments is therefore very important. While studying global
gene expression in Arabidopsis leaves Jung et al. (2003) found that a majority of
genes expressed in normal leaves were involved in energy metabolism processes,
especially in photosynthesis. Further, cold treated leaves revealed 272 differen-
tially expressed genes. Of these 82 genes were highly expressed in the normal
leaves and 190 were highly expressed in the cold treated leaves. Cold stress,
in general, induced genes involved in processes like cell rescue, defense, cell
death and aging. These included various COR genes, lipid transfer protein genes,
alcohol dehydrogenase, � amylase and many novel genes. During cold stress, genes
involved in energy metabolism process like photosynthesis were down-regulated.
This global gene expression pattern seen in normal and cold treated leaves is drasti-
cally different with that in normal and cold treated pollens in Arabidopsis (Lee
and Lee 2003). These experiment provide insight into the mechanism of differ-
ential sensitivity of different plant organs to stress. Similarly, Arabidopsis root
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transcriptome (Fizames et al. 2004) differs markedly from other organs. During this
study, 270 differentially expressed genes have been identified in roots in response
to N sources i.e., different NO−

3 or NH4NO3. The maize root transcriptome analysis
also documented that less than 5% of the most abundant transcript were shared
between maize and Arabidopsis (Poroyko et al. 2005).

Ekman et al. (2005) used SAGE to assess transcriptome response to hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX) in Arabidopsis roots. The RDX treatment
induced genes already known to respond to a variety of general stresses. Among
the highly induced genes, several encoded molecular chaperones and transcription
factors as well as vacuolar proteins and peroxidases. Strongly repressed transcripts
included ones encoding ribosomal proteins, a cyclophilin, a katanin and a perox-
idase. The expression pattern in response to RDX was significantly different to that
against 2,4,6-trinitrotoluene (TNT) earlier studied by Ekman et al. (2003). It gives
an idea that plants employ different mechanism to cope with different chemicals.
This type of information will certainly help in engineering crops better tolerant to
explosives and similar compounds and to devise strategies for phytoremediation of
degraded soils.

4.3. SAGE for Other Traits

SAGE technology has been extended to some non-model but otherwise important
plant species also, for example, loblolly pine (Pinus taeda) (Lorenz and Dean 2002).
Two SAGE libraries were generated based on lignifying xylem isolated from either
the upper (crown) or lower (base) portions of the trunk in view to identifying genes
specifically involved in wood formation and characterizing their roles in determining
wood quality. Coemans et al. (2005) used SuperSAGE coupled with 3’RACE (3’-
rapid amplification of cDNA ends; van den Berg et al. 1999) and TAIL-PCR
(thermal asymmetric interlaced PCR; Liu et al. 1995) to characterize the global gene
expression in another non-model plant, banana (Musa acuminata). As expected, and
also reported for Arabidopsis (Jung et al. 2003), majority of the abundant transcripts
are involved in energy production, mainly photosynthesis. The most abundant tag
represented a type 3 metallothionein transcript which accounted for nearly 3% of
the total transcript analyzed as in case of rice leaf also (Gibbings et al. 2003).

Asamizu et al. (2005) performed comprehensive transcript analysis pertaining to
early stage of root nodulation by generating SAGE libraries from uninfected roots
and nodulating roots of the model legume Lotus japonicus. They reported different
levels of transcript induction among leghemoglobin gene paralogs indicating the
effectiveness of SAGE in discriminating different gene family members. They found
11 antisense tags that increased during nodulation indicating that regulation of gene
expression by antisense transcripts may occur in an organ dependent manner. In
a project undergoing at Giessen University, Germany, attempts are being made
to study gene expression in oilseed rape (Brassica napus) and to identify genes
which are up- and down-regulated during seed development and are associated with
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synthesis of commercially valuable seed compounds, e.g. fatty acid metabolism
(Obermeier and Snowdon 2006)

In a massive study from Beijing Genomics Institute, China, transcriptomes of
three major tissues (panicles, leaves, and roots) of a super-hybrid rice (Oryza
sativa) strain were compared with the two parents (Bao et al. 2005). A number of
genes differentially expressed in the three target tissues in the hybrid. Most of the
up-regulated genes were related to enhancing carbon- and nitrogen-assimilation,
including photosynthesis in leaves, nitrogen uptake in roots, and rapid growth
in both roots and panicles. An essential enzyme involved in photorespiration,
alanine:glyoxylate aminotransferase 1 was the most conscipicuous among the down
regulated genes in the hybrid. Such studies will provide additional data crucial for
understanding of molecular mechanism of heterosis and gene regulation networks
of the cultivated rice.

5. FUTURE PERSPECTIVES

Global transcript profiling provides a better insight into the transcribed genome
of an organism, a cell or a tissue under a particular environmental condition.
Amongst the various contemporary high-throughput technologies, SAGE is an
‘Open Architecture’ system as compared to DNA chip technology enabling accurate
quantification and identification of newly expressed genes also. Recently developed
SuperSAGE coupled with SuperSAGEArray allowing isolation and use of 26 tags
has greatly overcome the limitation of short tags in original SAGE technology
and has facilitated unambiguous gene annotations. GLGI (Generation of Longer
fragments from SAGE tags For Gene Identification) has helped in further charac-
terization of individual target genes. Moreover, a number of attempts have reduced
drastically the amount of starting material for SAGE. The utility of SAGE in
transcript profiling has already been demonstrated in various plant and animal
systems for different traits and environmental conditions.

The advantages of SAGE including application to non-model organisms and in
discovery of new genes will certainly extend the use of SAGE. Reduction in the
cost of SAGE particularly for library sequencing and generation of longer SAGE
tags will further enhance the use of SAGE in near future.
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CHAPTER 11

GENETICAL GENOMICS: SUCCESSES AND PROSPECTS
IN PLANTS
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Abstract: Sequencing of expressed genes from several plant species has revealed that there is a
relatively high level of conservation in amino acid sequence among distantly related
taxonomic groups, despite the tremendous phenotypic and developmental diversity in
the plant kingdom. This diversity appears to be primarily created by polymorphisms that
contribute to quantitative gene expression variation, rather than protein structure modifi-
cation or creation of novel transcriptional units. A few studies have now demonstrated
the heritability of gene expression and the dissection of its genetic control in plants.
The approach – generally referred to as genetical genomics – relies on the transcript
level and quantitative trait loci (QTL) analysis of the transcriptome in segregating
populations. In this chapter we review the principles of genetical genomics, results of
these studies in plants, and the use of this approach to dissect the genetic control of
phenotypic traits of biological and agricultural interest. Although still in their infancy,
pioneering genetical genomics studies have shown that this approach is valuable to
unravel genetic networks implicated in transcription regulation, and for the identification
of genes and pathways implicated in phenotypic variation. More important, they suggest
that integrative genomic methods, that merge information from variation at the level of
DNA, gene expression, protein and metabolites will be essential for understanding the
complexity of plants.

1. INTRODUCTION

The diversity of eukaryotes arose primarily from the differential regulation of
a similar group of genes, rather than by the creation of new ones (King and
Wilson 1975; Baltimore 2001; Levine and Tjian 2003). Although plants and animals
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typically have a larger number of genes compared to simple, unicellular eukaryotes,
this difference is generally due to duplication events among a common core set
of genes, rather than by the appearance of novel units of transcription. The higher
complexity of plants, much like in animals, became possible in part because of
a larger variety of regulatory elements and the utilization of more sophisticated
protein complexes to modulate and fine-tune gene expression (Levine and
Tjian 2003).

Genetic variation in gene expression regulation may be the basis for the diversity
of plant species, but is also key to intra-specific diversity and adaptation. Therefore,
a genome-wide assessment of the genetic control of gene expression regulation could
aid in explaining the morphological and developmental diversity of eukaryotes,
including higher plants (Doebley and Lukens 1998; Purugganan 2000; Tautz 2000;
Wray et al. 2003). The first studies in structured populations demonstrated that
variation in gene expression is genetically controlled and heritable (Dumas et al.
2000; Karp et al. 2000; Brem et al. 2002; Wayne and McIntyre 2002; Schadt
et al. 2003; Yvert et al. 2003), suggesting that transcript level variation could
be genetically dissected as a typical quantitative trait. Understanding the genetic
architecture of gene expression – i.e. defining when, how and why certain genes
regulate and are regulated by other genes – could establish a hierarchy of gene action
and define the genetic “rule book” for plant growth, development, environmental
response and, ultimately, adaptation and evolution.

This chapter provides an overview of the strategies and discoveries made in
studies of the genetic architecture of gene expression regulation through QTL
analysis, in what is generally referred to as genetical genomics. The chapter begins
with a description of the fundamental biological information that can be obtained in
genetical genomics studies, followed by a discussion about the applications of this
information to discover candidate genes that regulate complex traits. Next, genetical
genomics studies carried out in plants are reviewed. In the last part, the pitfall and
limitations, as well as future perspectives are discussed in the context of studies in
plant species.

2. GENETICAL GENOMICS

The concept of genetical genomics was first introduced by Jansen and Nap
(2001). They proposed that quantitative genomic data could be analyzed using the
same quantitative trait loci (QTL) approach used for the analysis of agricultural
traits (Sax 1923; Paterson et al. 1988). Specifically, Jansen and Nap suggested
that the transcript level data generated from microarray analysis could be used
to identify gene expression QTLs, or eQTLs. In microarrays, DNA sequences
(cDNA or oligonucleotides representing part of the DNA sequence of a gene)
are placed individually in known locations on a two dimensional surface (Schena
et al. 1995; McGall et al. 1996; Nuwaysir et al. 2002). Because of the high
density that can be achieved in this platform, hundreds to thousands of genes can
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be evaluated in parallel. Labeled cDNA or cRNA, produced from mRNA extracted
from a sample is then hybridized to that surface. The signal emitted by the labeled
material hybridized to each spot is measured, providing an indirect estimate of
the amount of mRNA molecules (i.e. the gene expression), for every given gene,
present in the sample.

As in any traditional QTL analysis, an eQTL or genetical genomics study requires:
(1) making a cross using genotypes with contrasting transcript levels, to generate a
population segregating for alternative alleles associated with the genes’ expression;
(2) generating a genetic map by genotyping the individuals from the segregating
population for genetic markers distributed along the genome; and (3) obtaining gene
expression measurements from the segregating population. Ideally, each individual
of the segregating population will have inherited half of its genome from each of
the parental genotypes, and for any given genetic marker half of the individuals
will carry the allele from one parent, and half will carry the allele from the other
parent. The identification of the genomic regions, or quantitative trait loci, that
control the gene expression of any given gene is then based on identifying genetic
markers where the individuals that inherited alternative alleles have different gene
expression levels.

Although genetic markers with genome-wide coverage and methods to genotype
them in a rapid and cost effective way have become available only in the past
two decades, the framework of QTL analysis was established in the beginning of
the last century (Altenburg and Muller 1920; Sax 1923). Sophisticated statistical
analysis approaches are used today for QTL detection (Mackay 2001; Abiola et al.
2003) and have been applied to a broad spectrum of species and morphological
and developmental traits, but they essentially rely on the principle described above.
Therefore, the theoretical framework for genetical genomics studies had been well
established previously. However, until the mid-1990’s the tools to achieve it in
a genomic scale were lacking. With the creation and development of microarray
methods, the demonstration that this theoretical concept was feasible and applicable
to a broad spectrum of eukaryote species was made soon after in the work on yeast,
mice, humans and in corn (Brem et al. 2002; Schadt et al. 2003), and in the woody
plant Eucalyptus (Kirst et al. 2004).

3. EQTL MAPPING IDENTIFIES REGULATORY LOCI OF GENES
AND NETWORKS

Mapping of QTLs for gene expression identifies the genomic regions that harbor
regulatory sequences that control transcription. Gene expression may be regulated at
various levels. The primary mechanism is the interaction of the core promoter region
(∼50 bases upstream of the transcription initiation start site) with activators and
repressors. DNA-binding proteins that recognize specific DNA regulatory elements
such as promoters and enhancers (hundreds to thousands of bases upstream or
downstream of the transcription start site) recruit and/or stabilize the transcription
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machinery to the core promoter region. Variation in the DNA sequence of these
regulatory elements can lead to modulation of transcription initiation and conse-
quently mRNA amounts, and is referred to as cis-acting regulation. In this case,
the QTL for the gene’s expression will co-localize with the physical position of
the gene (Figure 1). Alternatively, gene expression may be modulated by variation
in the levels of transcription factors, co-factors and other regulatory proteins. In
that case the eQTL will co-localize with the physical position of the gene encoding
for the regulatory protein (trans-acting regulation, Figure 1). Other mechanisms
can play a significant role in gene expression (such as chromatin remodeling and
epigenetic factors) but their genetic regulation can only be analyzed by genetical
genomics if they display Mendelian inheritance (i.e. they can be studied by QTL
analysis).

Schadt et al. (2003) first showed that cis-acting eQTLs could be detected for
a large number of genes in mice. eQTLs that co-localized with the position of
their respective transcriptional units were detected for 34% of the mapped genes,
using a log of the odds ratio (LOD) score of 4.3 (p-value of 5×10−6) and standard

Gene A

QTL

QTL
QTLQTL

QTL

Gene C

Gene B

Gene D

LG 1
LG2

LG3LG4LG5

QTL

QTL
QTLQTL

QTL

LG2

Figure 1. Cis- and trans-regulation of gene expression. QTL mapping of transcript levels of a
hypothetical Gene A identifies four major QTLs (linkage groups 1, 2, 3 and 5) as evidenced by QTL scans
along each chromosome. Gene A and eQTL co-localize in linkage group 1, suggesting cis-regulation.
The observation of eQTLs for gene A in linkage groups 2, 3 and 5 indicates that expression is also
regulated in trans by transcription regulators (unknown genes B, C and D)
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interval mapping methods. As the stringency used to declare the presence of an
eQTL increased to a LOD of 7.0, the frequency of cis-regulated genes increased
to 71%. The authors associated this difference with the fact that first-order effects
(cis-acting regulation) should have a more significant effect on gene expression than
second-order effects (trans-acting regulation). Therefore, defining the proportion
of cis- and trans-regulated genes is directly proportional to the stringency used to
declare the presence of an eQTL. The same trend was observed in the data from
Hubner et al. (2005), where a ratio of 2:1 in trans- to cis-regulations (p < 0.05) was
inverted to a 1:15 ratio at a more stringent threshold (p < 5×10−6). Most studies
have identified 20–40% of the genes regulated in cis (Table 1). Nonetheless, that
number has to be considered with caution as it depends heavily on the threshold
used for eQTL detection.

A genetical genomics approach can also identify genetic loci that control
transcription regulation of large numbers of genes in trans, by finding correlated
variation of transcript abundance and co-localized eQTLs (Figure 2). Clusters
of co-localized eQTLs have been usually referred to as eQTL hotspots. Proba-
bilistically, the likelihood of large numbers of eQTLs co-localizing in a specific
genetic interval by chance is relatively small. Co-localized eQTLs indicate that
specific genetic loci may contribute to transcript level variation of many genes,
suggesting that they are part of genetic network of expression regulation. Such
inferences are strengthened when supported by annotation indicating a common
molecular function or cellular process. In combination with genomic sequence,
eQTL and gene location provide insight into the mechanisms of regulation of
gene expression networks, and could lead to the identification of specific genes or
loci that control them (Figure 2). Many eQTL hotspots have been shown, in our
and other studies (Brem et al. 2002; Schadt et al. 2003; Yvert et al. 2003; Kirst
et al. 2004), to include genes associated with specific metabolic and regulatory
pathways.

Genomic networks – the lignin biosynthesis pathway as an example of an
eQTL hotspot. A microarray study carried out in a mapping population of 91
individuals of the woody plant Eucalyptus identified co-localized genetic loci that
regulate the expression of genes encoding enzymes of the phenylpropanoid biosyn-
thesis pathway. This pathway is involved in the synthesis of secondary products
including the monolignols p-coumaryl, coniferyl and sinapyl, the precursors of the
lignin polymer (Higuchi 1990). Analysis of various individuals from the segregating
population confirmed that genetic regulation of metabolically related genes corre-
lates with synthesis of the pathway products (Kirst et al. 2004). Genes encoding
enzymes of the shikimate and methionine pathway – all of which are involved
in providing precursors to the phenylpropanoid pathway – also shared common
eQTLs, suggesting a tight regulation of the synthesis of the pathway product. Many
of the intermediate products of these pathways are toxic to the cell and need to be
processed in a short period of time to avoid deleterious effects. This may justify
the mode of regulation seen in this case, but can not be generalized to all the other
metabolic or regulatory pathways.
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Figure 2. Co-localized eQTLs for several genes define eQTL hotspots. Five hypothetical genes that
encode for enzymes A to E share a common eQTL, suggesting that the eQTL hotspot identifies the
genetic locus that regulates transcription through the network

4. GENETICAL GENOMICS FOR IDENTIFICATION
OF CANDIDATE GENES FOR COMPLEX TRAITS

The identification of genes that regulate complex trait variation using forward
genetic approaches has been largely dependent on identifying molecular markers
associated with the trait (Figure 3) through QTL analysis (Paterson et al. 1988;
Paterson et al. 1991; Stuber et al. 1992). In general, a QTL study identifies
genomic regions of 10–20 centimorgans associated with a quantitative phenotype.
In Arabidopsis, one centimorgan corresponds on average to 200 thousand base
pairs (Kbp), or approximately 50 genes. In species with megagenomes such
as the gymnosperms, one centimorgan may correspond to more than 15,000
Kbp. Fine-scale mapping can narrow the pool of genes that underlie a QTL by
increasing marker density and sampling enough recombination events between
markers flanking a broad QTL region. Nonetheless, despite increasing progress
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Figure 3. Genetical genomics and the integration of information from genotypic, phenotypic and
transcript level variation. Traditional QTL and association genetic studies rely on combining information
from phenotypic and genotypic variation. Genetical genomics incorporates transcript level information
to the quantitative genetic paradigm to identify candidate genes for complex traits

(Korstanje and Paigen 2002) the path from a broad genomic region to the specific
polymorphism underlying a QTL is laborious and costly.

Approaches such as association mapping are creating a new perspective for the
identification of specific polymorphisms that regulate complex traits in eukaryotes,
by taking advantage of the higher resolution of marker-QTL association generated
by historical recombinations (Flint-Garcia et al. 2005). Still, whole-genome scans,
which would allow for the evaluation of the entire set of genes of one individual for
associations with a quantitative trait, are not yet feasible for most species with high
genetic diversity and limited linkage disequilibrium. Until the technical advances
become such that all haplotypes can be evaluated for association, these approaches
will still rely primarily on the identification of a subset of (candidate) genes to be
tested individually for association.

Another limitation of traditional QTL analysis strategies is that they capture
mostly only the additive genetic component that contributes to a phenotype.
Although the identification of genetic loci that contribute to non-additive compo-
nents of the genetic variance may be feasible by using specific mating designs
and statistical methods, more sophisticated approaches are typically required. For
instance, QTL mapping approaches that attempt to assess the epistatic effect of
multiple loci, such as Multiple Interval Mapping (Kao et al. 1999) are typically
limited in that they can evaluate the combined effect of only few loci. Lower statis-
tical power and the exponential increase in the number of statistical tests as more
loci are added to the models limit the capacity of detecting positive interactions
and may generate a large number of false-positives. Nonetheless, the relevance
of combined effects of multiple loci has been well demonstrated for some traits,
such as for accumulation of chlorogenic acid (CGA) in maize silks (Szalma et al.
2005). Genetical genomics may provide not previously foreseen advantages for
identifying loci that contribute to additive and non-additive effects, as described
below.

Genetical genomics was primarily considered a strategy for describing the genetic
control of transcription in individual genes and networks (Jansen and Nap 2001),
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but its application to understanding the genetic control of complex, quantitative
traits was proposed soon after. The integration of genotypic and transcript level
data for dissecting the genetic control of allergic asthma and stress responses
in mammals was suggested early on by Dumas et al. (2000) and Karp et al.
(2000), but the application was limited in scope to a few genes. Shortly after
genetical genomics was shown to be a powerful tool for identifying candidate
genes for complex diseases and for traits of economic value in forestry (Schadt
et al. 2003; Kirst et al. 2004). The strategy proposed relied in identifying cis-
regulated eQTL that co-localize with a trait QTL. The rationale is that for any trait
transcriptionally regulated by a given genomic region (defined by its QTL) there
should be a corresponding cis-acting eQTL for the gene that controls it. Instead
of relying on the detection of anonymous markers correlated with a trait, such as
in traditional QTL analysis, this approach identifies actual genes (Figure 4). This
approach was first applied by Schadt et al. (2003) who identified four candidate
genes whose eQTLs co-localized with several obesity related QTLs in mice. The
homologous region in the human genome had been previously linked to obesity
(Lembertas et al. 1997) and two of the four mice candidate genes had homologues
in that region, suggesting a possible association with the trait. Following this study,
Schadt and colleagues proposed and demonstrated novel strategies for identifying
the genes that control complex, quantitative phenotypes, based on gene expression
analysis of segregating populations, using specific models (Schadt et al. 2005). The
motivation was that an association between transcript levels and trait phenotypic
value (demonstrated by the co-localization of eQTL-QTL) may have several origins,
some of which are not of interest, and some that may indicate specific target
genes. Primarily, the authors defined the different models by which there could be
a correlation between gene expression and a trait variation. The two most easily

Segregating 
population

Genetic 
mapping

Transcription 
profiling

QTL 
analysis

eQTL 
analysis

Identify co-localized, 
cis-regulated, eQTLs 

and QTLs

Trait 
phenotyping QTL 

analysis

eQTL 
analysis

-
-

Figure 4. Strategies for identifying candidate genes for quantitative variation combining QTL, eQTL
and gene location. Data on genotypic, gene expression and phenotypic variation (white boxes) collected
from a segregating population is analyzed by QTL (genotype-phenotype) and eQTL (genotype-gene
expression) analysis (grey boxes). Co-localized QTLs and eQTLs suggest a direct (in cis) or indirect (in
trans) association between gene expression and phenotype. The mode of association can be discerned if
the genetic or physical position of the gene is known to co-localize with both trait and gene expression
QTLs
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confoundable models are the (1) causative and (2) reactive models. In the first, a
genetic polymorphism (QTL) causes changes in transcription levels at a given gene,
which results in phenotypic variation in a trait of interest. In the second, reactive
model, the genetic polymorphism causes a change in the phenotype, which has
consequences in the transcript level of one or more genes. In both models, genetic
polymorphism, eQTL and QTL may be co-localized. In a third, independent model,
the genetic polymorphism causes variation in gene expression and trait, but both
are unrelated to each other. More complex models were also suggested. The authors
developed a likelihood test that uses conditional correlation to evaluate what is
the best model to explain the association between gene expression and phenotype
data, and demonstrate its use in the identification of genes for total fat pad mass.
The function of the genes identified using these procedures was then validated in
genetically modified mice.

One observation from most studies (Schadt et al. 2003; Kirst et al. 2004; Schadt
et al. 2005) that identified candidate genes that underlie QTLs using genetical
genomics is that the observed correlation between candidate gene expression
and trait variation is frequently higher than that derived from the QTL analysis.
Intuitively, one would expect that the transcript level of a gene that underlies
a QTL should explain no more than what is explained by the genotypic value,
but that does not always seem to be the case. For instance, we have identified
individual QTLs that explained ∼20% of the phenotypic variance in tree height
(Kirst et al. 2004). However, certain transcript levels associated with the QTL
explained more that 30% of the phenotypic variance. Invariably we observed the
same trend for other traits such as wood density and wood fiber quality (unpub-
lished data). In the experiments carried out by Schadt et al. (2005) in an F2 mice
population, four QTLs that explained together ∼39% of the phenotypic variance in
adiposity-related traits were detected. However, transcript levels detected in certain
genes explained over 60% of the trait phenotypic variance (causative and reactive
genes). Several factors may explain this discrepancy (1) correlation coefficients
between trait and expression may be overestimated (for some unknown reason), or
(2) the QTL analysis of the trait is underestimating the effect of the genetic locus.
As pointed out previously, traditional QTL analysis accounts mostly for additive
sources of variance that contribute to the phenotype. Alternatively, a genetical
genomics approach may add more information to the quantitative genetics paradigm
that is the basis for QTL analysis (Figure 3). Analysis of transcript abundance in
segregating populations may account not only for additive but also non-additive
genetic effects that are not captured in traditional studies. Non-additive variation in
transcript levels is significant (Gibson et al. 2004; Auger et al. 2005; Brem et al.
2005; Storey et al. 2005; Vuylsteke et al. 2005). The same non-additive effects
that contribute to one gene’s expression variation may contribute to phenotypic
variation at a trait controlled by that gene. Therefore including transcript level
data into the QTL analysis may well explain greater proportions of the phenotypic
variance, thereby enhancing statistical power to detect real genotype:phenotype
associations.
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5. CURRENT STATUS OF GENETICAL GENOMICS STUDIES
IN PLANTS AND OTHER SPECIES

Genetical genomics studies have been reported in yeast (Brem et al. 2002; Yvert
et al. 2003; Brem and Kruglyak 2005; Brem et al. 2005), mice (Bystrykh et al. 2003;
Schadt et al. 2003; Bystrykh et al. 2005; Chesler et al. 2005), rats (Hubner et al.
2005), humans (Schadt et al. 2003; Monks et al. 2004; Morley et al. 2004), maize
(Schadt et al. 2003), Eucalyptus (Kirst et al. 2004; Kirst et al. 2005) and Arabidopsis
(DeCook et al. 2006). Table 1 summarizes the results from these studies. Since the
pioneering work in the beginning of the decade there has been a steady increase
in the number of reports in human and mammal model species, probably reflecting
the higher accessibility to the technology and lower cost of microarray platforms.
Morley et al. (2004) and Monks et al. (2004) measured baseline levels of gene
expression in human lymphoblastoid cell line from 14 and 15 CEPH (Center d‘Étude
du Polymorphisme Humain) families. Chesler et al. (2005) and Bystrykh et al.
(2005) analyzed gene expression in the forebrain and in hematopoietic stem cell
from 30 mice recombinant inbreds. Huber et al. (2005) applied the same approach
to rat fat and kidney tissues in recombinant inbreds. Yvert et al. (2003) and many
others have reported detection of eQTLs in yeast. In contrast, there has been a very
limited number of genetical genomics studies in plants – reports have been made
for maize, Arabidopsis and Eucalyptus. A summarized description of these studies
is presented below.

5.1. Maize

Schadt et al. (2003) analyzed mRNA transcript abundances in ear leaf tissues
collected from 76 F2-derived F3 plants generated originally from two maize inbred
lines. A set of 18,805 genes were identified as differentially regulated in the overall
population (type I error =0.05), out of 24,743 genes represented in a microarray.
The study revealed 6,481 genes with at least one eQTL (LOD ≥ 3.0) and 80% of
those with a LOD score ≥7 were collocated with the gene (when the gene location
was known). The authors identified a novel type of epistatic gene-gene interactions
in the expression levels, but the methods were not formally described.

5.2. Eucalyptus

In our studies the progeny of a mapping population of 156 individuals from an
Eucalyptus pseudo-backcross were genotyped for 803 AFLP markers, and genetic
maps were created (Myburg et al. 2003). A subset of 91 individuals from the
progeny was characterized for gene expression profiles in differentiating xylem
using cDNA microarrays comprising 2,608 selected Eucalyptus cDNAs related to
wood properties and growth (Kirst et al. 2004). Quantitative trait locus analysis
using composite and multiple interval mapping (Zeng 1993, 1994; Kao et al. 1999)
identified genomic regions that harbor regulatory sequences controlling, in cis- or
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trans-, the expression of 1,067 genes. Genetic mapping defined both cis- and
trans-acting mechanisms of regulation. However, the lack of the complete genome
sequence reduces the ability to make genomic inferences about mode of transcript
regulation for large numbers of genes.

5.3. Arabidopsis

In the latest eQTL study reported in plants, DeCook et al (2006) used 30 recombinant
inbred lines derived from a cross of Arabidopsis ecotypes Columbia and Landsberg
erecta. RNA extracted from root explants in shoot induction medium was hybridized
to Affymetrix ATH1 microarrays comprising 22,787 genes. eQTLs were detected
by fitting a least-squares linear regression model using the genotype as independent
variable and expression as the dependent variables. The hypothesis of slope equal
to zero was used to determine the significance of the relationship. A Bonferroni
adjustment was used to control the genomewide error rate for each gene expression
at the 0.05 level. Then for each threshold a false discovery rate (FDR) was estimated
(Storey and Tibshirani 2003). A set of 3,525 eQTLs were detected for 958 genes at
an FDR of 2.3%. At a less stringent threshold (FDR of 10.2%) 10,521 eQTLs were
detected for 2,637 genes. Five eQTL hot spots were found. The largest hotspot was
located on the lower arm of chromosome 5, centered on marker 270, and it involved
34 genes – 23 genes were upregulated and 11 genes were downregulated. The
study showed that the upregulated genes are expressed at much higher level when
Columbia rather than Landsberg alleles were present at the marker site. Two of the
hot spots coincided with previously described QTLs conditioning shoot regeneration
(Lall et al. 2004), suggesting that some of the heritable gene expression changes
are related to differences in shoot regeneration efficiency between ecotypes. Some
of the most significant eQTLs, particularly those at the shoot regeneration QTL
sites, tended to show cis-chromosomal linkages, whereas many linkages of lesser
significance showed trans-effects.

Alternative approach derived from the original genetical genomics framework
proposed by Jansen and Nap (2001) have been also reported for Arabidopsis by
Juenger et al. (2006) and Filatov et al (2006). In the first study, instead of relying
on the analysis of gene expression in large segregating population, Juenger and
colleagues carried out a microarray analysis contrasting the transcript abundance
between two near-isogenic lines (NIL) to the recurrent parent (Ler-2 ecotype). The
NILs were selected to contain an allele for increased transpiration and reduced
water-use efficiency, identify by a previous QTL study and derived from the
Cvi-1 ecotype. Genes differentially regulated between the NIL and the recurrent
ecotypes could then be associated with the introgressed segment from Cvi-1, and
candidate genes for the target QTL. Using this strategy, the authors identified a
pool of 25 differentially regulated genes, many of which were considered strong
candidates for the trait regulation. Interestingly the authors found no genes differ-
entially regulated (using a stringent statistical threshold) located outside of the
introgression region, suggesting mostly cis-regulation of gene expression. Filatov
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et al. (2006) applied another variation to the original genetical genomics strategy,
for identification of genes related to zinc (Zn) hyperaccumulation. From the
cross between two Arabidopsis species (A. halleri and A. petreae) with variable
tolerance to high Zn levels, F2 individuals were grouped in phenotypic classes and
allowed to polycross within groups, creating F3 families. Finally, families were
phenotyped for Zn tolerance, and two in each extreme were selected for gene
expression analysis in two different levels of Zn. The authors identified approx-
imately 100 genes differentially regulated between hyper- and hypoaccumulator
genotypes in roots and leaves, eight of which were common between the two plant
organs.

6. PITFALLS AND LIMITATIONS OF GENETICAL GENOMICS

Despite the potential of using genetical genomics to unravel genetic regulatory
networks and identify genes that control quantitative traits, QTL analysis of gene
expression is plagued by the same problems of traditional QTL studies. In addition,
the increase in the scale of analysis – from a few traits in most studies to thousands
of genes – exacerbates existing limitations and creates new challenges.

As in traditional QTL analysis, a significant association between genetic marker
and trait is only detectable if there is variation in the parents and segregation in the
progeny. Therefore, despite the significant effort in carrying out gene expression
analysis in large progeny sets, only a limited fraction of the genetic information
of interest can be unraveled in one given cross. A population wide survey of the
genetic control of gene expression, in an association genetics study, can be achieved
but is certainly much more challenging than detecting eQTLs in a single, structured
population.

eQTL analysis is also limited in its inferences by the typically low resolution of
QTL analysis. An eQTL found co-localized with the corresponding gene location
suggests – with a fairly high probability – that polymorphisms at the gene or its
immediate regulatory regions are indeed controlling its expression. Nonetheless,
when testing thousands of genes a certain proportion will be falsely declared as
cis-regulated. When the specific gene is regulated in trans-, the identification of the
specific genetic element that controls it is made difficult by the broad span of QTL
regions.

Because genetical genomics involves gene expression profiling of large popula-
tions, these studies also carry a significant burden in terms of cost. Large populations
are required to generate unbiased estimates of QTL detection (Beavis 1997). To
date, genetical genomics studies have relied on relatively small segregating popula-
tions in their analysis. To the exception of the work reported by Morley et al.
(2004) and Bystrykh et al. (2005), other studies have used segregating populations
with less than a hundred individuals. Therefore, it is likely that these genetical
genomics studies have suffered from the same limitations of traditional quantitative
genetic analysis of small populations, namely a lack of power in detecting small
and moderate effect eQTLs, and an overestimation of effects in many cases where
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eQTLs were detected (Beavis 1997). With a progeny population of fewer than 500
individuals, regardless of marker density, there is little statistical power to identify
QTLs of small effect.

Other limiting aspects of a genetical genomics approach are described below.

6.1. Is Gene Expression Heritable?

Heritability refers to the proportion of the phenotypic variance among individuals
in a population that can be attributed to the genotypic variance. Most of the
genetical genomic studies did not explicitly estimate gene expression heritabilities
due to design limitations. Two different groups (Monks et al. 2004; Morley et al.
2004) independently conclude that the large proportion of human lymphoblastoid
transcriptome varies in segregating populations. Morley et al. (2004) did not
report heritability estimates. Monks et al. (2004) found expression in 762 genes
(31%) to be significantly heritable (at a false discovery rate P< 0.05), and a
median heritability of 34%. However, heritability estimates for all differentially
expressed genes, inferred from grandparent to parent, parent to children, or across
all three generations, were not correlated (Gibson and Weir 2005). Many reasons
could explain this observation. The sample size of the order of a few hundred
individuals may be too small to support robust estimates of heritability. There
may also be unknown sources of experimental artifact (perhaps relating to sample
processing in batches) that produce false estimates of genetic variance compo-
nents. Finally, the genetic components affecting transcription, and consequently
the genetic architecture of transcription, could themselves vary from generation to
generation.

6.2. The Confounding Effects of Polymorphisms when Declaring
Cis-regulation

Several studies have recently reported the spurious effects of genetic polymor-
phisms when making inferences about gene transcript levels (Ronald et al. 2005;
Rostoks et al. 2005). Those polymorphisms that negatively affect the hybridization
kinetics between probe in the microarray and labeled target RNA can lead to the
identification of a false cis-regulatory loci. In this scenario, one of the two parents
used in the cross is polymorphic for a genetic locus in the probe that results in the
lack of hybridization of the labeled mRNA – i.e. a weaker signal is detected for the
individuals that inherited that allele. As a result, the presence of signal measured
in the microarray segregates in the progeny and becomes equivalent to a genetic
marker. For instance, some of the most significant cis-acting loci detected by Monks
et al. (2004) were located in the HLA region, which is highly polymorphic. The
authors cautioned that these may not be eQTLs but could be simply associated with
sequence differences between the parental lines. This type of marker – referred
to as single-feature polymorphism, or SFP – was recently used to generate a
genetic map in Arabidopsis (West et al. 2006). However, the application of this
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approach is clearly only conceivable if there is knowledge about the genetic location
of each individual gene in the genome. Overall, the issue may not be important for
species with low levels of genetic diversity, but could be particularly relevant when
carrying out genetical genomics studies in species that are typically genetically
diverse, such as maize, poplar and pines.

6.3. Significance Thresholds

The main challenge of any genetical genomics study is to define an appropriate
threshold to declare presence of an eQTL. In traditional QTL analysis, the entire
genome is scanned for significant marker-trait associations and several hundred
statistical tests are carried out (Lander and Botstein 1989). Strategies to address the
problems generated by the multiple number of tests have been proposed, the most
popular being the use of permutation tests where a null distribution is generated
(Churchill and Doerge 1994; Doerge and Churchill 1996). When detecting gene
expression QTLs from microarray data, this problem is magnified by 2–3 orders
of magnitude, with the analysis of hundreds or thousands of genes, or “traits”.
To minimize this problem, several studies have taken the approach of evaluating
exclusively genes that are identified a priori as differentially regulated between
the parental genotypes, or in the progeny. This strategy has reduced typically
the number of genes tested to less than half the original set, therefore only
minimizing the problem but not eliminating it. The drawback of this strategy, as
shown by Schadt and colleagues (2003), is that many genes for which eQTLs
could have been detected end up not being evaluated. While filtering for genes
differentially regulated in the progeny allowed them to detect eQTLs for 2,123
genes, including the entire gene set represented in the microarray increased the
number of genes with detectable eQTLs to 3,701. Although many of these may
be false-positives, it appears that a significant proportion of the information may
be lost by applying a stringent filter prior to the eQTL analysis. In addition to
excluding potentially non-differentially regulated genes, other approaches have
been proposed to minimize the issue of multiple testing. In our previous studies,
we carried out permutation tests for 40 genes randomly selected from the set in
the microarray, and used the most conservative threshold as defined by the null
distribution, among those genes (Kirst et al. 2005). That threshold was then used
to declare presence of an eQTL when analyzing the entire set of genes in the
microarray.

One may apply other methods and other authors have proposed alternatives
that may be applicable here. Piepho (Piepho 2001) proposed a quick method for
estimating approximate genome-wide threshold levels for QTL detection by interval
mapping and composite interval mapping. Numerical approaches based on permu-
tation tests (Churchill and Doerge 1994; Doerge and Churchill 1996) that are too
slow to be applied to thousands of traits can be complemented by more efficient
resampling approaches developed to compute genome-wide significance thresholds
(Zou et al. 2004), which are computationally less expensive than permutation tests.
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6.4. eQTL Hotspots – Are they Real?

One of the most interesting discoveries from genetical genomics studies has been
the observation that eQTLs for large numbers of genes frequently clustered in
specific genomic regions or eQTL hotspots. This observation is relevant as it may
indicate loci with regulatory effects over a network of genes. These regulatory loci
may also represent opportunities for, through genetic manipulation or molecular
breeding, alter entire metabolic or regulatory pathways. But are eQTL hotspots real,
or a product of biases in the experiments?

Our studies and other reports have shown that mRNA levels are frequently
regulated by multiple loci. However, individual trans-acting eQTLs exert a
relatively weak genetic control over expression levels compared to cis-acting
eQTLs. Therefore, trans-acting eQTLs are more difficulty to detect in small
experiments. Among three mouse eQTL studies (Schadt et al. 2003; Bystrykh et al.
2005; Chesler et al. 2005), the location of trans-acting eQTLs showed limited
overlap. This could be due to a higher proportion of false positive trans-acting
eQTLs. It has been speculated that the clustering of eQTLs in hotspots, which
reflects the highly correlated expression levels of many gene transcripts, may be
due to technical or environmental factors that are currently unaccounted for (de
Koning and Haley 2005). A simulation study using existing gene expression data
from human pedigrees with a randomly generated single-nucleotide polymorphism
map showed strong clustering of trans-acting eQTLs, and the five most populated
bins contained 20% of significant, but spurious eQTLs (Perez-Enciso 2004). Two
genetical genomics studies reported the analyses of CEPH cell lines derived from
three-generation human pedigrees consisting of four grandparents, two parents and
up to ten children (Monks et al. 2004; Morley et al. 2004). Although the studies
overlapped for about half (eight) of the CEPH families studied, the results are
remarkably different. For example, Morley and colleagues (2004) found signifi-
cantly more trans-acting eQTLs (n =110) than cis-acting eQTLs (n = 17), as well
as two eQTL hotspots. In contrast, Monks and colleagues (2004) found no evidence
of eQTL hotspots. This discrepancy may have many causes (de Koning and Haley
2005; Li and Burmeister 2005). The detection of eQTL hotspot of trans-acting
eQTLs may be somewhat falsely inflated, because of issues such as multiple testing
and the use of a relaxed statistical threshold to define QTL presence.

6.5. Other Limitations

Most genetical genomics studies have presented what seems to be an oversim-
plified view of transcriptional regulation. Instead, transcriptional variation may be
highly polygenic, with many loci controlling each small fractions of the quantitative
variation in gene expression. Due to experimental design and/or statistical analysis
complexity and limitations, it is likely that most eQTLs remain undetected. For
instance, in yeast Brem and Kruglyak (2005) reported that transcription is more
likely to be highly polygenic, rather than monogenic. Only 3% of highly heritable
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transcripts are consistent with single locus inheritance, 18% suggest control by
two loci, and > 50% require at least five loci under an additive model (Brem and
Kruglyak 2005). Such amazing genetic complexity for a simple eukaryote illus-
trates the magnitude of challenges lying ahead for higher organisms. In addition,
transcript level is obviously not the only linkage between genes and phenotypic
traits. A full understanding may require more comprehensive models that include
protein and metabolite concentrations and cellular compartmentalization. However,
technical and experimental design issues need to be addressed and new statistical
tool need to be developed to analyze them.

7. CONCLUSIONS AND PERSPECTIVES

One can argue that one of the primary objectives of genomic sciences is to fully
describe the genetic diversity in any given species. As the genetic diversity is
defined, the next step would be to describe its implications to at all levels of
molecular information – transcript, protein and metabolite levels – and, perhaps
most important, higher level phenotypes such as morphological, developmental
and adaptive traits. Rapid progress is being made in sequencing the genome of
plant species (Arabidopsis Genome 2000; Goff et al. 2002) and novel methods
of high throughput genotyping are becoming accessible. Platforms to characterize
the genetic variation in several hundred thousand single-nucleotide polymorphisms
in a single assay are now already available in humans (Matsuzaki et al. 2004),
creating the opportunity for the generation of complete individual haplotype maps.
Although characterizing completely the genetic diversity in any plant species will
be challenging, particularly for those species with high levels of diversity and low
linkage disequilibrium, this may become a reality in the next few years as the density
of parallel genotyping platforms increase. While a larger picture of this network of
genome, transcriptome, metabolome and proteome has still not emmerged, genetical
genomics is one approach that will provide the basis for connecting the information
from the transcriptome, with DNA sequence variation.

In the past few years there has been a gradual shift in the paradigm of quantitative
genetic analysis of agricultural and forestry traits. The traditional QTL approach
that focusses typically in a limited genetic pool for identification of valuable alleles
for commercial crops gradualy gives room to other methods that take advantage
of extensive natural variation for traits of interest. In this scenario, the natural
adaptive process is investigated to identify genes that present signatures of selection
that indicate their relevance for the species adaptation (Mitchell-Olds and Schmott,
2006). Although the feasibility of these studies is only now being demonstrated
in model plant species (Michell-Olds and Schmitt, 2006), agronomic crops and
forestry, the advantages, particularly the improved resolution and allelic diversity
sampled may outweight by far the pitfalls and limitations. One can envision future
genetical genomics studies in plants where gene expression will be sampled in
large association populations to define the specific nucleotides that regulate gene
expression. Although it is questionable how well this approach will work for
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transcript level phenotypes, the evidence from eQTL studies demonstrates that it
should not differ significantly from traditional traits. When merged with results
from association genetic analysis for phenotypic traits, researchers will be able to
unravel the chain of events, from the nucleotide polymorphisms, to gene expression,
protein to phenotype, describing a detailed molecular mechanism of phenotypic
trait regulation, creating an unifying view of genomics.
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Abstract: The capacity to sequence genomes and the availability of novel molecular tools such
as analysis of transcriptomes has catapulted biological research into eras of genomics
and post-genomics. As salinity limits crop production in a major way, large number
of studies have been undertaken to analyze how salt stressed plant tissues differ
from unstressed tissues in terms of genomic alterations. Bulk of this work has been
carried out using the three model plant species namely Arabidopsis thaliana, Oryza
sativa and Mesembryanthemum crystallinum. Apart from these plants, others like
Thellungiella halophila, Xerophyta humilis, Populus euphratica, Setaria italica, Glycine
soja, Sorghum bicolor and Triticum aestivum have been exploited to understand the
differences in gene expression between saline sensitive and tolerant species. Closer look
at the transcriptome based analysis carried out with these systems shows that genes
involved in stress reception and stress signaling, regulation of gene expression, protein
translation, transport of ions and metabolism (like enzymatic roles, energy production,
protective functions and maintenance of osmotic balance) undergo major changes during
salt stress conditions. Importantly, there are large numbers of genes that are upregulated
under salt stress for which no major function has been ascribed as yet. Ultimately, a
system biology based approach needs to be established to understand plant responses
towards salinity stress and adaptation in an integrated manner. Future studies must focus
on these leads to unravel novel candidate genes for making more-effective salt stress
tolerant transgenic crops.
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1. INTRODUCTION

Salinity is one of the major stresses that cause significant reductions in plant
productivity, and consequent economic losses. Estimations indicate that more than
50% of all the arable land will be affected by serious salinization by the year 2050
(Blumwald and Grover 2006). Owing to the impressive progress made in plant
molecular biology and biotechnology research in the past two decades, intensive
efforts are in progress to improve plant salt stress tolerance by genetic transformation
method (see Singla-Pareek et al. 2001, Grover et al. 2003, Wang et al. 2003,
Yamaguchi and Blumwald 2005, Gepstein et al. 2006, Blumwald and Grover 2006).
However, in spite of these efforts, it remains true that there is no salt tolerant cultivar
made by transgenic research that has been commercially released or being tested
on large-scale. Most transgenic salt tolerant plants produced thus far have been
tested under laboratory conditions. There appears to be some gap in our capacity
to produce “true” salt tolerant transgenic cultivars. What is this gap due to? Is it
because our understanding of the biochemistry, physiology and genetics of the salt
stress response is far from adequate at this point of time? Is it that single gene being
employed for production of salt tolerant plants is too simplistic an approach? Until
recently, the prevalent strategy of the molecular genetic methods for raising stress
tolerant transgenic plants has been the ‘candidate gene’ approach which essentially
tests the relevance of a single gene only. The bottleneck in producing salt tolerant
transgenics with more than one gene does not seem to be the technique part of
genetic transformations as there are already reports indicating that this is possible
(Halpin 2005). It seems therefore that identification of more, novel candidate genes
that should be co-expressed is the limitation; “Gene Discovery” thus appears to be
the key event.

Genomics approach places emphasis on integrated analysis of stress-dependent
behavior by the entire plant. Genome analysis appears as a possible bridge between
molecular biology and whole plant physiology, agronomy and crop breeding
(Bohnert et al. 2006, Sahi et al. 2006). High-quality sequences of the whole
genomes have been generated for several organisms. Updated and refined tools
of bioinformatics have allowed gene predictions with high confidence. At present,
high-quality finished genome sequence is available for Arabidopsis and rice and
efforts are underway for other plants (www.tigr.org). Techniques like microarrays,
SAGE, RT-PCR or differential hybridization are the possible ways by which efforts
are being made to understand plant responses towards salinity stresses at genome
level. In particular, transcript arraying technique has revolutionized the field of
transcriptome analysis. Microarrays and macroarrays allow one to have a snap-shot
of the transcripts at whole-genome level. Table 1 summarizes some of the repre-
sentative reports wherein genome-level studies have been carried for salinity stress
response using the microarray and macroarray methods. It has been demonstrated
that large-scale microarray data can be used to recognize the cross-talk between
different signaling pathways providing information that will be useful in eluci-
dating unknown signaling networks (Ma et al. 2006). Though Arabidopsis genome
sequence was made available to the scientific community in the year 2000, salinity
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related transcriptome analysis was first performed in rice in the year 2001 by the
group of Hans Bohnert at University of Arizona (Kawasaki et al. 2001). In this
analysis early responses towards salinity stress were analyzed using the cDNA arrays
and approximately 10% of the total genes were found to be altered, representing
the fact that salinity stress response is controlled by many genes. Nonetheless, it is
beyond any doubt that resources and novel tools are rapidly expanding for analysis
of the information as available from model plant - Arabidopsis (Denby and Gehring
2005). There has been tremendous advancement in this area and curated, publicly
available microarray data is serving a large number of researchers in the area.
In this regard, AtGenExpress is a multinational effort to profile the transcriptome
of Arabidopsis (http://web.uni.frankfurt.de/fb15/botanik/mcb/AFGN/atgenex.htm).
Additionally, another database, Genevestigator, is a web-based user-friendly tool
that enables researchers to visualize the expression of a relatively small set
of genes from a variety of microarray experiments, including AtGenExpress
(Zimmerman et al. 2004). The full AtGenExpress data can be accessed via the
TAIR (http://www.Arabidopsis.org) and NASC (http://affymatrix.Arabidopsis.info/
narrays/experimentbrowse.pI) databases. There are several other monocots and
dicots which have been analyzed in the recent past and a host of information has
been generated. Besides analyzing the stress related transcriptome in a genome,
other meaningful set of data has been generated while comparing the contrasting
genotypes. In this chapter, we take a closer look at the transcriptome data emerging
from such studies and try to investigate the fine fingerprints related to salinity
stress as it emerges from the data from various genomes. Broadly speaking we
have selected three genomes – Arabidopsis, Oryza and Mesembryanthemum - for
this detailed analysis. Before we take up the transcriptome-based analysis in detail,
we provide some general comments on the utility of these plant species for the
genome-related studies.

2. MODEL PLANT SPECIES FOR THE GENOMICS-BASED
STUDIES

2.1. Arabidopsis

Nearly twenty years ago, plant biologists were looking for a model organism
suitable for detailed analysis using the combined tools of genetics and molecular
biology. Plants with effective protocols for regeneration in culture (such as
Petunia and tomato) were logical candidates, particularly for studies involving
Agrobacterium- mediated cell transformation. However, attention gradually shifted
towards Arabidopsis, a small weed in the mustard family that was first chosen
as a model genetic organism in Europe and later studied in detail in the United
States (Redei, 1975). The shift towards Arabidopsis gained momentum in early
1980s with the release of a detailed genetic map and publications stressing upon
the value of Arabidopsis for research in plant physiology, biochemistry and devel-
opment (Meinke et al. 1998). Research with Arabidopsis has provided valuable
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insights into all aspects of modern biology (Rhee et al. 2003, Bevan and Walsh
2005). In several cases, long-standing questions in plant physiology and biochem-
istry have been resolved through genetic and molecular analysis of Arabidopsis
mutants. In this regard, a special mention needs to be made for the discovery
of novel SOS (Salt Overly Sensitive) pathway candidates for signaling under
osmotic stress. It is through the combination of genetics, mutations, physiology,
biochemistry and molecular biology tools, that we have been been able to get some
insight into this signaling cascade (Chinnusamy et al. 2004). With the availability
of completely sequenced and annotated genome (Arabidopsis Genome Initiative
2000), Arabidopsis has turned out to be a wonderful tool for the analysis of salt
responsive transcriptomes. Among the various transcript platforms available for
this plant, the most complete set is the one which includes the 70mer oligonu-
cleotides representing approximately 26,000 DNA elements, representing the known
as well as hypothetical coding regions (http://www.ag.arizona.edu/microarray).
Another widely-used platform is the Affymatrix GeneChip with approximately
22,000 genes. Both these platforms have been well exploited for analysis of salt
stress responsive transcriptome. Analysis has indicated a highly similar trend in
gene regulation patterns, where approximately 80% of the transcripts respond
similarly, indicating the comparable usefulness of these platforms (Ma et al. 2006).
Recent study suggested that the Arabidopsis salt stress response could be catego-
rized into segments distinct from others such as pathogens, cold stress or even
ABA application (Ma et al. 2006). Kreps et al. (2002) accomplished analysis of
transcriptome changes in response to salinity, osmotic and cold stress using the
GeneChip microarray with probe sets for approximately 8,100 genes. This analysis
indicated that about 30% of the transcriptome is sensitive to regulation by common
stress conditions.

2.2. Rice

Rice has slowly emerged as a model system for monocot studies for reasons such as
follows: (1) this species has a compact genome of 430 MB size with ∼37 K genes,
(2) its complete nuclear genome sequence has been determined (Goff et al. 2002, Yu
et al. 2002, IRGSP 2005), (3) its complete chloroplast genome sequence has been
determined, (4) ∼28,000 rice full-length cDNA have been isolated and sequenced,
(5) large number of ESTs have been isolated and sequenced in this species, (6)
work on making of knockout mutants for every single gene in this species is
in progress, (7) production of transgenics by Agrobacterium with high-frequency
is demonstrated and (8) detailed molecular marker maps have been constructed.
Employing diverse methods, stable genetic transformation of rice is a reality (Bajaj
and Mohanty 2005). Availability of complete genome sequence of rice has generated
a new spurge of interest. Transcriptome analysis of salt stress response in rice has
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been carried out using microarray and macroarray based methods by several groups
(Table 1). Two types of arrays have been made available for genomic studies in rice,
namely oligonucleotides array as well as cDNA array. There are numerous examples
wherein detailed studies have been taken in rice using these approaches. Analysis of
salt stress-inducible ESTs from salt tolerant rice cultivar Dee-geo-woo-gen revealed
several proteins showing homology to proteins functional for detoxification, stress
response and signal transduction in plants (Shiozaki et al. 2005). Comparative
analysis between different rice genotypes has also been attempted employing salinity
tolerant (CSR27 and Pokkali) and sensitive (PB1) cultivars of rice (Sahi et al. 2003).
This study highlighted that genes such as SalT, glycine rich RNA binding proteins,
ADP ribosylation factor, NADP dependent malic enzyme, Mub ubiquitin fusion
protein, tumor suppressor genes, wound inducible genes, ethylene response element
binding protein, alanine aminotransferase, copper chaperone, aspartate aminotrans-
ferase, ripening regulated protein, metallothionine and Zn finger transcription factor
are important constituents of the rice salt stress response. In another study of almost
similar nature, comparative analysis between salt-sensitive rice cultivar IR64 and
naturally salt tolerant Pokkali revealed several ESTs specifically induced in higher
amounts in the stress tolerant Pokkali rice (Pareek et al. unpublished). Importantly,
homologous genes from cultivated and wild species of rice have also shown differ-
ential response. For example, the PcINOI gene from local wild salinity resistant rice
(Porteresia) has been found to possess a short stretch (37 amino acids) which seems
to make the protein more tolerant towards salinity stress (Ghosh-Dastidar et al.
2006). This wild homologue has been tested in a range of species and usefulness of
the same has been shown (Das-Chatterjee et al. 2006). Overexpression of a serine-
rich-protein from Porteresia (PcSrp) in yeast and finger millet improves salinity
tolerance (Mahalakshmi et al. 2006).

2.3. Common Ice Plant

Salinity-tolerant model plants have been proposed to be an important resource
of salt-stress associated genes with a hope that such investigations will enable
future molecular dissections of salt-tolerance mechanisms in important crop plants
(Vinocur and Altman 2005). Mesembryanthemum crystallinum (the common ice
plant – known so because of the icy look due to enlarged bladder cells of leaf
epidermis) has been a system of choice with selected laboratories for salt stress-
related studies. This facultative halophyte has an inherent unique capability to
quickly switch from normal C3 mode to CAM mode of photosynthesis upon
exposure to salinity. CAM is a plastic adaptation of photosynthetic carbon fixation
found in about 6% of angiosperm species that limits evaporative water loss
and photorespiration, and improves water use efficiency under stress conditions
(Cushman and Borland 2002, Dodd et al. 2002). Large numbers of reports highlight
how this change in photosynthesis behavior is accomplished based on single-gene
analysis (Niewiadomska et al. 1999). The ice plant has been used extensively as a
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system to investigate responses towards salinity stress such as sodium accumulation
and partitioning within the cell, potassium uptake, water channels, carbon, nitrogen
and amino acid metabolism and transport, and reactive oxygen scavenging mecha-
nisms (Kore-eda et al. 2004 and references therein). In recent years, transcriptome
analysis has been carried out in this species for the comprehensive genomic analysis
of the salt stress-regulated genes (Kore-eda et al. 2004).

3. SALT STRESS-RELATED TRANSCRIPTOME CHANGES
IN ARABIDOPSIS, RICE AND COMMON ICE PLANT

A. thaliana and O. sativa are believed to have shared a common ancestor ∼150
to 200 million years ago. With the availability of (1) whole genome sequence in
rice and Arabidopsis and (2) wealth of information on ESTs and transcriptome
changes in Arabidopsis, rice and common ice plant, it becomes a challenge to find
out the key components of the stress response pathways operative in these model
systems. However, current knowledge is still largely restricted to individual genes
and pathways, and the unifying picture remains hidden. The understanding of the
salinity stress will be greatly enhanced by identifying the convergent and divergent
pathways between salinity and other stress responses and nodes of signaling conver-
gence (Ma et al. 2006). We manually scored the salinity-induced transcriptome
changes of A. thaliana, O. sativa and M. crystallinum as revealed through microarray
studies available from the published literature, in this study. Our aim was to under-
score the commonalities and differences in gene expression profiles in these three
genera. Those gene expression changes which were unique to a given species were
ignored in the further analysis, considering that such genes might be important for
species-specific functions. We emphasized for this study, genes that show alter-
ations in two or all the three species undertaken. This category of genes was thought
to be important because such genes might be related to generic functions related to
salt stress response and reflect the “commoneome”. The above analysis enabled us
to broadly put the salt stress related gene expression profile alterations into three
categories:
(1) Class I - including genes for which no major change in levels was detected,
(2) Class II - including genes which showed major up-regulation upon stress

treatment and
(3) Class III - including genes which showed down-regulation upon stress

treatment.
The “Class II” category of genes appear most important for governing salt stress
response, considering that such genes might be associated with specific changes
in gene expression and thus might represent genes associated with the induced
tolerance response. Table 2 presents list of Class II and III genes noted in this
study. These genes belong to categories related to diverse functions ranging from
stress perception to the effector response. Overall, we find that A. thaliana and
O. sativa shared more overlapping patterns in gene expression as compared to
M. crystallinum.
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Table 2. Up- and down-regulated genes in rice, Arabidopsis and ice Plant
Only those candidates have been selected which show response common in at least two of the salinity
related transcriptome. This analysis included both salinity up-regulated (+) and down-regulated (-) genes.
Artificial grouping of these genes has also been done to reflect their possible physiological role

Gene notation Rice Arabidopsis Ice Plant
Up-regulated genes

STRESS PERCEPTION AND SIGNALING

ABA- and stress-induced protein + +
S-adenosylmethionine decarboxylase 2 + +
Auxin-regulated protein + +
Calcium-dependent protein kinase + + +
Calcineurin-like phosphatases + +
Calcium-binding EF-hand protein + +
Gibberellic acid–induced gene + + +
Lectin, lectin protein kinase + +
Protein phosphatases 2C + + +
Receptor kinase-like protein + + +
Ser/Thr kinase-like protein + + +

STRESS REGULATION

AP2 domain-containing trans. factor + +
CC-NBS-LRR resistance protein mla13 + +
Myb-like DNA-binding domain + +
NAC-type DNA-binding protein + +
Translation initiation factor + +
Zinc finger protein + + +
bZIP DNA-binding protein + +

GENERAL METABOLISM

Aldehyde dehydrogenase + +
Anthocyanin biosynthesis + +
Ascorbate peroxidase, cytosolic type + +
Chlorophyll a-b binding protein + +
Cytochrome P450 monooxygenase + + +
Esterase/lipase/thioesterase-like protein + +
Expansin, putative + +
Galactosidase + +
Galactinol-raffinose galactosyltransferase,Galactinol synthase + + +
ß-Glucosidase homolog + + +
Glutamate receptor family protein, glutamate synthase + + +
Glycosyl transferase + +
1,4-hydroxyphenylpyruvate dioxygenase + +
Ribosomal protein + + +
Zeaxanthin epoxidase + +

PROTECTIVE FUNCTION

Acidic endochitinase + + +
Ankyrin repeat family protein + +
Cold-regulated protein, cor15a + + +
Dehydrin, DREB subfamily + +
ß 1,3-glucanase + +
Glutathione S-transferase homolog + + +
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Heat shock protein + + +
LEA protein + + +
Lipoxygenase + +
Metallothionein-like protein, OsMT-1 + +
Papain cysteine protease + +
Pathogen-responsive -dioxygenase + +
Peroxidase-1 + + +
Protease inhibitor + + +
Subtilisin-chymotrypsin inhibitor 2 + +
Thioredoxin, Thioredoxin reductase + +
Xyloglucan endotransglycosylase + +

OSMOTIC HOMEOSTASIS

ABC transporter family protein + + +
F-box family protein + +
Ion transporter,Na/H + + +
MATE efflux family protein + +
Pyrroline 5-carboxylase synthetase + +
Sugar transporter + + +
Trehalose-6-phosphate phosphatase + +
UDP-glucose 4-epimerase + +
V-type ATPase + + +
Water channel protein + + +
FUNCTION YET TO BE DISCOVERED
Glycine/serine-rich protein + +
O-methyltransferase + + +
Down-regulated genes
Adenine phosphoribosyltransferase form 3 - -
Water channel protein (WCP-III) - -
A-tubulin - -
TMK (gibberellic acid induced) - - -
Peroxidase ATP19a - - -
Putative translation initiation factor eIF-2Ba - -
Receptor-like protein - -

4. LESSONS FROM THE TRANSCRIPTOME DATA:
INVESTIGATING THE SALINITY STRESS RELATED
“FINGERPRINTS”

From the model species Arabidopsis, rice and common ice plant and a host of
other species, a large repertoire of genes is noted to be associated with the salt
stress response. The bulk of these genes can be grouped into specific categories as
follows:

4.1. Genes Involved in Stress Perception and Signaling

The first candidate protein which senses the stress signal is obviously the receptor.
Several receptors have been found to be up regulated in salt stress response such
as glutamate receptor family protein, receptor kinase like proteins and lectins.
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Signaling machinery operative under salt stress conditions plays an important role
in determining the survival of the system. Genomic analysis has revealed that a
large number of signaling genes are upregulated in response to salt stress. The
genes belonging to this category include those induced by ABA application, CDPK,
CaM, CaN and Ser/Thr protein kinase and protein phosphatase 2C, indicating the
commonality in stress signaling. Some of these genes appeared common while
others appeared unique to a specific stress type. Classically, ABA-independent and
ABA-dependent pathways have been implicated in the induction of stress genes.
Calcium is known to be an important signal transducer for many stress-responsive
genes. One important calcium binding protein that modulates the activity of many
other proteins in the pathway is calmodulin (CaM). In a recent study, one of the
isoform of CaM was found to bind to MYB2 transcription factor, and was reported
to enhance its DNA binding activity (Yoo et al. 2005). Over-expression of this
isoform of CaM in Arabidopsis up-regulated the transcription of MYB2 regulated
genes including P5CS1 which is known to confer salt tolerance by over-producing
proline (Yoo et al. 2005). The mechanism by which calcium regulates sodium
homeostasis via SOS pathway has been well elucidated (Quintero et al. 2002). One
of the first components of this pathway is calcineurin like proteins which in turn
activate CIP kinases (CIPK). The activated kinase can regulate the expression of
a plasma membrane Na+ antiporter (SOS1) to efflux sodium out of the system
(Guo et al. 2004). It has been shown that over-expression of SOS1 can lead to
enhanced tolerance of plants to NaCl stress (Shi et al. 2003). Over-expression of
yeast calcineurin was also found to confer stress tolerance (Marin-Manzano et al.
2004). Recently, it is reported that over-expression of mouse calcineurin gene in
rice results in its higher salt tolerance (Ma et al. 2005). The transgenic plants also
showed higher expression of a group 2 LEA protein (Ma et al. 2005). The calcium-
dependent protein kinase (CDPK) from rice showed tolerance to salt and drought
stress upon over-expression in rice (Saijo et al. 2000). In a recent study, Jin et al.
(2005) cloned a MAP kinase gene (EhHOG) from a fungus, Eurotium herbariorum
that grows in Dead Sea in Israel. EhHOG was able to complement hog1 mutant of
S. pombe for growth under high osmotic stress.

4.2. Gene Regulation

This class includes AP2 domain containing factor, Zn-finger protein, Myb-like
DNA-binding proteins, bZIP DNA binding proteins and NAC-type DNA binding
proteins. Studies have shown that over-expression of CBF3 (DREB1) confers stress
tolerance. It is shown that use of stress-inducible rd29A promoter driving DREB1A
expression conferred both drought and low-temperature tolerance in tobacco
(Kasuga et al. 2004). Arabidopsis CBF3 and ABF3 increased tolerance to salinity
and drought when overexpressed in rice (Oh et al. 2005). ABF2 over-expressing
transgenic plants are reported to show tolerance to multiple stresses and altered
sensitivity to ABA (Kim et al. 2004). ABF2 over-expression also promoted glucose-
mediated inhibition of seedling development. Gene encoding homeobox- leucine
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zipper protein Hahb-4 from sunflower was found to be upregulated in response to
drought conditions and to ABA. When overexpressed in Arabidopsis, transgenic
plants showed shorter stem and internodes and more compact inflorescence. These
plants were more tolerant to water stress (Dezar et al. 2005). A novel jasmonate
and ethylene responsive factor, JERF3, was found to be induced in response to
ethylene, JA, cold, salt and ABA in tomato (Wang et al. 2004). This factor was
found to bind to GCC box cis-element that responds to ethylene and JA, and also
to DRE element which responds to drought, salinity and cold. Over expression
of JERF3 in tobacco resulted in the induction of pathogenesis-related genes and
the plants showed enhanced tolerance towards salinity stress. A novel class of
transcription factors called NAC (NAM, ATAF1,2, CUC2) are involved in many
diverse plant functions (Olsen et al. 2005). It was shown recently that AtNAC2 may
be involved in salinity stress tolerance and respond to auxin and ethylene signaling
pathway in addition to ABA signaling. Overexpression of AtNAC2 resulted in the
promotion of lateral root development and one of the genes that shows upregulation
was found to be glyoxalase I (He et al. 2005). Earlier Fujita et al. (2004) had
shown that dehydration induced protein RD26 is a NAC transcription factor and
it was shown to trans-activate glyoxalase-I promoter. There are reports showing
that over-expression of glyoxalase I and II can confer salinity stress tolerance
(Veena et al. 1999; Singla-Pareek et al. 2003). Taking a clue from the above
findings, we feel that manipulation of NAC transcription may turn out to be
another important strategy for developing stress tolerant transgenic plants. In a
recent study, the genes downstream to transcription factor – DREB1A/CBF3 have
been analyzed employing the microarray technique (Maruyama et al. 2004). From
the plants overexpressing DREB1A/CBF3, 38 genes were identified as DREB1A
downstream genes in the latter study. Zn-finger protein Zat12 has been isolated
and characterized from Arabidopsis. This protein has been documented to be
responding to a range of biotic and abiotic stresses including salinity (Davletova
et al. 2005). Based on microarray analysis, Zat12 has been suggested to play a
central role in the metabolism of reactive oxygen species and abiotic stress signaling
in Arabidopsis.

4.3. Proteins Related to General Metabolism

Several translation initiation factors are found to be up regulated in plants under
salt stress. Candidates such as ABC transporter family proteins, sugar transporters,
MATE efflux family protein, water channel protein, Na/H ion transporter etc have
been found to up regulated upon salinity stress. Several genes coding for enzymes
such as ascorbate peroxidase, endochitinase, lipoxygenase, glycosyl transferase,
xyloglucan endotransglycosylase, esterase/ lipase thioesterase like protein, UDP
glucose 4-epimerase, peroxidase, thioredoxin, zeaxanthin epoxidase, galactosidase
and �-1,3 glucanase were found to be stress responsive. Proteins related to energy
production such as cytochrome P-450 monoxygenase and V-type ATPase are shown
to respond to salt stress.
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4.4. Stress Induced Proteins with Some Protective Functions

LEA, HSPs, protease inhibitors, metallothionin like proteins, dehydrins, cold-
regulated protein, gibberellic acid induced genes, subtilisin-chymotrypsin inhibitor-2
andpapaincysteineproteaseareothergeneswhichhelp theplant tocopeupwith thesalt
stress. Nicotiana HSP-70 (NtHSP70-1) was found to be a drought and ABA-inducible
gene. Transgenic tobacco plants overexpressing NtHSP70 were found to be tolerant
to water stress and with the progression of drought, the retention of optimum water
was correlated with the level of the expressed protein (Cho and Hong 2006). Chinese
cabbage expressing B. napus LEA gene showed enhanced ability to grow under salt
and drought stress conditions and also recorded improved recovery upon removal of
stress conditions (Park et al. 2005).

4.5. Proteins Related to Maintenance of Osmotic Homeostasis

Genes such as trehalose-6-phosphate phosphatases has been reported to be playing
critical role in maintenance of osmotic balance in the cell upon salinity stress
and has been found to transcriptionally induced. In yeast, trehalose -6-phosphate
synthase, encoded by TPS1 gene, is the key enzyme for trehalose biosynthesis.
Cortina and Culianez-Macia (2005) showed that over-expression of yeast TPS1
under the control of CaMV 35S promoter in tomato resulted in enhanced tolerance to
drought, salt and oxidative stress. TPS1 gene has also been constitutively expressed
in potato and the resulting transgenic plants showed increased drought resistance
(Yeo et al. 2000). Introduction of a gene encoding bifunctional fusion (TPSP) of
TPS and T-6-P phosphatase (TPP) from E. coli was expressed in rice under the
control of ubiquitin promoter. The trehalose levels were found to increase and the
transgenic plants showed an increased tolerance to drought, salt and cold without
having any growth inhibition (Jang et al. 2003). Garg et al. (2002) have shown
that overexpression of trehalose biosynthetic genes from E. coli into rice resulted
in increased amounts of trehalose and sustainable plant growth under salt and
drought conditions.

4.6. Proteins with Unknown Function

There are several reports for up-regulation of proteins which either have not been
directly correlated with stress protection or whose identity has not yet been estab-
lished. These include ribosomal proteins, gly-ser rich proteins, pathogen-responsive
proteins and several unknown proteins which do not show homology with any entry
in the database. The question that how can one get to know functions of these less
worked out proteins is being attempted by researchers in several ways. One possible
way could be the detailed analysis of coordinately regulated genes as it emerges
from transcriptome analysis (Ma et al. 2006). One could also perform a genome
wide analysis of the genes having strong homology in domain structures or tissue
specific expression patterns employing bioinformatics tools. Comparison of such



ANALYSIS OF SALT STRESS-RELATED TRANSCRIPTOME FINGERPRINTS 279

information between two diverse genera can be of further significance in terms
of getting an evolutionary picture as has been done recently for two component
signaling candidate genes between Arabidopsis and rice (Pareek et al. 2006).

5. ANALYSIS OF STRESS TRANSCRIPTOME
FROM OTHER PLANT SPECIES

Transcriptome studies have been extended beyond model crops as well, as new
datasets for various plants are being added each day. We now take reports emerging
from such examples. Transcript profiling of desiccation tolerance has been attempted
in Xerophyta humilis, which is a resurrection plant indigenous to Southern Africa
(Collett et al. 2004). This plant species is known to tolerate extreme dehydration
stress. A total of 55 dehydration-inducible cDNAs were identified from this species,
which included candidates such as metallothionins, galactinol synthases, aldose
reductase, glyoxalase, LEAs, dehydrins and other desiccation related proteins. This
study also reported genes such as putative chloroplast RNA-binding protein and
a protein containing SNF2/helicase domains, which have so far not been impli-
cated in dehydration response. Populus euphratica is a salt tolerant tree species
growing in saline semi-arid areas in Middle East and Asia. It grows at locations
with high temperatures and high salt content in the soil salt content. ESTs from
normalized and subtracted cDNA libraries prepared from plants exposed to multiple
abiotic stress treatments including salt, drought, ozone, cold, freezing and flooding
have been analyzed in this study. In striking contrast to other reports where 5
to 30% of the genes have been shown to exhibit altered expression in response
to abiotic stresses, the number of P. euphratica genes that displayed differential
transcript levels was only 1% of the total genes present on the array (Brosche et al.
2005). Some of the genes which showed up-regulation under stress conditions in
this species include galactinol synthase, aldehyde dehydrogenase, �-amylase, and
ferritin and cysteine protease. These genes have previously been reported to be
up-regulated in Arabidopsis during combined heat and drought stress (Rizhsky et al.
2004). None of the classical enzymes involved in antioxidant defense, including
catalase, ascorbate peroxidase and superoxide dismutase showed altered transcript
levels. This was explained on the basis that candidates like aldehyde dehydrogenase
and metallothionins might be fulfilling the role as antioxidant defense. Another
gene which has been found to be highly up-regulated is cysteine proteases which
have also been reported previously to be induced under both salt and drought stress
(Koizumi et al. 1993). Thellungiella halophila is a closely-related to A. thaliana. In
sharp contrast with Arabidopsis, Thellungiella tolerates extreme cold, drought, and
salinity (Bressan et al. 2001; Inan et al. 2004; Taji et al. 2004, Amtmann et al. 2005).
It has been noted that this naturally-occurring wild plant remains always “ready” to
handle stress by keeping, in anticipation, the levels of stress responsive transcripts
higher which are otherwise induced by stress signal in A. thaliana (Amtmann et al.
2005). In a recent study, the transcriptome of Yukon ecotype of Thellungiella has
been analyzed employing 6578 ESTs, which represented 3628 unigenes from cDNA
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libraries of cold-, drought-, and salinity stressed plants (Wong et al. 2005). In-depth
analysis indicated that of the 140 common unigenes which are present in all the
three libraries, 70% have no known functions demonstrating that Thellungiella can
be a rich source of genetic information on environmental responses. High DNA
sequence homology allowed the use of Arabidopsis microarray platforms for the
expression profiling of Thellungiella. Full-length cDNA arrays (Seki et al. 2002)
and arrays based on long oligonucleotides (Maathuis et al. 2003) were therefore
used with good results. It was revealed that similar level of salinity induces
fewer genes in Thellungiella than in Arabidopsis (Inan et al. 2004, Taji et al.
2004). Under salt-free conditions, Thellungiella orthologs of some stress-related
Arabidopsis genes showed higher base levels of expression. Transcript intensity
analyses and metabolite profiles supported the microarray results, pointing towards
a stress-anticipatory preparedness in Thellungiella (Gong et al. 2005). Macroarray
containing 620 unigenes from barley have been utilized for analysis of stress
response in foxmillet (Sreenivasulu et al. 2004). The differentially-expressed genes
under salinity stress in salt tolerant “Prasad” and sensitive “Lepakshi” cultivars of
foxtail millet (Setaria italica L.) indicated that genes encoding for phospholipids,
hydroperoxide, glutathione peroxidase, ascorbate peroxidase, catalase 1 are selec-
tively upregulated in the tolerant cultivar. Glycine soja is a salt tolerant variety
of soybean found wildly growing in coastal areas. Salinity treated cDNA library
constructed from this genotype has been made and compared with the one made
from Glycine max (salt sensitive) soybean (Ji et al. 2006). It is hoped that ESTs
available from the wild soybean type may serve as a useful source for isolation of
important salinity responsive genes. Transcriptome analysis has been carried out
in Sorghum bicolor in response to dehydration, high salinity and ABA (Buchanan
et al. 2005). In this analysis, some novel genes were found to be showing alter-
ation in response to stress signal. These genes include �-expansin expressed in
shoots, actin depolymerization factor, inositol-3-phosphate synthase and oleosin.
These proteins have been reported to be inducible by osmotic stress for the first
time. 73, 521 ESTs have been generated from eleven cDNA libraries constructed
from wheat plants exposed to various abiotic stresses and at different developmental
stages (Houde et al. 2006). Exploiting the naturally occurring halophytes such as
Suaeda salsa, which can survive the seawater-level salinity, 492 unique clones have
been identified from NaCl-treated cDNA library out of which 76 were completely
novel (Zhang et al. 2001). Studies on the salt tolerant mangrove species Avicennia
marina revealed several clones that are implicated earlier in stress responses (Mehta
et al. 2005). The expression profiles of some of the antioxidant genes have been
monitored and found to be multi stress inducible (Jithesh et al. 2006).

6. CONCLUSIONS AND OUTLOOK

Comparisons of salt stress-related transcriptome alterations in Arabidopsis, Oryza
sativa and Mesembryanthemum crystallinum show that there are species-specific
alterations and there are generic alterations. Considering that generic alterations
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may have relation to general salt stress-related protection mechanisms, we have
highlighted these in this study. Closer perusal of the transcript profiling data is
providing useful clues about the various molecular events responsible for the devel-
opment of the tolerance phenotype. However, the recent study has shown that such
high-throughput monitoring of transcriptional activity of many genes should also
take care of small populations of specialized cells within an organ to avoid possible
masking of cell specific changes (Poroyko et al. 2007). Based on the analysis carried
out in thispaper, it appears to us that processes such as perception and signaling
of salt stress may have co-evolved. The candidate genes coding for receptors as
well as ABA and/or calcium dependent signaling may be short-listed as potential
candidate genes for future functional genomic studies. Another important category
of genes appears to be the one involved in maintaining the homeostasis in the
cell i.e. the ion transporters and those related to osmotic balance maintenance. An
example of this category is the helicase protein: housekeeping gene helicase has
been shown to provide salt stress tolerance when over-expressed in tobacco (Sanan-
Mishra et al. 2005). Other genes belonging to varied categories have been validated
for their contribution towards salinity response in rice as upon over-expression
these genes improved tolerance of transgenic plants towards salinity (see Wang
et al. 2003; Bajaj and Mohanty 2005; Yamaguchi and Blumwald 2005; Sahi et al.
2006). Detailed analysis taking larger number of species may throw further light
on novel candidate genes important for salt tolerance in plants. Emphasis has been
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laid down on “Allele-mining” which focuses on close relatives of the established
models for which sufficient genomic resources are available (Bohnert et al. 2006).
There is further possibility that such transgenics might show cross-tolerance to
other related and unrelated stresses. Work from our group has shown that overex-
pression of glyoxalase pathway enzymes confers salinity and heavy metal tolerance
in transgenic tobacco (Singla-Pareek et al. 2003, 2006). An example of complex
signaling network operative under stress has been indicated by the recent report
where a Zn-finger transcription factor has been shown to confer tolerance towards
a range of stresses (Mukhopadhyay et al. 2004). Thus it may be concluded that
stress responsive transcriptome in plant is quite complex in nature, wherein specific
response is an outcome of orchestrated and coordinated fine regulatory networks.
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CHAPTER 13

AUXIN AND CYTOKININ SIGNALING COMPONENT
GENES AND THEIR POTENTIAL FOR CROP
IMPROVEMENT

JITENDRA P. KHURANA∗, MUKESH JAIN AND AKHILESH K. TYAGI
Interdisciplinary Centre for Plant Genomics and Department of Plant Molecular Biology, University
of Delhi South Campus, Benito Juarez Road, New Delhi-110021, India

Abstract: Plant hormones auxin and cytokinin exert pleiotropic effects on growth and devel-
opment, both individually and in a combinatorial manner. In recent years, our under-
standing of mechanisms of auxin and cytokinin action has improved considerably. This
has largely been due to the molecular genetic analysis of hormone perception and signal
transduction mutants of Arabidopsis, the model dicot plant, and also the availability of a
high quality sequence of its 125 Mb genome. However, little work has been carried out
in other plant species. Advances in genomics, particularly on rice, maize, sorghum and
tomato, provide new opportunities for investigating these components in crop plants.
A comparative analysis of Arabidopsis and rice genome sequences is already paying
rich dividends and evolutionary relationship among various classes of gene families
has been established, including those representing components of auxin and cytokinin
signaling. Some of these auxin and cytokinin signaling components are proving to be
invaluable genetic tools for manipulation of agronomic traits in crop plants, and it has
been illustrated in this article with the help of a few suitable examples.

1. INTRODUCTION

The integration of many environmental and endogenous signals, together with the
intrinsic genetic program, regulates plant growth and development. Fundamental to
this process are several growth regulators, collectively called the plant hormones or
phytohormones. These are the small organic compounds that generally act at very
low concentrations to regulate many aspects of plant growth and development. The
phytohormones include auxin, cytokinin, gibberellin (GA), abscisic acid (ABA),
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ethylene, brassinosteroids (BR) and jasmonic acid (JA). Hormones regulate or
influence virtually every aspect of plant growth and development. Many of the
developmental and physiological processes regulated by plant hormones are of
agronomic importance. Some of the examples are the role of ethylene in promotion
of fruit ripening, regulation of seed germination and stem elongation by GA, stress
responses by ABA, fruit development by auxin and delayed senescence by cytokinin.
Because of the central role plant hormones play, they are being used for a long
time as growth regulators by exogenous application and, more recently, by targeted
modification of hormone signaling pathways in transgenic plants for manipulation
of specific agronomic traits to improve crop production.

Among the various hormone signal transduction pathways, auxin and cytokinin
signal transduction pathways are best studied. Several biosynthetic and response
mutants have been isolated in the model dicot plant Arabidopsis to elucidate
the molecular mechanisms underlying auxin and cytokinin action (Kakimoto
2003; Grefen and Harter 2004; Woodward and Bartel 2005; Laxmi et al. 2006;
Teale et al. 2006). Molecular genetic and biochemical analysis of these mutants
have unraveled some of the mysteries underlying phytohormone action by identi-
fying the downstream target genes that mediate hormone-induced changes in growth
and development. Although our understanding of auxin and cytokinin signal trans-
duction pathways in crop plants is negligible as compared to Arabidopsis, advances
in genomics afford new opportunities for investigating these pathways. In addition
to the availability of complete rice genome sequence (International Rice Genome
Sequencing Project 2005; Vij et al. 2006), a large collection of rice full-length cDNA
sequences (Kikuchi et al. 2003), extensive collection of expressed sequence tags
(ESTs) from several grasses (http://www.ncbi.nlm.nih.gov/dbEST/) and progress
in deciphering gene-rich regions of maize (Messing et al. 2004), gene expression
profiling platforms such as microarrays, serial analysis of gene expression
(SAGE) and massively parallel signature sequencing (MPSS) (Rensink and Buell
2005), together with advances in proteomics, provide detailed blueprints for crop
improvement in future. Furthermore, availability of large collection of transposon
and T-DNA insertion mutants, improvements in crop transformation strategies and
breeding programs provide additional opportunity to examine and manipulate gene
function. This chapter discusses the auxin and cytokinin signaling briefly and the
validation of auxin- and cytokinin-responsive genes in crop improvement in terms
of physiological processes involved.

2. AUXIN SIGNAL TRANSDUCTION PATHWAY

Auxin plays a pivotal role in many processes throughout the plant life cycle,
including embryogenesis, lateral root development, vascular differentiation, apical
dominance, tropic responses and flower development. Although auxin was first
discovered decades ago (see Pennazio 2002), the information about auxin signaling
pathways has accumulated only in the last few years through the combined appli-
cation of genetic, molecular and biochemical approaches. Recently, the long-sought
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auxin receptor has also been identified as an F-box protein, TIR1, which is actually
a component of SCFTIR1 complex involved in ubiquitin-mediated degradation of
tagged proteins (Dharmasiri et al. 2005; Kepinski and Leyser 2005).

2.1. Auxin-responsive Genes

Auxin stimulates the transcription of a large number of genes called primary auxin
response genes. A large number of auxin-responsive genes have been identified
and characterized from different plant species, including pea, soybean, Arabidopsis,
mung bean, cucumber and rice (Abel and Theologis 1996; Thakur et al. 2001,
2005; Hagen and Guilfoyle 2002; Jain et al. 2006a,b,c). These auxin-responsive
genes have been broadly grouped into three gene families: auxin/indoleacetic acid
(Aux/IAA), GH3 and small auxin-up RNA (SAUR) gene families (Guilfoyle 1999).

2.1.1. Aux/IAA

The Aux/IAA genes are present as multigene families in soybean, pea, mung bean,
tobacco, tomato, Arabidopsis and rice (Liscum and Reed 2002; Jain et al. 2006a).
They are rapidly induced by exogenous auxin even in the presence of a translational
inhibitor, cycloheximide, indicating that these represent a class of primary auxin-
responsive genes (Abel and Theologis 1996; Thakur et al. 2005). These genes
encode short-lived nuclear proteins comprising four highly conserved domains,
designated as domain I, II, III and IV (Figure 1; Abel et al. 1994). The domain
I acts as a strong transcriptional repressor (Tiwari et al. 2004), whereas Domain
II is responsible for rapid degradation of Aux/IAA proteins (Worley et al. 2000;
Ouellet et al. 2001). Domain III is part of an amphipathic ��� -DNA recognition
motif found in �-ribbon of DNA binding domain of prokaryotic repressors such
as MetJ and Arc (Abel et al. 1994; Phillips 1994). However, its role in DNA
binding has not been demonstrated yet. Domains III and IV mediate homo- and
hetero-dimerization among the Aux/IAA proteins and auxin response factors (ARFs)
(Kim et al. 1997; Ulmasov et al. 1997; Ouellet et al. 2001). Domains II and IV also
contain nuclear localization signals (Abel et al. 1994; Abel and Theologis 1996;
Jain et al. 2006a). The molecular genetic analyses of several mutants of Aux/IAA

ARF

Aux/IAA
I II III IV

DBD

Figure 1. Diagrammatic representation of Aux/IAA and ARF proteins. Aux/IAA proteins contain four
conserved domains, I, II, III, and IV. Domain I is a repressor domain, domain II is responsible for
protein degradation and domains III and IV are dimerization domains. ARF proteins contain N-terminal
conserved DNA-binding domain (DBD) and a middle nonconserved activation or repression domain.
ARF proteins share dimerization domains III and IV with Aux/IAA proteins
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genes have demonstrated that they play a central role in regulating plant growth and
development (Rouse et al. 1998; Tian and Reed 1999; Gray and Estelle 2000; Nagpal
et al. 2000; Reed 2001; Rogg et al. 2001; Liscum and Reed 2002). Biochemical
studies showed that the conserved region of domain II of Aux/IAA proteins is
responsible for rapid degradation. Single amino acid change in domain II resulted in
altered auxin response due to increased protein accumulation, suggesting that rapid
degradation of Aux/IAA proteins is necessary for a normal auxin response (Worley
et al. 2000). The degradation of Aux/IAA proteins was found to be proteasome
dependent (Gray et al. 2001; Ramos et al. 2001; Thakur et al. 2005). Auxin treatment
in fact promotes degradation of Aux/IAA proteins by enhancing the interaction
between SCFTIR1 complex and Aux/IAA proteins by affecting the SCF component,
TIR1, or its associated proteins (Gray et al. 2001; Kepinski and Leyser 2004). More
recently, it has been demonstrated that Aux/IAA protein family has diversified in
degradation and auxin responsiveness in Arabidopsis (Dreher et al. 2006). Some of
Aux/IAA proteins are long-lived and auxin-insensitive, which suggested their novel
role in auxin signaling (Dreher et al. 2006).

2.1.2. GH3

The first GH3 gene was isolated as an early auxin-responsive gene from soybean
by differential screening (Hagen et al. 1984). The GH3 homologues have been
found in other plants too (Guilfoyle et al. 1993; Roux and Rechenmann 1997).
The GH3 genes are represented as a small multigene family in the Arabidopsis
and rice, comprising of twenty and twelve members, respectively (Hagen and
Guilfoyle 2002; Jain et al. 2006b). Many of the Arabidopsis and rice GH3
genes are induced by exogenous application of auxin (Hagen and Guilfoyle 2002;
Tanaka et al. 2002; Jain et al. 2006b). However, the GH3 mRNAs, unlike Aux/IAA
mRNAs, do not accumulate in response to protein synthesis inhibitor cyclohex-
imide (Franco et al. 1990). The GH3 proteins do not possess any known conserved
motif or domain. However, they were found to be distantly related to the acyl
adenylate-forming firefly luciferase super family (Staswick et al. 2002). Light also
regulates the transcript levels of Arabidopsis GH3 genes through phytochromes
A and B (Nakazawa et al. 2001; Tepperman et al. 2001; Tanaka et al. 2002;
Takase et al. 2003, 2004). The analysis of an Arabidopsis mutant identified
FIN219, a GH3 protein, as a phytochrome A signaling component having a crucial
role in photomorphogenesis (Hsieh et al. 2000); it negatively regulates COP1,
a key repressor of photomorphogenic development. Two other Arabidopsis GH3
proteins, DFL1 and YDK1, also identified by mutant analysis, were shown to
negatively regulate shoot and hypocotyl cell elongation and lateral root formation
(Nakazawa et al. 2001; Takase et al. 2004). Arabidopsis GH3 proteins have been
reported to adenylate plant hormones such as indole-3-acetic acid, jasmonic acid
and salicylic acid (Staswick et al. 2002). Recently, some of the Arabidopsis
GH3 genes have been shown to encode IAA-amido synthetases, which synthesize
a diversity of IAA-amino acid conjugates to help maintain auxin homeostasis
(Staswick et al. 2005).
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2.1.3. SAUR

The SAURs have also been isolated and studied in many plants such as soybean,
mung bean, pea, Arabidopsis, Zea mays, and rice (Hagen and Guilfoyle 2002;
Jain et al. 2006c). These genes are also induced very rapidly within 2–5 min of
application of exogenous auxin. The treatment with the protein synthesis inhibitor,
cycloheximide, does not inhibit auxin-induced transcription of SAURs; rather it
results in an increase in the abundance of SAUR transcripts due to their stabilization
(McClure and Guilfoyle 1987; Franco et al. 1990). There are over 70 SAURs in
Arabidopsis (Hagen and Guilfoyle 2002). In rice also the SAUR gene family is
comprised of 58 members (Jain et al. 2006c). The SAURs generally do not contain
any intron and encode proteins of 9–10 kDa. Many of the SAURs are present in
clusters in soybean, Arabidopsis and rice (McClure et al. 1989; Hagen and Guilfoyle
2002; Jain et al. 2006c). SAURs encode highly unstable mRNAs with a very high
turnover rate, which may be due, in part, to the presence of a conserved DST
element in the 3’-untranslated region and/or elements within the ORF (McClure
et al. 1989; McClure and Guilfoyle 1989; Franco et al. 1990; Newman et al. 1993;
Li et al. 1994; Jain et al. 2006c). The function of SAUR proteins is largely unknown.
However, there is evidence that they may play some role in auxin signal transduction
pathway that involves calcium and calmodulin (Yang and Poovaiah 2000). Two dst
mutants have been isolated from Arabidopsis which show an increased abundance of
DST-containing SAUR-AC1 mRNA (Johnson et al. 2000). The microarray analysis
of dst1 mutant and further studies demonstrated a potential link between DST-
mediated decay pathway and circadian rhythm in plants (Perez-Amador et al. 2001;
Lidder et al. 2005).

2.1.4. Other genes

In addition to Aux/IAA, GH3 and SAURs, several other genes are also induced by
auxin (Goda et al. 2004). These genes include those encoding cell wall synthesis
enzymes, cell wall modifying agents, cell wall component proteins, ethylene biosyn-
thetic enzyme (1-aminocyclopropane-1-carboxylate synthase), cell cycle regulatory
proteins and many other genes that still await characterization. Many genes have
been shown to be down regulated by auxin application. Some members in this
category are annotated as pathogen-related or disease resistance-related genes
(Goda et al. 2004).

2.2. Auxin-responsive Promoter Elements and Interacting Factors

The auxin-responsive elements (AuxREs) have been identified in the promoters
of several auxin-responsive genes (Guilfoyle 1999; Hagen and Guilfoyle 2002;
Jain et al. 2006c). Identification of these AuxREs has been based mainly on conser-
vation of similar sequence elements found in a variety of genes induced by auxin.
The smallest element to be identified as auxin-responsive is a six-base pair sequence,
TGTCTC (Figure 2; Ulmasov et al. 1997b). This element is conserved and has been
shown to function in both simple and composite AuxREs. In composite AuxREs,
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TGTCTCCCAAAGG GAGACA

TGTCTCCCTCGTGTCTC

CCTCGTGTCTC

CACGCAATCCTTTGTCTC

Simple AuxRE

Composite AuxRE

DR5

D1

D4

TGTCTCCCAAAGG GAGACAER7

Figure 2. Simple and composite AuxREs. Conserved TGTCTC sequence is underlined. Coupling or
constitutive elements in composite AuxREs (D1 and D4) present in GH3 promoter are indicated in open
boxes. ER7 and DR5 represent the simple inverted repeat and simple direct repeat AuxREs, respectively

such as those found in GH3 promoters D1 and D4, the TGTCTC element is not suffi-
cient by itself to confer auxin-responsive gene expression and requires an adjacent
or overlapping coupling element (Figure 2; Guilfoyle 1999). The AuxRE promoter-
reporter constructs are used to study organ- and tissue-specific expression patterns
of auxin-responsive genes and are valuable tools to study gene expression during
growth responses associated with changes in auxin gradients and sensitivities.

Several auxin response factors (ARFs) have been identified that bind with
TGTCTC element in a yeast one-hybrid screen of Arabidopsis expression library
using a synthetic TGTCTC repeat sequence as bait (Ulmasov et al. 1997a). The
deduced amino acid sequences of ARFs show the presence of an N-terminal DNA-
binding domain followed by a variable region and conserved domains III and
IV similar to those present in Aux/IAA proteins, at C-terminus (Figure 1). The
DNA-binding domain of ARFs binds to auxin-responsive elements (AuxREs) of
auxin-responsive genes and regulates their expression (Kim et al. 1997; Ulmasov
et al. 1997a; Tiwari et al. 2003). Domains III and IV mediate interaction with
Aux/IAA proteins (Kim et al. 1997; Ulmasov et al. 1997a; Ouellet et al. 2001).
There are at least 23 ARF genes predicted in each of the genomes of Arabidopsis
and rice (Liscum and Reed 2002; M Jain, AK Tyagi and JP Khurana, unpublished
results). Recently, it has been demonstrated that the interactions of specific pairs of
ARF and Aux/IAA proteins generate the specificity of auxin response at different
developmental stages and physiological levels in Arabidopsis (Weijers et al. 2005).

3. CYTOKININ SIGNAL TRANSDUCTION PATHWAY

Cytokinins regulate various plant growth and developmental processes, including
cell division, apical dominance, chloroplast biogenesis, leaf senescence, vascular
differentiation, photomorphogenic development, shoot differentiation in tissue
cultures and anthocyanin production, primarily by altering the expression of diverse
genes (Mok and Mok 2001; Davies 2004). The recent genetic and molecular
studies in plants have suggested the involvement of two-component sensor-regulator
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system in cytokinin signal perception and transduction, comprising sensor histidine
kinase (HK) proteins, histidine phosphotransfer (HPt) proteins and effector response
regulator (RR) proteins (Hutchison and Kieber 2002; Hwang et al. 2002; Lohrmann
and Harter 2002; Oka et al. 2002; Heyl and Schmulling 2003; Kakimoto 2003;
Grefen and Harter 2004). Such signal transduction systems, once thought to be
restricted to prokaryotes, have also been found in many eukaryotes, including yeast,
fungi, slime molds and higher plants (Stock et al. 2000). In Arabidopsis and rice,
proteins with homology to all the elements of two-component system have been
identified (Hwang et al. 2002; Jain et al. 2006d; Pareek et al. 2006).

The current model for cytokinin signaling in plants is similar to the two-
component phosphorelay system with which bacteria sense and respond to environ-
mental changes. A simple two-component system involves a His sensor kinase and
a response regulator (Stock et al. 2000; West and Stock 2001). The His kinase
perceives environmental stimuli via the input domain and autophosphorylates on
a conserved His residue within the kinase domain at the C-terminus (Figure 3).
The phosphoryl group is subsequently transferred to a conserved Asp residue on
the receiver domain of a response regulator, which mediates downstream responses
via the output domain (Figure 3). Multicomponent phosphorelay systems occur in
most eukaryotic and some prokaryotic systems, which employ His kinase signal
transduction in a multistep His-Asp-His-Asp phosphotransfer process (Stock et al.
2000; West and Stock 2001). The Arabidopsis cytokinin receptors (CRE1, AHK2
and AHK3) are similar to bacterial His sensor hybrid kinases in two-component
signaling, containing a receiver domain fused to the His kinase domain (Inoue
et al. 2001; Suzuki et al. 2001; Ueguchi et al. 2001a,b; Yamada et al. 2001). The
cytokinin receptors are predicted to signal through His phosphotransfer proteins to
ultimately alter the phosphorylation state of the Arabidopsis response regulators
(ARRs) in a multistep phosphorelay (Hutchison and Kieber 2002). The analysis
of Arabidopsis genome revealed the existence of 32 putative response regulator
genes (Hwang et al. 2002). Based on the predicted protein domain architecture and
amino acid composition, the response regulators have been broadly categorized into
three distinct families: type-A, type-B and pseudo-response regulators (Hwang et al.
2002; Jain et al. 2006d; Pareek et al. 2006).

3.1. Type-A Response Regulators

The type-A response regulators are relatively small, containing a receiver domain
along with small N- and C-terminal extensions (Figure 4; D’Agostino et al.
2000; Jain et al. 2006d). The type-A response regulator genes in Arabidopsis
(type-A ARRs) are rapidly and specifically induced by exogenous cytokinin,
although with varying kinetics and have been characterized as primary cytokinin
response genes (Taniguchi et al. 1998; Kiba et al. 1999; D’Agostino et al. 2000;
Jain et al. 2006d). The transcription of type-A ARR genes is regulated in part
by type-B ARRs (Hwang and Sheen 2001; Sakai et al. 2001). Some of the type-
A ARRs perform partially redundant functions, acting as negative regulators of
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Figure 3. General model of two-component signal transduction in Arabidopsis . After signal perception,
hybrid histidine kinase undergoes autophosphorylation and the phosphoryl residue is relayed to an AHP.
The phosphorylated AHP interacts with the cognate ARR either in the cytoplasm (type-A ARRs) or in
the nucleus (type-A and type-B ARRs). By transfer of the phosphoryl group to the receiver domain, the
ARRs are activated, which results in regulation of target proteins (type-A ARRs) or target genes (type-B
ARRs). H, Histidine residue; P, phosphoryl group; D, aspartate residue

cytokinin responses by a negative feedback mechanism (Hwang and Sheen 2001;
Kiba et al. 2003; To et al. 2004). In contrast, ARR4 was claimed to be a positive
regulator of cytokinin signaling because its over-expression enhanced the cytokinin
responsiveness of transgenic Arabidopsis plants (Osakabe et al. 2002). However,
the loss-of-function mutant did not reveal a positive role for ARR4 in cytokinin
signaling (To et al. 2004) and this discrepancy remains to be resolved. The tissue
distribution of ARR4 overlaps to a large extent with that of phytochrome B (PHYB)
and it has been found to interact with N-terminus of PHYB to stabilize its active form
(Sweere et al. 2001). The transgenic Arabidopsis plants overexpressing ARR4 are
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Figure 4. Diagrammatic representation of type-A and type-B response regulators. Type-A response
regulators contain a conserved receiver domain and short variable N- and C-terminal extensions. Type-B
response regulators contain a conserved N-terminal receiver domain similar to type-A response regulators
and middle DNA-binding GARP domain and C-terminal glutamine/proline rich domain

specifically hypersensitive to red light (Sweere et al. 2001), indicating that ARR4
may be involved in integrating red light and cytokinin signaling. Furthermore, some
of the rice and Arabidopsis type-A response regulators have been implicated in
stress signaling (Urao et al. 1998; Jain et al. 2006d). Recently, it has also been
demonstrated that WUSCHEL, a homeodomain protein, regulates meristem function
by repressing the transcription of several type-A response regulators in Arabidopsis
(Leibfried et al. 2005).

3.2. Type-B Response Regulators

The type-B response regulators comprise a receiver domain fused to the DNA-
binding domain with long C-terminal extensions and are supposed to be transcrip-
tional regulators (Figure 4; Sakai et al. 1998; Sakai et al. 2000; Mason et al.
2004). To date, the strongest evidence for the role of type-B ARRs in mediating
cytokinin signal transduction comes from the analysis of ARR1. A null mutation
in ARR1 results in reduced sensitivity to cytokinin in shoot regeneration and root
elongation assays (Sakai et al. 2001). Overexpression of either ARR1 or ARR2 in
Arabidopsis plants results in increased sensitivity to cytokinin (Hwang and Sheen
2001; Sakai et al. 2001). ARR2, however, has also been proposed to play a role
in mediating ethylene signal transduction based on the analysis of a transposon-
induced mutation (Hass et al. 2004). The relatively weak phenotypes revealed by
the analysis of individual ARR mutations may be the result of functional overlap
among the type-B ARRs, a hypothesis consistent with the gene expression patterns
(Mason et al. 2004; Tajima et al. 2004). Recently, the analysis of some of mutants
of type-B ARRs indicated functional overlap among them and provided evidence
that they act as positive regulators of cytokinin signal transduction (Mason et al.
2005).

3.3. Pseudo-response Regulators

The pseudo-response regulators (PRRs) also share significant sequence similarity
with the receiver domain of other response regulators but the invariant D-D-K
motifs are not present (Hwang et al. 2002). The N-terminal pseudo-receiver domain
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is followed by a long intervening sequence specific for each PRR, which is followed
by another common motif termed as CCT motif (CONSTANS, CONSTANS-like
and TOC1) of about 50 amino acids at the very C-terminal end (Mizuno and
Nakamichi 2005). This CCT motif is a plant-specific and widespread motif that
is found in many apparently unrelated plant proteins, including the CONSTANS
family of proteins (Putterill et al. 1995). The molecular functions of PRRs are
unknown; however, their biological roles have been well established as the elements
of the circadian clock in Arabidopsis and rice (Makino et al. 2000; Makino et al.
2002; Matsushika et al. 2002; Murakami et al. 2003; Mizuno and Nakamichi 2005;
Nakamichi et al. 2005).

4. DEVELOPMENTAL EFFECTS OF AUXIN

As mentioned earlier, auxin influences nearly every stage of a plant’s life cycle
from germination to senescence. Historically, the work on phototropism of seedling
coleoptiles led to the discovery of auxin (see Khurana 2001; Srivastava 2001).
However, only a few of auxin responses that can be potentially exploited for crop
improvement are discussed here.

4.1. Apical Dominance

Growth of the shoot apex usually inhibits the development of lateral buds on the
stem beneath. The phenomenon is called as apical dominance. If the terminal shoot
of a plant is removed, the inhibition is removed, and lateral buds begin to grow.
The release of apical dominance enables lateral branches to develop and the plant
become bushier. Auxin (IAA) can substitute for the apical meristem in maintaining
inhibition of lateral buds. Apical dominance seems to result from the downward
(basipetal) transport of auxin produced in apical meristem. Molecular genetic
analysis of Arabidopsis mutants has helped in the identification of genes encoding
regulators of auxin transport. These include permease-like AUX1, plant-specific
PIN proteins, and homologs of human multiple drug resistance/P-glycoproteins,
PGP1 and PGP19, most-likely involved in efflux of auxin (Bennett et al. 1996;
Blakeslee et al. 2005; Paponov et al. 2005). Some of the developmental defects
exhibited due to defect in these components can be phenocopied by auxin transport
inhibitors, demonstrating that their role is essential as components of auxin transport
machinery (Benkova et al. 2003; Paponov et al. 2005).

4.2. Formation of Lateral and Adventitious Roots

Although elongation of the primary root is inhibited by auxin concentrations greater
than 10−8 M, initiation of lateral and adventitious roots is stimulated by high auxin
levels (10−6 to 10−5 M). Auxin stimulates the cell division in pericycle or deeper
lying parenchyma cells from where lateral or adventitious root primordia arise. The
dividing cells gradually give rise to root apex and root cap and lateral root grows
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through the parent root cortex and finally emerges as a rootlet. The stimulatory
effect of auxin on the formation of adventitious roots has been very useful in
horticulture for the vegetative propagation of plants by cuttings.

Auxin plays an important role in lateral root formation is supported by the fact
that mutants defective in polar transport of IAA (for example, aux1) or insensitive
to auxin (for example, axr1 and axr2 of Arabidopsis, and diageotropica mutant
of tomato) are also deficient in production of lateral roots (Marchant et al. 2002).
The evidence from these mutants is reinforced by the application of auxin transport
inhibitors such as triiodobenzoic acid (TIBA) or naphthyl phthalamic acid (NPA),
which inhibit lateral branching.

4.3. Vascular Differentiation

The vascular system constitutes a continuous cellular network consisting of inter-
connected vascular strands, each composed of two types of conducting tissues,
xylem and phloem. The phytohormone, auxin, has been implicated in the formation
of vascular strands. The relative amounts of xylem and phloem are regulated by the
auxin concentration; high concentration of auxin induces differentiation of xylem
and phloem, but only phloem differentiates at low auxin concentration (Aloni 1995).
Genetic screens in Arabidopsis and other plant species have identified a number
of loci with potential functions in vascular differentiation, which suggest a role of
auxin in vascular development (Berleth et al. 2000). This role is further supported
by the promotion of vascular differentiation by auxin (Aloni 1995), and by the
responses of vascular patterns to altered auxin transport during organ development
(Mattsson et al. 1999). Many potential vascular patterning genes have been identified
by mutant phenotypes, which include three auxin related genes, MONOPTEROS
(MP)/AUXIN RESPONSE FACTOR 5 (ARF5), AUXIN RESISTANT 6 (AXR6), and
BODENLOS (BDL)/IAA12. Mutations in these genes are associated with incomplete
vascular systems and defects in the formation of embryo axis (Berleth and Jurgens
1993; Przemeck et al. 1996; Hamann et al. 1999; Hobbie et al. 2000; Mattsson
et al. 2003). Interestingly, MP and IAA12/BDL encode members of two families of
transcription factors, ARFs and Aux/IAAs, which are involved in auxin-dependent
gene regulation (Hagen and Guilfoyle 2002; Liscum and Reed 2002).

4.4. Flower Development

Auxin is a major controlling signal that synchronizes flower development. Genetic
evidences show that the polar transport of auxin controls flower formation and
differentiation in Arabidopsis (Okada et al. 1991; Bennett et al. 1995; Nemhauser
et al. 1998, 2000; Oka et al. 1999; Reinhardt et al. 2003). The treatment of
Arabidopsis plants with auxin transport inhibitor NPA causes abnormal floral
development. Also, the pin-formed mutant pin1 of Arabidopsis, which lacks an
auxin efflux carrier in shoot tissues, has abnormal flowers similar to those of
NPA-treated plants. Apparently, the developing floral meristem depends on auxin
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being transported to it from subapical tissues. In the absence of efflux carriers, the
meristem is deprived of auxin and normal phyllotaxis and floral development are
disrupted (Kuhlemeier and Reinhardt 2001). Recently, it has been demonstrated
that anthers are the major sites of high concentrations of free auxin that retard
the development of neighboring floral organs to synchronize flower development
(Aloni et al. 2006).

4.5. Fruit Development

Fruit development is triggered by pollination and fertilization and auxin signaling
is thought to play a dynamic role in the regulation of fruit set and early growth.
Fertilization-independent fruit set can also occur either naturally in parthenocarpic
fruits or by induction via exogenous application of auxin. Parthenocarpic fruits
are generally smaller than seeded fruit, suggesting that auxin is required for full
pericarp cell expansion. The role of auxin in fruit development was conclusively
demonstrated by Nitsch (1950), who showed that achenes on the surface of straw-
berry receptacle controlled strawberry fruit development and that auxin could be
substituted for the achenes. Later, other studies showed that the accumulation of
auxin-regulated polypeptides control strawberry fruit development (Veluthambi and
Poovaiah 1984; Reddy and Poovaiah 1987, 1990). During tomato fruit development,
two peaks of auxin level occur (Gillaspy et al. 1993). The first auxin peak occurs
10 day after anthesis, coinciding with the beginning of cell expansion. The second
auxin peak appears later and coincides with the final phase of embryo development.
The development of fruit appears to depend on these sources of auxin. Supporting
this hypothesis, the auxin-resistant diageotropica (dgt) mutant of tomato exhibits
delayed onset of fruit development, reduced fruit size and seed production, and the
application of auxin or auxin transport inhibitors that cause an increase in auxin
in the ovary stimulate fruit set and the development of parthenocarpic fruit (Beyer
and Quebedeaux 1974; Balbi and Lomax 2003). It is likely that auxin regulation
of fruit development involves gene expression. The expression of some of the
members of Aux/IAA genes was found to be altered in dgt mutants, which demon-
strates the significant role of auxin in early fruit development (Balbi and Lomax
2003). Recently, it has been demonstrated that the low expression of another auxin-
responsive gene, IAA9, results in dramatic alteration of early fruit development in
antisense IAA9 tomato plants (Wang et al. 2005).

5. DEVELOPMENTAL EFFECTS OF CYTOKININ

5.1. Cell Division

Cytokinins are primarily defined by their ability to promote cell division. Actually,
the first cytokinin was identified based on its cell division promoting ability only.
Several physiological evidences show that the cytokinin levels are higher in plant
tissues enriched in mitotically active cells, such as shoot and root meristems, as
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compared to mature tissues where cell cycle is arrested. Although there may be
multiple molecular targets of cytokinins, they regulate cell cycle primarily by
inducing the expression of CYCD3 gene, which encodes a D-type cyclin that
regulates G1 to S transition during the cell cycle (Riou-Khamlichi et al. 1999). In fact
the constitutive expression of CYCD3 has been shown to overcome the exogenous
cytokinin requirement in callus initiation (Riou-Khamlichi et al. 1999). Other cell
cycle genes, including CDC2 and different B-type cyclins are also regulated by
cytokinins (Fuerst et al. 1996). There are evidences that the genes regulating cell
cycle are expressed in a tissue-specific manner and that cytokinin effects on the
cell cycle vary between different cell types.

The root and shoot apical meristems represent a small group of pluripotent
cells that form the lower underground and aerial parts of the plant, respectively.
The ability of cytokinins to promote shoot development from undifferentiated
cells in culture suggests their role in SAM formation. The ectopic overexpression
of cytokinin oxidase, an enzyme involved in cytokinin catabolism, results in
reduced shoot development as well as leaf primordia, however, an increase in
cytokinin levels leads to proliferation of leaf primordia (Werner et al. 2001, 2003).
Surprisingly, the same overexpression of cytokinin oxidase leads to enhanced root
growth due to additional rounds of mitosis of root meristem cells. These results
indicate that cytokinins have a negative regulatory function in cell proliferation in
root meristem contrasting with the promotive role in SAM (Werner et al. 2001,
2003). Cytokinins also elevate the mRNA levels of homeobox genes, KNOTTED1
(KNAT1), KNOTTED2 (KNAT2), and SHOOT MERISTEMLESS (STM), which are
required to maintain meristem cells in indeterminate state (Estruch et al. 1993;
Rupp et al. 1999; Shani et al. 2006).

5.2. Stimulation of Axillary Bud Growth

The control of lateral or axillary bud growth has been attributed to the presence
of a growing shoot apex. The term apical dominance is used to indicate that the
shoot tip exerts an inhibitory control over axillary buds. Through decapitation and/or
hormone manipulation experiments, this inhibition has been attributed to the balance
of phytohormones auxin and cytokinin. Although apical dominance is determined
primarily by auxin, physiological studies indicate that cytokinins play an important
role in axillary bud growth. For example, exogenous application of cytokinin to
dormant axillary buds of many plant species stimulates cell division and causes them
to grow. Also, the phenotypes of cytokinin-overproducing mutants and transgenic
plants which tend to be bushy due to reduced apical dominance and growth of lateral
buds provide additional evidence for the role of cytokinins in axillary bud induction
(Helliwell et al. 2001; Tantikanjana et al. 2001; Khurana et al. 2004).

5.3. Leaf and Cotyledon Expansion and Chloroplast Development

The ability of cytokinins to promote cell enlargement has been demonstrated in
the cotyledons of dicots with leafy cotyledons, such as mustard, cucumber and
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sunflower. Analysis of cytokinin levels in leaf provides a positive correlation
between endogenous cytokinins and leaf expansion. A higher concentration of zeatin
and ribosylzeatin occurs in basal part of pepper leaves, the region from where leaf
expansion takes place, than in distal portion; older, fully expanded leaves had a
more uniform distribution of cytokinins. The possible action of cytokinins in leaf
expansion is that cytokinins enhance sink strength for the allocation of assimilates.
Treatment with kinetin results in the movement of nutrients from the untreated to
treated part of tobacco leaf. In addition, the cytokinin-induced cell expansion is
associated with an increase in cell wall extensibility (Thomas et al. 1981).

Cytokinins along with other factors, such as light and nutrition, regulate the
synthesis of photosynthetic pigments and proteins in the chloroplasts. The evidence
comes from the observation that the chloroplasts with more extensive grana,
chlorophyll and photosynthetic enzymes are formed when etiolated leaves are
treated with cytokinin before being illuminated. Also, the ability of exogenous
cytokinins to enhance de-etiolation of dark-grown seedlings is mimicked by
mutants that overproduce cytokinins (Chory et al. 1994; Chin-Atkins et al. 1996;
Dasgupta 2002).

5.4. Delay in Leaf Senescence

Senescence is a genetically-programmed cell degeneration process that leads
to cell death. An array of external (environmental stresses such as extreme
temperatures, drought, nutrient deficiency, insufficient light or darkness, and
pathogen infection) and internal (age, levels of plant hormones and developmental
processes) factors regulate senescence. These factors may act individually or in
concert. Plant hormones play important roles in regulating senescence; ethylene,
ABA, salicylic acid, jasmonate and brassinosteroids generally promote senescence,
whereas cytokinins, auxins and gibberellins retard senescence (Gan 2004). Among
these, cytokinins are perhaps the most studied hormone in terms of the regulatory
role in leaf senescence. There are three major lines of evidence that support the
inhibitory role of cytokinins in leaf senescence. First, the external application of
cytokinins to detached or in planta leaves can delay their senescence (Gan and
Amasino 1996). However, the effect of cytokinins on senescence can vary under
different environmental conditions. For example, treatment with 6-benzyladenine
retards senescence in Arabidopsis leaves in dark but accelerates the loss of chloro-
phyll in light (Gan and Amasino 1996). Secondly, there is an inverse correlation
between the cytokinin levels of leaves before and after the onset of senescence
(Gan and Amasino 1996). The cytokinin level falls with the progression of leaf
senescence. Third convincing evidence comes from the genetic manipulation of
cytokinin production in transgenic plants. For example, the overexpression of IPT
gene encoding an isopentenyl transferase that catalyzes the first step in cytokinin
biosynthesis, leads to overproduction of cytokinins up to 500-fold compared with
wild-type plants and display delayed leaf senescence and other physiological and
developmental phenotypes characteristic of cytokinin overproduction, including
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reduced plant and leaf size, less developed vascular and root system and weakened
apical dominance (Gan and Amasino 1996). In addition, overexpression of compo-
nents of the cytokinin signal transduction pathway such as CKI1 (a histidine kinase
protein that acts as a cytokinin receptor) and ARR2 (a B-type response regulator)
also delays dark-induced leaf senescence in Arabidopsis, further confirming the role
of cytokinins in delaying leaf senescence (Hwang and Sheen 2001).

5.5. Induction of Bud Formation in Moss

Several studies show that cytokinins stimulate bud initiation in mosses such as
Funaria hygrometrica and Physcomitrella patens (Brandes and Kende 1968).
Cytokinin induces nuclear migration followed by an asymmetric division in the
target protonema cells (caulonema) leading to the formation of a small number of
initial cells which undergo further divisions to form buds. Buds revert to protonemal
filaments if cytokinin is removed during the early stages of their development
by washing the protonemata. This indicates that the hormone is not acting as a
trigger but has to be present until differentiation is stabilized. It has been hypoth-
esized that calcium plays an important role as an intracellular messenger in this
developmental event (Saunders and Hepler 1983). Ca2+ influx is thought to be an
early event in bud formation in moss protonema. One of the cytokinin effects is
regulation of the voltage-gated Ca2+ channels present on the plasma membrane of
moss protonema. A rise in intracellular calcium mediates bud formation in Funaria.
However, the cytokinin-induced formation of buds can be inhibited by abscisic acid
in a concentration-dependent manner (Christianson 2000).

5.6. Morphogenesis in Tissue Cultures

Subsequent to the discovery of kinetin as a potent activator of the proliferation
of cultured tobacco pith cells, it became apparent that the ratio rather than the
absolute quantity of cytokinin and auxin determines the type of organs regenerated
from undifferentiated callus tissue in vitro; high cytokinin to auxin ratio promotes
shoot formation while a low cytokinin to auxin ratio promotes root development;
a balanced ratio keep the cells in undifferentiated state, i.e. callus (Skoog and
Miller 1965). The effect of auxin and cytokinin ratio on morphogenesis has been
demonstrated in crown gall (a tumor-like mass of undifferentiated cells that typically
occurs near the crown, i.e. junction of stem and root of the plant) and is caused
by Agrobacterium tumefaciens. Upon infection, the T-DNA of Agrobacterium Ti
plasmid is incorporated into the plant genome and begins to overproduce auxin
and cytokinin, which results in formation of an undifferentiated tumor. Mutation
at the tmr locus of Ti plasmids blocks zeatin biosynthesis that lowers cytokinin to
auxin ratio and the tumor cells show proliferation of roots. In contrast, mutation in
tms locus required for auxin production increases cytokinin to auxin ratio and the
resultant crown gall is shooty in nature (Akiyoshi et al. 1983).
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5.7. Other Responses

Cytokinins also stimulate flowering in several plant species, but generally only under
favorable (inductive) conditions. However, no general agreement exists between
flowering and endogenous cytokinins. Recently, a role for cytokinins has been
demonstrated in the formation of nitrogen fixing nodules and nematode induced
galls (Lohar et al. 2004). This information is important to researchers seeking
to understand the relation of root hormones and nitrogen-fixing bacteria toward
improving birdsfoot trefoil cultivars for pasture and livestock. Cytokinins have also
been implicated in stomatal responses but supporting evidences are limited.

6. POTENTIAL OF AUXIN AND CYTOKININ SIGNALING
COMPONENT GENES FOR CROP IMPROVEMENT

The dwarf stature of plants is an agronomically important trait of great signifi-
cance as exemplified by the success of green revolution achieved by the advent of
dwarf varieties of wheat and rice (Khush 2001). The genes responsible for green
revolution dwarf varieties encoded proteins involved in gibberellin biosynthesis or
signaling. However, Multani et al. (2003) described a new mechanism that controls
plant height in dwarf mutants of maize and sorghum. They showed that genes
mutated in brachytic2 (br2) and dwarf3 (dw3) dwarf mutants of maize and sorghum,
respectively, encode a P-glycoprotein that modulates polar auxin transport. The
basipetal transport of auxin is reduced in br2 and dw3 mutants, which results in
reduced auxin response, leading to formation of compact lower stalk internodes and
dwarfism. The dw3 mutant has been in use in sorghum plant-breeding programs
for several decades and can be further used for effectively engineering sorghum
germplasm (Salamini 2003). Likewise, br2 gene can be manipulated to reduce plant
height in maize by employing breeding programs. There are also prospects to use
this knowledge for altering plant height in other crop plants.

The role of auxin in fruit development is well established as described earlier.
The mutations in auxin-responsive genes, such as IAA9 and DIAGEOTROPICA,
alter fruit development dramatically in tomato (Balbi and Lomax 2003; Wang
et al. 2005). Parthenocarpy has also been induced in tomato by overproduction of
auxin in tomato. The transgenic tomato plants containing DefH9-iaaM (iaaM gene
from Pseudomonas syringae under the control of DefH9 placenta/ovule-specific
promoter) produced parthenocarpic fruits that were identical in size and weight to
fruit from pollinated flowers (Figure 5; Ficcadenti et al. 1999). The same construct
has been used to promote parthenocarpy in egg plant (Rotino et al. 1997).

Recently, a molecular link between auxin signaling and resistance to bacterial
pathogens in plants has been demonstrated (Navarro et al. 2006). The exogenous
application of auxin enhanced susceptibility to the bacterial pathogens. However,
the repression of auxin signaling by miRNA-mediated down regulation of F-box
auxin receptors, TIR1, AFB2, and AFB3 mRNAs increased antibacterial resistance.
The identification of novel miRNAs that downregulate auxin signaling in plants
will provide new targets for manipulation of crop plants against pathogens.
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Figure 5. Induction of parthenocarpic tomato fruits by overproduction of auxin. (A) Fruits from polli-
nated (top) and unpollinated (bottom) flowers from transgenic (transformed with DefH9::iaaM) and
control plants. (B) Cut fruits from pollinated (top) and unpollinated (bottom) flowers from trans-
genic (transformed with DefH9::iaaM) and control plants. (Adapted from Ficcadenti et al., 1999) (see
plate 10)

Senescence is an important developmental process in plants meant for
mobilization and recycling and to cope with unfavorable environmental condi-
tions. An increased understanding of the genes that control senescence in plants is
very important for future agronomic improvements in many crop plants. Delaying
senescence, particularly of the flag leaf, in grain crops such as wheat, rice and
maize would help to increase grain yield, and such varieties can be used in crop
improvement programs. Premature senescence induced by stress also has a detri-
mental effect on yield, and stay-green plants can exhibit enhanced stress resistance.
It has been reported that the autoregulated production of cytokinin in transgenic
tobacco plants from senescence-specific SAG12 promoter inhibited leaf senescence
and leaf number and seed yield was also increased (Gan and Amasino 1995). The
use of similar system to improve stress tolerance has also been reported. The trans-
genic Arabidopsis plants transformed with SAG12:IPT construct exhibited delayed
senescence as well as an increased tolerance to flooding (Zhang et al. 2000). In these
transgenic plants, at the onset of senescence, SAG12 promoter is activated, which
directs IPT expression, resulting in biosynthesis of cytokinins. The increased level
of cytokinins inhibits senescence, which in turn, inactivates the SAG12 promoter,
preventing the overproduction of cytokinins. Because the cytokinin production is
targeted specifically during senescence, transgenic plants develop normally. The
use of such a system provides a very useful example for producing transgenic crop
plants with delayed leaf senescence and higher productivity.

The development and survival of plants is constantly challenged by changes
in environmental conditions. Abiotic stresses such as drought, high salinity and
low temperature are the most common environmental stress factors limiting crop
productivity throughout the world. To respond and adapt or tolerate adverse environ-
mental conditions, plants elicit various physiological, biochemical and molecular
responses, leading to changes in gene expression. The products of a number of stress-
inducible genes such as osmolytes, ion channels, late-embryogenesis-abundant
(LEA) proteins, antifreeze proteins, molecular chaperones, transcription factors,
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protein kinases and detoxification enzymes counteract environmental stresses by
regulating gene expression and signal transduction in the stress response. The identi-
fication of novel genes involved in environmental stress responses provides us the
basis for effective engineering strategies for improving stress tolerance in crop
plants (Cushman and Bohnert 2000; Hasegawa et al. 2000; Zhu 2002; Shinozaki
et al. 2003). The ectopic expression of several stress-inducible genes from different
plant species, including tobacco, Arabidopsis, Brassica, pea, barley and rice in
transgenic plants have been shown to confer multiple stress tolerance (Xu et al.
1996; Holmberg and Bulow, 1998; Kasuga et al. 1999; Veena et al. 1999; Kovtun
et al. 2000; Saijo et al. 2000; Mukhopadhyay et al. 2004). Some of the compo-
nents of cytokinin signal transduction pathway have also been implicated in stress
signaling. A transmembrane hybrid-type histidine kinase, AHK1, closely related to
cytokinin receptors, acts as a putative osmosensor in Arabidopsis (Urao et al. 1999).
Moreover, the expression of some of the cytokinin-responsive type-A response
regulators is induced under different environmental stress conditions in rice and
Arabidopsis (Urao et al. 1998; Jain et al. 2006d). The ectopic expression of these
genes may be used to engineer stress tolerance in transgenic crop plants.

Many agronomically important traits, including yield, are regulated by a number
of genes known as quantitative trait loci (QTLs) derived from natural allelic
variations. QTL analysis has been employed as a powerful approach to discover
agronomically useful genes. During the past decade, many attempts have been made
to characterize QTLs for grain production and plant height; however, the genes
involved in these QTLs have not been identified yet. Recently, a QTL, Gn1a, that
increases grain productivity in rice has been identified as a gene OsCKX2 encoding a
cytokinin oxidase/dehydrogenase enzyme that degrades the phytohormone cytokinin
(Ashikari et al. 2005). The reduced expression of OsCKX2 caused cytokinin accumu-
lation in inflorescence meristems and increased number of reproductive organs,
resulting in enhanced grain yield. Furthermore, QTL pyramiding to combine loci
for grain number and plant height in the same genetic background generated lines
exhibiting both beneficial traits. Identification of agronomically important QTL
Gn1a as OsCKX2 and pyramiding of such QTLs presents a useful strategy for
efficient crop breeding.

Molecular genetic analyses of Arabidopsis have identified many components of
auxin and cytokinin signaling. A wealth of information is accumulating on the
genomic data of rice, wheat, maize, and tomato, and will help elucidating the
significance of auxin and cytokinin signaling components in these plant species
of economic importance. Targeting the auxin and cytokinin signaling components
may provide an effective strategy for manipulating traits of agronomic importance
in crop plants.
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CHAPTER 14

STATISTICAL ADVANCES IN FUNCTIONAL GENOMICS

REBECCA W. DOERGE∗

Departments of Statistics and Agronomy, Purdue University; 150 North University Street, West
Lafayette, IN 47907, USA

Abstract: Statistics, agriculture, and genetics share a long successful pre-genomic history that is
based on solid principles of experimental design and analysis of variation. In the era of
‘omics it is essential that statistical and mathematical standards, as well as guidelines for
the experimental design and analysis of biological studies are upheld. The main message
of this chapter recalls past statistical issues, discusses current statistical advances that
pertain to understanding complex traits, and promotes ideas about both the data and
statistical genomic models of the future.

1. INTRODUCTION… THE PAST REVISITED

Whether it is considered as ‘statistical advances in function genomics,’ or ‘statistics
advancing functional genomics’, most of the progress in functional genomics that
has been made through applications of statistics has been the result of modern
adaptations and new appreciations of existing statistical methods (namely, exper-
imental design, analysis of variance, and exploratory data analysis) toward the
analysis of large-scale data that have resulted from advances in biotechnology
(e.g., genetic markers, sequencing, and microarrays). Most of us remember that the
marriage of statistics and genetics has a long history of successes in agricultural
experiments, most of which were completely void of genomic data for a very long
time, but in fact did include applications of proper experimental design and correct
statistical analyses of the data. With this history and experience on their side, current
day statisticians have adapted many existing statistical methods to meet the modern
challenges brought forth by the era of ‘omics. In fact, most of the statistical issues
that accompany these challenges are not new, they are merely reincarnations of past
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lessons that need to be remembered. As the phenomenon of collecting more data
and building bigger databases happens with record speed, we should all reflect on
the past successes that have shaped our foundation and remember the milestones
that have been surpassed. For many of us remembering the limitations (e.g., too
few polymorphic genetic markers, too small mapping populations, slow and single
processor computers) of the past will bring to mind contrasting issues with which
we are currently struggling.

My main purpose in supplying this book chapter is to provide a general discussion
about the role that Statistics plays in advancing functional genomics. The intention
here is not to overwhelm the reader with statistical equations, theories, and compli-
cated graphics that seem to have no connection to reality, but to discuss some
of the more current genomic issues that are being addressed by Statistics, and to
forecast future grand challenges that will be met by Statistics. These challenges
include epistasis, quantitative trait mapping, gene expression trait mapping, epige-
nomics, and their unification toward molecularly dissecting complex traits. If the
reader comes away from this experience with a broader appreciation of Statistics
as applied to functional genomics, and a slight confusion due to the nature of
these dynamic complex problems, then my vision for this chapter will have been
fulfilled.

Many current concerns when dealing with functional genomic experiments and
their data share common themes (e.g., accurate measurement, data storage, data
annotation, incorrect and missing data, biological replication, design of exper-
iments, sample size, multiple testing issues, etc.) with the past. Even though
technologies have improved and expanded to provide a more detailed view of the
inner workings of dynamic complex biological systems, the statistical issues and
many times the solutions surrounding functional genomics are not novel; they are
merely more significant due to the complexity and size of what we are studying.
In short, while the modernization of statistical methods has been enabled by high
power computing, parallel processing, data mining, machine learning, and massive
data application, many of the statistical issues that are thought of as advances
are not new, they are simply an evolution of quantitative methods to meet the
needs of the broader scientific community. Quantitative biology is at a cross-
roads of scientific history where the problems are interdisciplinary in nature and
the need for responsible statistical analysis essential. Case(s) in point: all levels
of ‘omics are testing a large number of hypotheses (e.g., gene expression) that
routinely fail to acknowledge the multiple testing problem, and as a result undergo
too many false positive conclusions; most scientific conclusions are being made
in the absence of proper experimental design; and results are being combined
and summarized without the benefit of quality control or statistical concern. The
level of impact that the discipline of Statistics will have on the quality and
quantity of experimental sciences largely depends on the integration of experi-
mental design and statistical methods into current day educational and research
programs, as well as federal funding agency assessment criteria and peer reviewed
journals.
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2. IMPACTING QUANTITATIVE STANDARDS IN LARGE-SCALE
BIOLOGY

In a recent editorial by Jorgensen (2006) the dynamic nature of systems biology,
which by definition includes functional genomics, was recognized and discussed
on a much broader scale. The acknowledgement of Statistics, experimental design,
and mathematical modelling is summarized concisely in his following quote, but
also outlines the future role of statisticians and mathematicians as both collab-
orators and contributors in the changing face of science, “True systems biology
requires mathematical modeling and simulations of dynamic networks. Although
large-scale investigations will be an important contributor to systems biology,
they will have to be combined with formal mathematical approaches to produce
a true systems perspective. If all goes well, systems biology will lead to the
discovery of novel, emergent properties of the molecules and interactions that
drive network behavior as well as new higher-order principles of biology.” While
Jorgensen’s vision for the future is an accurate forecast, at this point in time it is
not a reality. To date, probably the most significant and influential contribution
that is currently being made by Statistics relative to functional genomics, systems
biology, and hence large-scale biology is the establishment and maintenance of
statistical and mathematical standards and guidelines for the experimental design
and analysis of biological studies (Nettleton, 2006). The involvement of formally
trained quantitative (e.g., statisticians, mathematicians, and computer scientists)
scientists in setting and maintaining obtainable scientific standards are invaluable
toward improving peer-review, grant review, and educational programs.

3. FUNCTIONAL GENOMICS… WHO, WHAT, WHEN,
WHERE & WHY

If functional genomics is viewed as a study of assigning biological meaning to
genomic data (Steinmetz and Davis, 2004), then this biological meaning must
include the ‘who, what, when, where, and why’ list of good investigative (i.e.,
scientific) reporting. In short, functional genomics aims to identify and locate genes
that are expressed at a certain level under certain conditions at a certain time for
the purpose of producing some potentially observable phenotypic result. Additional
challenges include understanding the interaction (epistasis) of these genes, as well
as the regulation and control (epigenetics/epigenomics) of these genes. Genomic
data support each level of any functional genomic investigation with the most
significant contribution probably being the composition of DNA itself (Miescher,
1871; Watson and Crick, 1953; Trifonov 2000). No one will argue that genetic
mapping and sequencing (protein, RNA, DNA) in humans, animal, and plants are
obvious successes of the 20th century, or that the magnitude of marker, sequence,
genomic, and epigenomics data has already surpassed anything that early pioneers
such as Sax (1923), Thoday (1961), and even R.A. Fisher could have imagined.

In crop plants, the identification of genomic regions or quantitative trait loci
(QTL) as associated to important economic traits has met success, but has also been
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criticized as not providing the individual genes that are responsible for important
traits (e.g., yield). Initially, there was great expectation placed on knowing genomic
sequence information, either from model organisms, crop species, or the relationship
between the two (comparative genomics), and that this alone would provide all
the necessary information to build and design better crops. However, the “system”
itself is not so simple, and determining the nature and function of genes has turned
out to be much more complicated than initially thought. The majority of genes do
not act alone. They perform much like a well tuned orchestra in concert. Some
genes have solos that are supported by other genes; there are duets and interactions
of genes; and other complex systematic performances at various stages of the
concert (e.g., development, stress, etc.). Furthermore, changing the conductor (or
regulator) of the orchestra might in fact change the performance(s) of the gene(s).
The components and results of system-wide genome complexity have most certainly
created dynamic interactions and associations that are not able to be drawn out by the
current level of data, nor the statistical methods (e.g., QTL analysis or association
mapping).

As technology pushes forward, we are able to couple genomic information with
microarray technology to monitor changes in a gene’s transcript (i.e., expression),
gene methylation, and/or histone modifications (Lippman et al., 2004). It is exciting
to have access to technology that provides data that were unimaginable even
twenty years ago. However, now that we do have these technologies, and even
more on the horizon, knowing how to both statistically design experiments and
analyze these data has become both an interdisciplinary challenge and a bottleneck
in science. Some of these data are the result of well designed experiments that
are hypothesis driven; meaning there is a question to be tested and answered.
Other experiments may not be so well designed, in that they are exploratory
missions that are not addressing any questions; they are simply viewing the
genome.

3.1. Bayesian or Fisherian Statistics?

The whole idea of applying statistical theory and methods to genetic, genomic,
epigenomic data is to either ask questions of your data, or explore your data to
look for similarities either with something you already know, or among the data
that you have. Designing an experiment to answer a biological question basically
provides data that, if analyzed properly, suggests whether the results that you are
observing from your experiment are random events or events that are biologically
determined, and in fact relevant to the biological phenomena being investigated.
Specifically, if the experiment is only performed once (i.e., a single biological
sample) it is impossible to separate the biological variation from experimental
error/noise. Therefore, there is no way of really assessing whether it is the variation
in the biological system (i.e., biological variation) that is creating the observed result,
or the variation in the experimental system (i.e., technical variation). Performing
the experiment more than once allows the variation in the system to be partitioned
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according to the sources of variation (i.e., biological and error) that are inherent in
any investigation. Understanding the sources of variation well enough so that an
experiment can be designed to provide informative data is in fact one of the grand
statistical challenges that has been brought forth by functional genomics. In fact,
some may feel that the greatest statistical advancement in functional genomics is
experimental design.

The most commonly used and most often taught statistical approaches for
partitioning variation and testing hypotheses are analysis of variance (ANOVA)
and/or linear models (Searle, 1971). These approaches are known as Frequentist
approaches, and those that practice these methods are often referred to as Fisherian
or Frequentist (Efron, 1986). More recently, Bayesian methods (Bayes, 1763;
Berger, 1985) have been employed for the statistical analysis of functional genomic
data. Although the majority of the statistics community is quite happy to divide
themselves as being either Fisherian or Bayesian, there are many statisticians
working in statistical genetics/genomics or functional genomics that have benefited
from both sides of this statistical dichotomy. Essentially, Bayesian analyses allow
the parameters of the model to have their own distribution, while allowing prior
information (as gained from previous experimentation, experience, etc.) to be incor-
porated into the statistical model. Rather than testing hypotheses, all results are
accompanied by levels of certainty, or posterior probabilities that help the user in
judging the worth of the analysis and results. Bayesian approaches to functional
genomics are becoming more achievable simply because computing has improved
so drastically. However, proper application of true Bayesian methods is greatly
dependent on the use of informative priors, which in turn means that the user
has to think clearly about the process that is defining the system. Designing an
experiment so that prior information is incorporated and novel questions addressed
remains an important issue in Bayesian experimental design. Although there has
been a significant amount of work devoted to developing Bayesian methods, an
equal effort in developing experimental designs within a Bayesian framework is
lacking (Wu and Lin, 2006). The idea that information from previous studies
might aid in supplying updated estimates and prior information to be used for both
experimental design and the analysis of experimental data has been slow to catch
on, and at times confusing. For example, Bayesian networks do not necessarily
require Bayesian approaches. They can often be accomplished within a classical
(frequentist) statistics setting (Kaski et al., 2005; Rusakov and Geiger, 2005) and
have great potential to incorporate large amounts of data in a meaningful manner
to provide statistical models that are capable of establishing both quantitative and
qualitative causal relationships between numerous variables. Bayesian approaches,
in general are powerful and well suited to take advantage of existing data and
existing statistical methods. They exploit prior knowledge through novel appli-
cations (e.g., machine learning tools; Segal et al., 2005) that when coupled with
optimal experimental design and modern statistical computing lend themselves well
to powerful new functional genomic discoveries (e.g., QTL, differential expression,
eQTL, differential methylation, etc.).
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4. WHERE HAVE ALL THE QTL GONE?

The quantitative trait loci, or QTL, that have been mentioned previously are regions
of a genome that are associated with a trait of interest. These traits are often referred
to as complex traits in that many QTL and/or genes behave together with the
environment within the biological system to influence the measurable/observable
phenomena under study. Locating QTL relative to a genetic map of any major crop
or experimental population has relied heavily on a variety of statistical approaches
and software (Doerge et al., 1997; Doerge, 2002; Liang and Keleman, 2006;
Tanksley, 1993) to demonstrate such association(s). However, only a few of these
QTL are reproducible across environments, genotypes, or years, and have led to
questions about the complexities of the system being studied. The reasons for the
lack of consistent major successes in the implementation of applied QTL into major
food crops are numerous and range anywhere from epistatic interactions among
QTL, to varying genetic backgrounds, to knowledge of QTL being regulatory, to
thoughts about epigenomic consequences.

4.1. Epistasis

Epistasis by definition is the interaction of (nonallelic) genes or QTL that result in a
phenotypic change. These changes can cause the associated phenotype to no longer
be observable, or they can enhance the phenotype well beyond the effects of the
genes/QTL involved in the interaction. Epistasis is important in understanding the
behavior of traits and diseases under complex control, and if properly incorporated
into a statistical model will most likely play a large role in explaining complex
regulatory networks.

Standard and accepted approaches for mapping QTL are single marker methods,
interval mapping (Lander and Botstein, 1989; 1994), composite interval mapping
(Zeng, 1993, 1994; Jansen, 1993), multiple QTL interval mapping (Jansen, 1993;
Jansen and Stam, 1994), and multiple trait interval mapping (Kao and Zeng, 1999).
Each of these methods uses an algorithmic approach to search for single QTL or
sequential multiple QTL, in the absence of epistasis. Once the majority of QTL are
identified, epistasis might be dealt with as a second level analysis by including the
identified marker/QTL and their interactions into a new model. To date, epistasis
is most commonly dealt with this way simply because the number of observations
relative to the number of markers under consideration is so disproportioned that
the degrees of freedom available become the limiting factor in any further analysis.
As one might expect, epistatic QTL play an important role in the genetics and
molecular dissection of complex traits. Because of this, there has been a surge of
statistical advances and activity in dealing with epistasis. Sophisticated statistical
methods have been developed to search the multidimensional (genome) space for
associations. However, because of the complexity of the problem, a dimension
reduction is typically necessary at the onset (the implications of which are significant
on the end result). A common approach is to predefine the number of QTL so that
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the dimensionality of the problem is quickly maintained and pairwise interactions
are easily introduced into the QTL model for the purpose of testing which model
(by varying the interactions) best describes the experimental data at hand. With
an eye on functional genomics, the idea of parameterizing a problem prior to
actually knowing its complexity runs the risk of over simplifying the system and
potentially missing important contributors to the process. To address this issue,
multidimensional random search QTL (both Bayesian and frequentist) approaches
(Broman and Speed, 2002; Carlborg et al., 2000; Carlborg et al., 2001; Carlborg,
2002; Nakamichi et al., 2001;) are showing promise for application to traditional
QTL mapping, but more excitingly to functional genomic applications involving
gene expression data.

Typically, multidimensional QTL searching methods produce a number of
suggested models. To choose the best model, model selection criteria are employed.
Many of the model selection criteria are based on choosing the model for which the
likelihood of the data given the number of parameters in the model (i.e., dominated
by the number of interactions in this case) is maximal. Since the dominating factor,
when modelling epistasis, is the number of interactions (i.e., the dimension of the
search), typically a penalty is subtracted from the likelihood as an adjustment for
dimension (for a further discussion see Bogdan et al., 2004). How to choose this
penalty, and thus the model best describing the complexity of the phenotype (i.e.,
epistasis) under study is an ongoing area of statistical research that will eventually
play an important role in the molecular dissection of complex traits using functional
genomics.

4.2. Expression Mapping (e-mapping)

Although the impact of functional genomics on biology is still in its infancy,
its potential has recently stimulated an area of research that is now referred to
as genetical genomics (Jansen and Nap, 2001). Genetical genomics merges the
theoretical aspects of quantitative genetics with the power of functional genomics.
Specifically, gene expression data measured on a segregating population are under-
stood to be quantitative traits, or expression traits (e-traits), and provide the data
for mapping expression QTL (eQTL) onto a genetic map. The implications of
using functional genomic technologies, namely microarrays, in a QTL setting are
long reaching since microarray technologies are now being used to both genotype
(expression markers) and phenotype (expression traits) individuals.

4.3. Expression Markers (e-markers)

It was Nap and Jansen (2001) who first outlined the use of microarray data for both
genotyping and phenotyping individuals in a segregating population. They were
careful to distinguish between expression profiles of genes by classifying the profile
as either quantitative or qualitative. If quantitative (continuous) in its distribution
then the gene can be considered an expression trait whose variation is of interest,
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and can be studied using existing QTL methodology (discussed next). If, in fact the
distribution of a gene’s profile is qualitative in nature, then the alleles at that gene
segregate to provide information for calling the gene’s profile a genetic expression
marker (see Figure 2 in Nap and Jansen, 2001) and that particular gene’s features
can be used to genotype individuals in a mapping population. While Nap and Jansen
(2001) were careful to distinguish between marker and quantitative trait segregation
patterns as supplied from microarray technology, they neglected to discuss the
potential pitfalls of gaining multiple correlated data (genotype and phenotype) from
the same sample (i.e., array). Specifically, since the same sample/tissue is used for
differentiating phenotype and genotype across tens of thousands of features there
are a number of underlying technical and statistical issues that may give rise to
false (eQTL) associations. The issue of obtaining both genotype and phenotype data
from the same sample (array) has yet to be addressed, and remains a concern for
the future of eQTL mapping.

The initial uses of microarrray technologies for applications other than expression
profiling were based on oligonucleotide arrays to identify (DNA) sequence polymor-
phisms (Borevitz et al., 2003; Hazen and Kay, 2003; Winzeler et al., 1998). Single
feature polymorphisms (SFPs; Borevitz et al., 2003) have quickly become a high-
throughput genotyping solution, but are limited in their application in that they
rely on short oligo- probes that have potential for reduced hybridization to DNA
or cRNA samples when there is in fact a sequence polymorphism. West et al.
(2005) circumvented these issues by exploiting the actual transcript level differ-
ences in parents of a segregating population to define gene expression markers
(GEMs) which are identifiable in the segregating population. While their demon-
stration relied on Affymetrix technology, GEMs are achievable from any type of
DNA microarray. As a further extension of SFP markers (Marilyn West and Dina
St. Clair; personal communication) relied on the gain in information as achieved
from 148 biologically replicated recombinant inbred lines (RILs) to identify single
feature polymorphisms (SFPs) from individual Affymetrix features.

Microarray technologies are providing fast, efficient and relatively cheap means
for gaining thousands of genetic markers. It is important to remember that when
employing standard QTL mapping methods (that rely on a genetic map) more
markers do not necessarily mean more information or more resolution for QTL
location. The statistical models that are employed for locating QTL rely on
the estimated genetic distance, or recombination, between consecutive (ordered)
markers on the genetic map. In the majority of crops, genetic map order is resolved
by observed recombination from individuals in a mapping population. Therefore,
a bounty of genetic markers is not informative unless enough individuals have
been assessed for observable crossover events. Even if a previously known genetic
map is available (i.e., map order known), unless there are observable recombinants
between genetic markers in the experimental population being studied, no infor-
mation will be available for estimating genetic distance let alone locating QTL.
Equivalently, if two genetic markers are scored identically across all individuals
in the mapping population, there is no information available to differentiate these
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markers. Therefore, although microarray generated e-markers may be plentiful, they
may not be polymorphic, or there may be so few observable recombinants that the
statistical power to locate QTL is effectively reduced.

4.4. Expression QTL (eQTL)

Quantitative traits as gained from microarray technology, and referred to as e-
traits, exhibit variation when measured across a group of individuals or mapping
population. Understanding the variation of an individual gene expression obser-
vation from microarray technology has potential to allow the molecular dissection
of the gene’s determinants, or an understanding of the expression level polymor-
phisms (ELPs; Doerge, 2002) for that gene. How to molecularly dissect the variation
that is observed in a gene’s expression level has been the intense focus of many
interdisciplinary investigations (Borevitz et al., 2003; Brem and Kruglyak, 2005;
Doerge, 2002; Jin et al., 2001; Kendziorski and Wang 2006; Kim et al., 2005; Nap
and Jansen, 2001; Potokina et al., 2004; Schadt et al., 2003; Steinmetz et al., 2002;
Wayne and McIntyre, 2002). Recently in yeast (Yvert et al., 2003), Arabidopsis
(Singer et al., 2006), and mouse (Carlborg, 2005), all of which are model organisms,
genomic and genetic complexity has been exposed by evaluating e-trait variation.
Because of the cost of these experiments (i.e., ideally, one would biologically
replicate whole genome microarrays across potentially hundreds of individuals)
there have been relative few experiments with adequate sample sizes reported.
However for those studies that have been reported, there is a surprising complexity
to even the simplest of organisms’ genomes.

Thus far, the experimental approaches (that are all supported by statistical
analysis) that have been applied to expression or e-trait data can be classified
into three experimentally different approaches that result in: non-causal eQTL,
quantitative genomics eQTL, and causal eQTL. The first and most straightforward
approach (Wayne and McIntyre, 2002) relies on a traditional QTL analysis to first
locate QTL. After deletion mapping to resolve QTL location, genes underlying the
mapped QTL are surveyed for differential expression between the parental lines
using microarray technology. While the Wayne and McIntyre approach is not an
application of functional genomics in that biological meaning cannot be assigned
to the differentially expressed genes using this approach, it is a fast efficient way
to isolate and identify genes that are within QTL regions that are associated with a
trait of interest. Whereas Wayne and McIntyre (2002) used the results from QTL
mapping as a guide for candidate gene discovery, others have used gene expression
variation as an approach for making sense of the complex genetics.

In the absence of QTL results, or a phenotype to guide the investigation, Brem
and Kruglyak (2005) employed whole genome yeast (Saccharomyces cerevisiae)
microarrays to study the genetics and inheritance of e-trait variation. Using a
whole genome microarray on each of 112 individuals in a mapping population,
e-trait data provided variation for mapping eQTL. Since these associations can be
cis- acting loci or trans-acting loci, results are thought to supply an idea of the
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genetic complexity across what is commonly referred to as the genetic or genomic
“landscape” of the organism. Even though 5700 gene expression traits were mapped,
40% of the highly heritable e-traits showed no QTL association. Of the eQTL
that were detected very few (only 3%) of them followed a single locus mode
of inheritance. In fact, the majority of e-traits required more than five loci in an
additive model to begin to understand the complexity of the variation. While genetic
studies of e-traits may reveal the overarching generalities of quantitative genetics,
the real question becomes, how much measured transcript variation is actual allelic
variation, and is an understanding of the complexity of the genome landscape
achieved from knowing this? Does basal genetic variation play an important role
in functional consequence (personal communication Lauren McIntyre)? Certainly,
millions of years of evolution imply that genetic variation does indeed play a vital
role in functional consequences, but can the result of millions of years of evolution
be summarized using these approaches? Taking a sample of normal cells and
assessing the genetic variation through cis- and trans- association mapping does not
necessarily imply that all genetic variation works through the same (evolutionary)
process.

In a study that reaches beyond basic genetic variation of yeast, Steinmetz et al.
(2002) employed the complexity of a high-temperature growth (Htg) quantitative
trait or phenotype to study the genomic landscape of quantitative variation as
associated to the quantitative trait (Htg). Since the trait of interest is known, the
idea is to discover genes responsible for its variation in efforts to molecularly
dissect a quantitative trait. Using a standard QTL experimental design, strains of
yeast both exhibiting and not exhibiting the Htg trait were crossed. The resulting
offspring were heterotic, and had alleles that contributed to the presence of the Htg
phenotype. By comparing (i.e., those individuals with and without the Htg trait) the
progeny using whole genome microarrays, the recombinational breakpoints were
thought to have potential to identify genes underlying QTL. The motivation was
to identify a locus (or loci) linked to the Htg trait of interest. In fact, three eQTL
both in cis- and trans- were identified as linked, but failed to provide conclusive
evidence as to their respective roles in the quantitative variation of the Htg trait.

In an ongoing study that was initially described in Kliebenstein et al. (2006) the
benefits of understanding genetic variation relative to functional genomic conse-
quences is enabled by the experimental design of the study, the statistical analysis,
and the (Affymetrix) microarray technology. As pointed out by Steinmetz et al.
(2002) single marker methods (i.e., “single-gene-per-locus”) for statistical analysis
most likely are not sufficient to dissect loci that are linked, interacting (i.e., epistatic),
or of small effect. These authors hint at the need for narrowing in on a genomic
interval while controlling for neighboring linked loci of potentially small and inter-
acting effects. Toward this end, some investigators have turned to standard QTL
mapping approaches (Kendziorski and Wang, 2006; Schadt et al., 2003; Schadt
et al., 2005) to locate QTL relative to intervals of markers. The two most popular
approaches include interval mapping (Lander and Botstein, 1989) and composite
interval mapping (Zeng, 1993; Zeng, 1994), with the latter providing the ability
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to use cofactors beyond a specified window on either side of the testing position
to control for additionally linked loci. In the eQTL study that was first reported
by Kliebenstein et al. (2006a,b), the experimental design consisted of two inbred
parental genotypes of Arabidopsis (Bayreuth-0 and Shahdara) that gave rise to a
recombinant inbred population consisting of 211 individuals. The intriguing part
about this study relative to understanding whether genetic variation has a functional
(genomic) consequence is that by experimental design both a control condition and
a treatment condition (salicylic acid; SA) are examined in the parental genotypes,
as well as across the 211 biologically replicated RI lines. Essentially, the control
condition allows for the same sort of study as the Brem and Kruglyak (2005) study
(i.e., natural variation), but the SA treatment is a stress that is related to a well
studied defense pathway (Wang et al. 2005) and allows for the examination of e-trait
variation in response to a treatment. The obvious comparison between results of
two independent eQTL analyses will yield interesting summaries of similarities of
genomic variation, and may even address the question whether natural variation is
the same as between control and treatment conditions. However, complete statistical
analysis of both the control and SA treatment response in a novel statistical appli-
cation will lend itself well to novel functional genomic discoveries, and may address
questions such as how much allelic variation is normal? In this application the RIL
experimental (mating) design greatly benefits the functional genomics investigation
of complex traits in that individuals of an RIL population have no genetic variation
within a line, but are genetically different between lines. The within line replication
provides power to estimate non-genetic sources of variation, while the between line
replication provides an assessment of allelic variation for estimating genetic sources
of variation. For this experiment, the experimental design has greatly advanced and
enabled this particular approach by providing the greatest opportunity to measure
quantitative variation at the transcript level. In work by Kim et al. (2005) the
non-genetic and genetic components of gene expression for this same study are
partitioned for the purpose of providing putative regulatory networks that in turn
may provide evidence for the genetic basis of complex traits. A multivariate statis-
tical (linear) model (Searle, 1971) was employed. It acknowledged both the genetic
(e.g., allelic differences at cis- and trans- loci) and non-genetic components (i.e.,
control/treatment), and also included important interactions between the genetic and
non-genetic components (e.g., genotype and treatment), as well as technical sources
of variation (e.g., array). The model proposed by Kim et al. (2005) acknowledges
that the control condition and SA treatment are different “environments” in which
the quantitative e-traits are repeatedly (twice) measured. Thus, the multiple observed
gene expression data provide evaluations of e-traits across varying environments
which in turn lends itself well to a multiple trait analysis where the traits share
some correlation structure. Initially, Kim et al. (2005) relied on the multiple trait
QTL analysis feature of QTL-Cartographer (Basten et al., 1995), but realized the
limitations of such an approach, and thus proposed a novel statistical model that
accounts for both the genetic and genomic components, as well as the technical
components of the problem. Preliminary results as reported in Kim (2007) indicate
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greater statistical power when replicate measurements of gene expression are part
of the experimental design, and when technical variation is acknowledged from the
microarray component of the experiment.

Genetic variation is common, complex, and confusing. As much as we would
like to believe that genes act in predictable networks, it is becoming more and
more evident that discovery of these network is turning out to be equally complex
and confusing. The QTL and/or genes that have been found to be associated with
phenotypes may turn out to be associated to genes or e-QTL in a known network or
not. What was once thought to be a simple linear process is in fact turning out to be
a multidimensional, multilayered, environmentally sensitive system. Understanding
the regulation of genes that are cooperating to achieve a biological outcome is
quickly becoming the focus of future statistical advances in functional genomics.

5. STATISTICS IN THE FUTURE OF FUNCTIONAL GENOMICS

The future of statistics is bright when considering the impact that it has already
had on functional genomics (e.g., gene cluster exploration, testing of differential
expression, mapping expression phenotypes or e-traits). Two different, but maybe
not independent, avenues will most likely direct future statistical advances that
are made in functional genomics. The first area will use existing data (e.g.,
databases, literature, etc.) and results for the purpose of gaining greater information
through statistical data mining and modelling. The second area will depend on new
technologies that are giving rise to discoveries in epigenomics (e.g., methylation,
histone modification, etc.). The lack of independence between these two areas lies
in the fact that it may turn out that epigenomic data, results, and discovery will
unify broad concepts for understanding quantitative genetics or quantitative biology
in dynamic biological systems.

5.1. Meta-analysis

As a term for analysis, “meta-analysis” has been incorrectly used in the biological
literature to mean combining data sets that will be either compared or re-analyzed.
Typically, these re-analyses are void of statistical methods, and fail to address many
of the important statistical issues that arise when combining data, especially in
genomics (e.g., differences in technology, differences between laboratories, differ-
ences in replication number). “Meta-analysis” is an area of study in the discipline
of Statistics that has existed for years. It was initially made popular in medical and
social sciences (Berlin and Colditz, 1999; Glass, 1976; Kassirer, 1992; Segerstrom
and Miller, 2004), and refers to combining results (e.g., p-values) from independent
analyses of different experimental data sets. Historically, the studies and results
that are utilized in a meta-analysis investigate the same basic phenomena, and rely
on a huge wealth of, typically published, data results that can be combined using
a range of both frequentist and Bayesian approaches. Meta-analysis is independent
of the experimental design that generated the data, and furthermore is independent
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of the statistical approach that provided the results. As outlined by Stevens (2005)
the motivation for using a meta-analysis as applied to functional genomic data are
three-fold: 1) First, many microarray platforms are now distributed in a standardized
manner such that independent laboratories often use the same technology and array
design to study the same question. Any differences that do exist between labora-
tories and environment can be incorporated into the statistical model. As an aside,
combining results from different technologies is an open statistical problem that
deserves further attention. Second, while obtaining raw data may be easier than in
the past, many of the data repositories do not require that raw data be deposited.
Therefore, if these data are obtained they may not be the original (not normalized,
not transformed) data and thus may not be comparable across studies. Lastly,
while a meta-analysis may be equally informative when compared to the combined
raw data analysis, often it may be more informative because there is more infor-
mation to incorporate relative to the specific laboratories contributing the data (for
specific statistical details about meta-analysis in functional genomics see Stevens
and Doerge, 2005a,b; Stevens, 2005).

5.2. Epigenetics/Epigenomics

Epigenetics was first defined by Waddington (1942) as “the interactions of genes
with their environment, which bring the phenotype into being” (Qiu, 2006), and may
turn out to be one of the missing links for the explanation of complex traits relative
to functional genomics. An updated view of epigenetic research that is currently
considered as the study of heritable changes in genome function that occur in the
absence of changes to the DNA sequence itself is referred to as epigenomics, the
second-code of instruction that affects gene activity in the absence of altered DNA
sequence. With regard to functional genomics, epigenomics may indeed supply an
explanation for the additional level of variation and regulation that has not been
fully appreciated or understood up to this point (Richards, 2006). One of the basic
ideas underlying the concept of epigenomic regulation is that chromatin, which is
contained in the nuclei of (most) eukaryotic cells, when modified as a response to
environment and gene expression might be responsible for heritable changes that are
not observable alterations at the DNA sequence level. Since chromatin is composed
of DNA that is tightly wound with both histone and non-histone proteins, any
changes (e.g., histone modification, DNA methylation, etc.) in chromatin as a result
of interacting with the environment or the genome itself (e.g., gene expression)
will leave the DNA sequence unchanged, but may have a significant impact on the
organism itself.

A great deal of work (Petronis, 2006) has been done in human epigenomics,
where one individual of (genetically) identical twins develops a disease (e.g.,
diabetes, depression, schizophrenia) while the companion twin does not. Clearly,
these individuals share the exact same DNA as their genetic make-up, yet the
occurrence of the genetically based disease differentiates them. In plants, epige-
nomic changes have certainly been studied (see Richards, 2006; and references
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therein for review), but are yet to be connected quantitatively to complex traits.
Interestingly, in the study (Kliebenstein et al., 2006) that was previously mentioned,
the recombinant inbred population supplies genetically identical individuals within
a line, yet genetically different individuals between lines. Since this study was
biologically replicated within lines, there is information to further dissect epige-
nomically observed variation both within and among recombinant inbred lines, if
further (epigenomic) data are obtained. This would be especially interesting for this
particular study since there are two treatments (control and salicylic acid) that have
potential to supply an avenue for testing epigenetic changes that have arisen from
environmental changes.

Epigenomic changes have in fact been studied and tested in Arabidopsis using
DNA microarray technology (Lippman et al., 2004; Martienssen et al., 2005; Zhang
et al., 2006). In the work by Lippman et al. (2004), heterochromatic changes were
investigated analytically using statistical methods based on linear models that tested
hypotheses of both methylation changes and histone modification changes between
an Arabidopsis (WT) genotype that was highly methylated in its heterochromatic
structure and a genotype that had mutations in its chromatin remodeling gene (ddm1;
Decrease in DNA Methylation 1) that left it having relatively little methylation of
its chromatin structure. Although there are similarities (e.g., array, dye, treatment
effects) in the statistical models that are used to test differential (gene) expression
changes, testing for differential methylation depends on an appreciation of the level
of methylation against which one is testing, and is a good example of when testing
the incorrect hypothesis will lead to the wrong conclusion.

In the same study by Lippman et al. (2004) the same array design was employed to
study not only differential methylation and differential histone modification, but also
gene expression. By hybridizing both genomic DNA and cDNA to the same array
design (for details see Lippman et al., 2004) methylation, histone modification, and
expression data were collected on the same genotypes, thus allowing for a statistical
meta-analysis (e.g., vote counting) that can supply global statistically based state-
ments pertaining to epigenetic changes (Yoo and Doerge; unpublished). Data such
as these (i.e., same array, different genomics material, highly related questions),
as well as other data and experimental design structures (e.g., time series) are
motivating new statistical and mathematical models that have potential to combine
data, as well as prior knowledge (i.e., Bayesian statistics) while preserving its
meaning and extending its interpretation beyond any of the individual, independent
analyses. How to perform these analyses so they are statistically responsible and
biologically meaningful is a current area of statistical research that is gaining much
attention, but has yet to see the type of attention from the statistics community that
microarrays did when they first arrived on the scene.

When considered in the content of molecularly dissecting complex traits, epige-
nomic data combined with quantitative genomic data (e.g., QTL, eQTL) have huge
potential to bridge the gap in our current understanding of functional genomics,
and in doing so may allow for a more complete understanding of genes, their
coordination, response, and their control. With more than 50,000 plant species that
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are edible, and less than 300 of them actually domesticated, there is an abundance
of genetic, epigenetic, and unacknowledged variation that is shared across these
species. Dissecting this variation in model organisms such as Arabidopsis will not
only enable functional genomics, but also the “system-wide genomics” of the barely
fifteen species (e.g., rice, maize, wheat, cotton, soybean, etc.) that make up the
majority of the crop plants worldwide. While comparative/translational genomics
has not been discussed in detail here, the mechanisms that control and regulate
“biological” variation of these systems are most certainly shared. Bringing together
information from seemingly remote connections of science is central to advancing
our ‘omic-assisted understanding of the nature and function of genes, their products,
their interactions, and their regulation. Toward this end, Statistics has played a
specific and vital role in agriculture (and in all sciences) in the pre-genomic era,
has enjoyed a renewed appreciation (and criticism) in the genomic era, and will
undoubtedly gain continued recognition and appreciation as a prominent player in
this new era of grand-scale data driven biology.
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Abstract: The modern crop scientist has a large amount of available nucleotide sequence infor-
mation to identify genes of potential agronomic importance. Using reverse genetic
approaches, specific genes can be disrupted, and hypotheses regarding gene function
directly tested in vivo. Although a number of reverse genetic methods have been intro-
duced, many are limited in application because they are organism-specific, expensive,
transgenic or only transiently disrupt gene function. However, traditional mutagenesis
using chemical mutagens has been widely used as a forward genetics strategy to create
many new crop plant varieties at relatively low cost. Mutagens such as ethyl methane-
sulphonate (EMS), cause stable point mutations and thus produce an allelic series of
truncation and missense changes that can provide a range of phenotypes. TILLING
(Targeting Induced Local Lesions IN Genomes) uses traditional mutagenesis and SNP
discovery methods for a reverse genetic strategy that is high in throughput, low in cost,
and applicable to most organisms. Over the past six years, TILLING has moved from
proof-of-concept to production with the establishment of publicly available services
for Arabidopsis, maize, lotus, and barley. Pilot-scale projects have been completed on
several other plant species, including wheat. The protocols developed for TILLING
have been adapted for the discovery of natural nucleotide diversity, a method termed
EcoTILLING. Like TILLING, EcoTILLING is general and has been applied to plants as
diverse as Arabidopsis and poplar. We review here current TILLING and EcoTILLING
technologies and discuss the progress that has been made in applying these methods to
many different plant species.

1. INTRODUCTION

Nucleotide sequence variation is a major determinant of heritable phenotypic
difference and has been exploited by humans for crop improvement since the dawn
of domestication. Variation can either be natural, from divergent populations, or
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induced through treatment with mutagens. An important goal of modern crop science
is to use nucleotide sequence variation to improve crops. This goal is furthered
by the accumulation of large-scale sequence data. EST sequencing projects have
been completed or are underway for many crop plants, and large-scale genome
sequencing projects are now complete for a few plants, with more in progress
or planned (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=genomeprj). For the
crop scientist, a major challenge will be to use these sequence resources to create
improved varieties that meet the demands of a growing population and a changing
climate. The availability of extensive sequence resources fuels the demand for
technologies that can use sequence to probe gene function. Tools that are applicable
to many species can have an especially broad impact on plant science.

The generation of mutations in specific genes that can then be assayed for pheno-
types (reverse genetics) is a powerful strategy for elucidating gene function and
for creating new varieties. Many reverse genetic approaches have been developed
for plants (An et al. 2005, Burch-Smith et al. 2004, Kusaba 2004, Henikoff and
Comai 2003). Some involve targeting genes one at a time, such as transformation
with hairpin constructs for RNAi-mediated knock-down, which can be used to
dominantly knock down multiple homologous genes with a single construct. Others
involve creating a population of mutagenized individuals that can be screened
for generally recessive DNA lesions, including insertions, deletions and point
mutations.

T-DNAs have been a very successful tool for insertional mutagenesis in
Arabidopsis, and more recently for rice (http://signal.salk.edu/cgi-bin/tdnaexpress
and http://signal.salk.edu/cgi-bin/RiceGE). However, the low copy number of
T-DNAs means that large populations are required to provide a high probability
of finding an insertion in a specific gene. Probabilities reduce as gene sizes
decrease, and even with a population of 360,000, there are many Arabidopsis
genes smaller than 1 kb for which no T-DNA insert has been isolated
(http://signal.salk.edu/database/T-DNA/). When moving from basic research to crop
breeding, transgenic approaches may prove to be undesirable because of regulatory
costs and the continuing GMO debate. Non-transgenic reverse genetic approaches
include the use of endogenous transposons as a method of insertional mutagenesis
(McCarty et al. 2005, May et al. 2003, Hirochika et al. 2004). As with T-DNAs,
insertions are identified via PCR screening using one element-specific primer and
one gene-specific primer. Transposons have been utilized in organisms such as
maize and rice, but for many plants, the development of a large library of plants
with transposon insertions may be impractical due to the lack of suitable trans-
posons, or methods to activate transposon movement. For example, the Tos17
transposon of rice can be used for insertional mutagenesis (Hirochika et al. 2004),
but activating the transposon requires passage through tissue culture, making the
process of generating a large library challenging.

Genomic deletions have also been exploited for reverse genetics. This method
has the advantage that it can be used to target blocks of tandemly repeated genes for
excision. To discover a deletion, PCR is performed with primers that hybridize to



TILLING AND ECOTILLING FOR CROP IMPROVEMENT 335

the genome. Amplification of DNA from plants with deletions between the primer
binding sites will produce an amplicon of lower molecular weight than a plant
with no deletion. Fast neutron mutagenesis has been used to generate deletions in
both Arabidopsis and rice that could be recovered with this PCR screening method
(Li and Zhang, 2002). A strength of the method is that the increased efficiency of
amplifying a smaller fragment allows for detection in pools of up to ∼1000 plants.
Furthermore, deletions can be larger than a single gene, and the method is suitable
to knock out tandemly repeated genes. However, the spectrum of deletion sizes
caused by fast neutron mutagenesis is not well characterized, and it is likely that
deletions by fast neutron mutagenesis will not be tolerated at a high density due to
the deleterious nature of large deletions. Therefore, like T-DNAs, the population
size required to ensure a deletion in a specific target gene is likely to be quite large.

TILLING (Targeting Induced Local Lesions IN Genomes) is a non-transgenic
reverse genetic technique that is suitable for most plants (McCallum et al. 2000a).
For TILLING, mutations are created by treatment with the same chemical mutagens
that have been successfully employed in mutation breeding programs for decades.
By using chemical mutagens that induce primarily random point mutations at high
density, allelic series of missense and truncation mutations can be discovered with
TILLING (Greene et al. 2003). Thus with only a small population, multiple alleles
may be obtained regardless of the size of the gene. Gene regions are targeted for
mutation discovery using PCR and standard SNP discovery methods. The use of
general techniques for the generation and discovery of mutations means that the
method should be applicable to a wide variety of organisms. TILLING method-
ology can also be used to uncover natural nucleotide variation linked to important
phenotypic traits, a process termed EcoTILLING (Comai et al. 2004). The current
status of various plant TILLING and EcoTILLING projects discussed in this review
show that the methods are generally applicable across the plant kingdom.

2. TILLING FOR MUTATIONS

TILLING consists of three main steps: 1) Development of a mutagenized population,
2) DNA preparation and pooling, and 3) mutation discovery (Figure 1).

2.1. Developing a Mutagenized Population

Plants are ideally suited for TILLING. The ability to store the organism in a
dormant state as seed allows for continual mutational screening without the need
for continual plant propagation. Additionally, there is a rich heritage of mutagenesis
in a variety of plant species, and traditional mutagenesis techniques have been used
to create many new crop varieties [for example, Stadler 1928, Maluszynski et al.
2000]. Protocols for mutagenesis already exist for many plants, and only details of
importance to TILLING are reviewed here.

The ideal mutagen for TILLING is one that randomly induces single nucleotide
substitutions, or small insertions/deletions (∼<30 nucleotides) at a high frequency
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DNA
extraction

Mutagenized
“TILLING”

Natural population
“Ecotilling”

Sample pooling 

Enzymatic mismatch cleavage 

Ecotilling

TILLING

Gel Electrophoresis
Mutation discovery

PCR Heteroduplex formation

Phenotypic characterization

Figure 1. Outline of the basic steps for typical TILLING and EcoTILLING assays. DNA is collected
from a mutagenized population (TILLING), or a natural population (EcoTILLING). For TILLING,
DNAs from up to eight individuals are pooled. Typical EcoTILLING assays do not use sample pooling,
but pooling has been used to discover rare natural single-nucleotide changes (Till et al., 2006). After
extraction and pooling, samples are typically arrayed into a 96-well format. The target region is amplified
by PCR with gene-specific primers that are end-labeled with fluorescent dyes. Following PCR, samples
are denatured and annealed to form heteroduplexes that become the substrate for enzymatic mismatch
cleavage. Cleaved bands representing mutations or polymorphisms are visualized using denaturing
polyacrylamide gel electrophoresis. Plants with mutations predicted to affect protein function can be
carefully analyzed for phenotypic abnormalities

in the genome. The chemical mutagen ethyl methanesulfonate (EMS) generates
mostly SNPs, and can be controlled to produce a high density of point mutations,
causing a variety of lesions including nonsense and missense mutations (Greene
et al. 2003, Koornneef et al. 1982). Indeed, EMS has been the mutagen of choice
for most plant TILLING projects (section 3). The effect of treatment with EMS is
highly predictable; G:C->A:T transition changes represent the majority of induced
mutations in most organisms. This is especially striking in Arabidopsis and wheat
where > 99% of mutations identified by TILLING are G:C->A:T transitions (Greene
et al. 2003, Slade et al. 2005).

For many plants, seed mutagenesis is most practical (Figure 2a). Seed are soaked
in a dilute solution of chemical mutagen for approximately 10–24 hrs. Due to
the multicellular nature of the embryo that is mutagenized, different tissues in the
resulting adult plant (termed the “M1” generation), will contain different genotypes
(Henikoff and Comai 2003). Thus, mutations present in the somatic tissue will not
match those in the germinal tissues, and this generation is not suitable for TILLING
screens. Mutations in the M1 germline will be heterozygous, and therefore M2
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Seed Mutagenesis

M1 self fertilized

Single M2 self
fertilized

DNA collected
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A. B.
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Mutagenesis
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M1 plant self
fertilized

DNA collected

Seed collected

Figure 2. Seed (A) and pollen (B) mutagenesis strategies used for TILLING. A) For seed mutagenesis, a
single M2 plant per line is typically included in the TILLING population. The M1 generation is chimeric
for mutations and is unsuitable for TILLING. DNA and seed are collected from the M2 generation. When
mutations are identified, the M3 seed can be germinated for phenotypic analysis. B) When mutagenizing
pollen, the M1 generation is not chimeric and so can be screened for TILLING. All M1 progeny from
a single cross should carry distinct heterozygous mutations as each pollen grain will have accumulated
mutations randomly. Seed from a self-cross of the M1 is collected for subsequent phenotypic analysis

progeny from a self cross of the M1 should segregate mutations in a typical 1:2:1
Mendelian ratio. For Arabidopsis, only one M2 sibling was chosen at random from
the progeny of a single M1 self cross (Colbert et al. 2001). The single seed descent
approach provides a predictable ratio of mutant to wild-type alleles in a single
individual (either 1:1 for heterozygotes or 2:0 for homozygous alleles) and allows
for straightforward segregation analysis of the M3 generation. A similar approach
has been used for other plant TILLING projects (section 3). For some species,
pollen mutagenesis can be considered (Figure 2b). This approach was used in
generating the populations for the Maize TILLING Project service (Till et al. 2004).
After crossing the mutagenized pollen onto a non-mutagenized ear, each developed
kernel contains unique heterozygous mutations. The M1 plants are therefore suitable
to use in a TILLING screen and hundreds of unique lines are possible from a
single ear. Pollen mutagenesis therefore requires fewer field resources than the seed
mutagenesis approach. A potential additional advantage of pollen mutagenesis is
that the nearly quiescent pollen might be less sensitive to cytotoxic effects from
chemical mutagens.

The density of induced mutations is a major factor in the efficiency and cost
of mutation discovery. For example, to discover 10 mutations in Maize TILLING
populations, with a density of 1 mutation per 500 kb, will take approximately twice
as long and cost twice as much as to discover the same number of mutations as
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in Arabidopsis TILLING populations with a density of ∼1 mutation per 250 kb.
Differences in mutation density between organisms may result from differences in
the uptake of, cytotoxic response to, and repair of lesions induced by treatment with
the mutagen. Following established mutagenesis protocols would therefore seem a
good route to success, however, an approximately 1.5-fold range in mutation density
was observed when following a standard protocol for Arabidopsis seed mutagenesis
[Till et al. 2003, Till, Reynolds, and Young, unpublished]. To control for variability
in mutagenesis, phenotypic markers can be used to predict the level of induced
mutations before investing in the resources required for a large population. For
Arabidopsis, a correlation between embryo lethality in the M2 seed and density
of mutations was found [Till et al. 2003 and Till, Reynolds, Young, Comai and
Henikoff unpublished].

For many organisms, the appropriate measure of mutagenesis will not be known
in advance and can only be determined through careful observation of phenotypes,
followed by TILLING screens to determine the density of induced mutations.
This strategy may not be practical in some circumstances. To balance the risks of
scale, propagation costs, and reproducibility, Muehlbauer and colleagues working
with Cicer anteritum (chickpea) chose to mutagenized approx. 9000 seed but only
propagate ∼800 to test for mutation density (F. Muehlbauer and P.N. Rajesh,
personal communication). The population is currently being tested at our TILLING
facility in Seattle (Seattle TILLING Project, STP). If the test set proves suitable for
a large-scale TILLING project, the entire mutagenized population has already been
prepared, thus avoiding the risk of batch-to-batch variability in mutation frequency.
If not, the cost of DNA extraction and propagation for 8200 lines has been avoided.

2.2. DNA Pooling

In addition to the density of mutations, sample pooling will directly affect the
efficiency and cost of mutation discovery. With similar false positive and false
negative discovery rates, screening four samples pooled together will take approxi-
mately twice as long and cost twice as much as screening a pool of eight samples.
Factors that affect the ability to pool include the quality of genomic DNA, the
accuracy of sample quantification, and the method used for SNP discovery. Blindly
screening samples in various sized pools will allow an unbiased determination of
the optimal level of pooling. Various TILLING groups have performed screens
utilizing two-, three-, four-, six-, and eight-fold pooling (section 3). At the STP, all
samples are currently pooled eight-fold.

Two basic pooling strategies have been most often used by the STP. For large
scale services, we typically use a one-dimensional pooling strategy where each
individual sample is represented in only one pool. When a mutation is identified in
a pool of eight individuals, each member of the pool is then screened independently
to identify the individual harboring the mutation (Colbert et al. 2001). The other
approach is to pool samples two-dimensionally such that each sample is present
in two unique pools. The STP has used a two-dimensional pooling strategy for
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smaller scale projects and for the larger scale Maize TILLING service. Although
duplicating each sample reduces the throughput of detection in pools by half, the
sample harboring the mutation is unambiguously determined in the pool screening
step, so that there is no need to screen individual samples as is done in the one-
dimensional strategy. Also, because two-dimensional pooling involves screening
each sample with two-fold coverage, potential false positive and false negative
errors are minimized at the initial screening step, rather than when individuals are
screened in the second step with one-dimensional pooling. The current approach
for STP is to perform small scale pilots using two-dimensional pooling, where
error rates are unknown. Before moving to a large-scale operation such as a
public TILLING service, the advantage of higher throughput using one-dimensional
pooling is weighed against the advantage of one-step determination and a decision
is made on a case-by-case basis.

2.3. Mutation Discovery

SNP discovery technologies include array-based methods, denaturing HPLC, mass
spectroscopy, denaturing gradient capillary electrophoresis and enzymatic mismatch
cleavage (Comai and Henikoff 2006). In theory, any accurate SNP discovery
method can be used for TILLING. In practice, the method must be both robust
and cost effective. Given that the highest density of induced point mutations yet
reported for TILLING a diploid species is ∼1 mutation/250 kb (Greene et al. 2003),
screening several thousand mutant individuals will likely be required to ensure a
high probability of identifying at least one deleterious mutation (for example see
http://tilling.fhcrc.org:9366/files/user_fees.html). Because of this limitation, whole
genome scanning methods such as SNP-chips and polony based sequencing are too
error-prone to be cost-competitive at the present time.

Targeted scanning methods allow screening resources to be spent only on
SNP discovery in candidate genes and thus provide a large cost savings over
whole genome methods. Sanger sequencing, denaturing HPLC, denaturing gradient
capillary electrophoresis (DGCE), and enzymatic mismatch cleavage have all been
used as SNP discovery methods for reverse-genetic screens (McCallum et al. 2000a,
Colbert et al. 2001, Wienholds et al. 2002, Slade and Knauf 2005). The most
common method used for TILLING has been enzymatic mismatch cleavage and
resolution on polyacrylamide gels to detect the cleaved fragments (Figure 3). In
a typical reaction, a ∼1.5-kb gene target is amplified by PCR with gene specific
primers. Primers are end-labeled with fluorescent dyes for downstream visual-
ization. After PCR, products are denatured and annealed to create heteroduplexes
between wild-type and mutant DNA strands. Mismatches are cleaved by incubation
with a nuclease and products are visualized using denaturing polyacrylamide gel
electrophoresis and a gel readout platform such as the Li-Cor DNA analyzer.
Although a number of nucleases have been described for mismatch cleavage
(Fuhrmann et al. 2005, Youil et al. 1995, Mashal et al. 1995, Till et al. 2004).
The CEL I nuclease extracted from celery is most commonly used (Oleykowski
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IRDye 700 IRDye 800

Figure 3. Discovery of induced Arabidopsis thaliana mutations by TILLING. The target region was
amplified with a forward primer that was end-labeled with the fluorescent IRDye 700 dye, and the
reverse was labeled with IRDye 800. After heteroduplex formation, samples were incubated with a celery
juice extract to cleave mismatches. Gel electrophoresis was performed using a Li-Cor DNA analyzer.
For each gel run, two images are produced, one for DNA labeled with IRDye 700 (A), and one for
IRDye 800 (B). For any one mutation, the molecular weight of the cleaved fragment in the IRDye 700
image plus the molecular weight of the IRDye 800 fragment should add up to the molecular weight
of the full length PCR product. Seven Arabidopsis mutations are shown, each with a corresponding
fragment in the complementary fluorescent channel (marked by arrows)

et al. 1998). CEL I is a single-strand specific nuclease related to S1 nuclease, and
CEL I, S1 and mung bean nucleases have all been shown to be usable for mutation
discovery using standardized TILLING methods (Till et al. 2004). It is noteworthy
that the choice of enzyme and readout platform can potentially affect the optimal
level of sample pooling. Analysis of mutations identified by STP indicates that
using crude CEL I extract and the Li-Cor DNA analyzer allows efficient discovery
of heterozygous mutations in samples pooled eight-fold [a dilution of 1 in 16,
Greene et al 2003].

Once a mutations are discovered, they are sequenced to determine the precise
base change. An important advantage of the mismatch cleavage system is that the
location of each mutation is determined within a few nucleotides, unlike methods
such as denaturing HPLC, which can detect a mismatch but does not identify where
it lies in the sequence. By pinpointing the location of the putative mutation, the
mismatch cleavage method allows for confident identification of each mutation,
whether heterozygous or homozygous, with a single sequencing run, priming with
the nearer of the amplifying primers.
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3. TILLING THE PLANT KINGDOM

3.1. Arabidopsis thaliana

TILLING was first applied to Arabidopsis thaliana (McCallum et al. 2000a,
McCallum et al. 2000b). A mutagenized population was created by treating seed
with EMS, using the single seed descent strategy described in section 2.1. Proof
of concept was shown by the discovery of novel alleles in two cytosine methyl-
transferase genes. This initial work was done using a denaturing HPLC readout
platform and five-fold sample pooling. To facilitate gene modeling and primer
design, a computational tool termed CODDLe (Codons Optimized to Deliver Delete-
rious Lesions, http://www.proweb.org/coddle/) was developed. CODDLe obtains
genomic and protein-coding information from public databases or from the user,
constructs gene models, and analyzes them to determine the region that has the
highest density of predicted deleterious nucleotide changes (McCallum et al. 2000b).
With the success of the basic TILLING system, the goal became to develop a
large population and offer TILLING to the Arabidopsis community as a public
service. To meet the expected demand, the STP explored alternative SNP discovery
methods and decided on the use of the single-strand specific nuclease CEL I and
the Li-Cor readout platform (Colbert et al. 2001). Throughput was increased by
lengthening the PCR amplicon size (currently at ∼1.5 kb), and by increasing the
sample pooling from five- to eight-fold. Throughput was also increased as machine
run time per sample was decreased approximately four-fold compared to denaturing
HPLC. These improvements allowed the creation of the first public TILLING
service known as the Arabidopsis TILLING Project (see section 4.1).

3.2. Lotus japonicus

Perry and colleagues adapted the TILLING method for the model legume Lotus
japonicus (Perry et al. 2003). Seeds were treated with EMS similar to what was
done for Arabidopsis. Samples were pooled three-fold and CEL I was used to
digest SNPs followed by readout using the ABI377 denaturing polyacrylamide slab
gel system. Their work showed that a different readout platform can be used for
mismatch cleavage-based TILLING. They also introduced a phenotypic enrichment
strategy to reduce the amount of screening to find mutations of interest. A database
was created containing the phenotypes of M2 plants. For the pilot screen, a target
gene was chosen that was known to give non-nodulating phenotypes (SYMRK). A
population of 288 plants with nodule and root-specific phenotypes was selected for
screening, and 15 mutants were identified with homozygous missense changes plus
one mutant with a homozygous splice site acceptor mutation. Some M2 individuals
included in the screen were siblings and a total of 6 novel alleles were identified.
While the density of induced mutations is not easily inferred, it is clear that this
approach will be more efficient for finding functional alleles than blindly screening
the entire population, provided of course that one assumes the correct phenotype. A
phenotypic database is also advantageous in that alleles found when screening the
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population can be immediately associated with a previously described homozygous
phenotype. This allows for TILLING to become a largely in silico process.

3.3. Zea mays

As part of a NSF-funded research project to ascertain the suitability of plant popula-
tions for TILLING, the STP screened maize populations donated by Clifford Weil and
Nathan Springer (Till et al. 2004). Samples were screened in four-fold and eight-fold
pools using CEL I and the Li-Cor platform. Seventeen EMS-induced mutations were
identified in six gene target regions of approximately 1 kb. From this pilot project
we estimated a density of ∼1 mutation per 500 kb. Although the density was approx-
imately two-fold less than that observed in Arabidopsis, it was considered suitable
for a high-throughput service, and we subsequently developed an NSF-funded public
service in collaboration with Clifford Weil (see section 4.2). Importantly, we were
able to discover mutations in multiple gene targets without the availability of complete
genome sequence, suggesting that a lack of sequence information is not an insur-
mountable impediment toaTILLINGproject. Inaddition,ourworkwithmaizeshowed
thatgenomesizewasnotan important factor forTILLING, insofaras themaizegenome
is ∼20-fold larger than the Arabidopsis genome. Maize mutations could be discovered
as easily as Arabidopsis mutations by simply increasing the amount of genomic DNA
in PCR reactions to maintain the proper ratio of primer to target molecules.

3.4. Wheat

The feasibility of TILLING in a polyploid species was shown for wheat by Slade
and colleagues (Slade et al. 2005). Starting with seed mutagenized with EMS, they
developed TILLING populations in tetraploid and hexaploid wheat. To target genes,
the group designed homeolog-specific primers. Samples were pooled 2-, 4- or 6-
fold, mismatches were cleaved using CEL I, and fragments were visualized using
a Li-Cor DNA analyzer. Over 200 mutations were discovered in the pilot screen
and the estimated mutation densities were exceptionally high: 1 mutation / 40 kb
in tetraploid and 1/24 kb in hexaploid wheat. The ∼10-fold increase in density
compared to other TILLING populations is likely attributable to the protective
effects against mutation by increased ploidy (Stadler 1929). As with maize, the large
genome size of polyploid wheat did not have an effect on the ability to TILL it.
As with Arabidopsis, >99% of EMS induced mutations were G:C->A:T transitions.
Importantly, Slade and colleagues were able to use TILLING to generate a wheat
variety with reduced amylose production, which demonstrates the utility of the
method for breeding programs, especially those where polyploids are used.

3.5. Other Plant Species

The number of plant species in which TILLING has been successfully applied
continues to grow. Caldwell and colleagues used a combination of denaturing HPLC
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and CEL I to identify mutations in barley (Caldwell et al. 2004). In collaboration
with Tom Tai, the STP has developed TILLING for rice (Till et al. 2007). In collab-
oration with Fred Muehlbauer at Washington State University, we have identified
EMS induced point mutations in chickpea (Muehlbauer, Rajesh, Till, Cooper, Comai
and Henikoff, unpublished). For soybean, we have screened three independent
populations produced by Khalid Meksem, Niels Nielsen, and Kristin Bilyeu and
found each population to have a high density of chemically induced mutations
(Cooper, Till, Laport, Darlow, Kleffner, Jamai, El-Mellouki, Liu, Ritchie, Nielsen,
Bilyeu, Meksem, Comai, and Henikoff, Unpublished ). Other groups continue
to develop TILLING for even more plant species, including the group of Doug
Cook (UC Davis) which has identified a large number of EMS induced mutations
in the model legume Medicago truncatula (D. Cook, personal communication).
Similarly, a TILLING population is being developed for pearl millet at ICRISAT
(R. K. Varshney, personal communication). Several European laboratories recently
reported their progress on TILLING a variety of different plant species at the
1st International GABI-TILL Workshop held at the IPK in Gatersleben Germany
(http://meetings.ipk-gatersleben.de/gabi2006/schedule.php). Slade and Knauf have
reported success with a variety of other species including soybean, tomato, peanut,
and castor (Slade and Knauf 2005). There are additional groups working toward
establishing TILLING projects in important crops, and in the near future more
successful applications of TILLING will undoubtedly be reported.

4. PUBLIC PLANT TILLING SERVICES

4.1. The Arabidopsis TILLING Project

The Arabidopsis TILLING project (ATP) was established in August 2001,
allowing the international research community access to induced point mutations
in Arabidopsis thaliana (Till et al. 2003). A series of user-friendly web-based tools
were developed that have allowed for an automated system for placing TILLING
orders and for the analysis of mutations found in TILLING screens (Figure 4). To
place an order, users create gene models and search for protein homology models
using CODDLe. Genes are then scored to find the best region to TILL using
CODDLe, primers are designed using Primer 3 (Rozen and Skaletsky 2000), and
orders are placed. All steps occur within the browser window. Order confirmations
are sent automatically via email along with payment forms. Once mutations have
been identified, their sequence identities are automatically sent to the user along
with a summary of the mutations identified. The program SIFT is used to predict
if missense changes are likely to have a deleterious affect on protein function (Ng
and Henikoff, 2003). Users are also provided a link to the program PARSESNP
which graphically displays mutations, provides additional missense scoring, and
lists restriction endonuclease sites either created or destroyed by the point mutation
(Taylor and Greene 2003). Such restriction site differences can be exploited for
subsequent genotyping. By mid-2006, ATP had delivered > 6700 mutations in > 480
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Figure 4. Outline of the steps involved in a public TILLING service. A series of web-based tools have
been developed or adapted for the system. The process starts when a user creates a gene model and
obtains and aligns homologous protein sequences by using the CODDLe input utility. CODDLe then
identifies the region of the gene containing the highest density of potential nucleotide changes that could
damage the protein when mutated. Primers design is accomplished with the program Primer3, and the
researcher enters the selected primers. All of these steps are performed within the web browser window.
The researcher receives and automated email confirmation of the submitted order, and a payment form.
The primer order is automatically sent to the oligonucleotide supplier, and primers are shipped to the
TILLING facility. Screening commences, and mutations identified by TILLING are sequence-verified.
The results are automatically emailed to the customer who placed the order. A link to PARSESNP
output is provided in the report. PARSESNP graphically displays the location and type of mutations,
predicts the severity of missense mutations, and provides restriction sites that are either gained or lost
by the induced mutation (Taylor and Greene 2003) (see plate 11)
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gene targets. Approximately 90% of primers designed by users produce sufficient
amplification product for TILLING, and users with failing primers are allowed a free
second trial. The current time to delivery is ∼10.5 weeks after the order is placed
(updated information is available at http://tilling.fhcrc.org:9366/arab/status.html).
ATP was established with generous support from NSF, however, since October
2005, ATP costs associated with a TILLING screen have been recovered from user
fees. From October 2005 through May 2006, a fee of $1500 applied for screening
3000 lines. As a result of improvements in throughput gained from moving to a
384-well liquid handling platform, ATP lowered its costs and now offers screening
of its entire population of 6144 mutagenized individuals for a fee of $2000.

4.2. The Maize TILLING Project

In collaboration with Clifford Weil of Purdue University, the STP created a maize
TILLING service modeled after what was created for the Arabidopsis community.
To meet the expected demand, an independent facility was developed at Purdue.
Testing began in Seattle and work was gradually transitioned to the new facility,
which is managed by Rita Monde, called the Maize TILLING Project (MTP,
http://genome.purdue.edu/maizetilling/). At the start of service in January 2005,
bench work was split 50% between the two facilities. By September 2005, 100% of
the bench work was being performed by MTP. The major technical challenge with
the maize service has been the lack of available genomic sequence. This has driven
primer failure above the 10% range observed for Arabidopsis and necessitated a
primer pre-screening step performed by MTP (Rita Monde, personal communi-
cation). Pre-screening is performed using unlabeled primers to avoid unnecessary
expenditures on more expensive fluorescently labeled primers that fail in PCR.
MTP uses the same computational and informatics tools developed for the ATP
service, an illustration of the general applicability of TILLING tools.

4.3. Other TILLING Services

In addition to the services mentioned above, there are several TILLING services
currently being offered by groups not affiliated with the STP. The Lotus TILLING
facility (Perry et al 2003) began accepting screening orders in June of 2003
(http://www.lotusjaponicus.org/tillingpages/Homepage.htm), with a population of
5000 M2 plants along with smaller populations enriched for defects in symbiosis
and in starch accumulation. The Lotus facility has switched from the ABI377
to the Li-Cor DNA Analyzer and has reported the discovery of over 100 EMS
induced mutations for the Lotus community (http://www.lotusjaponicus.org/ tilling-
pages/Developments.htm). The work reported for barley (Caldwell et al. 2004), has
been expanded and the Barley TILLING facility at the Scottish Crops Research
Institute now offers a screening service for 8600 cv. Optic lines mutagenized with
EMS (http://www.scri.sari.ac.uk/programme1/BarleyTILLING.htm). The group is
currently using the Li-Cor system as a readout platform and offers their service to
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the international barley community. The Meksem lab at Southern Illinois University
Carbondale offers a TILLING service for both the Forrest and Williams82 genetic
backgrounds of soybean (http://www.soybeantilling.org/). Access to screening
services by the international plant biology community provides an efficient use of
resources, and thus we envision the establishment of more TILLING services in
the near future.

4.4. Centralized Core TILLING Facilities

In March of 2005 the STP began operating a TILLING service for mutations on the
third chromosome of Drosophila melanogaster, and in May of 2006 opened a service
for the second chromosome (Fly-TILL, http://tilling.fhcrc.org:9366/fly/). The same
methods, protocols and machine settings are used for all species screened by STP,
making the implementation of a multi-organism TILLING facility a straightforward
task.

Arabidopsis, Drosophila and maize are supported by large communities of
investigators, and demand is sufficient to justify establishing and maintaining a
TILLING service. For many organisms that can be effectively TILLed, the size
of the community and/or the total number of target genes may be too small to
justify an independent facility. Fortunately, the generality of the TILLING methods
and services encourage the establishment of core facilities that TILL multiple
organisms. Because new organisms can be easily added to the production pipeline,
the total number of organisms screened can be determined by the throughput of
the facility and number of candidate targets per organism. Thus, a facility with the
capacity of 100 targets/year can choose to screen 100 targets in one organism or 20
targets in 5 different organisms. We believe that this strategy will allow TILLING
services in agronomically important crops that are studied by relatively few
investigators.

5. ECOTILLING

5.1. EcoTILLING of Arabidopsis thaliana

The enzymatic mismatch cleavage method used for TILLING should be appli-
cable to any heteroduplexed DNA target regardless of the source of the nucleotide
polymorphism. Therefore, the same methods should be applicable to the discovery
of natural nucleotide variation in populations. However, if cleavage of mismatches
were complete, then only the closest polymorphism to the labelled end would be
detectable, and this method would be unsuitable for polymorphism discovery. Fortu-
nately, cleavage is only partial at any site, and TILLING methodology has been
used to score multiple mismatches within single end-labelled heteroduplexes. To
determine if the method could be used to accurately catalogue natural diversity, 196
Arabidopsis ecotypes were screened for nucleotide variation in 5 gene target regions
(Comai et al. 2004). To uncover homozygous polymorphisms that are thought to
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predominate in self-fertile species, an equal amount of DNA from the sequenced
Columbia accession was added to each test sample so that heteroduplexes could be
created. To unambiguously assign haplotypes, individual accessions were not pooled
together. Fifty-five distinct haplotypes were discovered. In addition to SNPs, small
insertions/deletions and a satellite repeat number polymorphism were identified.
The study indicated a low false positive and false negative rate of discovery when
compared to sequencing. Based on this work, the modification of TILLING for
the discovery and genotyping of natural nucleotide polymorphisms was termed
EcoTILLING.

5.2. Automation of TILLING Gel Analysis

The major difference between TILLING and EcoTILLING is the amount of infor-
mation present in gel data from a single run. For TILLING, there are typically
3–5 mutations per 1.5 kb Arabidopsis gene per 768 pooled individuals screened
on a gel. With this amount of information, manual gel analysis and database entry
is practical. For EcoTILLING, over 100 polymorphic bands could be identified
in a single gel run, when screening 96 samples with a 1-kb target fragment. This
large increase in data points created a serious bottleneck and increased the possi-
bility of human error during manual analysis. To facilitate the gel reading and
data entry processes, Zerr and Henikoff developed the PC/Mac program, GelBuddy
(http://www.gelbuddy.org) (Zerr and Henikoff 2005). GelBuddy provides automated
lane identification and molecular weight calibration. Bands are scored with a click
of the mouse, and reports containing lane and molecular weight information for
each band are automatically generated. A fully automated version that includes
band scoring has recently been introduced as part of an effort to apply EcoTILLING
to the high-throughput discovery of rare human SNPs and cancer mutations (Till
et al., 2006).

5.3. EcoTILLING for Populus trichocarpa

As with TILLING, EcoTILLING is general, and should be applicable to most
species. Gilchrist and colleagues recently reported a genotyping analysis of western
black cottonwood populations (Populus trichocarpa), using EcoTILLING for SNP
identification (Gilchrist et al. 2006). Sixty-three novel SNPs were identified in
9 target genes, for 41 tree accessions. From these data, the group estimated
the degree of linkage disequilibrium, heterozygosity, and nucleotide diversity.
Much can be learned from studying natural nucleotide diversity; new markers
will be generated from EcoTILLING projects, and non-synonymous SNPs may be
identified that provide a beneficial phenotype. For species in which mutagenesis
is impractical, exploiting natural nucleotide diversity will be invaluable for crop
improvement.
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6. CONCLUDING REMARKS

TILLING and EcoTILLING are high-throughput and low-cost methods for the
discovery of induced mutations and natural polymorphisms. The methods are general
and have successfully been applied to many plants, including crops. With sequence
data and general tools such as TILLING, reverse genetics can be applied to lesser-
studied species. Now that successes have been reported in a variety of important plant
species, the next challenge will be to use the technology to develop improved crop
varieties. The utility of induced mutations and natural polymorphism has already been
established for crop breeding and so the task is mostly one of implementation.
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CHAPTER 16

CHARACTERIZATION OF EPIGENETIC BIOMARKERS
USING NEW MOLECULAR APPROACHES

MARIE-VÉRONIQUE GENTIL AND STÉPHANE MAURY*
Laboratoire de Biologie des Ligneux et des Grandes Cultures, UPRES EA 1207, rue de Chartres.
BP 6759. Faculté des sciences, Université d’Orléans. 45067 Orléans Cedex 2, France

Abstract: Plants exhibit a polymorphism of DNA methylation status in their genomes in relation to
various breeding traits and phenotypes. Evidence for relationships between DNA methy-
lation and given phenotypes can be shown through the variations of phenotypes after
treatments that alter DNA methylation percentages or through the variations of methy-
lation percentages in different phenotypes. The corresponding “epialleles” are potential
biomarkers for plant breeding selection. The target genes of these epigenetic modifi-
cations could be identified with a genome scanning approach using methyl-sensitive
enzymes or methyl-binding affinity columns. Correlations between DNA methylation
polymorphism and phenotypes could be tested using various methods such as bisulfite
sequencing, physiological and genetic analyses. Identification of methylation biomarkers
by these new molecular approaches have been successfully applied to human cancer
detection and should be now envisaged for plant breeding selection.

Keywords: Bisulfite sequencing; DNA methylation; Epiallele; Plant breeding; Restriction Landmark
Genome Scanning

1. INTRODUCTION: THE FUNDAMENTAL ROLE
OF EPIGENETIC EVENTS IN PLANT DEVELOPMENT

Contrary to animals, plants are static organisms and consequently exhibit high
developmental plasticity in response to environmental variations. Plasticity is a
term used to describe the ability of organisms to change form or shape and
growth in response to environmental changes (Pigliucci, 2001). Variations of
phenotypes without modifications of DNA sequences correspond to epigenetic
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phenomena. Epigenetic defines all mitotically and meiotically heritable changes in
gene expression that are not coded in the DNA sequence itself (Holliday, 1990).
In plants, epigenetic phenomena controlled many biological processes such as
development, morphogenesis, genomic imprinting, somaclonal variations, heterosis,
transgene silencing and stress responses. Epigenetic regulation is mediated by DNA
methylation and histones modifications that regulate chromatin condensation and
consequently gene expression.

In plants, addition of a methyl group from S-adenosyl-L-methionine to
cytosine residues occurs at CpG or CpNpG sequences (where N could be any
nucleotide). This reaction is catalysed by DNA methyltransferases. Arabidopsis
MET1 (homologue of the DNA methyltransferase 1 in mammals) and plant-specific
chromomethylases are responsible for the methylation of hemi-methylated sites
during DNA replication and are referred to maintenance methylation (Finnegan
and Kovac, 2000). Maintenance of CpG methylation and CpNpG are respec-
tively catalyzed by MET1 and chromomethylases. The domain rearranged methyl-
transferase family (similar to the mammalian DNA methyltransferase 3 family)
is involved in the methylation of unmethylated DNA, a process called de novo
methylation (Cao et al., 2000; Tariq and Paszkowski, 2004). In plants, the
demethylation of cytosine residues seems to occur both through the action of
a DNA glycosylase and through cell division without maintenance methylation
(Choi et al., 2002).

Another mechanism controlling gene expression is the covalent modifica-
tions of histones. Thus, free N-terminal tails of histones protrude from the
octameric protein’s core and are subjected to various posttranslational modifications,
including acetylation, phosphorylation, methylation, ribosylation and ubiquitiny-
lation (Meyer, 2001; Loidl, 2004). All these modifications constitute the “histone
code” that presents more combinatorial possibilities in plants than in animals.
DNA methylation and histone methylation on lysine 9 of histone H3 (H3-K9)
are generally associated to the condensed chromatin status that prevents the
binding of transcription factors and induces transcriptional gene silencing. On the
contrary, histone acetylation, phosphorylation and methylation on lysine 4 of histone
H3 (H3-K4) are present in the decondensed chromatin status that allows gene
transcription (Meyer, 2001) (Figure 1).

Polymorphism in DNA methylation status leads to differences in genes expression
and confers phenotypic effects (Ronemus et al., 1996; Kakutani et al., 1999).
For instance, SUPERMAN gene plays a role in floral morphology in Arabidopsis.
SUPERMAN gene presents several clark kent alleles which correspond to different
phenotypes. However, if all these alleles exhibit the same DNA sequence they differ
in their methylation status and correspond to epiallele (Kalisz and Purugganan,
2004). The polymorphism associated to these epialleles constitutes biomarkers for
various applications. Indeed, a biomarker is a substance or a process that is indicative
of a phenotype or a biological event (Laird, 2003). For example, in human cancers,
epialleles are used as biomarkers for early detection or characterization of cancer
types. In plants, epigenetic inheritance is a source of polymorphism that could be
exploited for selection and plant breeding (Tsaftaris et al., 2005). Nevertheless, only
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Figure 1. Model for the regulation of chromatin structure in plants. Only the processes controlling DNA
methylation status are indicated (see plate 12)

few data are available concerning epialleles in plants (Finnegan, 2001). Indeed,
current methods of molecular biology such as DNA sequencing do not distinct
methylation status. In this chapter, we present new molecular approaches to establish
relationships between phenotype or breeding trait and DNA methylation status. The
discovery of methylation biomarkers or epialleles by scanning approaches is also
presented. Finally, the validation of methylation biomarkers for a given phenotype
or breeding trait by an original gene candidate approach will be discussed.

2. DNA METHYLATION AND PLANT BREEDING: EVIDENCE
FOR AN EPIGENETIC REGULATION

In order to establish relationships between a breeding trait or a phenotype and DNA
methylationpolymorphism, twostrategieshavebeenused(Table I).Firstly, themodifi-
cation of genomic DNA methylation levels by physical, chemical treatments or genetic
manipulations and the analysis of the consequences on the phenotypes. Secondly, the
determination of the global genomic DNA methylation percentage in distinct pheno-
types.

2.1. Modification of Genomic DNA Methylation Levels

2.1.1. DNA hypo- or hyper-methylation treatments

DNA hypomethylation is obtained using analogues of cytosine such as
5-azacytidine, 5-azacytosine or 5-azadeoxycytosine (Causevic et al., 2005). Nitrogen
on the position 5 in the pyrimidine ring forbidden the methylation of these
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Table I. A synopsis of the study of methylation biomarkers

Steps Strategies Methods

1. Evidence for an
epigenetic
regulation by
DNA methylation

– Modification of
DNA methylation
levels

– DNA hypo- or hyper-
methylating treat-
ments (Causevic et al.,
2005)
– Genetic transformation
(Vongs et al., 1993; Ronemus
et al., 1996; Finnegan et al., 1996)

– Determination of
the global DNA
methylation levels

– Chromatographic analysis:
HPLC or HPCE (Fraga et al.,
2000; Causevic et al., 2005;
Johnston et al., 2005)

2. Scanning approach
for the discovery
of methylation
biomarkers

– Screening for
genomic sequences
with distinct DNA
methylation status

– Methylation-sensitive
enzymes: RLGS, SPM or
MSAP, tiling microarrays
(Xiong et al., 1999; Costello
et al., 2002; Shiraishi et al.,
2004a; Lippman et al., 2005;
Martienssen et al., 2005; Causevic
et al., 2006; Takamiya et al.,
2006)
– Affinity chromatography:
MBD or 5mC (Cross, 2002;
Shiraishi et al., 2004b; Salzberg
et al., 2004)

– Cloning of the
sequences

– Adapters ligation and PCR
amplification (Causevic et al.,
2006)
– Biotinylated linkers and PCR
amplification (Takamiya et al.,
2006)
– Promoter library and PCR
amplification (Yu et al., 2004)

3. Gene candidate
(GC) approach for
the validation of
methylation
biomarkers

– Choosing the
GC(s)

– Physiological studies (Causevic
et al., 2006)
– Scanning approach(Causevic
et al. , 2006)

– Determination of
the methylation
status for GC(s)

– Methylation-sensitive
enzymes: Southern blotting
(Moore, 2001; Causevic et al.,
2006)
– Bisulfite-PCR: COBRA,
MS-PCR…cloning and
sequencing or direct
pyrosequencing. (Herman et al.,
1996; Xiong and Laird, 1997;
Shiraishi et al., 2002; Laird, 2003;
Dupont et al., 2004; Causevic
et al., 2006; Ogino et al., 2006)
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– Validation of the
methylation
biomarkers (should
be define in each
case)

– Physiological analyses of
GC(s) expression at mRNA
(northern blotting, microarrays,
qRT-PCR) or protein
(activity, western blotting,
2D electrophoresis-mass
spectrometry) levels
– Genetic transformation
(mutagenesis, sense or antisense
transgene, RNAi, homologous
recombination) and functional
complementation
– Analysis of the epigenetic
inheritance: estimate the extent
to which methylation status of
the markers are linked to the
phenotypic variation among
individuals within a selection
population

molecules. The incorporation of these analogues in DNA during cell replication
induces a progressive DNA hypomethylation status in the daughter cells. Treat-
ments with cold temperatures were also shown to induce DNA hypomethylation
(Finnegan et al., 1998). DNA hypermethylation is achieved using hydroxyurea
which inhibits ribonuclease and replication. Modifications of the methyl donor
(S-adenosyl-L-methionine) contents also lead to efficient variations of global DNA
methylation.

A recent report has evaluated the potential of all these treatments to modify
DNA methylation level in one plant system. Thus, eight distinct treatments
such as three analogues of cytosine, cold treatment, ethionine, diaminobu-
tanone, 2,4-dichlorophenoxyacetic acid and hydroxyurea have induced DNA hypo-
or hyper-methylation on three sugarbeet cell lines displaying distinct morpho-
genetic status (Causevic et al., 2005). In this collection of treated lines with
± 10% methylcytosine percentages, variations of morphogenetic status were
observed: loss of organogenic potential and dedifferentiation. Altogether, these
results give evidence for a relationship between DNA methylation levels and
morphogenesis status in sugarbeet cell lines. Such relationship has also been
reported in many other plant systems (Burn et al., 1993; Lambé et al., 1997;
Kaeppler et al., 2000).

2.1.2. Genetic transformation

The analysis of mutants and transgenic plants has allowed establishment of
correlations between DNA methylation levels and plant development. In antisense
DNA methyltransferase 1 lines, a progressive loss of genomic DNA methylation
from generation to generation induces deleterious phenotypes, such as reduction in
fertility and altered apical dominance (Finnegan et al., 1996). In ddm (decrease in
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DNA methylation) Arabidopsis mutant encoding a chromatin remodelling protein,
many morphological abnormalities were reported (Vongs et al., 1993). All these data
demonstrate the importance of DNA methylation control for plant development.

2.2. Determination of Global DNA Methylation Levels

Two techniques have been improved these last years to determine the global
DNA methylation levels after genomic DNA hydrolysis: High-performance liquid
chromatography (HPLC) and High-performance capillary electrophoresis (HPCE).
They allow the quantification of methylcytosine and the calculation of a percentage
of DNA methylation in the genome.

HPLC is considered as the most reliable and sensitive technique to determine
DNA methylation. DNA is digested by enzymatic, thermic or acid treatments.
Nucleotides, nucleosides or bases are then separated in by HPLC (Figure 2A).
Quantification is achieved by using UV detection (Causevic et al., 2005; Johnston
et al., 2005) or laser induced fluorescence system (Wirtz et al., 2005), where lower
sample amounts are required for analysis. Nucleoside analysis is recommended
because nucleotides and bases are more polar and consequently more difficult
to separate by HPLC. Identification of cytosine (C) and methylcytosine (mC) is
assessed by co-migration with commercial standards under the same HPLC condi-
tions. The methylcytosine percentages are calculated using the following formula:
%mC = (mC/(C+mC)) × 100 (Figure 2B). HPLC analyses have been used to
characterize DNA methylation levels in many phenotypes (Causevic et al., 2005;
Johnston et al., 2005).

HPCE using a sodium dodecyl sulfate micelle system allows separation of bases
from acid hydrolyzed genomic DNA (Fraga et al., 2000). This method gives a
faster and a better separation than HPLC for the quantification of cytosine and
methylcytosine in genomic DNA of plants.

Overall, HPLC and HPCE allow rapid, accurate and readily automatable quanti-
tative results by measuring overall methylcytosine contents from appropriately
hydrolyzed DNA samples. However, they require relatively large amounts of
genomic DNA, limiting the applicability of the methods. Furthermore, they could
only provide information on methylation levels of genome and gene-specific infor-
mation would be masked.

Several other methods have also been described such as liquid chromatography-
mass spectrometry separation, anti-methylcytosine immunological techniques and
bisulfite conversion. Nevertheless, their use was restricted to punctual applica-
tions (Laird, 2003).

2.3. Perspectives: Research of Epigenetic Biomarkers
for Plant Breeding

In plants, epigenetic mechanisms control gene expression during various biological
processes and can be transmitted over many generations. Polymorphism of the
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Figure 2. Determination of global genomic DNA methylation levels: A, Enzymatic DNA hydrolysis. B,
HPLC chromatogram for the determination of methylcytosine percentage. P: Phosphate group. S: Sugar.
A, T, C and G: Bases (see plate 13)

epialleles could be used to distinguish individuals or genotypes within population.
Detection of global methylation levels allows calculation of methylcytosine
percentages that could be correlated to the variations of a quantitative trait. Never-
theless, this result gives no indication on the target genes of the DNA polymorphism.
The research of methylation biomarkers and their validation for various applications
is well developed in the field of human cancer and could now be envisaged for
plant breeding.
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3. THE GENOME SCANNING APPROACH FOR DISCOVERY
OF METHYLATION BIOMARKERS

3.1. Scanning Approach

DNA methylation biomarkers will be of great interest for plant breeding. How
to identify these modifications among millions of CpG dinucleotides and tens of
thousands of gene-associated CpG islands? that are 500-base-pair windows with a
G:C content of at least 55% and an observed over expected CpG frequency of at
least 0.65 (Laird, 2003).

The objective of this part is to present an approach allowing the discovery
of methylation biomarkers in plants. Therefore, the methodology must scan the
CpG islands within the genome in order to select loci with distinct methylation
profile between two or more biological plant samples. Several techniques have been
developed on animal systems and only few of them have actually been applied
on plant systems (Costello et al., 2002; Frühwald and Plass, 2002; Mills and
Ramsahoye, 2002; Shiraishi et al., 2002; Laird, 2003; Shiraishi et al., 2004b).
This part presents a subset of these techniques with potential applications for the
research of plant breeding markers (Table I). Among them, the Restriction Landmark
Genome Scanning (RLGS) method has retained specific attention. Thus, RLGS
method provides a quantitative epigenetic assessment of several gene-associated
CpG islands in a single gel without prior knowledge of gene sequence and has been
successively applied on animal and plant systems (Hatada et al., 1991; Matsuyama
et al., 2000; Costello et al. 2002; Rush and Plass, 2002; Matsuyama et al. 2003;
Causevic et al., 2006; Takamiya et al., 2006).

3.2. Identification of Methylation Biomarkers by Restriction
Landmark Genome Scanning (RLGS)

After isolation of concentrated solution of pure genomic DNA without mechanical
breakings, an enzymatic processing is performed with an infrequently cutting
restriction enzyme that can not cleave methylated CpG sites (Figure 3). Not I
was selected as the landmark enzyme since most of it sites (GCGGCCGC) is
within CpG islands (Costello et al., 2002). Recently, an alternative approach
was published using two isoschizomers Hpa II and Msp I that recognize the
same sequence (CCGG), but have different methylation sensitivity. Msp I cleaves
this site if the second C of CCGG is methylated or not. Hpa II could only
cut if the site is not methylated. This method directly discriminates methy-
lation polymorphism from sequences (Takamiya et al., 2006). Cohesive extrem-
ities of these restriction fragments are filled with radionucleotides. A second
restriction enzyme can be used as EcoRV (blunt end) to increase the number
of fragments before the first electrophoretic separation on 30 cm thin 2 nm
diameter agarose gel tube. Then, DNA is in gel digested by Hinf I, a more
frequently cutting enzyme, and electrophoresed in a second perpendicular direction
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 First  dimension  First  dimension

Second
dimension

Second
dimension

Methylation

Organogenic
cell line

Non Organogenic
cell line

1- Extraction of genomic DNA

2- Preparation of  restriction fragments:

3- Bidimentional separation of  restriction fragments:

2.1- Landmark enzyme Not  I cleaves only if first cytosine
in rich palindrome site GCGGCCGC is not methylated

2.3- Fragments are cutted with Eco RV

2.2- Radioactive labeling of restriction fragments with dCTP
and dGTP with 32P  (    )    

3.1- First dimension separation
on agarose gel

3.3- Second dimension
separation on acrylamide gel

Organogenic
cell line (O)

Non Organogenic
cell line (NO)

3.2- DNA  fragments are in gel
digested with Hinf I 

4- Autoradiographic film analysis:

5- Elution of DNA  fragments from spots for cloning 

Modification of DNA
methylation status between
O and NO cell lines

No modification of DNA
methylation status between
O and NO cell lines

Figure 3. Principle of Restriction Landmark Genome Scanning (RLGS) method for the discovery of
methylation biomarkers. RLGS sections were obtained with DNA extracted from organogenic or non-
organogenic sugarbeet lines. Spots indicated by arrows correspond to fragments that can be superposed
(black) or not (white) on the RLGS sections obtained with both lines. (Adapted from Causevic et al., 2006)
(see plate 14)
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on 30 × 40 cm non denaturing polyacrylamide gel. Finally, the gel is autora-
diographed (Figure 3). The profiles are highly reproducible and display both the
copy number and methylation status of the sequences. The comparison of autora-
diogrammes of distinct phenotypes allows the identification of two groups of
spots: (1) spots that are unique in one of the two RLGS profiles, suggesting
remodelling of the methylation status of some CpG rich loci and (2) spots
that can be superposed in both RLGS profiles and that present no polymor-
phism of DNA methylation on Not I sites. In this last case, the intensity
of the spots reflects the copy numbers that can differ between the biological
samples.

3.3. Cloning and Sequencing of the Methylation Biomarkers

The DNA fragments screened by RLGS have a high probability of containing a
gene and are of ideal length for cloning and sequencing (Costello et al, 2002). Three
restriction enzymes have successively cut genomic DNA and the labelling was
performed on Not I extremities. Therefore, the cloning strategy of these fragments,
that are present in the gel in low amount, should specifically amplify Not I/Not
I and Not I/Hinf I fragments among all the generated fragments (EcoRV/EcoRV;
EcoRV/Hinf I; EcoRV/Not I; Hinf I/Hinf I) (Figure 4) (Causevic et al., 2006). The
first step consists to the ligation of Not I and Hinf I adaptaters at the extrem-
ities of the restriction fragments (Table I). Then, specific primers designated on
the Not I adaptaters are used to enrich by PCR the Not I/Not I fragments at the
expense of the others. A second PCR with specific primers designated on the
Not I and Hinf I adaptaters is then performed. These PCR products are cloned
in an adapted vector using available kits. Alternative cloning strategies using
biotinylated linkers or promoter library have also been reported for the cloning of
RLGS fragments obtained from tumorous cells (Yu et al., 2004; Takamiya et al.,
2006).

The results of homology studies by comparison with Databanks allow annotation
for these sequences. RLGS exhibits several advantages compared to PCR-based
method (Costello et al., 2002; Rush and Plass, 2002; Laird, 2003): (1) high proba-
bility of CpG islands sequences containing gene, (2) large number of sequence
could be analyzed simultaneously, (3) quantitative and qualitative high repro-
ducible information, (4) no biased or difficulty of PCR amplification. Never-
theless, this technique that depends on methyl-sensitive restriction enzyme is poorly
suited for routine analysis and is more designated for methylation biomarkers
discovery.

3.4. Applications and Perspectives of Methylation Biomarkers
Isolated by RLGS

Several publications demonstrate the successful use of RLGS to identify modifi-
cations of DNA methylation, particularly in tumorous cells (for a review see
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Figure 4. Cloning strategy for epigenetic biomarkers screened by RLGS using adaptaters and PCR
amplifications (see plate 15)

Rush and Plass 2002). Thus, DNA methylation changes occurred in carcino-
genesis and are potentially good early indicators of disease, especially those where
symptoms appeared lately as ovarian, pancreatic and lung cancer (Laird, 2003).
In plants, RLGS has already been used to screen the global methylation status
in the Arabidopsis genome (Matsuyama et al., 2003), to analyze DNA deletions
in an albino mutant genome (Abe et al., 2002), to discriminate for methylation
polymorphism in the Arabidopsis genome (Takamiya et al., 2006) and to screen for
methylation biomarkers of in vitro morphogenesis in sugarbeet cell lines (Causevic
et al., 2006). In this last situation, an experimental system composed of two in
vitro sugarbeet callus lines originating from the same mother plant and exhibiting
different status of differentiation was used. One line is organogenic (O) with
continuous production of leafy shoot and active photosynthesis. Another line is
non-organogenic (NO) and photosynthetically active (Hagège et al., 1991; Causevic
et al., 2005; Causevic et al., 2006). A relationship between the differentiation
status of these lines and their genomic DNA methylation levels was first demon-
strated (Causevic et al., 2005). These cell lines represent an interesting model for
the research of methylation biomarkers of plant in vitro morphogenesis. Among
potential sugarbeet morphogenesis DNA markers that were cloned and sequenced,
five are homologous to genes involved in cell cycle and embryogenesis and two in
metabolic functions. These results are in good agreement with the potential of these
sequences as biomarkers of morphogenesis in sugarbeet cell lines. The two last
biomarkers presents homologies with protein of unknown function and display a
great interest since it is the first report of a functional annotation for these sequences.
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3.5. Other Techniques for the Discovery of Methylation Biomarkers

Several methods have been developed to screen the genome for modifications of
CpG islands methylation (Table I; Frühwald and Plass, 2002; Shiraishi et al., 2002;
Laird, 2003). Some of them used also methyl-sensitive enzymes as Methylation-
Sensitive Amplified Polymorphism (MSAP) (Xiong et al., 1999) and Segregation
of Partly Melted molecules (SPM) (Shiraishi et al., 2004a). This last one is a
convenient and efficient method to isolate CpG islands methylated sequences on
denaturing gradient gel electrophoresis. Recently, an epigenomic mapping including
a DNA methylation profiling in the Arabidospsis genome was performed using tiling
microarrays (Lippman et al., 2005; Martienssen et al., 2005). This powerful tool
is composed of genomic tiling microarrays which represent contiguous stretches of
chromosomes without bias toward coding sequencing. After shearing of genomic
DNA by nebulization, DNA is digested with McrBC that allows DNA to be depleted
of methylated sequences. The digested DNA and an untreated sample are size-
fractionated, differentially labelled and hybridized to genomic tiling microarrays.
This method allows DNA methylation pattern of all sequence types to be assayed
simultaneously at high resolution. Methods have also been developed to map epige-
netic quantitative trait loci (QTL) defines as QTL activated by an epigenetic event
and that exhibit the potential to alter the developmental trajectory of a growth trait
(Pigliucci, 1998; Wu et al., 2002).

Another group of methods using methyl binding affinity chromatography has
recently retained specific attention. These methods are insensitive to the methylation
status of specific internal recognition sites and provide useful information on CpG
islands methylation (Shiraishi et al., 2004b). Methyl-CpG Binding Domain (MBD)
column consists of an affinity matrix containing a polypeptide derived from the
methyl-CpG binding domain of MeCP2 protein. MBD synthesized in vitro contains
an additional six consecutive histidine residues attached to the amino terminus
bound to nitrilotriacetic acid-agarose by chelation with nickel ion (Cross et al.,
1994; John and Cross, 1997; Cross, 2002; Shiraishi et al., 2004b). DNA fragments
are loaded onto this affinity column and are eluted by a linear or stepwise gradient
of sodium chloride. The eluted DNA fragments are subjected to PCR amplification
or Southern experiments allowing the identification of methyl-CpG sequences in a
given genome providing interesting information on the functional organization of
genomes. As one MBD protein will bind to a single CpG sequence, number and
density of methylated CpG sites determine the separation. The sequence preference
of MBD column is not clear since contradictory results have been reported in vitro
and in vivo (Shiraishi et al., 2004b). Furthermore, hemimethylated or methylated
CpNpG sequences in plants could not bind to such column. Therefore, another
methyl binding affinity column was developed: an anti-5-methylcytosine affinity
column. This system that binds all methylated sequences (hemimethylated or not,
CpG and CpNpG) has been successfully applied on several systems (Salzberg et al.,
2004). Application of this method on plants for crop improvement and comparison
to the other scanning methods should be performed (Salzberg et al., 2004; Shiraishi
et al., 2004b).
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4. THE GENE CANDIDATE APPROACH FOR VALIDATION
OF EPIGENETIC BIOMARKERS

4.1. Gene Candidate Approach

Many agronomic traits, resulting from the interactions of multiple genes under
environnemental influence, show quantitative inheritance. Nevertheless, the partial
effect of each gene on the phenotypic variation and their imprecise localization on
genomic maps lead researchers to use a gene candidate approach to characterize
QTL instead of positional cloning or insertional mutagenesis (Pfiegler et al., 2001).
The gene candidate approach corresponds to the use of sequenced genes of known
function (structural genes or regulatory genes) that could correspond to major loci.
The working hypothesis is that a molecular polymorphism within the candidate
genes (CGs) is linked to the major loci or QTLs, or is statistically associated
with the variations of the trait. The gene candidate approach is composed of three
steps: (1) choosing the CG(s) using physiological or linkage data, (2) screening
the CG(s) by revealing a polymorphism and (3) validating the CG(s) using various
physiological or genetic analyses.

In the context of the study of epigenetic biomarkers, the working hypothesis of
the CG approach becomes the research of a polymorphism of methylation status
within the CG(s) that is linked to the major loci or QTLs, or that is statistically
associated with the phenotypic variations. The three classical steps are adapted
as follow (Table I): (1) choosing the CG(s) according to physiological data or
genomic screening of sequences done by scanning approach, (2) Determining of
polymorphism that corresponds to variation of the status of methylation within
CG(s) performed by Southern blot or bisulfite-PCR, (3) validating of the CG using
physiological, genetic and inheritance analyses in a selection population.

4.2. Analysis of Methylation Status

4.2.1. Southern blot

This technique is still widely used due to its robustness, reproducibility and relative
simplicity (Moore, 2001). Genomic DNA samples digested with methylation-
sensitive enzymes (that do not cut if their recognition sequence is methylated) such
as Pvu II, Taq I, Not I and Hpa II are electrophoretically separated, blotted on
membrane and hybridized with probes corresponding to a part of the CG sequences.
If distinct patterns of bands are observed between samples, it reveals a methylation
polymorphism and suggests an epigenetic control of the expression of this CG. This
basic method has been used, for example, to show that several CGs related to cell
wall differentiation or cell redox status have distinct methylation status depending
on the morphogenetic status of sugarbeet cell lines (Causevic et al., 2005; Causevic
et al., 2006). Nevertheless, the weak number of methylation-sensitive restriction
sites in CGs, the variable efficiency of the cutting, the availability of specific
probes in many crop plants, the high amounts of DNA needed, the sensitivity and
scalability of this method are clear limitations.
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4.2.2. Bisulfite sequencing

A revolutionary method employing bisulfite treatment of genomic DNA and subse-
quent PCR amplification has been introduced in the nineties (Frommer et al.,
1992; Clark et al., 1994). This method, contrary to Southern blot, is insensitive to
the methylation status of specific internal recognition sites and as a consequence
provides a robust qualitative and quantitative method for detailed methylation
profiling (Hajkova et al., 2002; Shiraishi et al., 2002; Laird, 2003; Shiraishi et al.,
2004b; Causevic et al., 2005). The bisulfite reaction leads to the conversion of
cytosines into uracil residues after hydrolytic deamination (Figure 5). However,
methylated cytosine remains largely intact. Subsequent PCR amplification, cloning
and sequencing convert nonmethylated cytosine to thymine, while methylated
cytosine are detected as cytosine. This enables to determine the methylation status
at any CpG or CpNpG sites on both DNA strands in a CG. Quantitative infor-
mation could be obtained by sequencing several individual clones of bisulfite-PCR
products or by using the pyrosequencing technology (Dupont et al., 2004; Causevic
et al., 2006). An example is shown in Figure 5, where a specific primer from
the 5’ region of one CG for the in vitro morphogenesis, catalase sequence, was
designed. This figure shows distinct patterns of methylation in the three sugarbeet
cell lines at distinct morphogenetic status (Causevic et al., 2006). Furthermore,
the frequencies of methylated CpG dinucleotides were variable between cell lines.
Thus, the proportion of methylated CpG sites scaled negatively with the levels
catalase activities measured in the three sugarbeet cell lines (Figure 5; Causevic
et al., 2006). Bisulfite sequencing confirmed the distinct methylation profiles of
catalase, which was previously proposed by Southern blot analysis. Altogether,
these results demonstrated a direct connection between epigenetic regulation and
the expression of these biomarkers during morphogenesis.

In spite of richness of informations obtained from bisulfite-mediated sequencing,
the method is relatively expensive, time-consuming and difficult to apply to a
several-kb chromosomal region. In that sense, several modifications of the original
protocol improving the sensitivity and quality of the results have been published
(Mills and Ramsahoye, 2002; Shiraishi et al., 2002; Laird, 2003). Several alternative
methods, based on bisulfite treatment and subsequent PCR amplification, have
been developed to overcome sequencing high cost. Combined bisulfite restriction
analysis (COBRA; Xiong and Laird, 1997) and methylation-specific PCR (MS-
PCR; Herman et al., 1996) methods are fast and cost-effective, which would
be suitable for screening or discrimination of a large set of samples (Mills and
Ramsahoye, 2002). Employment of real-time PCR improves also quantitativeness
of these bisulfite based methods (Eads et al., 2000; Ogino et al., 2006).

4.3. Validation of Epigenetic Biomarkers

Few reports are now available to compare the results between scanning and/or
candidate approaches (Shiraishi et al., 2002; Salzberg et al., 2004; Yu et al., 2004;
Mils and Ramsahoye, 2002; Laird, 2003; Causevic et al., 2006). Nevertheless,
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Figure 5. A, Principle of bisulfite-PCR sequencing method for the determination of the methylation
status of gene candidates. B, Results of the methylation analysis of 5’ regions of sugarbeet catalase
gene by bisulfite sequencing. The potential methylated CpG sites in the sequence are indicated by
perpendicular lines. For the three cell lines organogenic (O), non organogenic (NO) and dedifferentiated
(DD), 6 to 10 PCR products were subcloned and sequenced. Five CpG sites were considered to be
methylated when more than half the clones retained an unmodified cytosine at that position. Methylated
CpG sites (Filled circles) and unmethylated CpG sites (open circles) are shown. The proportions of
methylated CpG sites are indicated on the right for catalase activity was measured in the O, NO and
DD sugarbeet cell lines. Data are means ± SE from three independent replicates. Values marked with
different letters are significantly different between cell lines (P ≤ 0.05) as determined by oneway
ANOVA. fw fresh weight. (Adapted from Causevic et al., 2006)

it should be mentioned that in many cases, methylation status varies depending
on target sequences and the approach used. All the authors usually agree that
combination of methods compensates for the deficiencies associated with each
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method and enables a more accurate characterization of the methylation status of
CpG islands.

Validation is more or less complex according to the nature of the breeding trait.
Physiological studies will determine the expression of the epigenetic markers at
the mRNA level (quantitative RT-PCR, northern blotting or microarray analyses)
and/or protein level (enzymatic activity, western blotting or two-dimensional
electrophoresis coupled to mass spectrometry) in various genotypes, in individuals
within a selection population or under various environmental conditions. Genetic
transformation (sense or antisense strategies, RNAi or homologous recombination)
is the ultimate way to validate these markers. All these analyses display limitations
and will only provide arguments but not undisputed evidence for or against the role
of the epigenetic markers (Pfiegler et al., 2001). Finally, the analysis of the inheri-
tance of epigenetic polymorphism and its statistical relationship with variations of
the breeding traits in individuals of a selected population should be done.

5. CONCLUSION: THE POWER AND PROMISE OF DNA
METHYLATION BIOMARKERS FOR PLANT BREEDING

DNA methylation is a key event for the regulation of gene expression. Quantitative
differences in gene expression control different physiological processes and conse-
quently phenotypic diversity (Tsaftaris et al., 2005). Heritable phenotypic variation
in a population is the basis for selection and breeding. DNA methylation is affected
by the developmental stage, growth conditions and genotype, and consequently is
a major source of variation for selection. DNA methylation biomarkers (epialleles)
reflect genetic variation and environmental effects but also contribute actively to
the phenotype.

Three successive complementary approaches should be followed to characterize
methylation biomarkers (Table I). (1) A relationship must be established between
the variations of a breeding trait and the global level of DNA methylation and/or the
status of methylation of some genes, (2) few genes must be selected (CG approach
or discovery approach by genome scanning), (3) the methylation status of these
genes and / or their expression profile must be followed in many genotypes under
specific experimental conditions in order to validate these biomarkers.

As opposed to plants, in mammals most of the epigenetic alterations are associated
to disease and are rarely inherited (Jones and Baylin, 2002; Chong and Whitelaw,
2004; Robertson, 2005; Zilberman and Henikoff, 2005). Thus, many methods for the
discovery and validation of methylation biomarkers were developed on tumorous
cells allowing sensitive detection of disease or markers associated with disease
progression (Laird, 2003). All these methods display specific advantages and limita-
tions. Therefore, a combination of methods should be used and few additional
reports are also needed to compare methods among them (Frühwald and Plass,
2002; Shiraishi et al., 2002; Laird, 2003).

Many efforts have already been made to use methylation biomarkers in human
cancer diagnostic. However, only a small amount of preliminary data is actually
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available regarding plants, for identification and varieties or hybrids creation and
marker-assisted selection. Furthermore, the identification of epigenetic markers may
lead to the cloning of new genes of agronomic importance and will allow a better
understanding of the biological mechanisms controlling the development and the
growth of plants of economic interest. Moreover, analysis will help to elucidate
mechanisms controlled by epigenetic phenomena such as somaclonal variation,
heterosis, parental imprinting, transgene silencing and environmental responses that
constitute tremendous commercial interest for breeders and industrials (Tsaftaris
et al., 2005; Varshney et al., 2005; Grant-Downton and Dickinson, 2006). The
constant increase of interest for epigenetic phenomena in plants and the application
of analytical methods on plant systems are very promising in the next year for a
great development of such approach.
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