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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 F, 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 and poplar 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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According to the World Bank, approximately 1.2 billion people in absolute poverty
live on less than US$ 1 per day, while nearly twice this number live on less than
US$ 2 per day. About 90% of the world’s poor comprise rural, resource-poor
farmers and their families, and landless poor who depend on agriculture for their
livelihoods. However, poor farmers live and work in regions that continue to be
important sources of genetic diversity. While poor farmers, in general, cannot use
"modern" (high-input) crop varieties, selected for optimal performance within a
narrow range of highly managed environmental conditions, the more wealthy ones
have replaced a wide range of traditional crops and varieties with a limited number
of "modern" varieties of major crops.

However, it must be said to the credit of resource-poor farmers that they plant
their own seeds (landraces) and manage their farms in a manner that allows the
varieties to evolve. They select plant types rather than varieties based on their own
observations and specific needs. They are in a way, responsible for maintaining the
genetic diversity that is essential to the continued evolution and adaptation of plant
genotypes.

They are therefore well placed to supply formal plant breeding systems with
new genetic material that is urgently needed. Their empirical knowledge of the
characteristics of specific plant types could help breeders identify the source of
valuable traits for introgression into elite crop varieties. In this context, plant
breeders need to screen germplasm from regions of low-resource agriculture but
rich in genetic diversity and from seed banks for traits they consider useful, and then
find ways to introgress the desirable traits into the varieties they are developing.

In recent years, genomics, the modern science of genetics, has been providing
breeders with new tools and novel approaches to perform their tasks with high
precision and efficiency. For example, applications of molecular markers in breeding
through marker-assisted selection (MAS) have already been demonstrated in several
crop species to develop improved varieties with better agronomic traits and enhanced
resistance or tolerance to biotic or abiotic stresses. Indeed, MAS is being used
widely both in developed and developing countries, and is enabling breeders to
make use of unconventional plant materials.

Tremendous progress has been made in genome science in recent years. For
example, the complete genomes for several plant species e.g., rice and sorghum,
have already been sequenced, and similar efforts are underway for many other crop
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species. Comparative and functional genomics approaches are helping scientists
to better understand gene functions and to more effectively tailor the desirable
genotype so that improved varieties can be released in a more timely fashion to
farmers. If these new varieties prove to be appropriate for resource-poor farmers,
then farmers could use them to enhance their livelihood security. This is probably
the most obvious way to demonstrate how genomics empowers poor farmers.

This volume deals with applications of genomics towards crop improvement.
I am glad to note the variety of opinions and experiences that the editors of this
volume have gathered - eminent scientists representing international agriculture
centers, advanced research institutes and national agricultural research systems from
several countries - providing a treasure trove of information.

I am sure the book will be useful for the community involved in applying
genomics research for crop improvement as well as for teachers and students to
enhance their knowledge in the latest tools and approaches to genomics.

Cex GG

William D. Dar

Director General

International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT)

Patancheru, Andhra Pradesh

India



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
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Xiv PREFACE

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.

Oy Lini

Rajeev K. Varshney Roberto Tuberosa
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Plate 1. Comparison of conventional and marker-assisted backcrossing programmes for the incorporation
of rymi5 (from Ordon et al. 1999, mod.) (See Fig. 1, on page 88)
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Plate 4. Relative abundance of different SSR motifs in genomes of different coffee species as revealed
by: A) semi-quantitative Southern hybridization based slot-blot analysis, and B) in-silico sequence
analysis of >1000 SSR positive clones from C. arabica and C. canephora (robusta) small-insert genomic
libraries. Note almost similar comparable pattern/relative frequencies of different SSRs across coffee
species and also between the two approaches of evaluation (our unpublished data) (See Fig. 1, on page

405)
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CHAPTER 1

MICROSATELLITE AND SNP MARKERS
IN WHEAT BREEDING

MARTIN W. GANAL'* AND MARION S. RODER?

'TraitGenetics GmbH, Am Schwabeplan 1b, D-06466 Gatersleben, Germany
2Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), Corrensstr. 3, D-06466
Gatersleben, Germany

Abstract:

Bread wheat (Triticum aestivum L.) is one of the most important crop plants. Due to
its hexaploid nature consisting of three different genomes (A, B and D) and its large
genome size of approximately 15 billion base pairs, it is also one of the most complex
crop genomes. This has rendered the use of molecular markers in wheat genome
analysis and breeding slow and difficult. Mainly, through the use of microsatellite or
SSR (simple sequence repeat) markers, wheat molecular marker analysis has gained
momentum during the last ten years. The advantage of microsatellite markers is that they
detect an unsurpassed level of polymorphism in this recently polyploidised organism
with a generally low level of sequence variation. Furthermore, a large proportion
of the microsatellite markers is genome-specific, thus amplifying a defined single
product from one of the three wheat genomes. Currently, 2.000 to 2.500 mapped
microsatellite markers are available for the wheat genome. With microsatellite markers,
the chromosomal position of many relevant breeding traits such as disease resistance
genes and quality traits has been identified and they are increasingly used in marker-
assisted selection during wheat breeding. For the future, high expectations are being put
into another marker type that is called single nucleotide polymorphisms (SNPs) since
their number in the wheat genome should be much higher and cost-efficient, highly
multiplexed technologies are available for the analysis of SNP markers in plants. SNP
marker development and use are, however, still in their infancy. Based on recent results,
we discuss here the advantages and disadvantages of SNPs compared to microsatellite
markers for future wheat breeding.

1. INTRODUCTION

Hexaploid bread wheat (n =21) consists of three genomes with a basic chromosome
number of n=7 for each genome. The three genomes are derived from Triticum
urartu (A-genome), an unknown species from the Sitopsis section (B-genome)

*Author for correspondence: ganal @traitgenetics.de

1

R.K. Varshney and R. Tuberosa (eds.), Genomics Assisted Crop Improvement:
Vol. 2: Genomics Applications in Crops, 1-24.
© 2007 Springer.



2 GANAL AND RODER

and Triticum tauschii (D-genome) respectively (Feldman and Levy, 2005). The
hexaploid bread wheat genome is one of the largest crop genomes with, all three
genomes combined, approximately 15 billion base pairs (Arumuganathan and Earle,
1991) and each gene usually occurring in at least three copies. It is estimated that
each of the three wheat genomes contains approximately 40.000 to 50.000 genes.
More than 80% of the DNA of bread wheat consists of repeated DNA sequences
with transposons and retrotransposons representing the highest proportion (Devos
et al., 2005). Intensive genetic analyses showed that synteny perturbations between
the three genomes are correlated with recombination rates along chromosomes
(Akhunov et al., 2003a,b). Physical mapping through the use of deletion lines led
to the conclusion that the genes are not evenly distributed along the chromosomes
but are predominantly located in telomeric regions (Qi et al., 2004). However,
first data on the DNA level obtained through the comparative sequencing of large
DNA regions have shown that the three genomes differ considerably at their DNA
sequence level predominantly caused by the presence/absence of retrotransposons
and other repetitive sequences but also through the shuffling of genes within the
individual genomes (Wicker et al., 2001; Appels et al., 2003; Keller et al., 2005).

Over more than fifteen years, molecular markers have been used in wheat genome
analysis. Initially, with the RFLP technology, first genetic maps of wheat have been
constructed for all 21 chromosomes. The advantage of the RFLP technology in
wheat genome analysis includes usually the detection of one copy of the respective
locus in each of the three wheat genomes simultaneously so that very large numbers
of loci can be assigned to the wheat chromosomes or specific chromosomal regions
through the use of deletion lines (Qi et al., 2004). Another advantage of the RFLP
analysis is that through the hybridization of probes from closely related other
Gramineae, it was possible to deduce that the wheat genomes and the genomes of
other Gramineae, such as rice, maize, rye and barley share a very similar order
of genes called synteny on the chromosomal level (Van Denze et al., 1995; Gale
and Devos, 1998). RFLP analysis has however, only in a few cases been used for
segregation analysis in wheat breeding except for the mapping of genes in wide
crosses. This is mainly due to the fact, that the level of RFLP polymorphism is
very low in wheat breeding material. Other PCR-based marker analyses such as
multilocus systems, for example, AFLP have also not been widely used in wheat
since this system also identifies only a limited level of genetic polymorphism in
breeding material and routine analysis is being further complicated through the
large genome size and the amount of repetitive sequences (Manifesto et al., 2001;
Zhou et al., 2002).

2. MICROSATELLITE MARKERS

Only through the advent of microsatellite or SSR markers, the use of molecular
markers has gained momentum in the last ten years since the first SSR markers
have been described for hexaploid wheat (Devos et al., 1995; Roder et al., 1995;
Bryan et al., 1997). Microsatellite markers are based on tandemly repeated DNA
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sequences of short repetitive motives (e.g. poly CA, poly CT, poly AT and other
repeated sequences of 3-5 bases). The variability of microsatellite sequences in
a genome is not based on point mutations but on the variation in the number of
the simple sequence repeats. Such variation occurs approximately ten times more
frequently through processes such as slippage during replication or unequal crossing
over (Hancock, 1999). This makes SSRs the most suitable and polymorphic marker
system in species with a low level of polymorphism such as wheat.

2.1. Wheat Microsatellite Markers

The first large set of microsatellite markers for the wheat genome has been
published in 1998 (Roder et al., 1998b). With these markers it could be shown
that microsatellite markers have a number of characteristics that make them the
currently best-suited marker system for the analysis of hexaploid wheat. Wheat
microsatellite markers detect a much higher level of variability than RFLPs and
other marker types (e.g. AFLPs), especially in closely related wheat germplasm
and varieties such as they are used for breeding. Approximately 50% of the wheat
SSR markers detect only a specific locus on one of the three genomes and thus are
genome-specific. If they amplify from more than one of the three wheat genomes,
the amplified fragments are often clearly distinguishable on high resolution gels.
SSR markers are multiallelic and detect up to more than 30 different alleles in the
wheat germplasm for a given locus which makes them in their information content
significantly superior to biallelic marker systems (Plaschke et al., 1995; Roder et al.,
2002). The distribution of microsatellite markers along the wheat chromosomes
does not significantly differ from that genes, which show partial clustering at the
physical end of the chromosomes, although most of the currently used SSR markers
are not in genes (Roder et al., 1998a). Finally, wheat microsatellite markers are
amenable to high-throughput so that large numbers of markers can be analyzed with
large numbers of plants. This make them the preferred marker system for marker
assisted selection and mapping in wheat and for breeding (Koebner et al., 2001;
Koebner and Summers, 2003).

Over the last eight years, large sets of wheat microsatellite markers have been
developed from various sources. At Gatersleben, most of the approximately 1.000
identified SSR markers are derived from genomic clones generated from single-
copy sequences out of hypomethylated regions (Roder et al., 1998b; Pestsova et al.,
2000; unpublished results). Other microsatellite markers, such as the wmc markers,
are derived from libraries of wheat sequences that were generated through a variety
of enrichment procedures (Song et al., 2002; Somers et al., 2004). Recently, a
considerable number of wheat microsatellite markers have been identified from
microsatellite motives identified within EST sequences through bioinformatic data
mining (Eujayl et al., 2002; Holton et al., 2002; Gao et al., 2004; Yu et al.,
2004; Peng and Lapitan, 2005). In general, the developed wheat SSR markers
are of different amplification quality and have a varying number of detected
loci. Nevertheless, it becomes now clear that microsatellite markers generated
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from microsatellite motives within ESTs are usually more highly conserved and
can be used through a wider range of germplasm (Zhang et al., 2006) but on
the other side are also significantly less polymorphic than markers derived from
genomic sequences since EST-SSR contain on average less repeating units of the
microsatellite motif (Varshney et al., 2005).

Currently, the mapping of approximately 2.000 to 2.500 SSR markers on the
21 wheat chromosomes has been published in a variety of publications (Table 1).
The precise number of mapped SSR markers in wheat is at present not easily
determinable since the published maps show considerable overlap in the used SSR
markers and frequently in different mapping populations different loci on the three
homeologous chromosomes have been identified. Furthermore, in a number of cases
only the number of detected loci is specifically described. Finally, no comprehensive
sequence comparison between the sequences used for marker generation and no
mapping data integration has been performed for all markers so that it is possible
that a considerable number of microsatellites markers that detect the same sequence
has been developed independently in different laboratories, especially in the case of
EST-SSRs mined from public databases. Figure 1 shows a map generated with more
than 1.000 unique SSR markers generating 1169 mapped microsatellite loci which
was established in collaboration between the IPK and TraitGenetics representing
currently the genetic map with the largest number of unique wheat SSR markers.

In wheat breeding, SSRs are increasingly being used as the marker backbone
for a variety of purposes. These include the localization of individual genes
onto the 21 wheat chromosomes such as, for example, disease resistance genes
or genes affecting other agriculturally important traits. A large variety of
papers has been summarized in a review (Roder et al., 2004) and a website
(http://maswheat.ucdavis.edu). Furthermore, wheat microsatellite markers have been
used for the localization of a large set of QTLs (quantitative trait loci) affecting
morphological and agronomically important traits (e.g. Perretant et al., 2000; Borner
et al., 2002; Huang et al., 2003; 2004). Other examples for important mapped
QTLs are loci affecting resistance against the scab disease caused by Fusarium for
which several populations have been used (Anderson et al., 2001; Buerstmayr et al.,
2002; del Blanco et al., 2003; Bai and Shaner, 2004). For these QTLs, currently
large SSR marker assisted selection projects are in progress. Further applications
for which wheat microsatellite markers have been used include the characterization
of large numbers of wheat varieties grown in Europe and North America, as well
as the characterization of wheat lines from germplasm collections for the determi-
nation of genetic diversity over time (Donini et al., 2000; Christiansen et al., 2002;
Huang et al., 2002; Pestsova and Roder, 2002; Roder et al., 2002). Many of these
aspects have recently been published in a number of reviews (Koebner et al., 2001,
Koebner and Summers, 2003; Roder et al., 2004). Finally, it is very likely, that
wheat microsatellite markers will in the future also be used as backbone for the
anchoring of a physical map of the wheat genome onto the genetic map and within
the map-based isolation procedure for genes from the wheat genome, as it has been
described already in a few cases (Stein et al., 2000; Keller et al., 2005).



(ponunuo))

(00T) ‘T8 1 nx

SLSH Wo1y PAIL[ost SYSS
(1myosnpy ~ay)

Surddew
rearsAyd ‘uonendod-TALLL

(6¥1) wnsy ‘uo

(2002) "Te 12 Y, orewoAnn ( QWoud3 woly pare[os! SYSS uonendod §O X 103N0) (+8) P10

(2002) T8 19 1hehng S1SH WOIJ PAL[OST SYSS uonendod-[ALL (zo) mdna
sawouasd (I
pue g ‘y JO soLeIqI[ J1Wouad

(2002) "Te 12 BYdnD PAYDLIUS WO PIIL[OSI SYSS uonendod-ALL (99) owm
(1myosnpy ~ay)

(0002) ‘Te 12 BAOSISO ( Qwouag woj pJe[ost SYSS uonendod-TALLT (9) wp3
sowouad
d pue g ‘v Jo saLreiqi

(8661) 'Te 10 uosuaydag OIUOUA3 WOI) PAIR[OSI SYSS uonerndod onoyiuks x SO (¢g) dsd
sowouad

d pue g 'y jo soLeiqr| (uonendod-TALLI)
(8661) T& 12 19pQY OIWOUdT WoIj PAIR[OST SYSS P86LM X §8 BIRdQ (6L7) wm3
(1001 ¥SS

QOURIRJIY

STy

uonendod Surddey

paddew jo roquny)
SYUSS paddewr
Jo 10jRUSISAP-qR]

100] paddew jo zequinu oy} yim jeoym ur sdew YSS paysiqnd 7 2j9vL



(9002) "Te 10 EpPRIO],

(002) Te 30 Suog

(S007) wende pue Susg

(¥002) 'Te 10 0ED

(¥002) 'Te 39 A[[IpINoS

(¥002) Te 10 s1ouwog

SLSH pue soLreIqr|

OIWOUA3 WOIJ PAJe[osT SYSS
sowouasd

pue g ‘y JO SoLRIqI] OIUOUd3
paIeays WOIJ PAJe[ost SYSS

SLSH WoIj PaIw[osT SYSS

SLSH WoIj PaIT[osT SYSS

S22INOS SNOLIEA WOIJ SYSS

S90INOS SNOLIEA WOIJ SYSS

uonendod-Hq oyroadsenur
“IS[RLIDISUNIA| X OWERILY

Surddewr
reorsAyd ‘vonendod-TAL LT

sour|

UONI[OP PUB JIWOSLI)I)-I[[NU
uo Surddew feorsAyq
dodyT pue dodgm

pue uonendod-TAL LT

sour|

UOTIO[Op puE JTWOSELIo}-T[[NU
uo Surddew [eor1sAyg

dew snsuasuo))

(052) PQU ‘2qy ‘3qy

(L¥g) oreq
(1001 ¥SS? 99T Jo
2101 JO SIoyIew
Paseq-ddd

SB 8fy) Womd

(101) ¥SS-xx

(SzL) oreq ‘wims
‘nsy ‘mds ‘pyo ‘ejo

(sezn)

oIeq ‘pJo ‘eJo
‘wps ‘wm3 owm

Q0UAIRJAY

SYIRWOY

uone[ndod Surddejy

(o1 ¥SS

paddew jo roqunN)
SYSS peddewr

Jo 10jeUTISOp-qR]

(ponunuoD) | 2o



MICROSATELLITE AND SNP MARKERS IN WHEAT BREEDING 7

0.8 Xgdm0033b 1.7 Xksud14a 1.6—= Xgdm0033a
22 Xgwm1223b 46 Xgwm1130 41~ = Xgwm1223a
36 Xgwm4628 33 Xgwmo0550 gjgf Xbcd1434
5.9 Xksud14e 4.9 Xgwm1078 557~ Xksud14d
1.2 Xgwm0136 1.6 Xgwm4144 45 Xmwg938a
16 Xgwm0905 16 Xgwm0033b 447 Xgwm4705
8.2 Xksud14b 3.3 Xgwmo0264a 3.4-/_ Xgwm0033c
5 77 s g SN e
. Cao! 2.0 mwg 4.4 mwg837a
2.4 Xgwm1104 1.9 Xgwm3035 1.9 7 XgwmO0106
4.2 Xgwm3083 0.0 Xabc156a 9.4~ Xabc156b
6.6 Xgwm4255 21 Xgwm1100 Xgwm4583
3.9 Xabc156¢ 2.4 Xgwm1028 14.0
0.8 Xgwm3094 27 Xgwm4435 .
0.7 Xksue18D 4.4 Xksue18Hb 25 XgwmO0789
4.3 Xgwm1712 5.0 Xpsr688 ) Xgwm0337
8.4 Xgwm1097 Xbed1124 0.0 g
- R oy 41 C: 15 Xgwm0603
2.8 7 gwm! 1.0 Xgwm0762 3.4 Xgwm1675
0.0 Xgwm1457 2.0 1] Xgwm0926 6.3 Xgwm1291
137 Xowmo762 4.4 J@—HE Xgwm0018 ' Xgwmd603a
0.7 i Xgwm3085 i 3.1
-7 e 2.9 [ || Xowmo49s 13 Xgwm4665
6.5 74 oot 3.4 [Tl Xbed12 278 TR Xxgwmos4s
81 I os 0.0 -1 igwméggg 0.0-1 Xgwm0903b
-2 0.7 H gwm0903a 0.7 I Xgwm0934b
92 §gm?]ig 0.0 MHR Xgwmo934a 00 Xgwm0458
25 Xowm1526 2.9 Xgwm1120 0.0 Xgwm1049
- 1 1.3 Xcdo1173 0.9 Xgwm3165
22 gwm 0.0 Xgwm1369 ) Xgwm0458
1.9 Xgwm0791 1.8 g
: Xowmano7 0.0 Xgdm0028b 27 Xgdm0019b
0.5 ngm4699 0.6 Xgwm1375 06 Xgwm4881
11 0900 41 Xgwm0947 13 Xgwm4780
16 S 0.8 W Xgwmoo11 ' Xgwm4810
1.7 Xgwm4049 0.0 | A9
2.9 Xgwm0582b Xgwm4599
5.4 Xgwm4067 2.1 )
E 0.0 Xgwm0413 Xgwm4843
2.2 Xgwm0778 ] Bohilivadss 2091 g
65 Xgwm0357 1.4 - gwmi 5.8 Xcdo312a
27 Xgwm0135 404 I Xgwm4158 55 Xgwm4857a
38 Xcdo312b 0.8 Wi-H Xgwm4202b 25 Xgwm4867
16.6 Xmwg55 2.9 JEFHE Xgwm4085a 36 Xgwm4795
7.6 Xksuhod 7.4 Xgwm4480a 2.3 Xgwmo0642
115 Xgwm0633 55 Xgwm0759 31 Xksug55
239 Xgwm0497a 27 Xgwm4089 5.2l Xksug2
5.9 Xgwm4006 1.6 Xgwm4106 56 Xgwmo0820
47 Xcdo1160 47 Xgwm0131a 11.8 Xbcd1930a
2.6 Xmwg632 2.4 Xgwm0784 23 Xgwm1012
145 X 10.3 Xcdo637 : Xcmwg695
. gwm0099 5.4 9
3.8 Xmwg912b 13.6 Xbcd1150a 334
2.0 Xcdo393 11.0 Xgwm0403 65 Xgdm0126a
27 Xgwm1139a 6.2 Xgwm1521 52 ' XATPasea
26 Xwg241a 15 XgwmO0806 9.9 Xgwm3036
12.4 Xksuel1b 8.4 Xbcd442 09 - Xgwm4853
. 1.3
2.1 Xgdm0126b 14 Xbcd1261a
2.1 Xgwm0153 49 Xgwm1041
3.2 Xgwm0274a 10.6 Xgwm0232
0.0 Xgwm0124 0.6 Xgwm4913
2.7 Xgwmo0268 29 Xgwm4695
4.6 Xksug34 14 XgdmO0111
21.2 §gwc;f11;5eg3 6.4 Xgwm1202
6.8 C: I Xksuelle
11.7 Xcdo1189 21 i Xksui27b
6.2 Xcdo346b 39 Xwg241b
2.8 Xgwm0259 26 Xgwm0793
35 Xgwm0818 00 Xgwm4878
1.9 %gwm} ; ggb Xgwm4612
0.6 gwm
0.6 Xgwm3166
0.0 Xgwm1541
28 XgwmO0659
5.4 Xksui27a
4.4 XgwmO0140
Xgwm1719

Figure 1. Molecular linkage map of wheat based on 70 recombinant inbred lines derived of the
cross Opata x W-7984, the so-called ITMI-population (International Triticeae Mapping Initiative). The
microsatellite loci carrying the lab designators “gwm” (Gatersleben wheat microsatellite) or “gdm”
(Gatersleben D-genome microsatellite) are placed in a framework of previously mapped RFLP markers

In summary, wheat SSR will still be the tool of choice for wheat genome analysis
and wheat breeding over the next several years, especially if the number of useful
markers can be increased. Plant breeding companies are increasingly using the
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Figure 1. (Continued)
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Figure 1. (Continued)

advantages of wheat microsatellite markers during marker-assisted selection and
backcrossing of important traits into elite material and the development of new
varieties (Koebner and Summers, 2003; Powell and Langridge, 2004). Specific
examples for such applications are also described in other chapters of this book.
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Figure 1. (Continued)

3. SINGLE NUCLEOTIDE POLYMORPHISMS OR SNP MARKERS

SNP markers are based on the variation of a specific nucleotide at a given sequence
position between individuals. Predominantly, such variation occurs as biallelic alter-
native bases or as insertion/deletions of individual or small numbers of nucleotides.
SNPs have in the last years gained considerable interest due to the fact that they are
the smallest unit of genetic variation and being the basis of most genetic variation
between individuals, they occur in virtually unlimited numbers. SNPs in coding
sequences create furthermore the possibility of changes in the amino acid sequence
within a protein (if they are not silent) and might have an effect on protein function
and thus monogenic or polygenic traits associated with the expression of such
genes (Johnson et al., 2001). SNP analysis has been spearheaded in human genome
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analysis, where meanwhile more than 2 million SNPs have been identified which
represent in their entirety the majority of the genetic variation within the single
copy and expressed part of the human genome (Sachidanandam et al., 2001).

The interest in SNP markers has further accelerated through the development of
cost-efficient, high-throughput multiplexing (many markers being analyzed simul-
taneously) analysis techniques based on chips or other array techniques. Up to
several million SNPs can now be analyzed simultaneously in the human genome
with costs of a few cents per individual locus. Furthermore, individual SNPs can
also be analyzed through a variety of technologies that permit the determination of
individual genotypes in an unsurpassed speed and accuracy such as, for example
through the use of fluorochrome-based analysis technologies that create data in
real-time (e.g. Tagman, Ampliflour, Invader) and/or in a quantitative fashion (Gut
2001, 2004; Kwok, 2001).

Further hopes regarding the use of SNPs in routine analyses have been raised
through the identification of haplotypes. Haplotypes are closely linked SNPs which
occur along a chromosome in clearly defined structures or patterns (alleles) that
extend over hundreds of base pairs or even several kilobases. The haplotype structure
of SNPs alleviates the problem of scoring an extremely large number of SNPs
by not requiring the analysis of each individual SNP in a genome but only of a
limited number for genome coverage. Considerable efforts have been put into the
identification of the haplotype pattern of the human genome (http://hapmap.org)
but at present it is still not clear how efficient the analysis of haplotyopes is for the
identification of quantitative traits (Johnson et al., 2001; Foster and Sharp, 2004).

In plants, large scale SNP development and analysis project have been performed
predominantly in diploid crop plants such as maize (Ching et al., 2002), barley
and soybean (Zhu et al., 2003) where meanwhile more than 1.000 genes with
SNPs were identified each. These data have demonstrated that SNPs are present in
large numbers in crop plants and that they share similar features (e.g. presence as
haplotypes) as in other eukaryotic species (Rafalski 2002a,b; Kahl et al., 2005).

3.1. SNP Identification in Wheat

SNP markers are usually identified through the comparative sequencing of
individual lines or varieties or the bioinformatics analysis of EST data generated
from a variety of lines (Rafalski, 2002a,b). With the advent of complete genome
sequences for a number of plants such as in the model organisms Arabidopsis
thaliana or rice (Oryza sativa), SNPs can be readily identified in basically unlimited
numbers in single-copy DNA once such information is available.

Due to its large genome sequence, complete genome sequencing of the wheat
genome is still at least five years and probably more years away, so that these
resources will not be available in the near future. Furthermore, SNP identification
through comparative sequencing is not easily possible in the hexaploid wheat
genome. The main reason is the fact that with a normal primer pair usually the locus
is being simultaneously amplified from the three different genomes so that even
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when only a single fragment is identified after PCR amplification, the sequencing
of that product is composed of three different sequences which make the analysis
of the data at least extremely difficult. In many cases, the sequence is impossible
to determine since one of the three genomes harbours insertions/deletions pushing
the sequence out of frame for that genome. With these problems, direct sequencing
is not feasible on a routine basis in wheat and other more complex approaches for
SNP identification have to be used.

The most direct way of identifying SNPs in the wheat genome is the bioinformatic
mining of wheat ESTs that are available in the respective EST databases. Approx-
imately 500.000 ESTs from the wheat genome have been deposited in the EST
databases making the wheat genome one of the best-sampled plant genomes (e.g.
Lazo et al., 2004). Through concerted efforts of the international wheat community,
these ESTs have been sampled from a variety of lines or cultivars so that SNPs
between these lines could be identified. One of the pitfalls of EST sequence data
is that the sequence quality is usually not better than 99% or a Phred-score of
20 meaning that on average 1 base out of 100 is incorrect. Thus, comparing
individual sequences to each other for SNP identification is not easily possible and
further complicated by the presence of highly related sequences from the other two
genomes. This problem can be circumvented by the clustering of all sequence data
generated from a wheat gene. EST clusters with a sufficiently deep sequence cover
(several copies of ESTs from each of the three genomes) permit the identification
of a consensus sequence from each of the three genomes and these sequences can
be compared to similar clusters for the same gene derived from other wheat acces-
sions. Since the sequences of the three genomes can be readily discriminated in
such a comparison due to their higher sequence variation, SNPs in the individual
copies derived from the three (A, B and D) genomes can be identified in a quite
reliable fashion. Several years ago, an initiative has been started to analyze sequence
clusters of more than 1.000 wheat genes in that way. However, until now beside
the results of a pilot study, no detailed data regarding the outcome of that study and
the level of polymorphism have been published probably due to the complexity of
such an approach (Somers et al., 2003).

Another approach towards the identification of SNPs is the reduction of the
hexaploid wheat genome into a diploid by the use of genome-specific primers. The
average sequence difference between genes in the three individual wheat genomes
is in the range of a few percent. Genome-specific primers permit the amplification
of PCR products from only one specific wheat chromosome and thus make compar-
ative sequencing of PCR products from individual lines feasible. Furthermore,
through its inbreeding nature, such sequences from individual genomes are readily
analyzable since only one allele should be amplified. Genome-specific primers
can be generated from clustered EST data through the generation of primers with
genome-specific 3’-ends. Since the coding sequences of wheat genes are highly
conserved, frequently one of the two genome-specific primers is being derived
from the less-conserved 3’-non-coding end of the respective gene. The pitfall of
this approach is however, that not all potentially genome-specific primers do in
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fact amplify a genome-specific product. Usually, several primer pairs have to
be tested for obtaining one good genome-specific PCR product, thus making the
approach quite laborious through the requirement of large-scale bioinformatic data
processing and primer testing with a yield of usually less than 50% of functional
genome-specific primers. One advantage of wheat in this approach is that through
the use of nullitetrasomic lines, it is quite easy to confirm the genome-specific
nature of an amplification product and simultaneously assign this product to a
specific wheat chromosome. Currently, this approach is being used by the wheat
HapMap-project (http://wheat.pw.usda.gov/SNP), where large numbers of poten-
tially genome-specific primers have been generated and tested for SNP identification
in hexaploid wheat and its diploid and tetraploid ancestors. At TraitGenetics, we
have also used this approach in a pilot study towards the identification of SNPs in
hexaploid bread wheat where we have generated more than 200 confirmed genome-
specific primer pairs (unpublished results).

Further methods for the identification of SNPs in wheat are also used. For the
analysis of specific candidate genes in a number of lines or varieties with respect to
the occurrence of SNPs, it is possible to add a cloning step after the amplification of
the respective PCR product from the three different genomes for each line and then
determine the DNA sequence of a representative number of clones from each line.
This approach creates probably the most complete data set for a given gene without
the need of generating genome-specific primers but it is not easily amenable to high-
throughput SNP detection in large numbers of genes. Due to its low level of SNPs in
wheat varieties that will be described below, approaches to identify wheat genes that
contain SNPs within breeding germplasm will probably gain more interest in the
future. Such approaches could be, for example, the identification of single feature
polymorphisms (SFPs) through the use of chip-technologies by means of compar-
ative analysis of wheat cultivars or the use of heteroduplex analyses techniques
(e.g. nuclease treatment or denaturing HPLC) for a first screening (Martins-Lopes
et al., 2001). Although these techniques will require sophisticated bioinformatics to
discriminate polymorphisms between the three wheat genomes and SNPs between
lines, they might in the future provide an important tool for the pre-selection of
genes with useful SNPs in wheat, however, without alleviating the problem of
generating genome-specific PCR products at a later time. Another way of identi-
fying SNPs in genome-specific sequences has been the sequencing of amplified
microsatellite-flanking regions. This approach has recently also enabled the identi-
fication of a number of SNPs adjacent to microsatellite sequences (Ablett et al.,
2006).

3.2. SNP Polymorphism in Wheat

The level of DNA polymorphism in hexaploid bread wheat is quite low when
looking at fragment length polymorphism via RFLP analysis. Since point mutations
are also the basis of SNPs, it can be expected that the frequency of SNPs is also
low in hexaploid bread wheat. First data on SNPs have demonstrated that the SNP
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frequency in the hexaploid wheat germplasm is in the order of 1 SNP per 540
base pairs (Somers et al., 2003). With that, the SNP frequency in bread wheat
is at least five times lower than in maize (Ching et al., 2002; Rafalski, 2002a).
Comparable levels of SNP polymorphism are being found, for example, in tomato
and soybean (Zhu et al., 2003) both being crops that have passed through severe
bottlenecks during domestication and breeding. For wheat, a reason for a low level
of SNPs is also that hexaploid bread wheat is a recently generated polyploid with
less than 10.000 years of divergence since its generation. An SNP frequency of
one SNP per 540 base pairs would mean that on average in each sequenced gene
fragment from an EST approximately one SNP would be located. This is however
not the case since in many cases SNPs are clustered in 3’-untranslated regions and
introns, so that a considerable amount of sequenced amplicons does not contain
SNPs. Furthermore, the currently published data are based on germplasm that has
been collected from all over the world and also contains highly polymorphic lines
such as Chinese Spring or synthetic wheat lines which have added diversity to the
wheat germplasm through the recreation of hexaploid wheat through the artificial
hybridization of Triticum turgidum with Aegilops tauschii (Caldwell et al., 2004).
For applications in plant breeding, the used molecular markers have to be
polymorphic in the respective breeding germplasm. European, North American or
Australian wheat germplasm does only contain a fraction of the entire genetic
variation of hexaploid bread wheat. Thus, for the use of SNP markers, it is
important to determine the actual level of sequence polymorphism in such breeding
germplasm. Since SNPs are usually biallelic markers it is necessary for practical
purposes that the identified SNPs do show a high allele frequency. The allele
frequency of the minor allele for an SNP should be at least 0.2 or 20% in order
to be useful in actual wheat marker analysis since SNP occurring in only one or a
few lines are not generally useful. We have performed a pilot study regarding the
level of SNP polymorphism in a number of wheat lines predominantly representing
well characterized European germplasm through the comparative sequencing of 202
genome-specific amplicons. These data have demonstrated that only 75 (37%) of
the sequenced genome-specific amplicons showed at least one SNPs in a set of 12
wheat lines of which 4 were non-European wheat lines. An analysis of the eight
European wheat varieties that were selected to represent the range of the European
wheat germplasm based on microsatellite data, demonstrated that approximately
two thirds of the identified SNPs were also present in the European wheat breeding
material. Many of the identified SNPs were not identified in only one line but
in at least 2 lines indicating a relatively high allele frequency of these SNPs in
the wheat germplasm. This is also substantiated by the fact that SNPs that were
found in the four exotic wheat lines were quite frequently also present in the wheat
varieties suggesting that with respect to SNPs at least the European wheat breeding
material and varieties do cover a considerable amount of the nucleotide polymor-
phism that is found in the entire hexaploid wheat gene pool. The comparative
sequencing approach has also shown that in case of more than 1 SNP occurring
in an amplicon, these are usually present in the form of well defined haplotypes.
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In most cases only two haplotypes were observed but in some cases up to four
haplotypes were observed.

In summary, in only one out of 4 sequenced amplicons, one or more SNPs were
identified in European wheat germplasm indicating that a large number of genome-
specific amplicons need to be investigated in order to cover the wheat genome at a
reasonable density. For example, if a density of on average one informative SNP per
10 centiMorgan interval between two representative European wheat lines should
be needed, one would need to have access to a large number of sequenced gene
fragments. With an estimated polymorphism level of 20% between two average
wheat European wheat lines and a genome size of approximately 3.500 to 4.000
centiMorgan for the three genomes together, this would require the availability of
sequence data from nearly 10.000 genome-specific amplicons to have a sufficiently
high number of genes with SNPs available.

3.3. Detection Methods for SNPs in Wheat

Another point that is important concerning SNP analysis in wheat is the mode of
detecting individual SNPs or large numbers of SNPs through multiplexed systems.
Currently, there are large numbers of individual systems available that can be used
for SNP analysis in plants (e.g. Lee et al., 2004; Giancola et al., 2006). With respect
to wheat, basically no publications regarding SNP detection on a large scale exist
so that it is not entirely clear what system would be best-suited. Furthermore, the
hexaploid wheat genome will also make SNP analysis quite difficult. Most SNP
assay systems are based on the identification of individual SNPs either in individual
or multiplexed systems with two major technological approaches for that purpose
(Gut 2001, 2004; Kwok, 2001). One approach requires the amplification of the
respective locus with a set of specific primers followed by the actual assay by means
of various detection systems. For example, the frequently used TagMan system
is employing for this a fluorescent dye and a linked quencher, that are separated
from each other during the detection process. In Pyrosequencing, a minisequencing
procedure is performed with a detection primer that is a few bases upstream or
downstream of the actual SNP. Primer extension requires an assay primer that is
directly adjacent to the SNP which will be extended by incorporating a fluorescently
labelled didesoxynucleotide. The other approach does not require the amplification
of specific fragments via PCR. Such techniques are mostly used in a multiplex
fashion in order to detect large numbers of SNPs at many different loci. Examples
for these are chip-based systems that require the hybridization of genomic DNA
onto oligonucleotides which are capable of identifying the two alleles of an SNP
through specific hybridization to one or the other allele. The oligo-ligation assay
(OLA) system catalyzes the allele-specific ligation of two oligonucleotides. Again
another technique that does not require prior amplification is the nuclease-based
Invader-technology.

Both technological approaches will have their problems with regard to SNP
analysis due to the fact that the respective SNPs have to be detected in the wheat
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genome that contains three highly related genomes. Specifically, SNP systems that
do not require a prior PCR step have the problem that usually all three wheat
genomes directly adjacent to a given SNPs are identical. This means that the analysis
primer will bind to more than one genome. As a result of that a codominant scoring
of SNPs will be impossible or require an extremely quantitative system that in the
worst case needs to be able to discriminate a 6:0 from a 5:1 and from a 4:2 ratio
(6:0 - hybridization to all three genomes with the investigated genome homozygous
for allele 1; 5:1 — hybridization to all three genomes with one genome heterozygous;
4:2 — hybridization to all three genomes with one genome homozygous for allele 2).
At present, it is not clear whether this can be achieved with sufficient accuracy so
that in most cases SNPs detected with these non-PCR-based systems could only be
scored as presence/absence and thus providing only 50% of the actual information
compared to a codominant marker. SNP detection methods that require a PCR
amplification step prior to the actual SNP assay do not face this problem because
for the amplification of the actual locus, genome-specific primers could be used.
In that way only one of the genomes will be assayed and only the three allelic
states also observed in a diploid organisms will be present so that codominant
scoring will be possible. In principle, genome-specific primers already exist in case
of SNP identification via comparative sequencing but the amplified fragments for
comparative sequencing are usually large in order to obtain as much sequencing
information as possible and for SNP analysis fragments should be amplified for
most technologies that are less than 100 base pairs since larger fragments result
frequently in unequal amplification and require the optimization of the amplification
conditions for each individual marker making high-throughput analysis difficult.

4. OUTLOOK TOWARDS THE USE OF SNPS
IN WHEAT BREEDING

The future use of SNPs in wheat breeding has to be regarded from different
angles. The general use of SNPs in wheat breeding as a replacement of other
markers (especially microsatellite markers) is still far away. Based on the first
data towards SNP identification and SNP frequencies in wheat breeding material,
it will need quite some time until a sufficiently large number of SNPs with a
good allele frequency will be identified. This will require the coordinated efforts
of many different laboratories since, for a reasonable genome coverage a minimum
of 10.000 genome-specific amplicons have to be investigated for the presence of
SNPs. Although first efforts have been made to identify SNPs in wheat on a large
scale through the wheat HapMap project (http://wheat.pw.usda.gov/SNP), it is very
likely that such an effort will require several years until completion. Furthermore, it
is at present not clear what technology could be used for assaying SNPs on a large
and cost efficient scale in hexaploid wheat since all currently available technologies
have problems with SNP analysis in hexaploid species. Thus it is very likely that
over the next five years genome-wide SNP analysis will not be used widely in
wheat breeding efforts.
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In the short term, SNP markers will however gain significantly more importance
for the analysis of individual genes. With established techniques for the generation of
genome-specific primers and comparative sequencing, SNP analysis with a variety
of techniques that involve a pre-amplification step with genome-specific primers
will certainly be used for the analysis of specific genes that have a known influence
on specific traits or have to be considered as interesting candidate genes. Examples
for this have already been published such as the SNP analysis of the grain hardiness
locus (Giroux and Morris, 1998; Huang and Roder, 2005), the analysis of storage
protein loci which control aspects of milling and baking quality (Zhang et al., 2003;
Ravel et al., 2006) and other genes (Ellis et al., 2002; Yanagisawa et al., 2003;
Blake et al., 2004). It is certain that we will see more progress being made in the
near future towards the SNP analysis of such genes in wheat breeding since such
individual analyses can be performed in a cost-efficient way on large numbers of
individual plants once such assays have been developed and optimized. The same
will be true for markers tightly linked traits of interest in wheat breeding which are
converted to SNP markers for high-throughput analysis.
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Abstract:

Molecular marker technology is playing an increasingly important role in the selection
of wheat lines with improved quality attributes. This is due to the identification of
molecular markers tightly linked to chromosome regions involved in the control of
important quality characteristics such as dough properties, grain hardness, semolina and
flour colour, grain protein content and starch composition, which strongly influence
wheat end use, and its nutritional and market value. Marker assisted selection (MAS)
will increase the efficiency of the breeding process, particularly when phenotyping
requires laborious and time-consuming analyses, performed in advanced generations
because of the relatively large amount of grain required. Moreover, the implementation
of MAS allows the selection of individuals carrying the favourable alleles at the target
loci, and also the pyramiding of favourable QTL alleles from different sources and for
different traits. This not withstanding, the progress obtained until now in applying MAS
to quality characteristics has been slow compared to other traits.

1. INTRODUCTION

Durum and bread wheats are the major foods for much of the human population
and are mainly consumed as processed products because of the unique functional
properties they confer to the derived foods. Improving end-use quality has become
of increasing importance to wheat breeders over the past few decades with an
emphasis on developing cultivars (cvs.) of durum and bread wheat for specific
applications such as bread (leavened, flat and steamed), other baked goods (cakes,

*Author for corresspondence: lafiandr@unitus.it

25

R.K. Varshney and R. Tuberosa (eds.), Genomics Assisted Crop Improvement:
Vol. 2: Genomics Applications in Crops, 25-50.
© 2007 Springer.



26 LAFIANDRA ET AL.

cookies, crackers, etc.), pasta and noodles, and a wide range of other products of
restricted regional 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.

Some of these traits are complex (i.e. controlled by several genes and influenced
by environmental factors and management procedures), while others are simply
inherited. The selection of superior breeding lines with improved quality character-
istics, as well as the dissection of their complexity, are being greatly favoured by the
establishment and exploitation of biochemical and molecular markers (Gale 2005;
Howitt et al. 2006). The ultimate aim is to tailor wheat cvs. with improved quality
and to satisfy the specific end-use requirements of the market and consumers.

2. GRAIN PROTEIN CONTENT

Grain protein content (GPC) is one of the major quality traits in durum and bread
wheat strongly associated to end-use performance of derived products. In bread
wheat, the existence of a linear relationship between protein content and loaf volume
have been reported (Finney and Barrimore 1948); similarly, in durum wheat it has
been clearly established that high protein content and strong gluten are major factors
for producing pasta with superior cooking properties, better cooking firmness and
tolerance to overcooking (D’Egidio et al. 1990; Marchylo et al. 1998). The variation
induced by environmental factors and the negative association with grain yield
have hindered progress in increasing grain protein content by traditional breeding
approaches, but the availability of genetic stocks such as aneuploids (see Snape
et al. 1995 for advantages in locating QTL’s using single chromosome recombinant
lines) and large gene pools together with marker-mediated approaches are leading
to the improvement of this trait.

Genes to improve protein content have been sought among wheat related species
and promising materials have been detected in the tetraploid wild wheat progenitor
T. turgidum ssp dicoccoides with values ranging from 14 to 29% protein (Avivi
1978; Grama et al. 1984). In particular, the accessions FA15-3 of 7. turgidum ssp
dicoccoides identified by Avivi (1978) has been used to introduce the high protein
content trait into durum and bread wheats. Joppa and Cantrell (1990) developed
a set of disomic substitution lines in the durum wheat cv. Langdon (LDN); in
each line a pair of chromosomes of LDN were replaced by their homeologues
derived from the 7. dicoccoides accession FA15-3. The analysis of a population of
recombinant substitution lines (RSLs) obtained from the cross between the high GPC
line LDN(DIC-6B) and the cv. LDN led to the identification of a quantitative trait
locus (QTL) for GPC on the short arm of chromosome 6B in the Xmwg79-Xabg387
interval (Joppa et al. 1997). This QTL, designated QGpc.ndsu.6Bb, accounted for
approximately 66% of the variation in protein content in this cross, suggesting that
a major gene or a closely linked group of genes were segregating in this population.

Additionally, the significant increase in GPC was associated with an increase in
the pasta quality (Joppa et al. 1991), while not significantly affecting grain yield or
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kernel weight (Cantrell and Joppa 1991). Following these results, Khan et al. (2000)
developed PCR-based markers to facilitate the introgression of the QGpc.ndsu.6Bb
region into commercial tetraploid and hexaploid varieties: the microsatellite markers
Xgwm508 and XgwmlI93 proved particularly useful to monitor the introgression
of the T. dicoccoides chromatin containing the high GPC gene(s). More recently,
using field trials with ten replications and a large set of secondary RSLs obtained
from the cross between LDN and RSL65, in a line carrying the complete 7. dicoc-
coides segment flanked by the Xgwm508 and XgwmlI93 markers, the source of
GPC variation was mapped as a single Mendelian locus within a 2.7-cM region
encompassed by the restriction fragment length polymorphism (RFLP) markers
Xcdo365 and Xucw67. This locus has been designated Gpc-B1 (Olmos et al. 2003).
To further delimit the location of Gpc-BI, the microcolinearity between rice and
wheat present in this region was used by Distelfeld et al. (2004, 2006). This
approach resulted in narrowing the position of the Gpc-BI locus to a 0.3-cM region
flanked by PCR markers Xucw79 and Xucw?7I and in identifying a codominant
PCR marker (Xuhw89) tightly linked to the Gpc-BI locus. A candidate gene (a
transcription factor regulating senescence) has now been cloned (Uauy et al. 20006),
thus providing the possibility of using perfect markers in marker-assisted selection
(MAS) programmes.

Mesfin et al. (1999) used three hard red spring wheat recombinant lines to identify
genomic regions associated with high protein content inherited from 7. furgidum ssp
dicoccoides. A single region associated to high GPC was detected with five RFLP
markers located near the centromere on chromosome 6B. It is possible that this
high protein content QTL corresponds to the locus already described by Joppa et al.
(1997); in fact, both research groups used the same T. turgidum ssp dicoccoides
accession as donor of high GPC.

Khan et al. (2000) compared the T. dicoccoides accession FA15-3 and Glupro,
a hexaploid high GCP cv. obtained from a three-way cross involving two bread
wheat cvs. and FA15-3 (donor of the GPC gene/s), to determine the size of the
dicoccoides chromosome 6B segment transferred to the bread cv. Using microsatel-
lites, amplified fragment length polymorphism (AFLPs) and RFLPs, the authors
showed that two separate segments from the dicoccoides accession were transferred
to Glupro chromosome 6B, one in the distal region of the long arm and the other in
the proximal region of the short arm, this latter encompassing the GPC QTL with
the highest LOD identified by Joppa et al. (1997).

In a different study, Blanco et al. (1996) tested a set of 65 recombinant inbred
lines developed by single seed descent from the cross between the durum wheat cv.
‘Messapia’ (low protein content) and the wild tetraploid 7. dicoccoides accession
MG 4343 (high protein content) to locate QTLs controlling GPC. One QTL was
identified on each of the chromosome arms 4BS, 5AL, 6BS and 7BS, and two
distinct QTLs were identified on chromosome 6A. According to the environment
considered, the six QTLs explained from 49.2 to 56.4% of the phenotypic variation
for GPC. Only some of the markers were found to be negatively associated with
grain yield and/or seed weight in one or two environments. An additional locus
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was detected on chromosome 7A (Blanco et al. 2002) when the same lines were
cultivated in different environments and years.

Moreover, Blanco et al. (2006) used the backcross inbred lines approach to
introgress 7. dicoccoides high GPC alleles in durum wheat and to identify molecular
markers linked to chromosome regions controlling high GPC. Using SSRs and
AFLPs, three QTLs with major effects on GPC were detected on chromosome
arms 2AS, 6AS and 7BL, identified by the markers Xcfa2164, XP39M37(250) and
Xgwm577, respectively.

Prasad et al. (1999) tested a set of RILs derived from a cross between two
bread wheat genotypes PH132 (high GPC) and WL711 (low GPC) and identified
a sequence-tagged microsatellite site (STMS) Xwmc41 associated to a QTL for
protein content (designated QGpc.ccsu-2D.1), located on the chromosome arm 2DL.
The same research group identified additional molecular markers linked to QTLs
for high GPC: a significant association was found between Xwmc415 and a QTL
designated QGpc.ccsu-5A.1 (Harjit-Singh et al. 2001).

Additional studies evidenced several major GPC QTLs on different chromosomes
in the cultivated and the wild wheat gene pools and proved allelic relationships
between some of the detected loci (Snape et al. 1995; Sourdille et al.1999; Perretant
et al. 2000; Turner et al. 2004).

3. GLUTEN PROTEINS

It is now accepted that the amount and composition of gluten proteins (the
viscoelastic mass remaining after washing the dough with salt solutions) is mainly
responsible for qualitative differences, such as pasta-making and bread-making
properties, among durum and bread wheat cvs. (see Shewry et al. 2003, for a compre-
hensive review on gluten proteins). Gluten proteins are composed of two fractions,
gliadins and glutenins, mainly differing for their capability to form polymers:
gliadins are monomeric molecules, while glutenins are polymers containing different
subunits connected by intermolecular disulphide bonds. When glutenin polymers
are reduced and released components separated using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE), two major groups are identified
which have been designated as High Molecular Weight Glutenin Subunits (HMW-
GS) and Low Molecular Weight Glutenin Subunits (LMW-GS). Technological
properties of both durum and bread wheat doughs are positively correlated with
the molecular size of glutenin polymers, which are highly variable and can reach
millions of daltons.

The gliadin fraction includes proteins which are subdivided into o/3-, y- and w-
types according to their N-terminal amino acid sequences, where disulphide bonds,
if present, are intramolecular. Genes encoding gliadin components are located on
the short arm of the homoeologous groups 1 and 6 chromosomes of the A, B and
D genomes, at the Gli-1 and GIi-2 loci.

HMW-GS are encoded by genes present at the Glu-1 loci on the long arms of the
homoeologous group 1 chromosomes. Each Glu-1 locus contains two tightly linked
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genes encoding for two types of subunits (x- and y-type characterised by high and
low molecular weight, respectively) differing in structural characteristics such as
the number of cysteine residues, and the size and composition of the repetitive
domain. The y-type gene present at the Glu-Al locus is always silent in tetraploid
and hexaploid cultivated wheat, whereas the x-type gene at the same locus and the
y-type at the Glu-B1 locus are expressed only in some cvs.; this leads to variation
in the number of subunits from three to five in bread wheat and from two to three
in durum wheat. SDS-PAGE of seed proteins has been extensively used to assess
HMW-GS composition of bread wheat cvs. Allelic variation has been detected at
each Glu-1 locus and the analysis of crosses between lines with different HMW-GS
composition allowed the identification of subunits affecting breadmaking properties
of different bread wheat cvs. In particular, the subunit pair 5+10 and 24-12 encoded
by genes present at the Glu-DI locus have been correlated with good and poor
breadmaking properties, respectively. The superiority of the pair 5410 may be due
to the additional cysteine residue present in subunit 1Dx5 at the beginning of the
repetitive domain; this residue would promote the formation of glutenin polymers
of larger size, thus endowing dough with increased strength (Greene et al. 1988;
Lafiandra et al. 1993).

Similar differential effects of allelic subunits, encoded by the Glu-Al and Glu-B1
loci have also been reported (Payne 1987).

LMW-GS are encoded by multigene families located on the homoeologous group
Ichromosomes at the Glu-3 loci (Glu-A3, Glu-B3 and Glu-D3) tightly linked to
the Gli-1 loci. As compared to the HMW-GS , the LMW-GS proved to be more
difficult to study and characterise due to their heterogeneity and a range of different
analytical tools have been used to elucidate their complexity and role in quality
aspects. LMW-GS have been subdivided into the B, C and D types according to their
biochemical characteristics (Jackson et al. 1983). Moreover, the B type subunits
can be divided into three groups (LMW-m, LMW-s and LMW-i) based on the
first amino acid residue (Met, Ser and Ile, respectively) of the mature protein. The
LMWe-i type has been detected more recently than the others and seems to be mainly
encoded by genes present at the Glu-A3 locus (Cloutier et al. 2001; Ikeda et al.
2002; Zhang et al. 2004). Additionally, this last group of subunits shows striking
structural differences compared to the LMW-m and LMW-s groups as they lack
an N-terminal region and all the cysteines are localized in the C-terminal region,
though sharing the same number of cysteine residues (eight) with the other LMW-
GS types. This difference in cysteine distribution might impact glutenin polymer
formation and, more in general, gluten interactions and be responsible for quality
differences. The C and D type subunits are composed mainly of proteins related
to a/B-,y- and w-gliadins which have variable numbers of cysteine residues. It has
been proposed that they are incorporated into the polymeric network by virtue of
unpaired cysteines (D’Ovidio and Masci 2004).

Several studies have indicated that the allelic variation at the Glu-3 loci is also
associated to dough quality both in bread and durum wheat, and ranking of different
alleles has been reported (see Juhdsz and Gianibelli 2006 for a review).
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The availability of gene sequence data for both LMW- and HMW-GS made it
possible to generate molecular markers, known as functional or perfect markers,
closely linked or located within the gene of interest (Andersen and Lubberstedt
2003; Varshney et al. 2005), thus making available powerful tools to incorporate
superior alleles in breeding materials.

In durum wheat, LMW-GS encoded by genes present at the complex Glu-B3
locus have been associated to both pasta cooking properties and bread making
properties (Boggini and Pogna 1989). The two major alleles (LMW-1 and LMW-2)
detected at this locus are related to poor and good gluten viscoelastic properties,
respectively (Payne et al. 1984; Pogna et al. 1990).

In the attempt to develop molecular markers capable of discriminating durum
wheat genotypes with the LMW-1 or LMW-2 allele and thus providing an alter-
native approach to electrophoretic techniques, D’Ovidio (1993) developed a pair
of oligonucleotide primers that produced two main PCR amplification products in
all the analysed genotypes. The PCR fragment of lower size, common to all the
durum genotypes tested, was not assigned to any specific chromosome, whereas the
other was polymorphic between the lines with different allelic LMW-GS. Subse-
quently, D’Ovidio and Porceddu (1996) developed a new set of primers yielding
a single amplification product, ranging in size between 780 (LMW-1) and 830 bp
(LMW-2), capable of differentiating durum wheat cvs. with poor or good pasta
making properties.

More recently, efforts from different research groups resulted in the devel-
opment of bread wheat specific primers that permitted to amplify, isolate and study
several LMW-GS genes associated to specific Glu-3 loci, thereby contributing
to the detailed description of their structural features. Moreover, these primers
are capable of differentiating homo- and homoeoalleles thus making available
molecular markers suitable to follow the introgression of superior alleles in breeding
programmes (Zhang et al. 2004; Ikeda et al. 2006; Long et al. 2006; Zhao et al.
20006). In particular, Zhang et al. (2004) isolated and characterised the complete
coding sequence of one LMW-GS gene for each of the seven alleles (from Glu-A3a
to Glu-A3g ) present in different bread wheat cvs. All sequences were classified as
i-type LMW-GS genes based on the presence of an N-terminal isoleucine residue
and eight cysteine residues located within the C-terminal domain of the predicted,
mature amino acid sequence. Comparison of gene sequences obtained from different
alleles showed a wide range of sequence identity between the genes, with between 1
and 37 single nucleotide polymorphisms and between one and five insertion/deletion
events. Allele-specific PCR markers were designed based on the DNA polymor-
phisms identified between the LMW-GS genes, and these markers were validated
against a group of bread wheat cvs. containing different Glu-A3 alleles. Using the
same approach Zhao et al. (2006) developed PCR markers for the identification of
a few Glu-D3 alleles.

Although SDS-PAGE has been invaluable for studying HMW-GS, it has some
limitations, such as co-migration of certain subunits or difficulty in detecting
differences in expression levels, resulting in incorrect identification of alleles with
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different functional effects. Additionally, glutenin composition analysis can be
carried out only on the mature grains. To overcome these limitations, allele specific
PCR markers, based on DNA polymorphism present among the glutenin subunit
genes, have been obtained to assess allelic variation at the Glu-1 loci and to provide
high-throughput analysis of different alleles in breeding materials. Differently from
SDS-PAGE, PCR can be performed on leaf samples collected during the vegetative
growth stages; this in turn allows for the selection of the genotypes with the desired
allele composition before flowering.

D’Ovidio and Anderson (1994) used the presence of some differences in the
nucleotide sequences of the 1Dx2 and 1Dx5 glutenin genes to develop two oligonu-
cleotides specific for the subunit 1Dx5. Similarly, in the attempt to identify bread
wheat lines carrying the superior pair of subunits 54-10, a codominant PCR marker
was developed by Smith et al. (1994). Subsequently, primer specific for homo- and
homoeo-allelic HMW-GS genes have been developed by several research groups
(D’Ovidio et al. 1994, 1995; Lafiandra et al. 1997; Ahmad 2000; De Bustos et al.
2000, 2001; Radovanovic and Cloutier 2003).

The usefulness of molecular markers appears particularly relevant to discrimi-
nating different alleles for HMW-GS associated to the Glu-B1 locus. In a study
carried out on several Canadian bread wheat cvs., Marchylo et al. (1992) reported
that, though allelic subunits 1Bx7 and 1Bx7* could not be distinguished on the
basis of their elution times, when analysed by reversed phase high performance
liquid chromatography, the proportion of the first subunit was significantly higher
than the latter. D’Ovidio et al. (1997) suggested that the results of Marchylo et al.
(1992) could be due to a gene duplication involving the gene coding for the 1Bx7
subunit. Recent electrophoretic and chromatographic analyses of wheat cvs. and
landraces from around the world revealed the large diffusion of the overexpressed
1Bx7 allele designated Glu-Blal and its positive impact on dough technological
properties (Butow et al. 2003, 2004; Vawser and Cornish 2004). Butow et al. (2004)
utilised a co-dominant PCR marker, designed to amplify the 1Bx MAR region
750 bp upstream of the coding region of the Glu-Bl gene, to discriminate bread
wheat materials with the over-expressed subunit Bx7 from those with the subunit
I1Bx7*. All the cvs. and landraces showing increased 1Bx7 expression (i.e. with
the Glu-Blal allele) produced a fragment longer than that of the other cvs. (~563
vs. 520 bp), indicating the presence of a 43 bp insertion in the MAR of the Glu-
Blal allele. A marker for the negative selection of the poor quality allele Bx6 was
developed by Schwarz et al. (2004) using the DNA polymorphisms between the
coding sequences of the x-type HMW-GS alleles 1Bx6, 1Bx7 and 1Bx17, whereas
a set of dominant and codominant markers have been developed by Lei et al. (2006)
for specific HMW-GS genes encoding 1By-type subunits. These markers resulted in
an enhanced discrimination of alleles at the Glu-B1 locus and particularly between
alleles with contrasting effects on quality and difficult to screen by SDS-PAGE.

A further breakthrough in the use of PCR-based markers for the selection of
HMW-GS alleles is represented by the introduction of the multiplex approach, in
which more than one target sequence is amplified using more than one primer
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pair, in order to score simultaneously for the presence of different homo- or
homoeo-allelic variants (Ahmad 2000; Ma et al. 2003). Salmanowicz and Moczulski
(2004) developed a multiplex PCR method to identify bread wheat genotypes with
specific HMW-GS allele composition at the Glu-1 complex loci (Glu-Al, Glu-Bl
and Glu-DI) by capillary electrophoresis (CE) with laser-induced fluorescence
(LIF) detection. DNA fragments amplified using two triplex primer sets were well
separated both by agarose slab-gel electrophoresis and CE-LIF; minor differences
among the sequences of 1Ax2, 1Ax null, I1Bx6, 1Bx7, 1Bx17 and 1Dx5 genes have
been revealed. CE-LIF can thus be an efficient alternative to standard procedures
for early selection of useful wheat genotypes with good bread-making quality. In
fact, compared to gel electrophoresis, CE-LIF requires samples of smaller volumes
and results can be obtained in less than 20 minutes.

Novel alleles at the Glu-3 and Glu-1 loci have been identified in germplasm
collections of tetraploid and hexaploid wheat and in related wild species, thus
providing variation suitable for exploitation in wheat quality improvement (Shewry
et al. 2006; D’Ovidio and Masci 2004).

4. STARCH

Starch is the major constituent of flour and semolina and accounts for 65-75% of
wheat grain dry weight. Starch is composed of two types of polymers (amylose and
amylopectin) whose relative amounts and structures are responsible for its unique
physical and chemical properties with strong influences on functional properties of
flour or semolina and on its specific uses in the food and manufacturing industries
(Zeng et al. 1997; Yoo and Jane 2002). Amylose is an essentially linear a-1,4
glucan and contributes about 20-30% to the total starch, while amylopectin is a
branched a-1,4 glucan containing about 5% «-1,6 branch points and constitutes the
remaining 70-80% of the total starch. A number of enzymes are involved in starch
synthesis with at least five known isoforms of starch synthases (SS, as reviewed
by James et al. 2003). Four of these isoforms are involved only in amylopectin
synthesis, with two forms of branching and debranching enzymes. The granule
bound starch synthases (GBSSI or waxy proteins) are the sole starch synthases
responsible for amylose synthesis in storage tissues (Nakamura et al. 1993). In
bread wheat there are three waxy proteins with a molecular weight ranging from
59 to 60 kDa (Murai et al. 1999), designated Wx-A1l, Wx-D1 and Wx-B1 encoded
by three genes (Wx-Al, Wx-DI and Wx-BI) located on chromosome arms 7AS,
7DS and 4AL, respectively. The latter was originally located on chromosome 7BS
before a translocation occurred between 7BS and 4AL chromosomes during wheat
evolution (Miura and Tanii 1994; Yamamori et al. 1994). The different effects
of the three waxy genes on the amylose content has also been assessed, with the
Wx-B1 gene showing the highest effect, followed by the Wx-DI and the Wx-Al
gene (Miura et al. 1994, 1999).

Electrophoretic studies of bread and durum wheats led to the identification of
partial waxy mutant lines, characterised by the lack of one or two waxy proteins.
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Null Wx-Al and Wx-BI alleles have been found in Asian, European and North
American wheat cvs. In particular, null alleles at the Wx-A/ locus are fairly common
in bread wheat from Japan, Korea and Turkey, while null alleles at the Wx-B1 locus
are very common in bread wheat from Australia and India (Yamamori et al. 1994,
1998). On the contrary, null alleles at the Wx-DI locus seem to occur more rarely
(Yamamori et al. 1994; Boggini et al. 2001; Monari et al. 2005). Crossing of selected
genotypes has permitted the combination of the different null alleles detected with
the production of the entire set of partial and total waxy lines (Nakamura et al.
1995; Urbano et al. 2002). These genetic materials are of interest due to their
impact on quality aspects and to their possible use in non-food applications. In
fact, flour with reduced amylose content extends the shelf life of various baked
products (Graybosch et al. 1998; Lee et al. 2001) and produces higher quality Asian
noodles (Miura et al. 1994). In this respect, partial waxy wheat have been shown
to be particularly suitable for the production of certain Asian noodles such as the
Japanese Udon or white salted noodles, typically produced using medium-protein
soft wheat. Wheat suitable for the production of Udon noodles typically has starch
or flour with high swelling volumes and high peak pasting viscosity which have
been associated with reduced amylose content and presence of GBSS null alleles,
and in particular with the null Wx-BI. These results have been obtained by SDS-
PAGE analysis of granule bound starch proteins, an approach which is particularly
time consuming, as starch isolation is required before electrophoretical analysis,
thus limiting the number of samples to be processed. In addition, electrophoretical
results show poor resolution of different protein components and can only be carried
out on mature grains. Thus, great efforts were devoted to the development of several
PCR markers to study and assist the introgression of the waxy trait in advanced
breeding lines.

A recessive PCR marker was developed by Briney et al. (1998) to identify
lines null at the Wx-BI locus; it was thus possible an accurate starch quality
identification using small amounts of leaf tissue or single seeds, enabling the
screening of large segregating populations. Shariflou et al. (2001) developed a
perfect codominant marker to discriminate the normal and mutant null alleles at
the Wx-DI locus originated from the Chinese landrace ‘Baihoumai’. Moreover,
five primer pairs were designed by McLauchlan et al. (2001) using the available
gene sequences to target each of the three waxy homoeoallele loci. Multiplex
PCR has been used by Nakamura et al. (2002) to screen a large number of
wheat samples from different countries in order to study waxy mutations and trace
their origin.

Similarly to waxy proteins, mutant lines lacking one of the three possible Starch
Synthase II (SSII) proteins have been identified by Yamamori and Quynh (2000)
and bread lines lacking all these three proteins have been produced (Yamamori
and Quynh 2000). In these lines, the apparent amylose content is significantly
higher than that of the wild type (Yamamori et al. 2006). High amylose wheat
flours show lower swelling and lower peak viscosity than waxy and normal wheat
flours. Products made using SSII-deficient wheat, with a 35—40% amylose content,
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have slightly increased levels of resistant starch. Resistant starch (RS) refers to the
portion of starch and starch products that resist digestion as they pass through the
gastrointestinal tract.

At present, there is a lot of interest in resistant starches because they have a low
glycaemic index and reduce the risk of type 2 diabetes and obesity. They also act
as a functional fiber, being fermented in the large bowel by the gut bacteria that
produce short-chain fatty acids (especially butyric acid) which are responsible for
the beneficial effects for the human gut by reducing the risk of colorectal cancer.
Additionally, high-amylose starch is low in energy and in total carbohydrate content
and seems to slightly improve cooked pasta firmness (Brouns et al. 2002).

Shimbata et al. (2005) characterised the mutations occurring at each SSII locus
and identified allele-specific PCR-based markers for each locus. The markers
developed were capable of distinguishing among heterozygous, homozygous null
and homozygous wild type plants thus facilitating the introgression of mutated
alleles in elite cvs.

S. KERNEL HARDNESS

Kernel hardness refers to the texture of the endosperm. Generally, the grain of
bread wheat is identified as being either soft or hard. Grain hardness is a very
important trait affecting milling, baking and end-use quality of wheat. Soft wheat
kernels fracture more easily, release numerous intact starch granules and produce
fine-textured flours with reduced starch damage (Giroux and Morris 1997). During
milling of hard wheat, fractures yield clean, well-defined particles (Maghirang and
Dowell 2003) with larger mean particle size, forming coarser-textured flours with a
higher level of starch damage compared to soft wheat. The tetraploid durum wheat
has the highest grain hardness and therefore the highest starch damage after milling.
Since damaged starch granules absorb more water than undamaged granules, hard
wheat is preferred for yeast-leavened products, whereas soft wheat is preferred for
the production of cookies and cakes.

Among the different methods used to measure grain hardness, the two most
popular with breeders are the Near-Infrared Reflectance Method, and the Single-
Kernel Characterization System (AACC 2003a) because they are easy to use and
produce reliable results.

Studying the inheritance of grain hardness, Symes (1965) showed that the
difference between hard and soft wheat was due to a single major gene and to
modifying minor genes. The Hardness locus (Ha) is located on the short arm of
chromosome 5D (Mattern et al. 1973). Although the locus is named Hardness, the
dominant trait is softness.

As far as the biochemical basis of hardness is concerned, Greenwell and Schofield
(1986) found a 15-kDa protein named “friabilin” on the surface of water-washed
wheat starch. The friabilin in water-washed starch is present in a higher amount in
soft wheat than in hard wheat and is absent in durum wheat (very hard). According
to recent studies, the 15-kDa protein complex consists of at least five components:
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puroindoline-a, puroindoline-b, grain softness protein (respectively coded by the
Pina-D1, Pinb-D1 and Gsp-1 genes) and two alpha-amylase inhibitors (Clarke
and Rahman 2005). The Pina-D1, Pinb-D1 and Gsp-1 genes have been found to
be tightly linked to the Ha locus at the distal end of chromosome 5DS (Giroux
and Morris 1997; Tranquilli et al. 2002). The wild-type puroindoline genes are
associated with soft kernel texture (Lillemo and Morris 2000). On the other hand,
it has been demonstrated that in all the hard wheat examined there was a mutation
either in Pina-D1 or Pinb-DI , but not in Gsp-1 (Giroux and Morris 1997; Lillemo
and Morris 2000; Morris et al. 2001).

Although it is well documented that the Ha locus on the chromosome arm 5DS
is the main determinant of kernel hardness (Sourdille et al. 1996; Campbell et al.
1999; Perretant et al. 2000; Igrejas et al. 2002), it was also shown that this locus
alone and the tightly-linked genes Pina-D1 and Pinb-DI cannot explain all the
phenotypic variation of this trait in the different mapping populations. Many authors
used QTL analysis to genetically dissect the complexity of the hardness trait. As a
result, other QTLs with minor effect on grain hardness were detected on different
chromosomes: 2A, 2D, 5B, 6D with single-factor effects and 5A, 6D, 7A with
interacting effects (Sourdille et al. 1996), 3A (Campbell et al. 1999), 1A and 6D
(Perretant et al. 2000), 2B and 6B (Galande et al. 2001), 5D in a position not
coincident with the Ha locus (Igrejas et al. 2002) and 3BL (Narasimhamoorthy et al.
2006). The QTLs detected using bi-parental mapping populations do not provide
the complete information as to the genetic control of a complex trait. Moreover,
the QTL effect is estimated comparing two alleles in one genetic background only.
From the breeders’ standpoint it is much more interesting to characterise a range
of different alleles in a germplasm collection including accessions derived from
different crosses involving more than just two parents, as occurs in an ordinary
breeding programme. Recently, Crepieux et al. (2005) presented results of a QTL
mapping study carried out in a real wheat breeding population. Using the approach
of the variance component (VC) based on the identity by descent (IBD), they
detected two QTLs for grain hardness: one is likely to be associated to the Ha
locus on the 5DS chromosome arm, the other is on the 1D chromosome close to the
Glu-D1I locus. However, in this latter case, they could not rule out the possibility of
an artefact caused by the storage protein. Applying the “mixed-model analysis” to
the same set of data, Arbelbide and Bernardo (2006) detected two markers strongly
associated with kernel hardness in the multiple-marker analysis. One of the markers
was very close to the Pinb-D1 gene and therefore to the Ha locus. The second
marker was close to the end of the 1AS chromosome arm, where the Glu-A3 locus
is located. A marker close to the QTL on 1D detected by Crepieux et al. (2005)
was significant only in the single-marker analysis.

The QTL analysis is a first step towards the identification of the genes underlying
each QTL. For a more efficient wheat breeding approach, the availability of reliable
markers tightly linked to the QTL(s) or, even better, to the gene(s) of interest is
very useful.



36 LAFIANDRA ET AL.

The puroindoline proteins a and b form the molecular basis of a large part of the
wheat grain hardness (Morris et al. 2001). The availability of gene-specific primers
allows the full-length amplification of the Pina-D1I and Pinb-DI genes showing the
sequence differences between alleles, which might have a different role in wheat
breeding (Massa et al. 2004).

It has been demonstrated that the different Pina-DI and Pinb-D1 alleles have
a great influence on milling properties and also affect bread baking traits (Martin
et al. 2001; Eagles et al. 2006). It is also known that, in synthetic hexaploid wheat,
puroindoline alleles from Aegilops tauschii produce an endosperm softer than the
one of soft common wheat (Gedye et al. 2004). A decrease in kernel hardness in
substitution lines carrying additional copies of puroindoline genes from Triticum
monococcum was found by Tranquilli et al. (2002), who also demonstrated that
the simultaneous deletion of both puroindoline loci in common wheat increased its
hardness to the level typical of durum wheat. They also showed that Gsp-I genes
do not have a critical role on grain texture. There is also the possibility that new
alleles of the puroindoline genes will be discovered, increasing the amount of tools
available to modulate the hardness trait. On the other hand, it is well known that a
part of the variation in kernel texture is not caused by the puroindoline genes.

As previously discussed, QTLs affecting grain textures were found on different
chromosomes analysing recombinant inbred, double haploid lines (Sourdille et al.
1996; Campbell et al. 1999; Perretant et al. 2000; Galande et al. 2001; Igrejas et al.
2002) and backcross lines (Narasimhamoorthy et al. 2006). There is the possibility
that even more QTLs and markers will be discovered using a novel approach
that allows the analysis of lines deriving from different crosses, as happens in
conventional breeding programmes (Crepieux et al. 2005; Arbelbide and Bernardo
2006).

The information already available on QTLs, genes and markers related to grain
hardness is going to increase in the near future offering the breeders a wealth
of tools enabling them to modulate the hardness trait taking also into account its
influence on milling and baking quality. It is also possible to extend the range of
variation of the trait in both bread and durum wheat resulting in the possibility to
obtain supersoft or superhard varieties with novel end uses.

6. FLOUR/ SEMOLINA COLOUR

Another important quality parameter of bakery and pasta products is colour. In fact,
natural colour is an important feature of bread, noodle and durum wheat pasta.
In particular, the presence of yellow colour in the wheat flour is detrimental for
bakery products made with common wheat, while it is desirable for the production
of yellow alkaline noodles and for the majority of the durum wheat-based products.
Thus, breeders have to apply different selection criteria depending on the wheat
quality class being selected. In this respect, durum wheat genotypes with kernels
containing a high level of yellow pigment and a low level of undesired components
producing darker colours are today being selected.
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Lepage and Sims (1968) pointed out that the yellow colour in durum wheat
extracts is attributable to carotenoids, mainly to the xanthophyll lutein and its fatty
acid esters (ca. 85% free lutein, 10% lutein monoesters and 5% lutein diesters).
Wildfeuer and Acker (1968) reported that carotene accounts for 1% of the total
carotenoid content in durum wheat semolina. Hentschel et al. (2002), analysing
eight durum wheat cvs., showed that the fraction of carotenoids (only luteins and
small amounts of zeaxanthin) accounts for 30-50% of the total yellow pigment
content so they argued that other compounds of still unknown structure contribute
considerably to the colour of the grains. Conversely, in a similar study Fratianni
et al. (2005) evidenced the prevailing role of carotenoids, with lutein being the
main compound, followed by zeaxanthin and (3-carotene, with only a small fraction
attributable to other compounds.

High levels of natural yellow colour in wheat flour or in semolina and thus
in the end-use products can be primarily reached by selection for the natural
carotenoid pigments accumulated throughout the inner and outer kernel layers.
However, yellow pigments in final products such as noodles and pasta can be
substantially broken down, during the manufacturing process, by the action of
lipoxygenases (LOX activity), as well as peroxidases and polyphenoloxidases,
the latter being mainly responsible for the formation of undesired brown colour
components (Porceddu 1995; Dexter and Marchylo 2000; Pefia and Pfeiffer 2005).
Polyphenol compounds are also responsible for the red colour present in the kernel
outer layers of some bread and durum wheat cvs. (Himi et al. 2005), but usually
these compounds are not present in flour/semolina. It has been reported that in some
durum wheat genotypes, a low LOX activity is more relevant to obtain yellow pasta
as compared to the pigment content of the kernels (Borrelli et al. 1999).

Many analytical techniques (AACC 2003b), mainly based on chemical pigment
extraction (e.g. HPLC) or light reflectance, have been proposed to measure the
yellow pigment content in whole meals, semolina and pasta; it is thus possible to
choose the methodology to be used according to the aim, the level of precision
and the speed required. Results obtained on durum wheat samples by means of
an automatic reflectance instrument (Minolta Chroma Meter CR-200) based on
the color-space system (CIE 1986), the HPLC procedure and the standard water-
saturated butanol (WSB) method have recently been compared by Fratianni et al.
(2005). The authors found highly significant correlations among the measurements
obtained from semolina samples using the three different techniques, while the
relationships between the yellow index (b* parameter) and the pigment content as
determined by HPLC on the whole meals were strongly influenced by the sample
characteristics. It was thus suggested that the reflectance determinations on whole
meal samples, although fast and safe, provide only relative and not absolute values.
This not withstanding, due to its relatively low-cost and easy management, the
Minolta instrument is widely used by breeders to measure the yellow index (b*)
of several hundreds of whole meal/semolina samples per day. Further, it is suitable
to analyse small flour samples, thus allowing breeders to select for high yellow
pigment in early segregating generations.
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Notable sources of genetic variation suitable for increasing yellow colour in
durum wheat kernels have been found, in addition to the primary gene pool, mainly
in Hordeum chilense (Martin et al. 2000; Ballesteros et al. 2005) and especially
T. monococcum which is characterised by high amount of luteins (Abdel-Aal et al.
2002). Recently released durum cvs. generally meet the yellow quality requirements
and often can be used to produce semolina stocks suitable to enhance the semolina
quality; this notwithstanding a wealth of important landmark durum cvs. that have
been/are still largely used in breeding programmes, are characterised by low yellow
pigment content, like cv. Creso in Italy and other cvs. derived from Altar 84. A
high genetic variability for yellow pigment content in the whole meal has been
found when analysing a wide collection including 325 durum wheat accessions
representing the most important improved durum gene pools (Maccaferri et al., data
not published).

Although several environmental factors have been shown to influence the yellow
pigment content (Borrelli et al. 1999) and the presence of genotype by environment
interaction, this quality trait can be considered highly heritable (Parker et al. 1998)
with the heritability coefficient reaching values even equal to 0.90 in durum wheat;
further, the genetic control of this traits is mainly due to additive effects (Nachit
et al. 1995).

Studies on the genetic control of yellow pigment content in wheat, and especially
in durum wheat, were scarce until a few years ago. In recent years, the devel-
opment of DNA-based molecular markers has provided powerful tools to identify
the genetic factors underpinning the variation of quantitatively inherited traits (Lee
1995; Tuberosa et al. 2002). Several QTL studies have now addressed the genetic
dissection of yellow pigment content in wheat and some information are available
on-line in the MAS-dedicated web site at http://maswheat.ucdais.edu. A detailed
summary of the results so far obtained as to the QTLs for yellow pigment content in
semolina/wheat flour and for lypoxygenase (LOX) activity affecting yellow colour
and brightness of the end-use products (noodles and pasta) is reported in Table 1.
Overall, it can be underlined that the natural variation present in the wheat elite
germplasm (both tetraploid and hexaploid) is mainly controlled by a relatively
low number of genetic factors: in durum wheat, the regions located in the groups
5, 6 and 7L appear to account for a large portion of variation across homoeol-
ogous chromosomes and populations. Only chromosome regions located in group
3 seem to play an important role in bread wheat while not influencing the yellow
pigment content in durum wheat. Moreover, it is worth mentioning that QTLs for
LOX activity, which have a significant impact on the end-product quality colour
(yellowness and brightness), were co-locating with the corresponding enzyme-coding
genes.

In principle, once QTLs for the trait of interest have been identified, introgression
of the favourable alleles and their pyramiding into elite germplasm (e.g. parental
lines, populations, etc.) becomes possible through MAS (Ribaut and Hoisington
1998; Young 1999). However, to date only a few successful applications of MAS for
the improvement of quantitative traits have been described (Hu et al. 1997; Ragot
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Table 1. Summary of the major chromosome regions harbouring QTLs for (A) yellow pigment content
in semolina/wheat flour and (B) for lypoxygenase (LOX) activity affecting yellow colour and brightness
of the end-use products. QTLs most probably identified across homoeologous regions and/or different
mapping populations have been listed within dashed horizontal lines

Chrom.arm Mapping Parent with Markers/chromosome regions R*(%)
population () plus allele

A

1BS K/uC - QTL interval: 10-30 cM from the 10
chrom top

2BL L/P - Xgwm382-Xwmcl67 -

2D CD87/K Xwme25a-P44/M54-3 @ 12

3AS CD87/K - XksuB8-Xwmc50-Xpsr598- 17
P44/M61-4-P40/M61-3

3AS SIY Schomburgk Xbcd828 13

3BS C/H - Xgwm285-P40/M42-2-P40/M44- -
2-Xcdo583

3BS S/T - Xgwm285-P40/M42-2-P40/M44- 20
2-Xcdo583

4AS J/IC - XPaccMcga-3 9

4BL USA/S - Xgwml1084 9

5AS L/p - Xgwm293 -

5BS L/P - Xwmcl149-Xgwm234-Xgwm443 -

SAL J/IC - Xbcd926 10

SBL S/T - Xstm286-Xgwm499-P36/M40-2- 12
P36/M40-1Xgwm639B

5D C/H - - -

6A CD87/K - - 13

6AS K/uC QTL peak at 30 cM from the 19
chrom. top

6AL L/P - XDuPwli67 -

6AL USA/S - Xgwml150 7

7BS USA/S - Xgwm573-XgwmlI 184-Xgwm3019 13

7AL Om2*/T. dic. Omrabi5 XmcaaEacgl98 6

7AL SIY Schomburgk Xcdo347-Xwg232, plus AFLP 54
marker: Xwua2,16, 18, 26, 35,
39, 56STS from AFLP Xwua26

7AL C/H - Xfba349-Xcdo347-Xgwm344-128- -
Xpsri21-Xpsr680a-XksuH9c, plus
7 AFLP markers

7AL K/uC Kofa QTL peak interval at +170 cM 40
from the chrom. top

7AL L/p - Xgwm332-Xgwm282-Xgwm344-
Xbarc267

7TAL Om2#/T. dic. Omrabi5 Xgwm63e 13

7BL CD87/K - Xpsr680 10

7BL K/uC Kofa QTL peak interval at +150 cM 16
from the chrom. top

7BL K/w Kofa TdPsyl + SSR and DArT markers -

7BL L/p - Xbarc267-Xbarc1073-XDuPw398 -

(Continued)
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Table 1. (Continued)

Chrom.arm Mapping Parent with Markers/chromosome regions R2(%)
population ¥ plus allele
7BL Om2*/T. dic. Omrabi5 Xgwm344 53
7EL 7A-TEL Agl-23/  Lophopyrum Xwg420-Lr19-STSLr19-130-
Aconchi// ponticum Xmwg2062-Xpsr148-Xpsr680-
3* UCI1113 Xpsri21-Xpsr687-Y
TH<h Tritordeum Hordeum -
chilense
2H ¢h Hordeum -
chilense
B
4BS J/IC Jennah Khetifa Polymorphism at the Lpx-BI locus -
4BS K/uC Kofa QTL peak coincident with the -
Lpx-Bllocus
2BS J/IC - Xrz444 -

— : data not rep orted.
(' Mapping population
Bread wheat:
S/Y = Schomburgk/Yarralinka (150 F4:F5 lines); Parker et al. 1998; Parker and Langridge 2000
C/H = Cranbrook/Halberd (163 Double haploid — DH - lines); Mares and Campbell 2001
CD87/K = CD87/Katepwa (180 DHs); Mares and Campbell 2001
S/T = Sunco/Tasman (163 DHs Mares and Campbell 2001)
Durum wheat:
J/C = Jennah Khetifa/Cham! (110 Recombinant inbred lines — RILs —); Hessler et al. 2002; Nachit
et al. 2001
L/P = Latino x Primadur (RILs); Somma et al. 2004
USA/S = USA x Svevo (249 RILs); Jurman et al. 2004
Om2*/T. dic. = Omrabi5/T. dicoccoides 600545//Omrabi5 (114 Backcross inbred lines — BDL -);
Elouafi et al. 2001
K/W = Kofa/W9262-D063 (155 DHs); Pozniak et al. 2006
K/UC = Kofa/UC1113 (RILs); Zhang et al. 2006
Genetic stocks:
7TA-TEL Agl-23/Aconchi//3*UC1113 (7*-7EL Recombinant backcross lines); Zhang et al. 2005
7H" (Addition lines); Alvarez et al. 1998
2H (Hordeum chilense lines) Atienza et al. 2004
@) Chromosome region associated also to polyphenol oxidase (PPO) activity influencing noodle
brightness in the S/T population.

et al. 2000) due mainly to weak associations (in terms of genetic distance) between
markers and target QTLs, unpredictable QTL effects across different background
and/or the high costs of MAS (Salvi et al. 2001; Koebner 2003; Peleman and van der
Voort 2003). Certainly, a more encouraging picture for MAS emerges considering
single-gene traits such as disease resistance (Bus et al. 2000; Witcombe and Hash
2000) or even major QTLs, accounting for a sizeable portion of phenotypic variation
and validated throughout different elite genetic backgrounds. In this respect, yellow
pigment content, thanks also to the abundance of polymorphic locus-specific SSR
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markers developed by the private and public wheat community in the latest years
(Somers et al. 2004; Song et al. 2005), appears as a very interesting candidate for
MAS applied to breeding programmes, especially in durum wheat.

As an alternative to traditional QTL studies involving one or more mapping
populations, association mapping (AM) studies involving a large number (at least
100-200) of possibly unrelated accessions provides the opportunity to uncover
the most important QTLs regulating the variation for the trait of interest within
the germplasm of a particular crop (Rafalski and Morgante 2004; Breseghello
and Sorrells 2006). In simple terms, the primary objective of AM is to detect
correlations between genotypes and phenotypes, based on linkage disequilibrium
(LD), i.e. the non-random combination of alleles at two genetic loci. This approach
appears to be highly suited for the study of the yellow pigment content, thanks to
a) the high level of variation present in the wheat germplasm, b) the usually high
heritability values of the trait, and c¢) the good knowledge of the genetic bases of
the carotenoids and xanthophyll biosynthesis pathways. In the elite durum wheat
germplasm accessions, the large extent of LD (at the cM level, within 5-10 ¢cM
on average, Maccaferri et al. 2005, 2006) suggests that whole-genome search for
chromosome regions harbouring QTLs can already be attained by using a high
number (several hundreds) of neutral molecular probes, already available in the
public domain (e.g. SSR markers; http://wheat.pw.usda.gov/GG2/index.shtml).

Alternatively, as already explored especially in maize, single genes known to play
a crucial role in the carotenoid pathway can be searched for single feature polymor-
phisms/marker haplotypes associated to variation in yellow pigment content. In this
respect, the genes and enzymes included in the carotenoid biosynthesis pathway
are well known (Cunningham and Gantt 1998), while this is only partially true
for the regulation mechanisms (von Linting et al. 1997; Gallagher et al. 2004,
Cervantes-Cervantes et al. 2000).

In maize, Wong et al. (2003) found major QTLs controlling the accumulation
level of different carotenoids and suggested that the genetic variation at key
precursors in a common biosynthetic pathway/regulatory region may have quanti-
tative effects on more than one compound. Moreover, they evidenced co-locations
between QTLs for carotenoid accumulation in maize kernels and strong candidate
genes, namely phytoene synthase and carotene desaturase. Subsequently, exploiting
panels of genetically diverse accessions suitable for AM, Palaisa et al. (2004) eluci-
dated the pattern of diversity and LD at Y/ gene by exploring a large sequence
window of several hundreds of kb up- and down-stream of the phytoene synthase
gene and showed the presence of significant associations with the trait and extensive
as well as selective sweeps caused by selection.

The isolation of candidate genes from the carotenoid biosynthesis pathway have
also been attempted in wheat: Cenci et al. (2004) isolated BAC clones (from the
tetraploid wheat Langdon) containing the three major genes (phytoene synthase,
PSY, phytoene desaturase, PSD, and zeta-carotene desaturase, ZDS) and mapped
some of the isolated clones using deletion stocks: PSY mapped on group 5, PDS on
group 4 and ZDS on group 2. Only recently, Pozniak et al. (2006) identified a second
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copy of PSY in the durum wheat genome mapping in the 7AL/7BL homoeologous
regions harbouring the major yellow pigment content QTL in wheat. These wheat
sequences are good candidates for more in depth analyses of genetic diversity and
LD analysis in the wheat germplasm.

The alternative approach of searching for co-localizations between known QTLs
and putative candidate genes/sequences by exploiting the conserved rice-wheat
synteny is also feasible (Francki et al. 2004). However, because in a first attempt
this approach failed to identify the presence of a sequence related to wheat PSY
in the hortologous region of rice, careful in evaluating the patterns of co-linearity
at small interval levels and in identifying the putative candidate genes/sequences
should be used.

7. CONCLUSIONS AND OUTLOOK

The development of lines combining the desired expression of qualitative traits,
such as those herein discussed, and acceptable yield levels still represents a major
challenge for all the breeders involved in wheat selection programmes.

The availability of molecular markers closely linked to the QTL/genes of interest
will allow for the implementation of MAS not only to select the individuals carrying
the favourable alleles at the target loci, but also to pyramid favourable QTL alleles
from different sources. MAS offers the opportunity for improving the efficiency of
the breeding process, particularly when phenotyping alone does not guarantee the
identification of the desired genotype or, alternatively, when labourious and time-
consuming analyses are required to perform the phenotypic evaluation. Moreover,
quick DNA extraction protocols coupled with high-throughput genotyping based
on the scoring of markers which do not require the use of gels (Salvi et al. 2001)
will streamline MAS at a lower cost.
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Abstract:

Barley genotypes, in particular landraces and wild species, represent an important
source of variation for adaptive traits that may contribute to increase yield and
yield stability under drought conditions, and that could be introgressed into improved
varieties. Traits that have been investigated include physiological/biochemical and
developmental/ morphological traits. Yield performance under drought is particularly a
complex phenomenon, and plants exhibit a diverse range of genetically complex mecha-
nisms for drought resistance. Quantitative trait loci (QTL) studies with and without
H. spontaneum have shown that developmental genes, notably those involved in
flowering time and plant stature show pleiotropic effects on abiotic stress tolerance and
ultimately determine yield. Problems associated with the hybridization of H. spontaneum
such as alleles with deleterious effects on field performance could be best addressed in
the advanced backcross (AB-) QTL analysis. It was interesting to see that in AB-QTL
populations like in balanced populations major QTL overshadowed minor QTL-alleles.
Nevertheless, crosses with H. spontaneum, AB-QTL populations and association studies
with H. spontaneum have also identified new alleles and genes that are related to
abiotic stress tolerance. In order to identify genes that are related to drought tolerance
microarrays analysis to monitor gene expression profiles for plants exposed to limited
water environment is performed. Several studies with rapid dehydration treatment have
shown that osmotic-stress-inducible genes could explain the response to drought stress
in plants. Another development is the identification and use of nucleotide polymor-
phisms (SNP) in genes related to abiotic stress tolerance. An understanding of the
combined function and expression of genes involved in various abiotic stresses, could
help identify candidate genes underlying QTL of interest.
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1. INTRODUCTION

Drought continues to be a challenge to agricultural scientists in general and plant
breeders in particular, despite many decades of research (Blum, 1996). Drought, or
more generally, limited water availability is the main factor limiting crop production.
Although it reaches the front pages of the media only when it causes famine
and death, drought is a permanent constraint to agricultural production in many
developing, and an occasional cause of crop losses in developed, countries. The
development, through breeding, of cultivars with higher harvestable yield under
drought conditions would be a major breakthrough (Ceccarelli and Grando, 1996).
However, the ability of some plants to produce a higher economic yield under
drought than others is a very elusive trait from a genetic point of view. This is
because the occurrence, severity, timing, and duration of drought vary from location
to location and in the same location from year to year. Cultivars successful in one
dry year may fail in another, or cultivars resistant to terminal drought may not be
resistant to intermittent drought, or to drought occurring early in the season (Turner,
2002). To make matters worse, drought seldom occurs in isolation; it often interacts
with other abiotic (particularly temperature extremes) and biotic (root diseases and
nematodes being the most obvious examples) stresses (Ceccarelli et al. 2004). In
addition, areas with a high risk of drought (and/or other abiotic stresses) generally
have low-input agriculture (Cooper et al., 1987). Thus, even though breeding for
drought tolerance is complex, it is worsened by its interactions with the other
stresses.

2. APPROACHES TO IMPROVEMENT
IN DROUGHT TOLERANCE

2.1. Breeding Approaches

Two contrasting philosophies have been used to breed crops for drought tolerance.
The first uses selection under optimum growing conditions, and is based on the
assumption that an increased yield potential will have a carryover effect when the
improved cultivars are grown under less favorable conditions. The second uses
direct selection in the presence of drought within the target environment, and can
take two forms: (i) selection for physiological or developmental traits (analytical
breeding), and (ii) direct selection for grain yield (empirical or pragmatic breeding).

The first philosophy has failed to produce convincing results. In barley, scientists
consistently found a negative relationship between yield potential and yield under
stress conditions (Van Oosterom et al., 1993). The circumstantial evidence of the
absence of a spillover effect is that drought continues to affect negatively agricultural
production worldwide, despite the spectacular increases in crop yields obtained
through breeding under optimum conditions.

Breeding based on traits associated with drought tolerance has been very
popular. Traits that have been investigated include physiological/biochemical and
developmental/morphological traits. The physiological/biochemical traits include
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osmotic adjustment, osmotic potential, water soluble carbohydrates, proline content,
stomatal conductance, epidermal conductance, canopy temperature, relative water
content, leaf turgor, abscisic acid content, transpiration efficiency, water use
efficiency, carbon isotope discrimination, and retranslocation. The develop-
mental/morphological traits include leaf emergence, early growth vigor, leaf area
index, leaf waxiness, stomatal density, tiller development, flowering time, maturity-
rate, cell membrane stability, cell wall rheology, and root characteristics.

In barley, scientists at ICARDA have found that the traits more consistently
associated with higher grain yield under drought are growth habit, early growth
vigor, earliness, plant height under drought, peduncle length, and short grain-filling
duration (Acevedo and Ceccarelli, 1989). The analytical approach has been very
useful in understanding which traits are associated with drought tolerance and why.
The approach has however been less useful in developing new cultivars that show
improved drought tolerance under field conditions. This is because, as mentioned
earlier, under field conditions, drought varies in timing, intensity, and duration.
Therefore, it is the interaction among traits that determines the overall crop response
to the variable nature of the drought stress, rather than the expression of any
specific trait (Ceccarelli et al., 1991). Although breeding for drought tolerance
based on direct selection for grain yield in the target environment (empirical
or pragmatic breeding) appears intuitively as the most obvious solution, it has
faced the criticism because the chances of progresses appears slow and remote.
Two of the major problems with selection in stress environments are precision
of selection and existence of several target environments. Each environment is
characterized by its own specific type of drought and generally a combination
of stresses.

The issue of precision of selection under moisture stress conditions has been
addressed by several papers, which have focused attention on the magnitude of
heritability (Ceccarelli, 1994). A review of literature (Ceccarelli, 1996a) has shown
the absence of a consistent relationship between grain yield (as a measure of the
intensity of the stress) and the magnitude of heritability. Recently, vom Brocke et al.
(2002) confirmed that in pearl millet, it is possible to detect genetic differences
even under severe moisture stress conditions. Furthermore, considerable progress
has been made in both experimental design and statistical analysis, which improve
the estimate of experimental error (Singh et al., 2003). Therefore, it is possible
to combine precision and relevance by conducting trials in the target environment
even when it is a stress environment.

The second issue is how to deal with the multitude of target environments. This
is intimately associated with broad and specific adaptation, which has been debated
in plant breeding since the early 1920s and is still highly controversial. One of the
causes of controversy is the definition of stress environment, which is different for
different crops. For example, in a country like Syria, with a large spatial variability
of rainfall, bread wheat, durum wheat, and barley are grown within short distances
in progressively drier environments with some overlapping. Therefore, a stress
environment for bread wheat is moderately favorable for durum wheat, and a stress
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environment for durum wheat is moderately favorable for barley and lentil. At the
drier end, barley is the only rainfed crop, while the other cereals are only grown
under irrigation.

Another cause of controversy is the confusion between adaptation over time and
adaptation over space, even though the distinction is of fundamental importance.
Adaptation over time (also called stability or dependability) refers to the perfor-
mance of a cultivar in a given location over several years. If the cultivar performs
consistently better than a reference cultivar, it is said to be stable. Adaptation over
space refers to the performance of a cultivar in several locations. If the cultivar
performs consistently better than a reference cultivar, it is said to be widely adapted.
It can be argued that wide adaptation over time (also defined as stability) is more
important to farmers than wide adaptation over space. The latter is, for obvious
reasons, the major concern of seed producers.

Breeding for specific adaptation is particularly important in crops predominantly
grown in unfavorable conditions, because unfavorable environments tend to be
more different from each other than favorable environments. Breeding for specific
adaptation to unfavorable conditions is often considered an undesirable breeding
objective, because it is usually associated with a reduction of potential yield under
favorable conditions. This issue has to be considered in its social dimension and in
relation to the difference between adaptation over space and adaptation over time.

2.2. Choice of Germplasm

Landraces are still the backbone of agricultural production in many developing
countries, and for crops grown in stress environments. The reasons farmers prefer
to grow only landraces or continue to grow landraces even after partial adoption
of modern cultivars are not well documented. These include quality attributes, seed
storability, and the ability of landraces to produce some yield even in difficult
conditions where modern varieties are less reliable.

The value of landraces in barley (Grando et al., 2001) and several other crops
(Brush, 1999) is well documented in Syria. The comparison between barley
landraces and modern cultivars in different conditions, ranging from severe stress
(low input and low rainfall) to moderately favorable conditions (use of inputs and
high rainfall) has given several indications (Table 1).

e Landraces produce more yield than the modern cultivars under low-input and
stress conditions.

e The superiority of landraces is not associated with mechanisms to escape drought
stress, as shown by their heading date.

e Within landraces, there is considerable variation in grain yield under low-input
and stress conditions, but all the landraces-derived lines produce some yield
whereas some modern cultivars do not.

e Landraces are responsive to inputs and rainfall, and the yield potential of some
lines is high, though not as high as modern cultivars.
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Table 1. Grain yields (kg/ha) of pure barley lines derived from Syrian barley landraces
and modern cultivars at three levels of drought stress® in northern Syria (Ceccarelli
1996b)

Environment  Landraces (N = 44)  Modern (N = 206)  Difference ~ p°

Stress 1038 591 447 <0.01
Intermediate 3105 3291 —-186 ns
Non-stressed 4506 6153 -1647 <0.01

#As defined by average precipitation and soil fertility
YBased on t-tests for groups of unequal size; ns = not significant

e It is possible to find modern cultivars that produce yields almost as high as
landraces under low-input and stress conditions, but the frequency is very low.
Selection conducted only under high input conditions is likely to miss most of the

lines that would have performed well under low-input conditions (Table 1).

2.3. Decentralized Selection

Selection for specific adaptation to drought stress in barley has been implemented at
ICARDA initially by expanding the evaluation of early segregating populations in
dry sites and by modifying the breeding method from a classical pedigree method to
a modified bulk (Ceccarelli, 1996b). The most important results of this choice have
been the re-evaluation of the role of landraces in breeding for drought tolerance
(described earlier), and the discovery of the importance of the wild progenitor of
cultivated barley, Hordeum vulgare ssp. spontaneum, as a source of tolerance to
extreme levels of drought. Gas exchange observations made at anthesis in a wet site
showed that H. spontaneum has widely open stomata, higher net photosynthesis,
and lower pre-dawn leaf water potential at this stage of development than cultivated
barley. The ability of some accessions of H. spontaneum to tolerate extreme levels
of drought stress was evident during the severe drought of 1987. Two lines of H.
spontaneum were the only survivors in the breeding nurseries at a site that received
only 176 mm rainfall (Grando et al., 2001).

These lines had some photosynthetic activity early in the morning, even though
six times less than in the absence of stress. The stomata were open and the pre-dawn
leaf water potential was negative. At the same time, the stomata of the black-seeded
local landrace Arabi Aswad, considered by farmers to be very resistant to drought,
were closed even though the pre-dawn leaf water potential was slightly higher
than in H. spontaneum. By midday, the stomatal conductance of H. spontaneum
decreased, the net photosynthesis became negative, while the stomatal conductance
of Arabi Aswad was zero.

Decentralized selection, i.e., selection in the target environment, is mostly
based on grain yield. Grain yield is considered as the integrated response of
a number of physiological, morphological, and developmental attributes. These
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attributes allow the particular genotype or population to perform better in the
particular type of drought encountered in a specific site and year, and in a
combination of that particular type of drought with other stresses. The genotypes
or populations selected under this specific set of conditions are then tested for
a second season in a number of sites, and if again successful, for a third
season.

The process makes use of the large annual variability, which characterizes stress
locations. Thus, in a short period such as three years, and in seven to ten sites,
there is a high probability that a genotype or population is exposed to a number
of different types of drought in terms of occurrence, timing, duration, and severity.
Therefore, the process progressively accumulates favorable alleles for performance
under various conditions (Figure 1).

The process relies heavily on grain yield, but we also consider other attributes
such as early vigor, habit of growth, flowering time, plant height, tillering, and,
when extreme stress conditions occur, leaf rolling and senescence. The process
combines the characteristics of the empirical and analytical approaches, and results
in a slow but steady increase in yield under a combination of stresses. Figure 1
shows an example of this steady increase using a number of lines developed between
1985 and 2000. The yield increased from less than 0.96 t/ha in Harmal to 1.4
t/ha in Arta. Arta, however, has the major handicap of becoming very short under
drought stress. A reduction of plant height is undesirable because it forces farmers
to harvest by hand, which is much more expensive than mechanical harvesting.
The use of H. spontaneum and one of the tallest selections from the black-seeded
landrace, Zanbaka, has produced nearly 1.5 t/ha yield with a plant height that is
only marginally lower than that of Zanbaka.
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Figure 1. Grain yield and plant height of barely lines developed during the last 15 years (rainfall
197 mmm)
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2.4. Conclusion

Barley breeding for stress environments is possible, provided it is conducted with
strategies and methodologies that have little in common with those used in breeding
for favorable environments. Adaptation over time can be improved by breeding
for specific adaptation to a particular stress environment. This can be achieved by
taking advantage of the temporal variability of stress environments, which permits
exposure of the same breeding material to variable combinations of stresses over a
(relatively) short period. We are aware that this is fundamentally different from the
modern trend of plant breeding towards broad adaptation over space. The difference
represents the contrasting interests of farmers and seed companies. Farmers are
interested in cultivars that are consistently superior on their farm, regardless of how
they perform at other locations or in other countries.

Recent advances in plant genomics have enabled the dissection of various
molecular mechanisms involved in drought, cold and salt stress tolerance and in
identifying various genes involved in these stress tolerance. Information generated in
genomics should be integrated into practical plant breeding. Various genes identified
in both model and crop plants could be used for developing stress tolerant plants
through either marker-assisted selection or direct gene transfer.

3. MOLECULAR APPROACHES TO DROUGHT TOLERANCE

The advent of molecular markers has revolutionized the genetic analysis of crop
plants and provided valuable new tools to identify chromosome regions influencing
tolerance to abiotic stresses. Marker technologies and saturated marker maps allow
the location of genomic regions or quantitative trait loci (QTL) with significant
effects on drought tolerance or yield stability under adverse environmental condi-
tions. The identification of these QTL with linked markers allows the breeders to
use marker-assisted selection as a complementary tool to traditional selection. In
addition, QTL mapping is a first step towards unraveling the molecular basis of
drought resistance, i.e., by map-based cloning (Frary et al., 2000), with the ultimate
goal of assigning functions to genes.

Yield performance under drought is particularly a complex phenomenon, because
yield itself is a quantitative trait, and plants exhibit a diverse range of genetically
complex mechanisms for drought resistance, including mechanisms of drought
escape, drought avoidance, and drought tolerance (e.g., osmotic adjustment). This
complexity may explain why most QTL studies of field-grown barley have so far
been performed in favorable conditions, while only few studies have performed
QTL analyses for agronomic performance under drought stress (Teulat et al., 2001b;
Baum et al., 2003; Talamé et al., 2004; Forster et al., 2004; Long et al., 2001).
These studies have shown that developmental genes, notably those involved in
flowering time and plant stature have pleiotropic effects on abiotic stress resistance
and ultimately determine yield potential.

In order to reduce complexity, physiological traits that have an influence on
yield performance under drought were investigated in several studies on osmotic
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adjustment, relative water content and carbon isotope discrimination conducted on
field-grown barley (Teulat et al., 2002) and under controlled conditions (Teulat
et al., 1998, 2001a).

In addition, the application of expression analyses and cloning techniques to the
analysis of stress response has allowed the detection of a number of candidate genes
whose expression is affected under stress (Cattivelli et al., 2002; Diab et al., 2004,
Choi et al., 2000, 2002).

The following paragraphs focus on QTL studies for plant height, flowering time,
and yield in relation to drought stress. Special emphasis is on studies using exotic
barley germplasm, as wild barley being adapted to drought environments represents
a promising resource for the improvement of drought tolerance. Therefore, recent
association tests with wild barley grown in the fertile crescent (Ivandic et al., 2002,
2003) and QTL studies on advanced backcross populations tested in stressed and
favorable conditions are discussed (Pillen et al., 2003, 2004; Matus et al., 2003; Li
et al., 2005; Li et al., 2006; Talamé et al., 2004; von Korff et al., 2004, 2006; Hori
et al., 2005). For balanced populations, only QTL analyses conducted under drought
stress are presented (Teulat et al., 2001b; Baum et al., 2003; Talamé et al., 2004;
Forster et al., 2004; Long et al., 2003). In addition, studies using physiological traits
as well as recent advances in the discovery of genes involved in stress tolerance
are introduced.

3.1. Chromosome Regions for Drought Tolerance and Developmental
Traits in Balanced Populations

Agronomic performance in balanced populations was tested under drought prone
conditions of West Asia, North Africa, and Australia. Baum et al. (2003) and
Grando et al. (2005) used 194 RILs, randomly selected from a population of 494
RILs, and tested them in the 1996-97 and 1997-98 cropping seasons at ICARDA’s
research stations near Tel Hadya and Breda in Syria. Total rainfall in Tel Hadya
in 1996-97 and 1997-98 was 433.7 and 410.5 mm, respectively, whereas in Breda
it was 230.8 and 227.4 mm, respectively. The map extended over 890 cM and
contained 189 marker loci, including one morphological marker locus (btr = brittle
rachis), 158 AFLP loci and 30 SSR loci. Teulat et al. (2001a,b, 2003), Forster et al.
(2004), and Diab et al. (2004) used a progeny of 167 two-row barley recombinant
inbred lines (RILs), and the two parents Tadmor (selected by ICARDA from Arabi
Aswad) and ER/Apm (an ICARDA breeding line released in Tunisia, Morocco
and Libya), which were grown in three Mediterranean sites (Montpellier, France;
Meknes, Morocco and Le Kef, Tunisia). The trial in Montpellier was conducted
under two water treatments in 1999; 360.5 and 458 mm. For the two other sites,
the plants were grown under rainfed conditions, in Meknes in 2000 (254.6 mm)
and 2001 (267.4 mm) and in Le Kef in 2001 (282.8 mm). One hundred and thirty-
three markers covered 1500 cM of the genome. Diab et al. (2004) added more
candidate genes and ESTs to the available map. Ellis et al. (2002) and Forster et al.
(2004) tested the Derkado/B83-12/21/5 doubled haploid population consisting of
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156 doubled haploid two row barley lines in Meknes and Kef additionally at two
sites (irrigated and non-irrigated) in Egypt. The cross was originally designed to
investigate malting quality, yield and disease resistance traits, but has now been
used to investigate over 60 traits including abiotic stress tolerance (Ellis et al.,
2002). Derkado/B83-12/21/5 carry the semi-dwarf gene sdwl and ari-e.GP. One
hundred and fifty-two markers covered 1426 cM of the eight linkage groups (3Ha,
3Hb, Ellis et al. 2002). Long et al. (2003) tested the 110 recombinant inbred lines
of the cross Mundah/Keel at different sites in South Australia in 1999-2001. The
cross was between a parent with superior adaptation on sandy soils low in fertility
(Mundah) and parent with poor adaptation (Keel). Fifty-four markers (14 AFLPs,
12 RFLPs, 28 SSRs) were mapped in this population.

The developmental trait, heading date, in barley is controlled by three genet-
ically independent mechanisms of the photothermal response, i.e., day length
(photoperiod), plant response to a sum of temperature over a period (earliness
per se), and response to a period of low temperature at the initial stages of plant
development (vernalization) (Ellis et al., 1990). The major genes for photoperiodic
response are the Eaml or Ppd-H1 location on chromosome 2H (bin 4, Laurie et al.,
1995) and Ppd-H2 on chromosome 1H (bin 14) (Laurie et al., 1995). Earliness per
se (eps) genes are minor genes, which influence onset of flowering independent of
temperature or light. They have been identified as eps2S on 2H (bin 6), eps3L on
3H (bin 13), eps4L on 4HL, epsSL on SH (bin 6), eps6L.1 and eps6L.2 on 6H (bin
7, 13), eps7S on 7TH (bin 3) and eps7L on 7H (bin 12) (Laurie et al., 1995). Vrn-HI
on chromosome 5H (bin 11), Vin-H2 on 4H (bin 13), and Vrn-H3 on 1H (bin 13)
determine the vernalization requirement in barley (Laurie et al, 1995; Dubcovsky
et al., 1998, Figure 2).

For days to heading a few major chromosomal locations have been repeatedly
identified in the above mentioned populations (Figure 2). QTL have been identified
on 7H (bin 2-3) (Baum et al. 2003; Long et al., 2003), 3H (bin 12) (Baum et al.,
2003; Teulat et al., 2001), 2H (bin 3-7) (Ppd-HI, Baum et al., 2003) 2H (bin
11-13) (Baum et al., 2003; Teulat et al., 2001), and 5H (bin 6) (Baum et al., 2003,
Figure 2). Under better rainfall conditions the locations on 3H (bin 12), 2H (bin
3-7) (Ppd-HI) and 2H (bin 13) were more important in the Arta/H. spontaneum
41-1 population whereas under drier conditions the 7H (bin 3) location was more
important (Baum et al., 2003). At the 7H location, H. spontaneum 41-1 contributed
the drought escape allele. In the Tadmor//ER/Apm population 2H (bin 13), 3H (bin
12), 5H (bin 11) and 7H (bin 9) are the important loci. Forster et al. (2004) pointed
out that for the Tadmor//ER/Apm populations flowering time variation in the RILs
under non-vernalization conditions may be due to the Vrn-H2 locus on 4H, and this
may account for a cluster of QTL in this region on chromosome 4H, even though
no QTL for heading date was among the QTL. Tadmor, however, has vernalization
requirements which might not always be met in North African sites.

One of the most important characters for the extreme drought conditions with
annual rainfall less than 200 mm is the plant height (under drought stress). Here,
alleles from H. spontaneum 41-1 become very useful to increase plant height. QTL
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Figure 2. Genetic map of barley with locations for selected QTLs for agronomic and physiological traits.
The genetic map is based on the Steptoe x Morex bin map by Kleinhofs and Graner (2001). Markers
and loci have been assigned to the bin with the help of reference markers. Marker names are given on
the left side of the chromosome bar. QTL for agronomic traits and physiological traits are presented on
the right side of the bar. Selected QTL are shown for yield (QYId), heading date (QHea), plant height
(QHei), physiological traits: relative water content (RWC), osmotic adjustement (OA), osmotic potential
(OP), water-soluble carbohydrate concentration (WSC) and carbon isotope discrimination (CID).
References: 1 Pillen et al., (2003), 2 Pillen et al., (2004), 3 Baum et al., (2003), 4 Talame et al., (2004), 5
Hori et al., (2005), 6 Li et al., (2005), 7 Li et al., (2006), 8 von Korff et al., (2006), 9 Teulat et al., (2001b),
10 Long et al., (2003), 11 Teulat et al., (1998), 12 Teulat et al., (2001a), 13 Teulat et al., (2002), 14 Teulat
etal., (2003), 15 Diab et al., (2004)

with major effects have been identified by Baum et al. (2003) on chromosomes 2H
(bin 13), 3H (bin 12, sdwl), and 7H (bin 3). These might be more specific to H.
spontaneum 41-1 background. In the Tadmor//ER/Apm population, major QTL for
plant height were located on 2H (bin 13), 3H (bin 6), 4H (bin 13), 6H (bin 10)
(Teulat et al., 2001). Plant height was not reported in the Mundah/Keel population.
As expected, sdwl (3H) and ari-e.GP (5H) had major effects on plant height
in the Drekado/B83-12/21/5 population. Both of them were also associated with
most of the traits assessed, such as seedling establishment, plant vigour, peduncle
length, thousand kernel weight and developmental rates between growth stages.
Additionally, ari-e.GP (5H) was associated with shoot weight, root weight, shoot
carbon isotope discrimination, and yield. Sdwl was associated with shoot carbon



APPROACHES AND STRATEGIES FOR DROUGHT TOLERANCE 61

isotope discrimination, root nitrogen isotope discrimination and grain nitrogen (Ellis
et al., 2002; Forster et al., 2004).

In the Arta/H. spontaneum 41-1 population, QTL for grain yield and biological
yield have been identified and located at the btr location on 3H (bin 3), and the sdw]
(bin 12) locus in the part of the population with non-brittle lines. In both locations,
pleiotropic effects for several other characters were identified. Other grain yield
QTL were identified on 4H (bin 13), SH (bin 11), and 7H (bin 3) (Baum et al.,
2003). Teulat et al. (2001b) identified QTL for grain yield on chromosome 4H
(bin 13); further on chromosome 7H (bin 9). In the Mundah/Keel population (Long
et al., 2003) grain yield QTL were identified on chromosome 1H (bin 7), 2H (bin
8) and 4H (bin 3). In the Drekado/B83-12/21/5 population, sdwl was associated
with grain yield in the three North African sites (Forster et al., 2004).

Cold and frost tolerance is a necessary requirement for barley production in the
Fertile Crescent. In the Arta/H. spontaneum 41-1 population eight QTL for cold
damage were identified. For the QTL with minor effects (2H, 4H and 6H), the
allele from the H. spontaneum line showed the better protection. For all other QTL,
the allele of Arta showed better ability to protect the plant from cold damage.
Three of the four alleles with a high effect on cold damage were localized on
chromosome 5H at the known locations for frost tolerance QTL (Pan et al., 1994;
Reinheimer et al., 2004; Francia et al., 2004). Additionally, a QTL on 7H was
identified. This is in agreement with the observation of Karsai et al. (2004), whose
survey of H. spontaneum accessions of the Middle East origin showed some degree
of vernalization response.

3.2 Genes Controlling Stress Tolerance

Cellular dehydration is common among the abiotic stresses and plants exhibit
common molecular responses to them. Accumulation of a family of proteins known
as dehydrins (Dhns) is one of the prominent components of this adaptive process
(Close 1997). Dhns typically accumulate in different tissues in response to low
temperature, drought, salinity, or abscisic acid (ABA) application and during the
late phase of embryogenesis. Dehydrin genes have been mapped in the barley
genome and some of them have been shown to co-segregate with stress tolerance
QTL (Cattivelli et al., 2002). Three Dhn loci (Dhnl/Dhn2 and Dhn9) are located in
the same region of chromosome SH where Vrn-H1, cold and salt tolerance QTL and
ABA accumulation QTL have been mapped. Similarly, the Dhn cluster comprising
Dhn3, Dhn4, Dhn5 and Dhn7 and the locus of Dhn8/pAF93 on chromosome 6H
are associated with drought tolerance QTL (Teulat et al., 2003). The recently
identified Dhnl0 gene is located on 3H between saflp106 and ABG4 and Dhn6 on
chromosome 4H (Choi et al., 2000). Thirteen barley Dhn loci (Choi et al., 1999,
2000; Choi and Close 2000) have been identified and located on the different barley
chromosomes.

Single-gene expression studies and transcriptome profiling in response to drought
and cold revealed the induction of ‘effector’ genes responsive to a single stress
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such as the barley Corl4b or Arabidopsis Rd22 and genes whose expression
changed in response to both drought and cold (e.g. barley Dhn genes or Arabidopsis
Rd29a). This suggests the existence of crosstalk between distinct stress-signaling
pathways (Shinozaki et al., 2003) as quoted by Tondelli et al. (2006). Several
transcription factors regulating stress inducible expression of the above mentioned
effector genes via interaction with cis-acting elements in promoter regions have been
isolated and characterized. The barley HvCbf3 gene, ortholog of the Arabidopsis
CBF/DREBI gene has been mapped to a position more proximal to the Dhnl/Dhn?2
— Dhn9 interval. Skinner et al. (2006) investigated and mapped homologs of the
Arabidopsis low temperature regulatory genes CBFs to determine if there were
candidates for winterhardiness-related quantitative trait loci (QTL). Twelve of the
CBF genes were located on SHL and 11 of them formed two tandem clusters.
AtFRYI and AtICE] are regulators of CBF genes. The barley orthologs were mapped
to chromosome 7H. TC147474 might be a positional candidate gene for the drought
tolerance QTL located on chromosome 7H (Teulat et al., 2001). The TC147474
(FRY1) might co-locate with the QTL for kernel weight and earliness in the same
population.

3.3. Putative Traits for Drought Tolerance: Physiological Traits

Breeding for drought tolerance based on traits associated with drought resistance,
but easier to select for than grain yield, has been and still is very popular. Some
physiological responses have been observed in plants induced by drought stress
(Ludlow and Muchow, 1990).

Osmotic adjustment (OA) has been found to be one of the physiological mecha-
nisms associated with plant tolerance to water deficit (Blum, 1988). Relative water
content (RWC) is a measure of plant water status resulting from a cellular water
deficit. RWC is an appropriate estimate of plant water status as affected by leaf water
potential and OA. Carbon isotope discrimination is another method used to screen
for drought tolerance. The correlation between water use efficiency and carbon
isotope discrimination has been extensively studied in several crops including wheat
(Farquhar and Richards 1984; Condon et al., 1987) and barley (Araus et al., 1997).

The chromosomal location of some traits related to drought tolerance is known.
Differentially expressed sequence tags related to drought tolerance have been
mapped in the Tadmor//ER/Apm RIL population by Diab et al. (2004). Osmotic
potential, OP100 (is the osmotic potential under full turgor) and RWC are compo-
nents of OA and they are highly correlated (Teulat et al., 1997). For that reason, OA
is considered a drought-related trait (Teulat et al., 2001a). Several chromosomal
regions related to variation in OA and water status were detected. Two QTL were
identified for OA, one on chromosome 3H and one on SH (Teulat et al., 2001; Diab
et al., 2004) (Figure 1).

The genomic regions with QTL clusters for physiological traits were found on
IH (bin 13), 2H (bin 8), 5SH (bin 1), 6H (bin 10) and 7H (bin 7) (see Figure 1).
For example, QTL for RWC, OA and OP were all mapped to approximately the
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same chromosomal location on 6H (Teulat et al., 1998, 2001a, 2003; Diab et al.
2004). This locus on 6H matches the location of the candidate genes Dhn3, Dhn4,
Dhn7, Dhn5, which are expressed during drought and/or cold stress (Cattivelli et al.;
2002). Genomic regions with effects on OA, OP and RWC coincided with QTL
for flowering time, height and yield as for example on 2H (bin 8) and 4H (bin
13) (Figure 1). The co-location of the QTL for DWSC100 (difference in water-
soluble carbohydrate concentration between well-watered and stressed plants) and
RWC in more than one genomic region, 2H (bin 4, bin 8) and 3H (bin 3), under
water stress suggests that the accumulation of WSC (water-soluble carbohydrate
concentration) may be important for plants to maintain their RWC. QTL for carbon
isotope discrimination (CID) did also overlap with loci identified for RWC, OA
and OP (1H, 2H, 7H). In addition, CID was located close to genomic regions with
relevance for agronomic performance such as on 2H (bin 8) and 3H (bin 12).

34. Dormancy and Desiccation Tolerance

Seed dormancy in wild barley is an abiotic stress tolerance characteristic because
in nature seed dormancy allows plants to escape drought and high temperatures in
the warmer summer months (Snape et al., 2001). Drought, salinity, and freezing are
stresses that lead to cellular dehydration through different mechanisms. The common
component of water stress is evident in shared molecular responses to these stresses.
Examples of such responses are common genes induced by all three types of stress and
the importance played by the phytohormone abscisic acid (ABA). The coincidence of
dormancy QTL with the abiotic stress tolerance QTL indicates that there might be a
common physiological basis for dormancy (Zhang et al., 2005). One may infer that
dormancy QTL are associated with those QTL that control abiotic stress tolerance.
QTL have been identified on chromosomes 4, 5, and 7H in the Steptoe/Morex mapping
population, chromosomes 1 and 5H in the Harrington/TR306 population, chromo-
somes 2H, 3H, and 5H in the Triumph/Morex population, and chromosomes 2H, 5H,
and 7H in the Harrington/Morex population (Zhang et al., 2005). Zhang et al. (2005)
identified QTL that are coincident with abiotic stress tolerance QTL in a cross with
H. spontaneum: CD1H2 with a salt and drought tolerance QTL on chromosome 1H,
CD2H with a drought tolerance QTL on chromosome 2H, CD4H with a salt tolerance
QTL on chromosome 4H, CD5H1 and CD5H2 with a salt and a cold tolerance QTL,
and CD7H3 with a drought tolerance QTL (Cattivelli et al., 2002).

3.5. Association Mapping for Drought Tolerance in Natural
Populations

Wild barley from the Fertile Crescent shows a high phenotypic and genetic diversity
and distinct changes in allele frequencies along climatic and geographic gradients.
Ivandic et al. (2000) demonstrated that wild barley accessions sampled from a
100 m transect in Israel exhibited marked differences in response to water deficit.
The same barley population with 52 different accessions was genotyped with 33
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evenly distributed SSRs and phenotyped for developmental, morphological and
yield-related traits under well watered and water stress conditions (Ivandic et al.,
2003). The authors found significant associations for all studied traits, in particular
at Bmacl81 (4H) close to the dehydrin locus Dhn6 and Bmacl8 (6H) adjacent
to the gene cluster Dhn3, Dhn4, Dhn5, Dhn7. In a previous association study,
Ivandic et al. (2002) tested association of flowering time and adaptation to site
of origin ecology and geography with 33 SSRs in 39 wild barley accessions from
Israel, Turkey, and Iran. Flowering time was tested with and without vernalization
and in long and short day. Significant associations for flowering were primarily
detected close to known locations of earliness-per-se genes (eps) while none of the
major photoperiod or vernalization response genes were detected in the wild barley
germplasm. In addition, nine of the 14 significant associations with ecology and
geography were also significant for flowering time, which underlines the importance
of plant development in adaptation. The authors concluded that wild barley is
characterised by different adaptation mechanisms and novel alleles as compared to
cultivated barley. Association mapping in genetically diverse germplasm may thus
form an effective strategy for detecting genomic regions and novel alleles from
wild barley involved in adaptation to stressed environments.

4. ADVANCED BACKCROSS POPULATIONS

Wild barley has often been considered a promising resource for the improvement
of agronomic and quality traits as well as stress tolerance. Ellis et al. (2000), for
example, postulated that exotic barley being adapted to a wide range of environments
offers the prospect of a goldmine of untapped genetic reserves. Nevo et al. (1992)
demonstrated that wild barley harbours considerably more genetic variation than
the cultivated species, and that many exotic alleles are associated with adaptation to
specific environments with different abiotic stress conditions. As such, the challenge
remains to identify allelic variation for these genes in exotic germplasm, with the
most beneficial pleiotropic effects on abiotic stress resistance, and to introduce them
into breeding programs. However, the improvement of agronomic performance with
exotic germplasm is not straightforward, because wild barley harbours many alleles
with deleterious effects on field performance.

With the advanced backcross quantitative trait locus (AB-QTL) mapping
approach, Tanksley and Nelson (1996) developed a strategy, which allows a
targeted transfer of favorable exotic alleles into elite breeding material. Through
this approach, specific exotic alleles derived from the exotic donor are tagged with
molecular markers and tested for association with agronomic traits. Since QTL
detection is carried out in advanced backcross populations, problems associated
with considerable phenotypic variation, linkage drag and epistasis in interspecific
crosses are reduced. In addition, identified favourable QTL alleles can be rapidly
transferred into QTL-NILs (near-isogenic lines) and used for breeding as well as
for the analysis of gene function. In the following paragraphs, the performance of
exotic alleles in advanced backcross populations is discussed for flowering time,
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plant height and yield as relevant indicators for field performance under extreme
and more favourable climatic conditions.

Several studies have employed the AB-QTL strategy to introgress exotic barley
alleles into barley cultivars and examine agronomic performance, quality and disease
tolerance (Pillen et al., 2003, 2004; Matus et al., 2003; Talamé et al., 2004; Forster
et al., 2004; Li et al., 2005, 2006; Hori et al., 2005; von Korff et al., 2004, 2005,
2006; Yun et al., 2006, Figure 2). Whereas Pillen et al., (2003, 2004), Talamé
et al., (2004), Forster et al., (2004), Li et al., (2005, 2006), von Korff et al., (2005,
2006) and Yun et al., (2006) concentrated on the analysis of phenotypic data from
extensive field or greenhouse trials, Matus et al. (2003), Hori et al. (2004) and
von Korff et al. (2004) focused more on the development of advanced backcross
populations and detailed characterization of the genetic structures of these new
genetic resources. Matus et al. (2003) developed recombinant chromosome substi-
tution lines (140 BC2F6) derived from ‘Harrington x Caesarea 24-26’, analyzed
them for agronomic, domestication-related traits and malting quality in California
and conducted association test with 47 SSR markers. Hori et al. (2005) generated
recombinant chromosome substitution lines, a BC3F1 (134 lines) and a derived DH
(93 lines) population, from the cross Haruna Nijo x H602. The populations were
phenotyped for seed dormancy and several agronomic traits in one environment and
genotyped with 25 SSRs and 60 ESTs. Von Korff et al. (2004) developed the two
BC2DH populations ‘S42° from ‘Scarlett x ISR42-8” (301 lines) and “T42’ from
‘Thuringia x ISR42-8’ (84 lines). The authors described the genomic architecture of
two derived sets of candidate introgression lines as revealed with 98 and 65 SSRs.

Pillen et al. (2003, 2004) conducted the first thorough analysis of the agronomic
performance of exotic barley germplasm. They genotyped two BC,F, populations
Apex x ISR101-23 (136 lines) and ‘Harry x ISR101-23" (164 lines) with 45 and 50
SSRs, respectively. They field-tested them for agronomic traits and malting quality
parameters in two consecutive years and at three different locations in Germany.
A gronomic performance of the exotic germplasm under drought conditions was
analyzed by Talamé et al. (2004). They examined a selected set of 123 DH lines
derived from a BC,F, Barke x HOR11508 in Italy, Morocco, and Tunisia (Forster
et al., 2004). They studied the DH lines for agronomic traits and conducted a QTL
analysis with 54 polymorphic AFLP markers and 59 SSRs.

Li et al. (2005) performed an AB-QTL analysis in 181 selected BC;DH lines
derived from the spring barley cultivar, Brenda, and the exotic accession, HS213.
The population was tested in field trials in two consecutive seasons and at two
different locations in Germany, and genotyped with 60 SSRs, revealing that only
61% of the lines carried a detectable introgression. Von Korff et al. (2005, 2006)
phenotyped 301 BC,DH lines of the population ‘S42’ for agronomic performance
and disease resistance in two consecutive years and at four different locations in
Germany. Li et al. (2006) tested 200 BC,F, derived lines from the cross Brenda
x HS584 at two locations over four years and conducted a QTL analysis with 108
SSRs. Yun et al. (2006) developed an AB-population (BC,F,4) from the cross
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Harrington x OUH602, phenotyped the population for seedling disease resistance,
and conducted a QTL analysis with a set of 111 SSRs.

The exotic donors used in these studies were derived from Israel (Pillen et al.,
2003, 2004; Li et al., 2005, 2006; Matus et al., 2003; von Korff et al., 2004),
Greece (Talamé et al., 2004), and the Caspian Sea region (Hori et al., 2005).
Their selection was primarily based on per se performance, origin, and passport
data. QTL analyses, however, have shown that the phenotype of a plant is only a
modest predictor of its genetic potential, especially with respect to quantitative traits
(Tanksley et al., 1996). Accordingly, von Korff (2005) selected the donors based
on agronomic performance of backcross progeny derived from crosses between ten
barley cultivars and ten H. vulgare ssp. spontaneum accessions, rather than on per
se performance of the wild barley accessions. Despite the rich collections of exotic
barley, the challenge remains to develop strategies for effectively sampling novel
and favourable exotic alleles and introducing them into elite germplasm.

The potential use of wild germplasm for the improvement of agronomic traits
is still a matter of controversy. Matus et al. (2003) and Li et al. (2004) did not
detect favourable exotic alleles for yield. They characterised the use of wild barley
as disappointing from a plant breeding perspective, but suggested that exotic intro-
gression libraries may be a valuable tool for gene discovery. In contrast, Pillen
et al. (2003) found that at 34% of all QTL, the exotic allele improved agronomic
performance. Similarly, von Korff et al. (2006) detected favorable exotic alleles at
36% of all QTL in the BC2DH population ‘S42’.

Pillen et al. (2003) and von Korff et al. (2006) reported that the maximum
average yield increase associated with an exotic QTL allele resulted in an average
yield improvement of 7.7% and 7.1 %. Pillen et al. (2003) explained the lower
favorable effect of exotic alleles on yield compared to the strong effect of exotic
alleles in tomato (34%) (Fulton et al., 1997) and rice (17%, 18%) (Xiao et al. 1996,
Xiao et al. 1998) with different breeding systems. In barley, homozygous backcross
lines were analyzed (Pillen et al., 2003, 2004, Matus et al., 2003, Li et al., 2004).
Fulton et al. (1997) and Xiao et al. (1998), however, compared hybrids in tomato
and rice, where heterosis effects between elite and exotic germplasm may have
contributed to the yield increase. Talamé et al. (2004), however, identified exotic
QTL alleles in barley, causing an average yield increase of 17%, which is consistent
with results in tomato and rice. This higher yield increase can possibly be explained
by a selection against negative agronomic characters during the establishment of
the AB-population. The exotic introgressions in AB-populations, however, are still
relatively large, an average introgression size of 38.6 cM (Matus et al. 2003)
and 35 cM (von Korff et al. 2004) was reported, and they contain thousands of
genes. Therefore, selection against deleterious characters risks the elimination of
linked alleles with a potentially beneficial effect. On the other hand, if major
alleles with deleterious effects are removed, effects of minor alleles may be more
easily detectable. Notorious examples here are the two complementary genes on
chromosome 3H, Brtl and Brt2 (Azhacuvel et al. 2006) with the dominant exotic
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allele causing the formation of a brittle rachis with a strong negative effect on yield
performance.

In addition, all these AB-QTL analyses reported a strong segregation of flowering
time and plant stature in their respective populations. Wild barley is characterized
by early and heterogeneous flowering and prostate growth behavior, which is
presumably an adaptation strategy to drought-prone environments. Correspond-
ingly, the majority of exotic alleles caused early flowering with the strongest effect
consistently found at a QTL on 2HS (Pillen et al., 2003; Li et al., 2005, 2006; von
Korff et al., 2006). This region harbors the photoperiod response gene Ppd-H],
which promotes early flowering under long day conditions (Laurie et al., 1995).
At other loci, however, the exotic allele clearly delayed flowering, for example, at
QTL close to the vernalization response genes Vrn-HI (Hori et al., 2005; Li et al.,
20006), Vrn-H3 (Talamé et al., 2004; von Korff et al., 2006) and Vrn-H2 (Pillen
et al., 2003, 2004; Korff et al., 2006). An effect of the exotic allele on heading date
was also repeatedly found on 2H, bin 13 (Pillen et al., 2003, 2004; Talamé et al.,
2004; von Korff et al., 2006), 3H, bin 3 close to the btr loci (Pillen et al., 2004,
Talamé et al., 2004; von Korff et al., 2006), 3H, bin 12 and adjacent to the sdwl
locus (Pillen et al., 2004; Talamé et al., 2004; von Korff et al., 2006; Li et al.,
2006) and 7H, bin 9 (Pillen et al., 2003, 2004; Talamé et al., 2004; von Korff et al.,
2000).

AB-populations also show a large variation for plant height. Talamé et al. (2004)
found a maximum variation in plant height of between 88 and 144 cm in Morocco.
Von Korff et al. (2006) reported an average plant height in the population ‘S42’
across eight environments of between 63 cm and 110 cm. Major plant height QTL
were located on 2H, bin 8 (Pillen et al., 2004; von Korff et al., 2006; Li et al., 2006),
3H, bin 12 (Talamé et al., 2004; von Korff et al., 2006), 4H, bin 13 (Pillen et al.,
2003, 2004; Talamé et al., 2004; von Korff et al., 2006) and 5H, bin 6 (Talamé
et al., 2004; Li et al., 2005; von Korff et al., 2006; Li et al., 2006). Corresponding
candidate genes are the semi-dwarf genes sdw3,p; (Gottwald et al., 2004), sdw 13,
and ari-e.GP sy, and the flowering loci Ppd-H1,p and Vrn-H2,,,. At the majority
of QTL-loci, the exotic allele increased plant height, in particular at QTL close to
the candidate genes sdw! and ari-e.GP, but at the QTL on 2HS and 4HL the exotic
allele consistently reduced plant height.

Under drought conditions, heading is negatively and plant height positively corre-
lated with yield, indicating that tall early heading genotypes present a good yielding
capacity under water limiting conditions. Indeed, the strongest favorable effects
of the exotic germplasm on yield were found under drought conditions in Tunisia
and Morocco (Talamé et al., 2004). The same authors, however, observed that the
exotic alleles with a delay in flowering time showed a favorable effect on yield,
indicating that the favorable effect on yield under conditions of limited water was
not due to drought escape but to an increase in yield potential. Similarly, in the
AB-population ‘S42’ the exotic introgression on 4HL showed a favorable effect
on yield under drought conditions, although this QTL-allele postponed flowering
(Hamam et al., in prep).
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In AB-QTL studies, major QTL loci often showed pleiotropic effects on a number
of different traits and resulted in a strong clustering of QTL in particular on 2HS,
3HL, 4HL, and 5SHL. The exotic introgression at the semi-dwarf locus sdwl, for
example, affected, next to flowering time, plant height, yield and thousand grain
weight (Pillen et al., 2003; Li et al., 2005; von Korff et al., 2006; Li et al., 2006,
Figure 2). Similarly, QTL close to the Vrn-H2 locus influenced heading data, plant
height, and yield (Pillen et al., 2003; Talamé et al., 2004; von Korff et al., 2006).
Although the donor and recipient germplasm differed between the cited AB-QTL
studies, the exotic alleles exhibited predominantly the same qualitative effect at
these major QTL for heading date, plant height, and yield. The exotic alleles are thus
often similar in their effects and clearly different from the elite alleles. Wild barley
thus harbors novel genetic variability for these key loci. The AB-QTL strategy
allows the selection of major genes/alleles from the exotic gene pool with the most
beneficial pleiotropic effects, especially in stress environments, and introduces these
into breeding programs while eliminating negative alleles such as brittleness.

Eshed and Zamir (1994) demonstrated that introgression lines in tomato are a
powerful tool for map-based cloning (Frary et al., 2000) and the discovery of gene
function by transcriptome and metabolome analysis (Schauer et al., 2006). In barley,
advanced backcross populations enable the fast generation of such introgression
lines as demonstrated by von Korff et al. (2004) and Hori et al. (2005). Von Korff
et al. (2004) selected from each of the BC2DH populations ‘S42° and ‘T42’ and
Hori et al. (2005) from the BC;F, population Haruna Nijo x H602, a minimal set
with 49, 43, and 19 introgression lines, respectively, which cover a large percentage
of the exotic genome in overlapping exotic segments. Further backcrossing and
establishment of nearly isogenic lines generate a valuable resource for validating
the effects of exotic QTL-alleles, introducing them into elite cultivars, map-based
cloning of verified QTL, and ultimately for the study of gene function.

S. IDENTIFICATION OF FUNCTIONAL GENES RESISTANT
TO DROUGHT BY MICROARRAY

A number of genes have been described that respond to drought at the transcrip-
tional level (Bray 1993; Seki et al., 2002; Cheong et al., 2003; Liu and Baird,
2004). The functions of some genes have been predicted from sequence homology
with known proteins and are thought to have a role in protecting the plant from
water deficit. Some important stress-inducible genes have been used to improve
the stress tolerance of plants by gene transfer (Xu et al., 1996; Pellegrineschi
et al., 2002, 2004; Abebe et al., 2003; Umezawa et al., 2006). Although a large
number of drought-induced genes have been identified in a wide range of plant
species, a molecular basis for plant tolerance to water deficit remains far from being
completely understood (Ingram and Bartels, 1996; Bruce et al., 2002).

There is widespread interest in using microarrays to monitor gene expression
profiles for plants exposed to limited water environment. Several studies with rapid
dehydration treatment have shown that osmotic-stress-inducible genes could explain



APPROACHES AND STRATEGIES FOR DROUGHT TOLERANCE 69

the response to drought stress in plants (Seki et al., 2001; Ozturk et al., 2002; Seki
et al., 2002; Shinozaki et al., 2003; Talamé et al., 2003; Ueda et al., 2004; Zhang
et al., 2004). It is also thought that these gene products may play important roles
in the adaptation of plants.

It has become evident that multiple stress responses are necessary for plants to
endure severe stress conditions (Nakashima and Yamaguchi-Shinozaki, 2006). It is
possible for a single transcription factor to control the expression of many target
genes through the specific binding of the transcription factor to cis-acting element in
the promoters of their respective target genes. Nakashima and Yamaguchi-Shinozaki
(2006) described the expression mechanisms of osmotic stress-responsive genes
for the presence of multiple regulons in Arabidopsis. The dehydration-responsive
element-binding protein (DREB1)/C-repeat (CRT)-binding factor (CBF) regulon
is revolved in osmotic stress-responsive gene expression, and the other regulons
including the DREB2 regulon are involved in osmotic stress-responsive gene
expression. It is expected that biotechnological efforts, which strive to control gene
expression within these regulons, will improve tolerance against multiple stresses
in plants.

5.1. Responsive Genes to Osmotic-/Drought-Stress in Barley Under
Seedling Stage

Compared with the model plant, barley, a major crop plant, is one of few rainfed
crops in the dry areas. Thus, it is a good target for the study of the mecha-
nisms of drought tolerance in crop plants. However, until now, there are only few
reports on the use of barley cDNA micro-array for transcriptional analysis under
dehydration (Ozturk et al., 2002) and osmotic stress (Ueda et al., 2004) conditions.
Response to dehydration in barley (Hordeum vulgare L. cv. Tokak) was monitored
by micro-array of 1463 DNA elements (Ozturk et al., 2002). Transcripts that showed
significant up-regulation under dehydration stress were exemplified by jasmonate-
responsive, metallothionein-like, late-embryogenesis-abundant (LEA) and ABA-
responsive proteins. The most drastic down-regulation in a category was observed
for photosynthesis-related functions. Under osmotic stress, Ueda et al. (2004) found
that 52 genes were differentially expressed in a total of 460 non-redundant cDNA
microarray, 22 of which were up-regulated, such as sucrose synthase, GAPDH,
alanine aminotransferase, lipoxygenase, and PMP3. Thirty genes, including sugar
transporter, HSP70, serine/threonine kinase, PEPC, actin, water channel 2, etc., were
down-regulated. Although information regarding expression profiles in response to
the development of abrupt and severe water stress is useful, studies that impose
slower, more realistic rates of dehydration are needed.

In an attempt to meet this need, Talamé et al. (2003) compared gene expression
patterns between several water stress treatments in young barley plants. From the
tissues of treated and control plants, mRNA was extracted, labeled, and hybridized
to micro-arrays containing 1,463 DNA elements derived from barley cDNA libraries
(Ozturk et al., 2002). Micro-array analysis with mRNA extracted from water
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shock and control tissues largely confirmed the changes in the expression level of
transcripts as reported earlier by Ozturk et al. (2002). Nearly 15% of all transcripts
were either up- or down-regulated under conditions of rapid drought stress.
Transcripts that showed significant up-regulation included jasmonate-responsive,
metallothionein-like, late-embryogenesis-abundant (LEA), and ABA-responsive
proteins. In the second experiment, water-stressed plants showed significant changes
in transcript abundance after the seventh day of water deficit when the relative water
content was ca. 90-93%. The greatest change in expression was observed after
eleven days of treatment. As in the water shock experiment, expression profiles
were analyzed by cluster analysis. It was shown that the majority of treatment
effects were due to transcript changes in genes whose putative function involved
protein synthesis, and turnover early in the experiment followed by later induction
of known stress-responsive transcripts.

5.2. Transcriptional Analysis Between Drought-Tolerance
and Sensitive Genotypes at the Reproductive Stage

The grain yield of barley is likely to be reduced a little if drought stress occurs
during the vegetative period. However, it is vulnerable to drought stress during
the reproductive growth stage, which is usually characterized by terminal drought
stress (Ceccarelli et al., 2004). Understanding the molecular mechanism of drought
tolerance during the reproductive growth stage may facilitate identification of novel
drought tolerance genes for genetic improvement of barley cultivars. Meanwhile, the
different genotypes contrasting in drought tolerance should have different mecha-
nisms in response to drought stress. Therefore, it is meaningful to investigate and
identify the genes that are differentially expressed between drought-tolerant and
-sensitive genotypes under water deficit conditions at the reproductive stage, and
to gain insight into the processes involved in stress responses by analyzing their
expression profiles.

Exploration for differentially expressed genes responsive to drought has been
carried out at the International Center for Agricultural Research in the Dry Areas
(ICARDA) using two barley genotypes of Tadmor and WI2291 as experimental
material (Guo et al., 2005). A greenhouse experiment was conducted in an ICARDA
temperature-controlled greenhouse with 16 hours daylight at 30°C and 8 hours dark
period at 20°C with pots to estimate drought tolerance of two barley genotypes.
Drought stress was imposed at the heading stage by reducing available water in the
soil from 70% (non-stress condition) to 10% (severe drought stress). Two physi-
ological traits chlorophyll content and Fv/Fm (maximal fluorescence (F,,)/variable
fluorescence (F,)) and grain yield were measured Tadmor showed significantly less
yield loss than WI2291 under drought stresses, and there was almost no difference
in the reduction of grain yield between moderate and severe drought stress in
Tadmor, but there were pronounced differences in WI12291 (Figure 3). The ratio of
F,/F,, indicates the potential photochemical yield of PS II and quantum efficiency,
and it is an important index for evaluating the photosynthesis efficiency (Figure 3).
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Figure 3. Grain yield of Tadmor and WI2291 under the three moisture regimes in the soil (means + SE)
e CK = well-watered conditions, 70% available water in the soil

e MDS = moderate drought stress, 35% available water in the soil

® SDS = severe drought stress, 10% available water in the soil

In this study, the chlorophyll content and the ratio of F,/F, slightly decreased
with time and almost remained constant in control leaves in both varieties through
the 13-day period after treatment (Figure 4). However, the chlorophyll content and
the ratio of F /F,, obviously decreased after 7 and 9 days in severe drought stress
(SDS), 9 and 11 days in moderate drought stress (MDS) for Tadmor and after 5
and 7 days in SDS, 7 and 7 days in MDS for WI2291 after imposing water deficit.
The chlorophyll content and the ratio of F /F,, decreased more in WI2291 than in
Tadmor. These results confirm the field observation that Tadmor is more tolerant
to water deficit stress than WI2291.

For gene expression analysis through 22K of Affymetrix GeneChip Barley 1
arrays, total RNAs were isolated from the flag leaves of Tadmor and WI2291 at
the 3rd day of severe drought stress and non-stress treatment at post-anthesis stage.
Sample processing, hybridization, and scanning of Affymetrix Barley Genome
Arrays were performed through the standard Affymetrix protocol (Affymetrix
GeneChip® Expression Analysis Technical Manual). Gene ontology analysis was
conducted by HarvEST Barley 1.34 and GO functional categorization at TAIR (The
Arabidopsis Information Resource). The results showed that some functional genes
in both genotypes have similar response to water deficit stress in gene expression
profiles, 77 of those genes were found to be significantly differentially expressed
in Tadmor and WI2291 after drought stress. These genes may only be common
genes responsive to drought stress since they appeared in both the tolerant and
sensitive genotypes. The gene expression profiles were further analyzed for explo-
ration of specific genes in response to drought stress through the comparison of
gene expression profiles to drought stress between Tadmor and WI2291, 372 genes
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Figure 4. Chlorophyll fluorescence parameters (Fv/Fm) and chlorophyll contents of Tadmor and WI12291
under well-watered conditions (mean + SE of five individual measurements)

were found to be significantly differentially expressed between two genotypes at
post-anthesis drought.

Under drought stress different varieties of barley should respond to this stress
with changing expression of sets of genes regardless of whether they are tolerant
or sensitive to drought. Some of these differentially expressed genes may only be
responsive/induced genes without contributing to the tolerance, while some of them
may be specific genes that allow the plant to adapt to the stress. A number of
genes showed in both lines, Tadmor and WI2291 a differential expression under
drought. The results indicated that the genes like dehydration-responsive protein
RD22, early drought-induced protein, heat shock protein-like, dehydrin 3, protein
kinase HYPKABAI, protein kinase SPK-3, pyrophosphate-dependent phosphofruc-
tokinase, etc., increased significantly with severe drought stress of post-anthesis
stage in both varieties. These genes could putatively only be responsive/induced
genes to drought stress. The comparative analysis of gene expression profiles
between Tadmor and WI2291 indicated that some genes were regulated by drought
stress and could putatively be the specific/responsible genes for drought tolerance
in Tadmor. These include serine/threonine kinase-like protein, hepatoma-derived
growth factor, inositol-3-phosphate synthase, microsomal signal peptidase, chloro-
phyll a/b-binding protein 1A, ribulose-bisphosphate carboxylase activase, patho-
genesis related protein-1 and 4, PRB1-2, PRB1-4, ABC transporter family protein,
organic anion transporter, glutathione S-transferase, OsGSTT1, etc.. All these results
may provide new insights for the response of plants to water deficit stress.
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6. SNPS FOR THE SELECTION OF ABIOTIC STRESSES

Single nucleotide polymorphisms (SNP) result from a single base mutation, which
substitutes one base for another, are biallelic in nature and less polymorphic than the
multiallelic microsatellites. However, the extraordinary abundance of SNPs in the
genome largely offsets the disadvantage of their being biallelic and makes them the
most attractive molecular marker system developed so far (Gupta et al., 2001). The
allelic frequencies of a given SNP may vary in different populations. On average,
an SNP is believed to be present in every 100 to 300 bases in any genome (Gupta
et al., 2001). Their wide distribution in the genome, coupled with the availability
of several high throughput assay systems, makes SNPs good candidates as genetic
markers for both mapping and association genetic studies in plants (Wilson et al.,
2003).

The development of new varieties tolerant to abiotic and biotic stresses is
an essential part of the continued barley improvement program. Rostoks et al.
(2005) developed more than 2000 genome-wide barley SNPs from eight diverse
barley accessions. The genes used for SNP discovery were selected based on
their transcriptional response to a variety of abiotic stresses such as high salt,
drought, low temperature, low nitrate, and water logging. More than 300 SNPs were
found in three mapping populations (Oregon Wolfe Dominant x Oregon Wolfe
Recessive, Steptoe X Morex and Lina x Hordeum spontaneum 92) in an integrated
linkage map incorporating a large number of RFLP, AFLP, and SSR markers.
The integrated map showed good agreement with the published maps in terms of
marker order, and known abiotic stress QTL mapped in relevant crosses. A number
of stress responsive genes mapped to chromosome 5SH and could potentially be
involved in salt and low temperature tolerance. These include cyclic nucleotide-
gated ion channels (scsnp46137, scsnp14060, scsnpl14759, scsnp22879), putative
heat shock proteins (scsnp00892, scsnp01204, scsnp02771, scsnp6096), M-type
thioredoxin (scsnp03171), putative protein kinase (scsnp14350), putative multidrug,
and toxic compound extrusion efflux transporter (scsnp15296). An understanding
of the combined function and expression of genes involved in various abiotic
stresses, which could help identify candidate genes underlying the QTL of interest
is important.

7. CONCLUSIONS

Numerous QTL studies for agronomic performance have been conducted in
favorable environments using balanced populations. Although drought tolerance
has been recognized as one of the prime breeding goals to increase food production
in arid areas, only very few QTL studies are available which analyzed agronomic
performance in drought stressed environments. For agriculture in the Mediterranean
region H. spontaneum plays a major role as the main source of drought tolerance,
and first results of QTL studies with exotic germplasm look promising. A number
of favorable exotic alleles for agronomic performance were detected, in particular,
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in the studies conducted under drought (Baum et al., 2003, Talame et al., 2004)
(Figure 2). However, further QTL studies on drought stress using land races and
exotic barley as donors are clearly needed to make efficient use of the vast collection
of germplasm resources. QTL studies with and without H. spontaneum have shown
that developmental genes, notably those involved in flowering time and plant stature
show pleiotropic effects on abiotic stress tolerance and ultimately determine yield.
Important loci in this regard are the semi-dwarf gene sdw3 (bin 7 on 2H), the
flowering locus Ppd-H1 (2H, bin 4) and the vernalization requirement Vrn-H2 (4H,
bin 13) (Figure 2). It was shown that H. spontaneum offers novel allelic variance
at these loci. These alleles from wild barley can be exploited for the improvement
of drought tolerance in elite germplasm by selecting those exotic alleles with the
most beneficial pleiotropic effects on drought resistance.

Problems associated with the hybridisation of H. spontaneum such as alleles with
deleterious effects on field performance, i.e. the brittle rachis loci btr, could be best
addressed in the advanced backcross QTL analysis. It was interesting to see that in
AB-QTL populations like in balanced populations major QTL overshadowed minor
QTL-alleles. Nevertheless, crosses with H. spontaneum, AB-QTL populations and
association studies with H. spontaneum have also identified new alleles and genes
that are related to abiotic stress tolerance. Their description and exploitation in
breeding lines might lead to the availability of a wider gene pool for adaptation to
drought tolerance.

In order to better understand which genes are involved in drought and other
abiotic stresses in the dry areas two approaches are important. Appropriate genetic
resources and populations using new donors such as exotic barley and landraces
have to be generated. Here, first the establishment of introgression lines (mainly
used in relation to introgressions of H. spontaneum into H. vulgare) and their testing
in dry areas would give more insight into the effect of certain favorable alleles.
Second, much larger populations need to be tested in order to be able to identify
confounding effects through major QTL loci. Furthermore, as arid areas may be
characterized next to drought by very different environmental conditions, a thorough
selection of test environments and comprehensive phenotyping are indispensable.

ACKNOWLEDGEMENTS

We would like to acknowledge the technical support of: A. Sabbag, G. Bacchus,
B. Edris, T. Istamboli, S. Tawkaz and M. Baalbaki. The authors’ research was
supported by grants to ICARDA from the German Federal Ministry of Economic
Cooperation and Development (BMZ, Bonn, Germany).

REFERENCES

Abebe T, Guenzi AC, Martin B, Cushman JC (2003) Tolerance of mannitol-accumulating transgenic
wheat to water stress and salinity. Plant Physiol 131:1748-1755

Acevedo E, Ceccarelli S (1989) Role of physiologist-breeder in a breeding program for drought resistance
conditions. In: Baker FWG. (ed) Drought resistance in cereals, CAB International, 117-139



APPROACHES AND STRATEGIES FOR DROUGHT TOLERANCE 75

Araus JL, Bort J, Ceccarelli S, Grando S (1997) Relationship between leaf posture and carbon isotope
discrimination in field grown barley. Plant Physiol Biochem 35:533-541

Azhacuvel P, Vidya-Saraswathi D, Komatsuda T (2006) High-resolution linkage mapping for the
non-brittle rachis locus btrl in cultivated x wild barley (Hordeum vulgare). Plant Science 170:
1087-1094

Baum M, Grando S, Backes G, Jahoor A, Sabbagh A, Ceccarelli S (2003) QTLs for agronomic traits
in the Mediterranean environment identified in recombinant inbred lines of the cross ‘Arta’ x H.
spontaneum 41-1. Theor Appl Genet 107:1215-1225

Blum A (1988) Drought resistance. In: Plant breeding for stress environments. CRC Press, Boca Raton,
FL, pp 43-76

Blum A (1996) Crop responses to drought and the interpretation of adaptation. Plant Growth Reg
20:135-148

Boyer JS (1982) Plant productivity and environment. Science 218:443-448

Bray EA (1993) Molecular responses to water deficit. Plant Physiol 103:1035-1040

Bruce WB, Edmeades GO, Barker TC (2002) Molecular and physiological approaches to maize
improvement for drought tolerance. J Exp Bot 53:13-25

Brush SB (1999) Genes in the field: On-farm conservation of crop diversity. IPGRI/IDRC/Lewis
Publishers, pp 51-76

Cattivelli L, Baldi P, Crosatti C, Di Fonzo N, Faccioli P, Grossi M, Mastrangelo AM, Pecchioni N,
Stanca AM (2002) Chromosome regions and stress-related sequences involved in resistance to abiotic
stress in Triticeae. Plant Mol Biol 48:649-665

Ceccarelli S (1994) Specific adaptation and breeding for marginal conditions. Euphytica 77:205-219

Ceccarelli S (1996a) Adaptation to low/high input cultivation. Euphytica 92:203-214

Ceccarelli S (1996b) Positive interpretation of genotype by environment interactions in relation to sustain-
ability and biodiversity. In: Cooper M, Hammer GL (eds) Plant adaptation and crop improvement. CAB
International, Wallingford, UK, ICRISAT, Andra Pradesh, India, IRRI, Manila, Philippines, pp 467486

Ceccarelli S, Grando S (1996) Drought as a challenge for the plant breeder. Plant Growth Reg 20:149-155

Ceccarelli S, Acevedo E, Grando S (1991) Breeding for yield stability in unpredictable environments:
single traits, interaction between traits, and architecture of genotypes. Euphytica 56:169-185

Ceccarelli S, Grando S, Baum M, Udupa SM (2004) Breeding for drought resistance in a changing
climate. Crop science society of America and American society of agronomy, 677 S. Segoe Rd.,
Madison, WI 53711, USA. Challenges and Strategies for Dryland Agriculture. CSSA Special Publi-
cation no. 32

Cheong YH, Kim K-N, Pandey GK, Gupta R, Grant JJ, Luan S (2003) CBLI, a calcium sensor that
differentially regulates salt, drought, and cold responses in Arabidopsis. Plant Cell 15:1833-1845

Choi DW, Koag MC, Close TJ (2000) Map locations of barley Dhn genes determined by gene-specific
PCR. Theor Appl Genet 101:350-354

Choi DW, Rodriguez EM, Close TJ (2002) Barley Chf3 gene identification, expression pattern, and map
location. Plant Physiol 129:1781-1787

Condon AG, Richards RA, Farquhar GD (1987) Carbon isotope discrimination is positively correlated
with grain yield and dry matter production in field grown wheat. Crop Sci 27:996-1001

Cooper PJM, Gregory PJ, Tully D, Harris HC (1987) Improving water use efficiency of annual crops in
the rainfed farming systems of West Asia and North Africa. Exp Agric 23:113-158

Diab AA, Teulat-Merah B, This D, Ozturk NZ, Benscher D, Sorrells ME (2004) Identification of
drought-inducible genes and differentially expressed sequence tags in barley. Theor Appl Genet
109:1417-1425

Dubcovsky J, Lijavetzky D, Appendino L, Tranquilli G (1998) Comparative RFLP mapping of Triticum
monococcum genes controlling vernalization requirement. Theor Appl Genet 97:968-975

Ellis RH, Hadley P, Roberts EH, Summerfield RJ (1990) Quantitative relationship between temperature
and crop development and growth. In: Jackson M, Ford-Lloyd BV, Parry ML (Eds) Climatic change
and plant genetic resources. Belhaven Press, London and New York, pp 85-115

Ellis RP, Forster BP, Robinson D, Handley LL, Gordon DC, Russell JR, Powell W (2000) Wild barley:
a source of genes for crop improvement in the 21st century? J Exp Bot 51:9-17



76 BAUM ET AL.

Ellis RP, Forster BP, Gordon DC, Handley LL, Keith RP, Lawrence P, Meyer R, Powell W, Robinson D,
Scrimgeour CM, Young G, Thomas WT (2002) Phenotype/genotype associations for yield and
salt tolerance in a barley mapping population segregating for two dwarfing genes. J Exp Bot
2002:1163-1176

Eshed Y, Zamir D (1994) A genomic library of Lycopersicon pennellii in Lycopersicon esculentum-a
tool for fine mapping of genes. Euphytica 79:175-179

Farquhar GD, Richards RA (1984) Isotopic composition of plant carbon correlates with water-use-
efficiency of wheat genotypes. Aust J Plant Physiol 11:539-552.

Forster BP, Ellis RP, Moir J, Talame V, Sanguineti MC, Tuberosa R, This D, Teulat-Merah B, Ahmed I,
Mariy SAEE, Bahri H, El Ouahabi M, Zoumarou-Wallis N, El-Fellah M, Ben Salem M (2004a)
Genotype and phenotype associations with drought tolerance in barley tested in North Africa. Ann
Appl Biol 144:157-168

Forster BP, Ellis RP, Thomas WTB, Newton AC, Tuberosa R, This D, El-Enein RA, Bahri MH, Ben
Salem M (2004b) The development and application of molecular markers for abiotic stress tolerance
in barley. J Exp Bot 51:19-27

Francia E, Rizza F, Cattivelli L, Stanca AM, Galiba G, Téth B, Hayes PM, Skinner JS, Pecchioni N
(2004) Two loci on chromosome 5H determine low-temperature tolerance in a ‘Nure’ (winter) x
‘Tremois’ (spring) barley map. Theor Appl Genet 108:670-680

Frary A, Doganlar S, Frampton A, Fulton T, Uhlig J, Yates H, Tanksley S (2000) Fine mapping of
quantitative trait loci for improved fruit characteristics from Lycopersicon chmielewskii chromosome
1. Genome 46:235-243

Fulton TM, Nelson JC, Tanksley SD (1997) Introgression and DNA marker analysis of Lycopersicon
peruvianum, a wild relative of the cultivated tomato, into Lycopersicon esculentum, followed through
three successive backcross generations. Theor Appl Genet 95:895-902

Gottwald S, Borner A, Stein N, Sasaki T, Graner A (2004) The gibberellic-acid insensitive dwarfing
gene sdw3 of barley is located on chromosome 2HS in a region that shows high colinearity with rice
chromosome 7L. Mol Genet Genomics 271:426-436

Grando S, von Bothmer R, Ceccarelli S (2001) Genetic diversity of barley: use of locally adapted
germplasm to enhance yield and yield stability of barley in dry areas. In: Cooper HD, Spillane C,
Hodgink T (eds) Broadening the genetic base of crop production. CABI/FAO/IPGRI, pp 351-372

Grando S, Baum M, Ceccarelli S, Goodchild A, Jaby El-Haramein F, Jahoor A, Backes G (2005) QTLs
for straw quality characteristics identified in recombinant inbred lines of a Hordeum vulgare/H.
spontaneum cross in a Mediterranean environment. Theor Appl Genet 110:688-695

Guo P, Baum M, Grando S, Valkoum J, Varshney RK, Graner A, Ceccarelli S (2005) Expression
analysis of barely genes in response to drought stress during the reproductive growth stage using
micrarray. Interdrought II, 24-28 June, Rome, Italy

Gupta PK, Roy JK, Prasad M (2001) Single nuleotide polymorphisms: a new paradigm for molecular
marker technology and DNA polymorphism detection with emphasis on their use in plants. Curr Sci
80:524-534

Hori K, Sato K, Nankaku N, Taked K (2005) QTL analysis in recombinant chromosome substitution
lines and doubled haploid lines derived from a cross between Hordeum vulgare ssp vulgare and
Hordeum vulgare ssp spontaneum. Mol Breed 16:295-311

Ingram J, Bartels D (1996) The molecular basis of dehydration tolerance in plants. Annu Rev Plant
Physiol Plant Mol Biol 47:377—403

Ivandic V, Hackett CA, Zhang ZJ, Staub JE, Nevo E, Thomas WTB, Forster BP, (2000) Phenotypic
responses of wild barley to experimentally imposed water stress. J Exp Bot 353:2021-2029

Ivandic V, Forster BP, Hackett CA, Nevo N, Keith R, Thomas TBW (2002) Analysis of simple sequence
repeats (SSRs) in wild barley from the fertile crescent: associations with ecology, geography and
flowering time. Plant Mol Biol 48:511-527

Ivandic V, Thomas WTB, Nevo E, Zhang Z, Forster BP (2003) Associations of simple sequence repeats
with quantitative trait variation including biotic and abiotic stress tolerance in Hordeum spontaneum.
Plant Breed 122:300-304



APPROACHES AND STRATEGIES FOR DROUGHT TOLERANCE 77

Karsai I, Hayes PM, Kling J, Matus 1A, Meszaros K, Lang L, Bedo Z, Sato H (2004) Genetic variation
in component traits of heading date in Hordeum vulgare subsp. spontaneum accessions characterized
in controlled environments. Crop Sci 44:1622—1632

Kleinhofs A, Graner A (2001) An integrated map of the barley genome. Kluwer Academic Publishers,
Dordrecht, The Netherlands, pp 187-99

Laurie DA, Pratchett N, Bezant JH, Snape JW (1995) RFLP mapping of 5 major genes and 8 quantitative
trait loci controlling flowering time in a winter — spring barley (Hordeum vulgare L.) cross. Genome
38:575-585

Li J, Huang XQ, Heinrichs F, Ganal MW, Réder MS (2005) Analysis of QTLs for yield, yield
components, and malting quality in a BC3-DH population of spring barley. Theor Appl Genet 110:
356-363

Li JZ, Huang XQ, Heinrichs F, Ganal MW, Roeder MS (2006) Analysis of QTLs for yield components,
agronomic traits, and disease resistance in an advanced backcross population of spring barley. Genome
49:454-466

Liu X, Vance Baird WM (2004) Identification of a novel gene, HAABRCS, from Helianthus annuus
(Asteraceae) that is upregulated in response to drought, salinity, and abscisic acid. Am J Botany
91:184-191

Long NR, Jeffries SP, Warner P, Karakousis A, Kretschmer JM, Hunt C, Lim P, Eckermann PJ, Barr A
(2003) Mapping and QTL analysis of the barley population Mundah x Keel. Aust J Agric Res
54:1163-1171

Ludlow MM, Muchow RC (1990) A critical evaluation of traits for improving crop yields in water-limited
environments. Adv Agron 43:107-153

Matus I, Corey A, Filchkin T, Hayes PM, Vales MI, Kling J, Riera-Lizarazu O, Sato K, Powell W,
Waugh R (2003) Development and characterization of recombinant chromosome substitution lines
(RCSLs) using Hordeum vulgare subsp. spontaneum as a source of donor alleles in a Hordeum
vulgare subsp. vulgare background. Genome 46:1010-1023

Morgan JM (1983) Osmoregulation as a selection criterion for drought tolerance in wheat. Aust J Agric
Res 34:607-614

Nakashima K, Yamaguchi-Shinozaki K (2006) Regulons involved in osmotic stress-responsive and cold
stress-responsive gene expression in plants. Physiol Plantarum 126:62-71

Nevo E (1992) Origin, evolution, population genetics and resources for breeding of wild barley, Hordeum
spontaneum, in the Fertile Crescent. In: Shewry PR (ed) Barley: genetics, biochemistry, molecular
biology and biotechnology, CAB International, pp 19-43

Ozturk ZN, Talame V, Deyholos M, Michalowski CB, Galbraith DW, Gozukirmizi N, Tuberosa R,
Bohnert HJ (2002) Monitoring large-scale changes in transcript abundance in drought- and salt-
stressed barley. Plant Mol Biol 48:551-573

Pan A, Hayes PM, Chen F, Blake THH, Wright TKS, Karsai I, Bedo Z (1994) Genetic analysis of the
components of winter hardiness in barley (Hordeum vulgare L.). Theor Appl Genet 89:900-910

Pellegrineschi A, Noguera LM, Skovmand B, Brito RM, Velazquez L, Salgado MM, Hernandez R,
Warburton M, Hoisington D (2002) Identification of highly transformable wheat genotypes for mass
production of fertile transgenic plants. Genome 45:421-30

Pellegrineschi A, Reynolds M, Pacheco M, Brito RM, Almeraya R, Yamaguchi-Shinozaki K,
Hoisington D (2004) Stress-induced expression in wheat of the Arabidopsis thaliana DREBIA gene
delays water stress symptoms under greenhouse conditions. Genome 47:493-500

Pillen K, Zacharias A, Léon J (2003) Advanced backcross QTL analysis in barley (Hordeum vulgare L.).
Theor Appl Genet 107:340-352

Pillen K, Zacharias A, Léon J (2004) Comparative AB-QTL analysis in barley using a single exotic
donor of Hordeum vulgare ssp. spontaneum. Theor Appl Genet 108:1591-1601

Reinheimer JL, Barr AR, Eglinton JK (2004) QTL mapping of chromosomal regions conferring repro-
ductive frost tolerance in barley (Hordeum vulgare L.). Theor Appl Genet 109:1267-1274

Rostoks N, Mudie S, Cardle L, Russell J, Ramsay L, Booth A, Svensson Jt, Wanamaker SI, Walia H,
Rodriguez EM, Hedley PE, Liu H, Morris J, Close TJ, Marshall DF, Waugh R (2005) Genome-wide



78 BAUM ET AL.

SNP discovery and linkage analysis in barley based on genes responsive to abiotic stress. Mol Gen
Genomics 274:515-527

Schauer N, Semel Y, Roessner U, Gur A, Balbo I, Carrari F, Pleban T, Perez-Melis A, Bruedigam C,
Kopka J, Willmitzer L, Zamir D, Fernie AR (2006) Comprehensive metabolic profiling and
phenotypeing of interspecific introgression lines for tomato improvement. Nat Biotechnol 24:
447-454

Seki M, Narusaka M, Abe H, Kasuga M, Yamaguchi-Shinozaki K, Carninici P, Hayashizaki Y,
Shinozaki K, (2001) Monitoring the expression pattern of 1300 Arabidopsis genes under drought and
cold stress by using a full-length cDNA microarray. Plant Cell 13:61-72

Seki M, Narusaka M, Ishida J, Nanjo T, Fujita M, Oono Y, Kamiya A, Nakajima M, Enju A, Sakurai T
et al (2002) Monitoring the expression profiles of 7,000 Arabidopsis genes under drought, cold and
high-salinity stresses using a full-length cDNA microarray. Plant J 31:279-292

Shinozaki K, Yamaguchi-Shinozaki K, Seki M (2003) Regulatory network of gene expression in the
drought and cold stress responses. Curr Opin Plant Biol 6:410—417

Singh M, Malhotra RS, Ceccarelli S, Sarker A, Grando S, Erskine W (2003) Spatial variability models
to improve dryland field trials. Exp Agric 39:1-10.

Skinner J, Szucs P, von Zitzewitz J, Marquez-Cedillo L, Filichkin T, Stockinger EJ, Thomashow MF,
Chen THH, Hayes PM (2006) Mapping of barley homologs to genes that regulate low temperature
tolerance in Arabidopsis. Theor Appl Genet 112:832-842

Snape JW, Sarma R, Quarrie SA, Fish L, Galiba G, Sutka J (2001) Mapping genes for flowering time
and frost tolerance in cereals using precise genetic stocks. Euphytica 120:309-315

Talamé V, Ozturk N, Bohnert HJ, Moris LN, Charles PN (2003) Microarray analysis of transcript
abundance in barley under conditions of water deficit. Plant Animal Genome Conf XI, January 11-15,
San Diego, CA, USA, p 15

Talamé V, Sanguineti MC, Chiapparino E, Bahri H, Ben Salem M, Forster BP, Ellis RP, Rhouma
S, Zoumarou W, Waugh R, Tuberosa R (2004) Identification of Hordeum spontaneum QTL
alleles improving field performance of barley grown under rainfed conditions. Ann Appl Biol 144:
309-319

Tanksley SD, Nelson JC (1996) Advanced backcross QTL analysis: a method of the simultaneous
discovery and transfer of valuable QTLs from unadapted germplasm into elite breeding lines. Theor
Appl Genet 92:191-203

Tanksley SD, Grandillo S, Fulton TM, Zamir D, Eshed Y, Petiard V, Lopez J, Beck-Brunn T (1996)
Advanced backcross QTL analysis in a cross between an elite processing line of tomato and its wild
relative L. pimpinellifolium. Theor Appl Genet 92:213-224

Teulat B, This D, Khairallah M, Borries C, Ragot C, Sourdille P, Leroy P, Monneveux P, Charrier A
(1998) Several QTLs involved in osmotic adjustment trait variation in barley (Hordeum vulgare L.).
Theor Appl Genet 96:688—698

Teulat B, Borries C, This D (2001a) New QTLs identified for plant water status, water-soluble carbo-
hydrates, osmotic adjustment in a barley population grown in a growth-chamber under two water
regimes. Theor Appl Genet 103:161-170

Teulat B, Merah O, Souyris I, This D (2001b) QTLs for agronomic traits from Mediterranean barley
progeny grown in several environments. Theor Appl Genet 103:774-787

Teulat B, Merah O, Sirault X, Borries C, Waugh R, This D (2002) QTLs for grain carbon isotope
discrimination in field-grown barley. Theor Appl Genet 106:118-126

Teulat B, Zoumarou-Wallis N, Rotter B, Ben Salem M, Bahri H, This D (2003) QTL for relative water
content in field-grown barley and their stability across Mediterranean environments. Theor Appl
Genet 108:181-188

Tondelli A, Francia E, Barabaschi D, Aprile A, Skinner JS, Stockinger EJ, Stanca AM, Pecchioni N
(2006) Mapping regulatory genes as candidates for cold and drought stress tolerance in barley. Theor
Appl Genet 112:445-454

Turner NC (2002) Optimizing water use. In: Nosberger L, Geiger HH, Struick PC (eds) Crop science:
progress and prospects. CAB International, Wallingford, UK pp 119-135



APPROACHES AND STRATEGIES FOR DROUGHT TOLERANCE 79

Ueda A, Kathiresan A, Inada M, Narita Y, Nakamura T, Shi W, Takabe T, Bennett J (2004) Osmotic
stress in barley regulates expression of a different set of genes than salt stress does. J Exp Bot 55:
2213-2218

Umezawa T, Fujita M, Fujita Y, Yamaguchi-Shinozaki K, Shinozaki K (2006) Engineering drought
tolerance in plants: discovering and tailoring genes to unlock the future. Curr Opin Biotech 17:113-122

Van Oosterom EJ, Ceccarelli S, Peacock JM (1993) Yield response of barley to rainfall and temperature
in Mediterranean environments. J Agric Sci 121:307-313

Vom Brocke K, Prester] T, Christinck A, Weltzien E, Geiger HH (2002) Farmers’ seed management
practices open up new base populations for pearl millet breeding in a semi-arid zone of India. Plant
Breed 121:36-42

von Korff M (2005) Detection of QTL for agronomic traits and disease resistance in two advanced
backcross populations derived from a wild barley accession (Hordeum vulgare ssp. spontaneum).
Shaker Verlag Aachen. ISBN:3-8322-4293-7. Dissertation Universitdt Bonn

von Korff M, Wang H, Léon J, Pillen K (2004) Development of candidate introgression lines using an
exotic barley accession (H. vulgare ssp. spontaneum) as donor. Theor Appl Genet 109:1736-1745

von Korff M, Wang H, Léon J, Pillen K (2005) Detection of resistance genes against powdery mildew,
leaf rust and scald introgressed from wild barley (H. vulgare ssp. spontaneum). Theor Appl Genet
111:583-590

von Korff M, Wang H, Léon J, Pillen K (2006) AB-QTL analysis in spring barley: II. Detection
of favourable exotic alleles for agronomic traits introgressed from wild barley (H. vulgare ssp.
spontaneum). Theor Appl Genet 112:1221-1231

Wilson ID, Barker GL, Edwards KJ (2003) Genotype to phenotype: a technological challenge. Ann
Appl Biol 142:33-39

Xiao J, Grandillo S, Ahn SN, McCouch SR, Tanksley SD, Li J, Yuan L (1996) Genes from wild rice
improve yield. Nature 384:223-24

Xiao J, Li J, Grandillo S, Nag SN, Yuan L, Tanksley SD, McCouch SR (1998) Identification of
trait-improving quantitative trait loci alleles from a wild rice relative, Oryza rufipogon. Genetics
150:899-909

Xu D, Duan X, Wang B, Hong B, Ho T, Wu R (1996) Expression of a late embryogenesis abundant
protein gene, hval, from barley confers tolerance to water deficit and salt stress in transgenic rice.
Plant Physiol 110:249-257

Yun SJ, Gyenis L, Bossolini E, Hayes PM, Matus I, Smith KP, Steffenson BJ, Tuberosa R,
Muehlbauer GJ (2006) Validation of quantitative trait loci for multiple disease resistance in barley
using advanced backcross lines developed with a wild barley. Crop Sci 46:1179-1186

Zhang JZ, Creelman RC, Zhu JX (2004) From laboratory to field using information from Arabidopsis
to engineer salt, cold, and drought tolerance in crop plants. Plant Physiol 135:615-621

Zhang F, Chen G, Huang Q, Orion O, Krugman T, Fahima T, Korol AB, Nevo E, Gutterman Y (2005)
Genetic basis of barley caryopsis dormancy and seedling desiccation tolerance at the germination
stage. Theor Appl Genet 110:445-453



CHAPTER 4

MOLECULAR MARKERS FOR GENE PYRAMIDING
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Abstract:

Barley (Hordeum vulgare L.) is one of the oldest crop plants and among the most important
cereals worldwide which is cultivated from the polar circle to the tropics. Barley crops can
be infected and severely damaged by many fungal, viral and bacterial pathogens as well
as insect pests. Therefore, breeding for disease and pest resistance is of special importance
in barley in order to prevent or reduce yield losses. Furthermore, genetic resistance allows
the reduction of agrochemical applications and thereby greatly contributes to environment
and consumer protection. Resistance breeding has already been very successful in the past
and provided many resistant or tolerant barley varieties highly adapted to adverse growing
conditions. The genetic basis of such resistance depends on the respective pathogen or
pest: Many cases of monogenic (major gene) resistance have been described but oligo- or
polygenic types of resistance are also widespread and appreciated by breeders and growers
duetotheirsuperiordurability. Today, molecularmarkers are available formany majorresis-
tance genes and resistance QTL (quantitative trait loci) against a wide range of pathogens
in barley. Such markers are the basis for an efficient marker assisted selection (MAS) in
scientific breeding research and commercial barley breeding. Furthermore, marker assisted
backcrossing procedures allow an enhanced incorporation of resistance genes derived
from non-adapted germplasm (e.g. H. bulbosum). Beyond this, pyramiding of resistance
genes by marker-assisted combination breeding may lead to longer lasting resistance and
enable the further use of resistance genes already overcome by single strains or isolates
of the respective pathogen. This chapter reviews the present state of the art concerning
markers available for major resistance genes and resistance QTL in barley and exemplifies
marker assisted backcrossing and pyramiding strategies in the pathosystem barley —
barley yellow mosaic virus disease causedby BaYMV and BaMMV.
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1. INTRODUCTION

Next to wheat, maize, and rice, barley (Hordeum vulgare ssp. vulgare) which is
grown world-wide on an area of about 57 million hectares (FAO 2005) is number
four of the world’s cereal crops being very important for livestock feeding and
human alimentation. Like in other crops, severe yield losses occur in barley every
year due to fungal and viral diseases and as a result of insect pests. Therefore,
breeding for disease and pest resistance has to be regarded as a major goal of barley
breeding reducing yield losses and contributing to a sustainable environment and
consumer friendly barley production due to reduced pesticide applications.

As a result of intensive breeding, modern barley cultivars combine pathogen
resistances with high grain yield and superior seed quality. In general, combining of
resistances or the introgression of new resistance genes from unadapted germplasms
or related species, respectively, is achieved by sexual recombination, i.e. crossing
of parental lines followed by phenotypic selection in the segregating offspring. In
this case the success of breeding entirely depends on extensive field or glasshouse
tests for resistance to the respective pathogens. But, as barley is damaged by many
pathogens which often show a rapid adaptation to its hosts resistance genes, breeding
for resistance is a very complex task and the identification of desired recombinants
expressing resistance to most diseases by phenotypic selection only has nearly
reached the limits of manageability. But, today plant biotechnology methods allow
to improve the efficiency of selection and to accelerate the whole breeding process:
for example, anther or microspore culture starting from F, donor plants immediately
leads to homozygous doubled haploid plants facilitating easier and more accurate
selection than in conventional segregating F, populations (Friedt & Ordon 2004,
Werner et al. 2006). In addition, especially the development of molecular marker
systems and the isolation of resistance genes transferring selection to some extent
from the phenotypic to the genotypic level offer new opportunities for a more
efficient breeding for resistance.

Since barley is grown from the polar circle to the tropics it is hit by a wide
range of different fungal and viral diseases. Consequently, many corresponding
resistance genes and quantitative trait loci (QTL) have been tagged already. In the
following chapter an overview is given on such major resistance genes and QTL
for resistance and possibilities to use respective markers in different marker based
selection schemes are elucidated.

2. MOLECULAR MARKER TAGGED RESISTANCE GENES AND
RESISTANCE QTL IN BARLEY

The development of molecular markers starting from restriction fragment length
polymorphisms (RFLPs, Botstein et al. 1980), via the application of PCR-based
procedures (Saiki et al. 1985, 1988), has dramatically increased the possibilities
of an efficient application of marker based selection procedures in plant breeding.
Meanwhile, closely linked PCR-based markers have been developed for many major
resistance genes against important pathogens of barley (Table 1).
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Table 1. List of mapped major resistance genes in barley based on Graner (1996) and Graner

et al. (2000a), modified and extended

Resistance gene Chromsomal Reference(s)
location
Powdery mildew (Blumeria graminis)
mlo 4HL Hinze et al. 1991, Biischges et al. 1997
Mig 4HL Gorg et al. 1993, Kurth et al. 2001
Mla 1HS Schiiller et al. 1992, Schwarz et al.
1999, 2002, Wei et al. 1999, Zhou
et al. 2001, Haltermann et al. 2001,
2004, 20006,
mlt THS Schoenfeld et al. 1996
Mij SHL Schoenfeld et al. 1996
Mif THL Schoenfeld et al. 1996
MILa 2HL Hilbers et al. 1992, Giese et al.
1993, Mohler & Jahoor 1996
Mih 6H Hilbers, cit Graner 1996
MIHb 2HS Pickering et al. 1995,
Graner et al. 1996b
MI(TR) SH Falak et al. 1999
Mli 1HL Jahoor, cit Graner 1996
Puccinia graminis
Rpgl THS Horvath et al. 1995, Penner
et al. 1995, Han et al. 1999,
Brueggemann et al. 2002
rpg4 SHL Borovkova et al. 1995,
Kilian et al. 1997
Puccinia hordei
Rph2 SHS Borovkova et al. 1997
Rph3 THS Park et al. 2003
Rph4 1H Collins et al. 2001, Park et al. 2003
Rph5 3H Mammadov et al. 2003, 2005
Rph7 3HS Graner et al. 2000b, Brunner
et al. 2000, 2003, Scherer
et al. 2005
Rph9 SHL Borovkova et al. 1998
Rphl2 SHL Borovkova et al. 1998, Park et al. 2003
Rphl5 2HS Weerasena et al. 2004
Rphl6 2HS Ivandic et al. 1998, Perovic et al. 2004
Rphl9 THL Park & Karakousis 2002
Puccinia striiformis
rpsGZ 4H Yan & Chen 2006
Rhynchosporium secalis
Rh (Rrsl) 3HL Graner & Tekauz 1996,
Penner et al. 1996, Reitan
et al. 2002, Genger et al. 2003
Rhy 3HL Barua et al. 1993

(Continued)
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Table 1. (Continued)

Resistance gene Chromsomal Reference(s)
location

Rh2 THS Schweizer et al. 1995,
Schmidt et al. 2001

Rrs4 4HL Patil et al. 2003

Rrsl13 6HS Abbott et al. 1995

Rrsl4 1H Garvin et al. 2000

Rrsl5 THL Genger et al. 2005

Pyrenophora teres

Pta 3HL Graner et al. 1996

Pt.d 2HS Graner & Tekauz, unpubl.,
cit. Graner et al. 2000

Rpt4 TH Williams et al. 2004

Cochliobolus sativus

ResS THS Steffenson et al. 1996

Typhula incarnata

Ti 1HS Graner et al. 1996

Pyrenophora graminea

Rdgl 2HL Thomsen et al. 1997

Rdg2 THS Tacconi et al. 2001, Bulgarelli et al. 2004

Heterodera avenae

Ha2 2HS Kretschmer et al. 1997

Ha4 SHL Barr et al. 1998

Barley stripe mosaic virus (BSMV)

Rsm THS Edwards & Stephenson 1996

Barley yellow dwarf virus (BYDV)

Ryd2 3HL Collins et al. 1996, Paltridge
et al. 1998, Ford et al. 1998

Ryd3 6H Niks et al. 2004

Barley yellow mosaic virus (BaYMV), Barley mild mosaic virus (BaMMV)

ryml 4HL Okada et al. 2004

rym3 5HS Saeki et al. 1999, Werner et al. 2003a

rym4 3HL Graner & Bauer 1993, Ordon

etal. 1995, Weyen et al. 1996,
Stein et al. 2005, Kanyuka
et al. 2005

rymS 3HL Graner et al. 1999a, Pellio
et al. 2005, Stein et al. 2005,
Kanyuka et al. 2005

rym7 IHS Graner et al. 1999b

rym8 4HL Bauer et al. 1997

rym9 4HL Bauer et al. 1997, Werner et al. 2000

ryml0 3HL Graner et al. 1995,

ryml1 4HL Bauer et al. 1997, Nissan-Azzous et al. 2005
ryml2 4HL Graner et al. 1996a

ryml3 4HL Werner et al. 2003b

Rym14H 6HS Ruge et al. 2003

ryml5 6H Le Gouis et al. 2004

Ryml16M* 2HL Ruge-Wehling et al. 2006
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Besides major resistance genes many QTL contributing to resistance against
important pathogens have been detected. In contrast to resistance encoded by major
genes it is consensus and to some extent supported by evidence that quantitative
resistance is more durable per se. In the past, studies on quantitative, oligo- or
polygenically inherited resistance have mainly focused on epidemiological studies
and biometrics, but today efficient tools such as molecular marker techniques and
sophisticated software packages are available, facilitating the dissection of quanti-
tative resistance into individual Mendelian loci and the determination of their
effect(s) and interactions. Regarding QTL-mapping, the development of locus-
specific PCR-based markers, especially SSRs (Ramsay et al. 2000, Maccaulay
et al. 2001) and the AFLP-technique (Voss et al. 1995) facilitating an accel-
erated construction of genetic maps in comparison to RFLPs (Graner et al.
1991), has enhanced QTL detection. Consequently, the number of disease resis-
tance QTL has risen considerably and may rise in the future due to the devel-
opment of more efficient finger print techniques in barley e.g. DArTs (Wenzl
et al. 2004).

With respect to Blumeria graminis the causal agent of powdery mildew, first QTL
have been mapped in barley in the beginning of the 1990s on chromosome 7H and
5H (Heun 1992). Since that time many additional QTL have been detected all over
the barley genome (Saghai Maroof et al. 1994, Backes et al. 1995, Thomas et al.
1995, Backes et al. 2003), some of them mapping in the vicinity of major resistance
genes e.g. on chromosome 1H (Backes et al. 1996, Emebri et al. 2005). Using
Advanced Backcross QTL analysis (AB-QTL), QTL for resistance to powdery
mildew, leaf rust (Puccinia hordei) and scald (Rhynchosporium secalis) have been
detected in H. spontaneum (v. Korff et al. 2005).

For P. hordei three QTL conferring leaf rust resistance at the seedling stage
(explaining 55% of the phenotypic variance), and 5 QTL for resistance in the adult
plant stage (explaining 60% of the phenotypic variance) with two QTL in common
have been identified (Qi et al. 1998, 2000, van Berloo et al. 2002). In additional
studies it turned out that only one QTL had a substantial effect in both developmental
stages, and it was shown that some of the QTL exhibit isolate-specific reactions.
In addition, one QTL for resistance to leaf rust has been identified in the position
of the Rphl6 gene (Kicherer et al. 2000). In a very recent approach, a QTL for
resistance to P. hordei has also been detected using association mapping (Kraakman
et al. 2000).

With regard to yellow or stripe rust (P. striiformis f. sp. hordei) first QTL had
been detected on chromosomes SHL and 4HL (Chen et al. 1994). In later studies
these QTL were confirmed and additional QTL have been detected (Toojinda et al.
1998, 2000, Castro et al. 2002, Vales et al. 2005) and combined in order to improve
resistance (“pyramided”, see Castro et al. 2002, 2003a, 2003b, 2003c).

Regarding resistance to Pyrenophora teres, the causal agent of barley net blotch,
7 QTL responsible for resistance in the adult stage accounting for 67% of the
phenotypic variation, and 3 QTL for resistance in the seedling stage explaining
47% of the phenotypic variance were detected by Steffenson et al. (1996). In
more recent studies, QTL for resistance against this pathogen have been located on



86 FRIEDT AND ORDON

chromosome 6H (Manninen et al. 2000, Cakir et al. 2003, Emebri et al. 2005). Ma
et al. (2004) detected two QTL on chromosomes 6HS and 2HS explaining about
70% of the phenotypic variance. Analysing adult plant resistance to the spot form
of net blotch (Pyrenophora teres f. maculata), QTL on chromosome 7H, 4H and
5H were identified (Williams et al. 2003). Furthermore, it has been shown that
resistance to spot blotch Cochliobolus sativus (anamorph Bipolaris sorokiniana) at
the adult plant stage is governed by two QTL explaining 70% of the phenotypic
variance (Steffenson et al. 1996). Differences in QTL localisation for resistance to
spot blotch were detected using different DH populations (Bilgic et al. 2005).

For resistance to scald (Rhynchosporium secalis) QTL were mapped on chromo-
somes 2HL (Backes et al. 1995), 3H, and 7H (Bjgrnstad et al. 2004) as well as on
3H, 4H and 6H (Jensen et al. 2002). With respect to Pyrenophora graminea, the
causal agent of barley leaf stripe, QTL were located on chromosomes 7HL, 2HS
and 4HS (Pecchioni et al. 1996, 1999, 2000). Meanwhile, additional isolate and
non isolate-specific loci were identified (Arru et al. 2002, 2003).

Among the fungal diseases of barley, Fusarium head blight (FHB, caused by
Fusarium sp.) has recently gained evident importance. In this respect, three distinct
regions contributing to resistance have been detected on chromosome 2H (Mesfin
et al. 2003). QTL influencing mycotoxin (DON) content have also been detected
on chromosome 2HL (Dahleen et al. 2004) and an additional major FHB QTL on
chromosome 6H. Some of these QTL have been validated in different crosses and
environments (Canci et al. 2004). In recent studies QTL for resistance to FHB have
again been located on chromosome 2H, but additional QTL have been detected on
the short arm of chromosome 5H (Hori et al. 2005) and on 4H (Horsley et al. 2006).

Besides these pathogens of major importance, QTL for resistance to bacterial leaf
streak caused by Xanthomonas campestris pv. hordei (Attari et al. 1998) and to the
blast disease caused by Pyricularia oryzae (Sato et al. 2001) have been detected. In
addition to genetic loci for fungal and bacterial diseases, QTL for tolerance against
Barley yellow dwarf virus (BYDV) have been identified (Toojinda et al. 2000,
Scheurer et al. 2001). For BYDV-PAV and BYDV-MAYV seven QTL were mapped
and substantial QTL x environment interaction was observed (Toojinda et al. 2000).
Scheurer et al. (2001) used a German isolate of BYDV-PAV and detected two QTL
on chromosomes 2HL and 3HL in the region of the Ryd2 gene together explaining
46% of the phenotypic variance. An additional QTL accounting for more than 70%
of the phenotypic variance for tolerance to the German BYDV-PAYV isolate has
recently been mapped on chromosome 6H (Niks et al. 2004) and has been named
Ryd3 due to the large portion of phenotypic variance explained. QTL for resistance
to the vectors of BYDV, i.e. several aphid species, have been detected on barley
chromosomes 1H and 7H (Moharramipour et al. 1997).

It is interesting to note that some QTL map in chromosomal regions of barley
where previously major resistance genes had been identified. For example, this
has been shown for powdery mildew (Backes et al. 1996, 2003), yellow rust, leaf
rust (Thomas et al. 1995, Kicherer 2000), and net blotch (Richter et al. 1998)
resistances.
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3. MARKER BASED STRATEGIES IN BREEDING
FOR RESISTANCE

As described above, closely linked markers are available for many major resistance
genes of barley as well as for numerous QTL. Besides this, some major resistance
genes like mlo (Biischges et al. 1997), Mla (Haltermann et al 2001, Zhou et al. 2001),
Rpgl (Brueggemann et al. 2002, Nirmala et al. 2006), or rym4 (Stein et al. 2005,
Kanyuka et al. 2005) have been isolated already, facilitating the development of
allele specific functional genetic markers. These markers facilitating selection on the
allele level as well as closely linked markers can be used in marker based selection
procedures on the single plant level, i.e. in early generations, independently from
the natural occurrence of respective pathogens in the field and from labor and time
consuming greenhouse tests. Based on the known position of respective genes and
QTL it can be calculated whether these are combinable at all and which population
size is needed to combine these genes. In applied barley breeding e.g. markers for
BaMMV/BaYMYV resistance genes have been widely applied (Schiemann & Backes
2000) or for BYDV-resistance (Ovesna et al. 2000). Besides the application in
mere marker based selection procedures, respective markers can be used to enhance
backcrossing procedures and to pyramid resistance genes.

3.1. Marker Assisted Backcrossing

An incorporation of recessive resistance genes derived from exotic or un-adapted
germplasm normally requires long-lasting backcrossing procedures to combine
these resistances with other agronomic traits, in particular superior yield. Incor-
porating recessive resistance genes by phenotypic selection takes twice as long
as incorporating dominant genes, since a selfing generation is required after each
backcross (BC) step for the phenotypic identification of homozygous recessive
resistant plants to be used in the next BC cycle. However, by using co-dominant
markers, like SSRs, heterozygous carriers of the resistance encoding allele to
be used for the next BC step can be detected directly in F,, thereby saving
one year for each BC cycle. The same holds true for dominant markers gener-
ating an additional fragment linked to the resistance encoding allele (cf. Ordon
et al. 1999). Differences between conventional selection and a MAS procedure
are exemplified in Figure 1 for the BaMMYV resistance gene ryml5. The time
saving of this procedure becomes even more evident in the case that barley mild
mosaic virus (BaMMV) and barley yellow mosaic virus (BaYMV) resistances
are not encoded by the same but by different genes, like in the case of the
Japanese variety ‘Chikurin Ibaraki 1°, carrying the BaMMYV resistance ryml5 on
chromosome 6H (Le Gouis et al. 2004) and a separate BaYMV resistance gene
on chromosome 5H (Werner et al. 2003a). Since BaYMYV is not efficiently trans-
missible by mechanical means, an additional selfing generation is needed to obtain
a sufficient quantity of seeds for field testing, while in the MAS approach the
track of both genes can be followed simultaneously. The use of markers leads
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Figure 1. Comparison of conventional and marker-assisted backcrossing programmes for the incorpo-
ration of rym15 (from Ordon et al. 1999, mod.) (See Plate 1)

to a drastic enhancement of BC procedures which may be further improved if
the genomic portion of the recurrent parent is determined additionally. Results in
different species have shown that there may be a significant deviation from the 75%
genomic portion of the recurrent parent expected in the BC, generation (Powell et al.
1996, Uptmoor et al. 2006), thus demonstrating the usefulness of genotype-based
selection.

3.2 Pyramiding Resistance Genes

Monogenic (qualitative) resistance, i.e. resistance conferred by a single major gene
(Leach et al. 2001), is assumed to be non-durable in most cases, with exceptions
like mlo resistance, due to the generally high mutation rate in plant pathogens
(Takken & Joosten 2000, Kiyosawa 1982, Kloppers & Pretorius 1997). This can
lead to the selection of new pathogen strains, able to overcome the effect(s) of
an individual resistance gene. Additionally, the probability of disease resistance
breakdown is increased by the large-scale and long-term cultivation of varieties
carrying single genes enabling the pathogen to overcome the resistance (Singh et al.
2001). Thus, on the one hand screening for new sources of resistance is needed
(Huang et al. 1997), followed by the detection, tagging and incorporation in adapted
cultivars. On the other hand, strategies have been developed for extending the
useful life-time of single resistance genes in cultivars in combination with creating
cultivars with broader resistance-spectra, i.e. the accumulation of host resistance
genes in a single line or cultivar, a procedure called pyramiding (Nelson 1978).
Besides the extension of resistance durability the strategy of gene pyramiding is
also applied for increasing the level and spectrum of disease resistance (Huang at
al. 1997, Kinane & Jones 2000), leading to broad-spectrum resistance. This is of
special interest, because resistance genes often differ in their specificity against the
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various pathogen strains so that their combination can result in a broader spectrum
of resistance than conferred by each gene alone.

For pyramiding, markers facilitating the simultaneous selection of several resis-
tance genes and avoiding the need of repeated inoculation with different isolates
followed by phenotyping are especially useful. By phenotypic selection alone it
appears very demanding, difficult or even impossible to reliably combine and detect
multiple resistance genes in one genotype, due to dominance and epistasis effects
and/or simply masking of one gene’s effect by another or others.

Attempts for pyramiding resistance genes have meanwhile been carried out in
barley for several pathosystems. For example, pyramiding of different scald resis-
tance genes resulted in improved resistances to the fungal pathogen R. secalis in
comparison to lines carrying a single resistance gene: While Brown et al. (1996)
performed the pair-wise combination of genes for resistance to scald by the use
of linked isozyme markers, Raman et al. (1999) developed AFLP markers for this
purpose. Pyramiding of genes rym3 and rym5 was achieved in Japan by using
isozyme markers and phenotypic selection procedures (Saeki et al. 1999). Besides
pyramiding major genes, trials were also carried out to combine positive QTL-
alleles, e.g. Castro et al. (2000, 2003a, 2003b) created pyramids of resistance QTL
for stripe rust of barley (Puccinia striiformis f.sp. hordei) on chromosomes 4H, 1H,
and SH with the objective of determining the relationship between QTL number and
level of resistance. Pyramiding was carried out by using microsatellite markers, and
a reduction of disease severity has been observed in genotypes with positive alleles
at two or more loci. Similar results have recently been obtained by Richardson et al.
(20006).

Pyramiding of major resistance genes may be of special importance in the future
especially aiming at an extension of the utility of major resistance genes. For
example, many resistance genes against the barley yellow mosaic virus complex
have been described (Table 1). However, out of the recessive genes derived from
the primary H. vulgare gene-pool only rymlIl is still effective against all strains
known in Europe (Kanyuka et al. 2004, Habekuf3 et al. 2005). Rym4 is not
effective against BaYMV-2, rym9 is ineffective against BaYMV and BaYMV-2,
and rym5 is not effective against BAMMV-SIL (Kanyuka et al. 2004) and the
new strain of BaMMV (BaMMV-TASL) recently identified in Germany (Habekuf}
et al. 2005).

Studies on combining resistance genes against the barley yellow mosaic virus
complex have focused on genes for which molecular markers were identified
since the 1990s, i.e, rym4, rym5, rym9 and rymll (Bauer et al. 1997, Graner
et al. 1999a). While rym4 and rym5 map to the same marker interval in the
telomeric region of chromosome 3HL (Graner et al. 1999a, Pellio et al. 2005) and
represent alleles of the same gene, i.e. the eukaryotic translation initiation factor
4E (Hv-elF4E, Stein et al. 2005), rym9 is located in the telomeric and rymlI1 in
the centromeric region of chromosome 4HL (Bauer et al. 1997; Nissan-Azzouz
et al. 2005). For pyramiding such recessive genes doubled haploid (DH) popula-
tions are better suited than segregating F, populations, since homozygous recessive
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genotypes are much more frequent among DHs. In addition, dominant markers
are as informative as co-dominant ones in such populations. Therefore, DH lines
from crosses comprising the following gene combinations were generated: rym4 x
rym9, rym4 x rymll, rym5 x rymll, rym5 x rym9, rym9 x ryml 1. Starting from
these crosses two different strategies have been followed involving one or two
cycles of DH production (Werner et al. 2005). For the first, F, derived DH popula-
tions were screened with appropriate closely linked PCR-based markers in order to
identify plants carrying both genes in a homozygous recessive state, theoretically
present at a frequency of 25%. These genotypes were inter-crossed followed by
a DH line production step and re-analyses by the molecular markers to identify
genotypes homozygous recessive for two or three resistance genes, respectively
(Figure 2).

For the second strategy, F, plants having one resistance gene in common, e.g.
[(rym4 x rym9), (rym4 x rym11)], were inter-crossed and at least 100 F; kernels were
produced for each cross (Figure 3, Werner et al. 2005). Genotypes homozygous
recessive at the common resistance locus were identified using respective SSR
markers. The selected genotypes were then screened for heterozygosity at the other
resistance loci and DHs were produced from the resultant selections (Figure 4,
Werner et al. 2006). In theory 6.25 plants of the 100 F) plants should carry the
expected genotype. Since less than the expected number of plants were identified
in four of the crosses, genotypes were also selected that were heterozygous at all
three resistance loci to enrich the pool. Among the DH offspring of these plants 20
out of 107 carried rym4, rym9 and ryml1 and 27 out of 187 tested carried rym5,
rym9 and rymll in homozygous recessive states. In addition, DH-lines carrying
all possible two-gene-combinations were achieved simultaneously (for details cf.
Werner et al. 2005).

Since DH line production itself is time-consuming and costly the second strategy,
including only one DH step, is considered more efficient than the first strategy
with two DH steps. Although there are no cost differences concerning molecular
analyses it should be noted, that in the one step strategy, co-dominant markers
are a prerequisite because the first selection step takes place in heterozygous
genotypes. For all other steps of both strategies dominant markers are as infor-
mative as co-dominant ones since heterozygous genotypes are absent in DH popula-
tions. Due to the appearance of the resistance breaking BaMMV-strain (Kanyuka
et al. 2004, HabekuB et al. 2005) this strategy has gained actual importance. For
example, combining the gene rym5, which at this time represents the sole basis
of European barley cultivars resistant to BaMMV, BaYMV and BaYMV-2, with
rym9 effective against BaMMV and BaMMV-SIL (Kanyuka et al. 2004) should
result in resistance against all yellow mosaic inducing viruses currently known in
Europe.

In practical barley breeding pyramiding using molecular markers has to be
repeated in each crossing cycle since the combined resistance genes will segregate
in the progeny. However, this holds true only until respective major genes will be
fixed within the actual breeding material, e.g. in Europe.
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Figure 3. Scheme of pyramiding resistance genes rym4, rym9 and ryml1 by one haploidy step (Werner
et al. 2005) (See Plate 3)
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Figure 4. Scheme for selecting F; genotypes homozygous at the resistance locus in common (rym4) and
heterozygous at the others (ryml1/rym9, G9) and of genotypes heterozygous at all three loci (G11) as
the starting point for pyramiding three and two resistance genes, respectively, by one DH step (Werner
et al. 2006)

4. CONCLUSIONS AND FUTURE PERSPECTIVES

The results presented elucidate that molecular markers are available for many
major resistance genes and QTL in barley facilitating — besides mere marker based
selection procedures which are already applied in practical barley breeding for
resistance to many pathogens e.g. BAMMV/BaYMV (Schiemann & Backes 2000)
or BYDV (Ovesna et al. 2000) — the implementation of new breeding strategies
like marker assisted backcrossing procedures or pyramiding of resistance genes. In
the last few years the number of isolated resistance genes has risen considerably.
However, the availability of expression profiling techniques and knowledge on
synteny between the sequenced rice genome and barley will lead to an enhanced
isolation of resistance genes in this species and a deeper understanding of respective
pathosystems in the future. The isolation of genes involved in resistance and/or
tolerance will transfer breeding for resistance in barley to the next level facilitating
the identification of novel alleles and their directed use in molecular breeding
strategies in order to enhance resistance.
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Abstract:

A number of resistance genes against biotrophic pathogens recently have been cloned
from wheat and barley. These include the barley stem rust resistance gene Rpgl, the leaf
rust resistance genes Lr10 and Lr21 in wheat and several alleles from the highly diverse
powdery mildew resistance loci Mla in barley and Pm3 in wheat. In addition, the durable
and recessive mlo gene also conferring powdery mildew resistance as well as the viral
resistance genes rym4 / rym5 were isolated from barley. There are many advanced
projects in a number of research groups aimed at the isolation of additional resistance
genes, including some quantitative trait loci with major effects on resistance against
biotrophic and necrotrophic pathogens. The availability of these genes for transgenic
approaches as well as the development of highly diagnostic markers to test for the
presence of the gene in plants will allow new breeding strategies. Resistance breeding,
possibly more than breeding for any other major trait, will benefit enormously and
rapidly from this new molecular information: a rapid diagnosis of resistance genes as
well as a rational combination of qualitative and quantitative resistance factors based
on molecular knowledge will become feasible in the next decade.

1. INTRODUCTION

Plant pathogens are causing losses both by reducing the quantity of the harvested
crop as well the quality of the product. It is estimated that in wheat, barley and
rice around 10% of the total crop is destroyed by plant diseases. Yield losses
reach 30% considering also pests and weeds (Oerke and Dehne 1997). Quality
problems of the harvested product can be due to shrivelled seed which are frequently
found as a consequence of the infection by leaf pathogens such as mildews, rusts,
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septoria, stagonospora blotch as well as many others. There also are direct quality
problems caused by pathogens. In cereals, Fusarium species are the major culprit for
mycotoxin contamination from the harvested grain, causing economic losses and in
the worst case human and animal health problems. Consequently, the improvement
of resistance against the Fusarium pathogens has been one of the main goals in
classical and molecular pathology during the last decade.

Disease resistant plants are essential for sustainable agriculture. Although fungi-
cides are available against many of the important cereal diseases, they are not
affordable for farmers in many parts of the world, are sometimes difficult to apply
because of weather conditions and can cause environmental problems. Histori-
cally, the applied goal of the genetic and later the molecular analysis of naturally
occurring disease resistance has been to support and to improve resistance breeding
in crop plants. However, the study of the classical and molecular genetics of disease
resistance in plants also has been a scientifically rewarding area of basic research,
revealing elementary mechanisms in the interactions of plants with pathogens at
different levels. These studies have also resulted in the discovery of surprising
similarities between pathogen defense in plants and defense mechanisms involved
in innate immunity of animals and humans (Nuernberger et al. 2004).

There are recent reviews on the topic of cereal resistance genes which describe
in some more detail several aspects which can only briefly be discussed in this
chapter (Ayliffe and Lagudah 2004; Keller et al. 2005). Here, we will focus
on the cloning of resistance genes and QTL in cereal species in the narrower
sense (wheat, barley, rye and oat), but occasionally data and discussion on
cereals in the wider sense (including the two crops maize and rice) will be
included.

2. SINGLE GENE RESISTANCE VS. QUANTITATIVE
RESISTANCE: TWO GENETICALLY DIFFERENT
TYPES OF RESISTANCE AND THEIR CONSEQUENCES
FOR BREEDING STRATEGIES

The studies on the inheritance of resistance revealed that there are two clearly
distinct genetic mechanisms for disease resistance: monogenic resistance is based on
single genes or at least single genetic loci whereas quantitative resistance depends
on two or more genes. Genes involved in quantitative resistance have additive
genetic effects, with none of them individually conferring sufficient resistance to be
of agronomic interest. In most cases (for some exceptions see below), it was found
that single resistance genes conferred complete resistance but were only active
against certain races of the pathogen, i.e. they showed a genetic interaction with
genes from the pathogen. If such a gene conferred a complete resistance against all
known pathogen races, large-scale cultivation frequently resulted in the appearance
of new, virulent pathogen races possibly created by mechanisms of recombination
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or mutation. Alternatively, these virulent races might have been present at very low
frequencies in the pathogen populations already before introduction of a particular
resistance gene. Thus, single gene based, race-specific resistance is often rapidly
overcome by new pathogen races, thereby limiting its use as a single defense line
in a crop species. A possible use of resistance genes in a more sustainable way
in breeding is based on combination of genes (McDonald and Linde 2002). This
is achieved by combining (“pyramiding”) several resistance genes in the same
cultivar, or by using line or cultivar mixtures. There, different R genes are present
in different plant lines and the combined planting of the lines results in an overall
improvement of resistance without putting an enormous selection pressure on the
pathogen.

Single gene, race-specific resistance is based on a direct or indirect recog-
nition event between the product of the plant resistance gene and the effector
protein encoded by the avirulence gene of the pathogen. This interaction is studied
intensively both in model plants as well as in crop species and in some cases
is now quite well understood (see e.g Schulze-Lefert and Bieri 2005 and refer-
ences therein). At the genetic level, resistance genes are often clustered at some
loci in the genome or exist as different alleles, each allele conferring resis-
tance towards a specific set of pathogen races carrying the corresponding aviru-
lence allele. In contrast to this resistance based on major single genes, quanti-
tative resistance rarely shows a genetic interaction with the pathogen and thus
is effective against all races of a particular pathogen species. It slows down the
disease development by increasing latency period, lowering sporulation frequency
or other parameters related to the development of the epidemic. Quantitative resis-
tance shows a relevant environmental dependence which makes breeding for it
cost- and labor intensive in large-scale breeding programmes, particularly if a
number of quantitative traits have to be incorporated into the same elite genetic
material.

Although plant pathogen interactions are sometimes simplified by stating that
quantitative resistance is durable, whereas this is not the case for single-gene based
resistance, one should keep in mind that this is not always the case. There are several
examples of single genes which have been effective for many years: these include
the S72 stem rust resistance gene in wheat, the mlo powdery mildew resistance
gene in barley and the N gene against tobacco mosaic virus. In addition, there
are indications that certain quantitative resistances can also erode and become less
effective, albeit not in the rapid form as observed for race-specific resistance genes
in the boom-and-bust cycles (McDonald and Linde 2002).

Resistance breeding in crop plants depends on both major R gene as well as
quantitative resistance. Monogenic resistance genes are easy to work with but
are frequently not durable as described above due to rapid selection of pathogen
races which overcome the specific resistance. Consequently, quantitative resis-
tance is an attractive alternative although it is difficult to handle in a breeding
program if there are no diagnostic markers available for selection of the relevant
chromosomal regions. The application of molecular markers has allowed the
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genetics of quantitative resistance to be determined and quantitative trait loci
involved in resistance have been identified and mapped. The focus of current
research is on cloning a large number of quantitative as well as major resistance
genes from different cereal species and the understanding of their function and
evolution.

3. MAP-BASED CLONING OF CEREAL DISEASE
RESISTANCE GENES

Currently, the only grass genome which is completely sequenced is the rice genome.
It was proposed early on as the model genome for all grass species based on large-
scale synteny between rice and other species. The possible use and the pitfalls of
using rice as a genomic model for gene cloning in other grasses have been described
in two recent reviews and shall not be repeated here (Bennetzen and Ma 2003;
Xu et al. 2005). In summary, rice provides an excellent model to saturate genetic
regions of interest with molecular markers. In addition, it can provide candidate
genes for further study, but it has to be kept in mind that resistance genes are
poorly conserved at orthologous positions in grass genomes (Leister et al. 1998;
Guyot et al. 2004). The rice genome can not replace barley and wheat genomic
tools as, at least for resistance genes, a physical contig spanning the locus has to be
derived from the species, or even better, from the cultivar of interest. An alternative
“bridging” genome could possibly be the genome of Brachypodium distachyon, a
species which is more closely related to wheat than rice and will be sequenced in
the near future.

Once the first resistance genes had been cloned from model organisms, it became
clear that many of them encoded proteins with conserved domains such as nucleotide
binding site (NBS) and leucine rich repeat (LRR) domains. Many studies subse-
quently described the isolation of resistance gene analogs (RGAs, genes encoding
proteins with domain structures very similar to those encoded by functional resis-
tance genes) using PCR amplification based on primers developed from conserved
regions. A large number of cereal RGAs were subsequently isolated and charac-
terized from several species (see e.g. Leister et al. 1998). It is disappointing that until
now none of these RGAs was proven to be an active resistance gene by functional
analysis in wheat and barley. Amazingly enough and in a sort of contradiction to
the unsuccessful RGA approaches, the recently cloned cereal resistance genes have
mostly turned out to encode NBS-LRR type of proteins. The failure of the RGA
strategy for cloning of resistance genes is possibly due to the large number of RGAs
present in cereal genomes. In rice, around 600 RGAs were found, and this class of
genes accounts for approximately 1% or more of the rice genes (Bai et al. 2002;
Monosi et al. 2004). A similar number can be expected for the barley genome and
each of the three genomes of hexaploid wheat. Thus, the sheer number of RGAs
makes the identification of a specific gene difficult. Consequently, all the known
wheat and barley resistance genes have been isolated by map-based cloning and
not by homology with the rice genome or the RGA approach.
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Map-based cloning in cereal genomes is challenging because of the large genome
sizes (5 x 10° bp in barley, 1.6 x 10'° bp in bread wheat) and the high content of
repetitive DNA making chromosome walking tedious. The steps towards cloning of
a gene include (1) the establishment of a large population segregating for the trait
of interest, (2) high resolution mapping of the gene using molecular markers and (3)
establishment of a physical contig of BAC clones containing flanking markers of
the gene. Both for marker development as well as physical mapping, the availability
of genomic resources is crucial. In wheat and barley, high density maps and a
large number of markers, mainly highly polymorphic microsatellite markers as well
as EST sequences are available (reviewed in Keller et al. 2005). In an analysis
for wheat published by Mclntosh et al. (2003), there were 5537 RFLP loci, 1620
microsatellites and 2049 protein loci and genes controlling phenotypic traits. This
makes the wheat genome one of the most densely mapped plant genomes, except
for those with a completely known genome sequence. More information is available
on the Graingene web site http://wheat.pw.usda.gov/GG2/index.shtml).

There is a growing list of wheat and barley BAC libraries available for physical
mapping. For barley, there are BAC libraries from cultivars Morex and Cepada
Capa, with several others currently being made (Yu et al. 2000; Isidore et al.
2005a). Two libraries from hexaploid wheat cultivar Chinese Spring are available
as spotted filter sets for hybridization screening (Allouis et al. 2003, Shen et al.
2005). In addition, pooled PCR screenable BAC libraries have been constructed
from hexaploid wheat cv. Glenlea (Nilmalgoda et al. 2003), as well as from single
chromosomes (Safar et al. 2004) and from pooled chromosomes (Janda et al. 2004)
of cv. Chinese Spring. The BAC library of hexaploid Chinese Spring as well
as the chromosome 3B specific BAC library have recently become available for
general use (see http://cnrgv.toulouse.inra.fr/ENG/collection.html). Genomic studies
in the complex hexaploid wheat genome can be simplified by specific analysis
of one of the three individual wheat genomes. These can be accessed through
the diploid A, B, and D-genome donors. Therefore, a number of BAC libraries
have been constructed from diploid ancestors of wheat, e.g. for the A genomes
of T. monococcum (LijavetzKy et al. 1999) and T. urartu (Akhunov et al. 2005),
for the wild grass which is most similar to the B genome (Aegilops speltoides,
Akhunov et al. 2005) and for the D genome (Aegilops tauschii, Moullet et al.
1999, Luo et al. 2003, Akhunov et al. 2005), as well as from the tetraploid AB
genomes (Cenci et al. 2003). Given the observed large differences in haplotypes
of different varieties in barley (Scherrer et al. 2005) and wheat (Isidore et al.
2005b), it will be very helpful for the cloning of a specific gene if several or many
BAC libraries are available. Then, the BAC library from the cultivar which has
the most closely related haplotype can be used. Map-based cloning has resulted in
the isolation of a number of fungal disease resistance genes in wheat and barley.
The isolated genes are listed in Table 1. In addition, the table also lists the cloned
maize and rice disease resistance genes against maize rust and rice blast/bacterial
blight. Below, we discuss in more detail the cloning of the wheat and barley
genes.
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Table 1. Cloned disease resistance genes in wheat, barley, rice and maize
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Species Gene Disease Type of gene Reference
Wheat Lrl10 Leaf rust NBS-LRR Feuillet et al. 2003
Wheat Lr21 Leaf rust NBS-LRR Huang et al. 2003
Wheat Pm3a-g Alleles against NBS-LRR Yahiaoui et al. 2004
specific races Srichumpa et al. 2005
of powdery Yahiaoui et al. 2006
mildew
Barley mlo Powdery mildew 7 transmem- Biischges et al. 1997
brane domain
protein
Barley Mla alleles Alleles against NBS-LRR Zhou et al. 2001

1,6,7,10,12,13

specific races

Halterman et al. 2001

of powdery Halterman et al. 2003
mildew Shen et al. 2003
Halterman and Wise
2004
Barley Rpgl Stem rust Tandem kinase Brueggemann et al. 2002
Maize Rpl-D Leaf rust NBS-LRR Collins et al. 1999
Rice Xal Leaf blight NBS-LRR Yoshimura et al. 1998
Rice xas Leaf blight TFIIAYy Iyer and
McCouch 2004
Jiang et al. 2006
Rice Xa-21 Leaf blight RLK Song et al. 1995
Rice Xa-26 Leaf blight RLK Sun et al. 2004
Rice Pib Rice blast NBS-LRR Wang et al. 1999
Rice Pi-ta Rice blast LRD Bryan et al. 2000
Rice Pi-9 Rice blast NBS-LRR Qu et al. 2006

3.1. Powdery Mildew Resistance Genes in Cereals: The Well Studied
Cases of the Barley Mla and Wheat Pm3 Allelic Series
of Resistance Genes

Barley powdery mildew (Blumeria graminis f. sp. hordei) is a biotrophic fungal
pathogen of economical importance in most barley growing areas. Breeding for
resistance against this disease already has a long history, such that a high number
of resistance genes (denominated MI genes) have been identified in the cultivated
and wild gene pools of barley (Jorgensen 1993; Weibull et al. 2003). The Mla
locus (first described in the cultivar “Algerian” = Mlal) was shown to encode a
large number of alleles specifying race specific resistances that are distinguishable
based on the differential response of barley lines towards a set of different mildew
isolates. A total of 32 Mia alleles have been defined genetically (Mlal to Mla34;
Mla4 was shown to be an independent locus and renamed Mlkl; Mlal5 is identical
with Mla7) (Jorgensen 1993; Weibull et al. 2003), and many more can be expected
in as yet uncharacterized germplasm. The Mla locus is thus among the most variable
disease resistance loci found in plants.
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Initially, a physical map spanning the Mla locus was established using the cv.
Morex BAC library, which was the only barley BAC library available at that time
(Wei et al. 1999). The BAC contig encompassing 261 kb represented 0.25 cM in an
F, population of 1800 individuals used for high resolution mapping. The contig was
fully sequenced and annotated (Wei et al. 2002). The cv. Morex sequence revealed
the presence of 8 NBS-LRR resistance gene homologs (RGHs) that were grouped
in three families based on sequence similarity. A function in disease resistance
could not be assigned to any of these candidate genes as Morex does not express a
known powdery mildew resistance gene at the Mla locus. Thus, a functional Mla
gene had to be isolated from another barley accession. In a second step, this was
done concomitantly, yet independently, for both Mlal and Mla6 using different
approaches.

To isolate Mlal, a cv. Algerian derived Mlal near-isogenic line was vy-ray
mutagenized to recover Mlal mutants. Two mutants showed an altered RFLP
banding pattern when hybridized with selected probes derived from the Morex
contig. One of these probes was a RGH and was subsequently used to isolate
the Mlal sequence from a cosmid library of a Mlal expressing barley line. The
Mlal gene identity was confirmed through genetic complementation in a single
cell transient expression assay (see below). Mlal encodes a coiled-coil nucleotide-
binding-site leucine-rich-repeat (CC-NBS-LRR) type of R-protein of 958 amino
acids with 11 imperfect LRRs (Zhou et al. 2001). To isolate Mla6, the corresponding
LRR regions of different Morex RGH family members were amplified from a Mla6
expressing cv. Franger derived near-isogenic line. These LRR fragments were then
hybridized to a cDNA library developed from the same accession. Only probes
from one RGH family (the same as for Mial) identified clones in the library. These
cDNAs corresponded to one potentially full-length CC-NBS-LRR protein of 956
amino acids. A genomic clone from the same gene was isolated through a PCR
based screen of a cosmid library constructed from the same accession. The identity
of Mia6 was confirmed similarly as Mlal (Halterman et al. 2001). The Mlal and
Mla6 gene function was later corroborated in transgenic barley. An 8kb genomic
fragment of either one of the genes was able to confer complete, race specific
resistance that was indistinguishable from the respective donor lines (Bieri et al.
2004).

Subsequently, further Mla alleles were isolated more easily: Mlal2 was isolated
from a cosmid library (Shen et al. 2003) and Mlal3 from a cDNA library (Halterman
et al. 2003) using the previously isolated Mla genes as probes. Mla7 and Mlal0 were
amplified by a RT-PCR strategy with primers designed from sequences conserved in
the previously isolated genes (Halterman and Wise 2004). Sequence comparison of
Mla coding regions revealed that they are closely related (>93% overall identity) and
represent gene variants (probably alleles) of a common progenitor. The N-terminal
part of the proteins is much more conserved (>98% identical) than the C-terminal
part (>82%). Accordingly, the region determining the difference in recognition
specificity between Mlal and Mla6 could be mapped in a domain swap experiment
to the C-terminal part of the protein encompassing the non-LRR C-terminus plus
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three to nine LRRs (Mla6 and Mlal, respectively; Shen et al. 2003). The same
region also has a number of hypervariable residues that likely are under diversifying
selection.

In bread wheat, the Pm3 locus encodes one of the earliest identified allelic
series for wheat disease resistance. Ten Pm3 alleles (Pm3i to j) have been geneti-
cally identified in wheat lines or cultivars originating from four continents (Zeller
and Hsam 1998). Each of them confers race-specific resistance to wheat powdery
mildew (Blumeria graminis f. sp. tritici). The first of these alleles identified at the
molecular level was the Pm3b allele which was cloned using a positional cloning
strategy (Yahiaoui et al. 2004). Two wheat species with lower ploidy levels, the
diploid wheat T. monococcum and the tetraploid T. turgidum cv. durum, provided
models for the genome of hexaploid wheat and allowed the establishment of a
physical contig spanning the Pm3 locus. Although the haplotypes at the Pm3 locus
differed dramatically between the three levels of ploidy, a large resistance gene-like
family was consistently found at the Pm3 locus and a candidate gene cosegregating
with Pm3b was identified. A single mutant showing no obvious large deletion at the
Pm3 locus showed a single base-pair deletion in the coding region of the candidate
gene, and no mRNA could be detected from the candidate gene by RT-PCR in this
mutant. In the transient assay described below for powdery mildew resistance genes,
the identity of the candidate gene as Pm3b was demonstrated by its race-specific
interaction with the powdery mildew pathogen (Yahiaoui et al. 2004).

For the isolation of the remaining Pm3 genes, haplotype analysis of ten lines
carrying different Pm3 alleles was performed. In all these lines a conserved genomic
region delimited by markers co-segregating with Pm3b was identified, including a
structurally very well conserved, Pm3b-like gene (Srichumpa et al. 2005). Based
on this haplotype conservation, six additional Pm3 resistance alleles (Pm3a, c,
d, e f, and g) were isolated using a PCR-based strategy (Srichumpa et al. 2005;
Yahiaoui et al. 2006). The Pm3 resistance alleles encode a coiled-coil nucleotide
binding site leucine rich repeat type of protein. Haplotype conservation in Pm3
lines and high sequence conservation (more than 97% sequence identity) observed
between the Pm3 resistance genes indicated that all Pm3 specificities form a true
allelic series. Highly specific functional markers derived from the allelic sequences
now allow for the detection of individual Pm3 alleles with complete accuracy in
wheat breeding programs (Tommasini et al., 2006). In addition to the functional
alleles, a susceptible variant of the Pm3 genes was identified. The comparison
of the sequence of the Pm3 resistance alleles with the susceptible allele Pm3CS
provided important information on the evolutionary processes that generated the
resistance alleles. One group of four Pm3 resistance alleles showed few, clearly
delimited, polymorphic sequence blocks of ancient origin, possibly derived from
gene conversion. A second group of three alleles differed from Pm3CS by only
two to five mutations, all non-synonymous and all in the LRR-encoding region.
Transient transformation assays confirmed that these few differences in the LRR
domain of Pm3 proteins are responsible for the specificity of resistance against
different powdery mildew isolates. Moreover, the very high sequence conservation
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between these alleles and the susceptible Pm3CS allele together with the absence
of synonymous mutations between all these genes indicated a recent evolution of
the Pm3 resistance genes probably after wheat domestication 10,000 years ago
(Yahiaoui et al. 2006).

Interestingly, both the Mla and Pm3 genes are located in the distal region of
chromosome group 1 (1HS and 1AS, respectively) and both loci are characterized
by a large number of functionally different alleles. However, the two loci are not
orthologous as the Mla probes derived from barley sequences map about 5 cM from
the wheat Pm3b gene in a wheat genetic map (Zhou et al. 2001 and our unpublished
results). In addition, the two genes are not similar at the sequence level (except
for the overall domain structure of CC, NBS, LRR domains). We conclude that
Mla and Pm3 represent a case of convergent evolution where quite different genes
were recruited to confer resistance against very similar pathogens. It is relevant to
study at the molecular level the direct or indirect mechanisms of MLA and PM3
protein interaction with fungal avirulence gene products and the subsequent signal
transduction. It is also interesting to note that two different genetic loci have evolved
into major resistance genes in the two closely related crop species wheat and barley.
This strongly suggests that for most resistance loci it will be necessary to isolate
them from the crop species where they are active as there is very low functional
similarity between orthologous genes even in closely related species. Thus, the
isolation and comparison of the Mla and Pm3 genes has resulted in exciting new
findings and demonstrates that, in addition to putative practical applications, it is
well worth isolating resistance genes from crop plants instead of limiting this type
of work to model species.

3.2 The mlo Powdery Mildew Resistance in Barley

Classical monogenic resistance is race-specific and genetically dominant or co-
dominant. The Mla and Pm3 genes described above are typical examples of such
resistance genes. In barley, there is a second and highly unusual recessive resistance
against powdery mildew based on the absence of the mlo gene. Absence of Mlo
confers a broad spectrum resistance which is active against most powdery mildew
races in barley and has been durable for a long time. The mlo haplotype introgressed
in many European spring barley lines is derived from a natural gene silencing event
found in Ethiopian landraces. The complex molecular basis of this mutation has
recently been identified and is described in Piffanelli et al. (2004). Resistance based
on the mlo gene was obtained in all powdery mildew susceptible barley lines which
were mutagenized and screened for resistance. Therefore, it seems that loss of the
Mlo gene is sufficient to confer this broad spectrum resistance which is based on the
formation of cell wall appositions. The mlo gene was actually the first gene cloned
from a large cereal genome by map-based cloning (Biischges et al. 1997). This
was based on a segregating F, population with more than 2000 individuals and the
identification of closely linked AFLP markers. In this early time of gene cloning in
barley there was no large insert library available yet and the authors made a YAC
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library from cultivar Ingrid which has an Mlo genotype. The Mlo gene could be
mapped to a short physical sequence of approximately 30 kb, revealing only one
good candidate gene for Mlo. PCR-based sequencing of the Mlo gene candidate
in several independently generated mlo mutants from different genetic background
revealed mutations in the coding region in all of them. This mutant analysis as well
as experiments detecting intragenic recombination events demonstrated the identity
of the cloned gene as Mlo. The MLO protein is encoded by 12 exons and contains
533 amino acids, with a number of putative transmembrane domains. The analysis
of MLO function in barley as well as in Arabidopsis is currently a very active
area in research and ideally this type of resistance could also be developed in other
cereal species, particularly wheat.

3.3. Rust Resistance Genes from Wheat and Barley

There are three rust diseases in wheat and barley: leaf rust, stem rust and stripe rust.
Although there are more than 200 resistance genes described against these diseases
in the two crops (see e.g. McIntosh et al. 1995), until now only the three leaf rust
resistance genes Lr1, Lr10 and Lr21 have been cloned from wheat. In addition, one
stem rust resistance gene, Rpg!, has been isolated from barley.

Similar to wheat genes Pm3 and LrI0 as well as the barley Mla gene, the wheat
Lr21 gene is located in the distal region of the short arm of a group 1 chromosome,
in this case 1DS. It was isolated by map-based cloning, using a shuttle mapping
strategy between the diploid species Aegilops tauschii, the D-genome donor of
bread wheat, and the hexaploid bread wheat genome (Huang et al. 2003). Lr21 had
originally been introgressed into bread wheat from an Ae. tauschii line collected in
Iran. High-resolution mapping was done in the hexaploid recipient wheat, whereas
the large insert clones (in this case cosmid clones) were generated from the diploid
Ae. tauschii donor line. Although one recombinant, which later turned out to be
intragenic, complicated the identification of a candidate gene considerably, Huang
et al. (2003) could identify a promising candidate gene which was then confirmed
to be Lr2] based on stably transformed transgenic wheat lines. The Lr2] gene
encodes a 1080 amino acid protein of the NBS-LRR type. In the amino terminal
domain it has a highly unusual 151 amino acid domain which is not found in other
NBS-LRR proteins. The LR21 protein has only 13 imperfect leucine-rich repeats,
which is relatively short compared to other NBS-LRR type of resistance genes, but
very similar in size compared to other LRR domains in plant proteins (De Lorenzo
et al. 2001; Baumberger et al. 2001).

The Lri0 leaf rust resistance gene is located on chromosome 1AS and was
described in the gene pool of hexaploid wheat but not in any diploid relative. A high
resolution genetic map was established based on 3120 F2 plants. Closely linked
markers were used to identify BAC clones from the region of interest. At the time
of this work, there were only BAC libraries available from the A™ genome from
T. monococcum and the D-genome from Ae. tauschii. As the Lr10 gene is located
on chromosome 1AS, the library from 7. monococcum DV92 was used to establish
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a physical contig around the gene (Stein et al. 2000). Two chromosomal walking
steps were necessary to establish a contig including flanking markers. These steps
were difficult because of the highly repetitive nature of the wheat genome, and the
development of specific probes for the isolation of overlapping clones was time-
consuming. Sequencing of the relevant part of the contig revealed the presence of
two NBS-LRR candidate genes between the flanking markers (Wicker et al. 2001).
It later turned out that the choice of the diploid wheat for establishing a contig
had been a lucky one, as the line 7. monococcum DV92 has a haplotype at the
Lr10 locus which is very similar to the one in Lr/0 containing hexaploid wheat
line (Feuillet et al. 2003). It was also found later that most hexaploid wheat lines
have a haplotype with a large deletion at the Lr/0 locus and the discovery of the
gene would have been impossible in a BAC contig from such a line (Isidore et al.
2005b).

Using EMS mutagenesis, three independent mutations were identified in one of
the candidate genes, demonstrating that the affected gene is Lrl0 (Feuillet et al.
2003). Transformation with the two candidate genes only resulted in resistant and
fertile plants when both candidate genes were used, a fact that is still not completely
understood (Feuillet et al. 2003). The Lr/0 gene encodes a CC-NBS-LRR type of
protein with 919 amino acids and 14 imperfect leucine-rich repeats. Amazingly,
diversifying selection was shown to act on the N-terminus of the gene, whereas
the LRR domain was more conserved. This contrasts with the finding in other
resistance genes (McDowell et al. 1998; Meyers et al. 1998). Lr10 is clearly different
in sequence compared to other cloned cereal resistance genes. In particular, it is
more closely related to the Arabidopsis Rpml bacterial resistance gene than to the
second wheat leaf rust resistance gene cloned, Lr2] (Feuillet et al. 2003). Lrl0
is similar to Rpml in two more aspects: first, both genes are present only as one
copy in the genome which contrasts with the observed gene clusters at many other
resistance loci in cereals (e.g. Mla, Pm3, Lr21). Second, for both genes there is a
characteristic presence or absence polymorphism in the gene pool (Isidore et al.
2005b): a wheat cultivar either has an Lr/0 gene or a very closely related gene or
it has a large deletion, very similar to the Rpml locus. The molecular relevance
of these similarities for resistance gene function of these two genes remains to be
determined. Very recently, a third leaf rust resistance, Lr/, has been cloned but this
work has not yet been published (S. Cloutier, B. McCallum, M. Jordan, C. Feuillet,
B. Keller, unpublished data).

A single rust resistance gene has been isolated from barley: the Rpgl stem
rust resistance gene located on chromosome 7HS which confers a highly valuable
and durable (since 1942) resistance in many North America cultivars. The gene
orginates from an old Swiss landrace from the Canton Lucerne and was cloned
by Brueggeman et al. (2002). The story of the Rpgl cloning is one of several
good case studies revealing the limits of the use of the rice genome for cloning
of disease resistance genes (summarized by Ayliffe and Lagudah 2004). For Rpgl
cloning, a high resolution map of 8,518 gametes was used as well as a BAC contig
of 330 kb established by chromosome walking from the cultivar Morex which
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contains Rpgl. High resolution mapping delimited the interval containing Rpg!
to 110 kb. Two candidate genes with sequence similarity to receptor-kinase like
genes were identified and one was putatively assigned as being Rpgl by comparing
allelic sequences from susceptible and resistance cultivars. The RPG1 protein is
encoded by 14 exons and contains 837 amino acids (Brueggeman et al. 2002). For
a resistance protein it has a highly unusual protein structure with two tandem kinase
domains but lacking any LRRs. It remains to be seen if it is a membrane-bound
protein or localized intracellularly. The proposed Rpg/ gene was transformed into
the susceptible barley cultivar “Golden Promise”, making it resistant to stem rust and
confirming that the candidate gene was Rpgl (Horvath et al. 2003). Interestingly,
and similarly to Lr/0 (Feuillet et al. 2003), transgenic plants showed an increased
resistance compared to the line carrying the endogenous gene. While this can be
attributed to overexpression by a heterologous promoter in the case of Lr/0, Rpgl
was under control of its own promoter and the reason for increased resistance in
transgenic plants remains unclear.

34. The Rpl Common Rust Resistance Locus in Maize

The rpl locus conferring resistance to maize common rust (Puccinia sorghi) is a
complex locus on the distal end of the short arm of maize chromosome 10. Genetic
studies showed that different Rp! specificities could recombine, demonstrating the
complexity of this locus (Saxena and Hooker 1968). Recombination events in the rp1/
complex have been associated with the generation of variants with novel phenotypes.
Some of these variants have non-specific reactions to maize rust and display lesion
mimic phenotypes (Hu et al. 1996), some confer a reduced level of resistance,
others show novel race specificities (Richter et al. 1995). The RpI-D specificity
was isolated using a transposon tagging strategy combined with a candidate gene
approach (Collins et al. 1999). In a first step, resistance gene analogs were amplified
from the maize genome and one of them, PIC20 hybridized with a small gene family
at the rpl locus. For the final identification of Rp/-D, independent mutants using
Mutator and Ds transposons were obtained for the Rp/-D gene. In one family of
RpI-D mutants generated using the Mutator element, a HindlIlI restriction fragment
of 5 kb hybridized to the Mutator probe and cosegregated with the mutant allele. In
the Ds mutants of RpI-D , the PIC20 probe was used to detect presence or absence
of insertions at the RpI-D locus. PIC20 detected insertions of the Ds transposon in a
RpID-mutant and excision in three Ds revertants. The mutated sequences were then
isolated from A genomic DNA libraries and were found to correspond to the same
gene. The RpI-D gene encodes a NBS-LRR type of protein of 1292 amino acid
(Collins et al. 1999). In contrast to a majority of NBS LRR proteins, RP1-D does
not show a TIR or a leucine zipper motif at the N terminus. The Rp/-D haplotype
was found to contain 9 paralogous genes. Only one is functional and is located at
the most distal end of the cluster (Smith et al. 2004). Genes at the rp/ locus often
mispair at meiosis which should result in the creation of new haplotypes or new
recombinant genes. Recently, recombination events have been identified at the rp/
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locus which resulted in the generation of a novel specificity (Smith and Hulbert
2005). Based on haplotype analysis of the recombinants, the novel resistance is
believed to be the result of a combination of existing Rp/ genes by intergenic
recombination rather than the result of the creation of a new gene.

3.5. Viral Resistance Genes rym4 / rym5 in Barley

In winter barley, viral infection by the two bymoviruses Barley Yellow Mosaic
(BaYMV) and Barley Mild Mosaic Virus (BaMMV) can cause considerable yield
loss. This group of viruses is transmitted by a soil-borne fungus, Polymyxa graminis,
which is almost impossible to fight with fungicides. In the barley gene pool, there
are recessive resistance genes against BaYMV and BaMMYV such as the rym4
/ rym5 complex on chromosome 3HL. Recently, these genes were shown to be
allelic and they were isolated by a map-based cloning strategy (Stein et al. 2005).
First, a contig of 650 kb was established at the Rym4/Rym5 locus. It did not
span the gene despite considerable efforts to extend the contig to include flanking
markers on both sides of the resistance gene. The region turned out to have (i) a
suppressed recombination and (ii) to be extremely gene poor. It was completely
sequenced and represents the largest contiguous sequence in barley and wheat
that has been analysed todate (Wicker et al. 2005). A gene encoding a typical
eukaryotic translation initiation facter 4E was located on the contig and represented
a very promising candidate for the resistance gene. When the gene for Hv-elF4E
from a susceptible barley line was transformed into a virus resistant cultivar, the
transformants turned out to be susceptible, confirming that the cloned gene was the
susceptibility factor. Comparative sequencing of Hv-e[F4E in 56 barley accessions
revealed a low degree of polymorphism in the gene pool. Both for the rym4 and rym5
alleles two characteristic and diagnostic polymorphisms were detected, suggesting
an independent origin of the two resistance alleles. The amino acid changes caused
by the DNA polymorphisms were all located on the surface of the protein model for
elF4E in close proximity of the cap-binding domain (Stein et al. 2005). The viral
RNASs encode a “virus genome-linked protein” (VPg) with binding affinity for eI[F4E
but the exact molecular mechanism of this interaction and its consequences resulting
in susceptibility or resistance remain elusive. Interference with viral translation
or viral movement are both possible explanations. The characterization of amino
acids putatively involved in resistance or susceptibility should greatly facilitate the
determination of the molecular basis leading to the particular outcome of the virus-
host interaction. The results described by Stein et al. (2005) clearly suggest that
each of the elF4E genes in cereal genomes represents a good candidate for having
allelic variants conferring viral resistance.

3.6. Ongoing Single Gene Isolation Projects in Wheat, Barley and Rye

In addition to the genes which have already been cloned from the complex wheat
and barley genomes, there is an increasing number of projects targeting other
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relevant disease resistance loci in wheat, barley and rye. This work is profiting from
the improved genomic resources described earlier, as well as from an increased
interest in genetic resistance of cereals. An exhaustive description of all the ongoing
projects would be beyond the scope of this chapter, but a few of the cloning projects
which are well advanced will be described in a bit more detail and should give a
representation of the type of genes that will possibly be cloned in the near future.

The short arm of rye chromosome IRS is homoeologous to the group 1S
chromosome arms in barley and wheat and carries a number of economically
important resistance genes against stem, leaf and stripe rust as well as powdery
mildew. The 1RS chromosome translocation is present in many bread wheat
cultivars and, therefore, these resistance genes are present in a broad set of elite
wheat varieties. Mago et al. (2005) have recently described their progress in the
isolation of the Sr31, Lr26 and Yr9 genes on chromosome I1RS. They used two
wheat lines each with a different rye translocation (one of which did not carry the
resistance genes) for high resolution mapping. This elegant approach circumvented
the problem of the lack of recombination within the rye segment in a normal cross
between two wheat lines, of which only one carries the translocation. A first result
from recombination and deletion mapping experiments was the observation that
the three resistance activities are caused by three physically distinct, but closely
linked genes. Although a homolog of the barley Mla gene mapped very closely to
the resistance gene cluster, a deletion mutant lacking all three resistance activities
retained all Mla markers. This suggests that Sr31, Lr26 and Yr9 are not related to
Mla. Nevertheless, the high density map around the genes as well as the physical
knowledge of the barley Mla region should simplify the cloning of these genes in
the near future.

The isolation of an additional stem rust resistance gene in wheat, Sr2, is well
advanced. Sr2 confers partial and recessive resistance against stem rust, being
analyzed genetically as a QTL (see below). The gene has confered durable resistance
over many decades and thus represents a very important target for cloning. Because
Sr2 can be scored with certainty under suitable environmental conditions, it can
be mapped at high resolution similar to single genes. Sr2 is completely linked,
or pleiotropic, with pseudo-black chaff, a phenotypic marker which causes dark
pigmentation on the stem internodes and glumes. Sr2 maps to chromosome 3BS — a
region where QTL for Fusarium resistance and Stagonospora resistance also are
found as well as the leaf rust resistance gene Rph7 in barley (see below). This
region is the focus of an international effort to assemble and map large physical
contigs for sequencing. The cloning of Sr2 will be greatly supported by this effort.
Using mapping information from the rice genome, Kota et al. (2006) have recently
mapped Sr2 at high resolution with the closest flanking markers spanning an interval
of 0.4 cM, and the same authors started to build a physical contig from this locus
(Spielmeyer and Lagudah, personal communication).

In barley, there are also many advanced map-based cloning projects. Only three
of them will be mentioned. In contrast to wheat, no leaf rust resistance gene has
yet been isolated from barley. However, the two genes Rph5 and Rph7 have been



CLONING GENES AND QTLS FOR DISEASE RESISTANCE 117

located to very small genetic intervals in different regions of chromosome 3 HS
(Mammadov et al. 2005; Scherrer et al. 2005). The Rph5 gene has been located in
a small 0.3 cM genetic interval in the barley map and the syntenic rice genomic
region was established (Mammadov et al. 2005). The Rph7 gene was located in
a genetic interval of 0.13 ¢cM and a physical BAC contig containing the flanking
markers was established from a barley cultivar containing the Rph7 gene (Scherrer
et al. 2005). The complete BAC sequence was determined but no obvious candidate
gene could be identified. Thus, Rph7 possibly represents a new type of resistance
gene. Finally, the advance in the isolation of the barley Rdg2a gene against the
hemi-biotrophic seed-borne pathogen Pyrenophora graminea (leaf stripe) should be
mentioned. Rdg2a was located in a 0.14 cM interval between two resistance gene
analogs and might therefore be a member of a larger RGA cluster at this locus
(Bulgarelli et al. 2004).

There is also progress in the characterization of genes involved in resistance
against necrotrophic cereal pathogens. These pathogens are often characterized by
production of toxins which result in necrosis of the host tissue. Genetically, sensi-
tivity is conferred by a dominant gene, suggesting that a specific receptor/transporter
is responsible for the observed sensitivity. Thus, the recessive allele is desired in
breeding material. The wheat Tsn/ gene belongs to this class of genes and confers
sensitivity to the proteinaceous, host-selective toxin Ptr ToxA produced by the
tan spot fungal pathogen (Pyrenophora tritici repentis). The group of J. Faris has
recently mapped this gene at high resolution in an interval of 0.8 cM and started
to establish BAC contigs from this region (Lu et al. 2006; Lu and Faris 2000).
The same group has also made significant progress in the isolation of the Snnl
sensitivity gene for a toxin produced by the Stagonospora nodorum glume blotch
pathogen. This gene has been mapped in a population of 2,050 gametes to a genetic
interval of 0.9 cM. Using the current genetic resolution, a BAC contig of 250 kb
cosegregates with the Snnl gene (J. Faris, personal communication).

4. CLONING OF RESISTANCE QTL FROM CEREALS

Breeding for quantitative, horizontal resistance is a promising approach to achieve
durable resistance. Quantitatively acting defence genes do not confer a high degree
of resistance to pathogens, but they slow down disease development. The molecular
isolation of QTLs from cereal genomes is not a prerequisite for breeding, but
an effective breeding program would profit enormously from diagnostic and very
closely linked molecular markers for QTLs. Positional cloning requires intermediate
steps, like the generation of molecular markers which are genetically tightly linked to
the target locus. These markers can then be used in traditional breeding programmes
(non-transgenic) to introgress the QTL into different genetic backgrounds. In
addition, QTL cloning and functional analysis will be essential to learn more about
the molecular mechanisms that result in partial resistance. As described above, gene
isolation in cereal genomes is difficult, and QTL isolation is further complicated
by the small phenotypic effect of a specific locus. Dissection of the phenotypic
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variance, validation of single loci in recombinant, near isogenic backgrounds and
testing in replicated trials are essential steps to achieve a precise map location of
a specific QTL. Near isogenic lines for a specific QTL represent ideal biological
material to also characterize the molecular or physiological mechanisms that lead
to enhanced resistance. Recently, an excellent discussion on QTL cloning in plants
was published and more details on the technology for QTL isolation are found there
(Salvi and Tuberosa 2005).

The development of collections of near isogenic genotypes sharing the same
QTLs for horizontal resistance and differing for a number of major resistance genes
could result in highly valuable breeding material and be an efficient combination of
the two different genetic resources. Thus, the high resolution mapping and cloning
of resistance QTLs will form the basis of new strategies for resistance breeding
which could not systematically be followed in the past because of a lack of tools to
detect the different loci involved in resistance. Currently, despite the many studies
focused on mapping resistance QTL, only a few of them are at a stage where
cloning of the underlying gene is within reach.

A short summary on some advanced cloning projects for disease resistance QTL is
given in Table 2. The table only lists examples of QTLs for which one or several labs
are intensively working on high-resolution mapping and cloning. Typically, these
large projects are made in some form of national or international collaborations. In
wheat, a QTL for Fusarium head blight (FHB) resistance, Qffis.ndsu-3BS from the
resistant cv. Sumai 3 has been located in a very small region on chromosome 3B
(Liu and Anderson 2003a,b) and the isolation of this gene can be expected in the
near future. FHB (scab) is a very serious problem for wheat production. The disease
is caused by several species of the genus Fusarium, and the International Maize
and Wheat Improvement Center (CIMMYT) has described FHB to be a major
limiting factor to wheat production in many parts of the world (Dubin et al. 1997).
The fungus attacks the spike mostly at the flowering stage, and with favourable
weather conditions, infection can result in serious yield losses. Crop quality is often
compromised by harmful mycotoxins that are produced by the fungus in diseased
grain. Fine mapping of Qfhs.ndsu-3BS gene is ongoing using the rice genome
as a model to derive new markers for the wheat 3BS region. QTL cloning and

Table 2. Advanced projects for cloning disease resistance QTL and durable resistance genes in wheat

Target gene Chromosomal Disease QTL/single gene Reference
location
QOfhs.ndsu-3BS 3BS Fusarium QTL Liu and Anderson 2003b
Head blight
Sr2 3BS Stem rust QTL/single gene Kota et al. 2006
Lr34 7DS Leaf rust QTL Schnurbusch et al. 2004b;
Spielmeyer et al. 2005

Qsnb.sfr-3BS 3BS Stagonospora QTL Schnurbusch et al. 2004a

nodorum
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characterization will shed light on the molecular mechanism underlying resistance
to this major disease (Liu and Anderson, 2003a,b). A similar approach has been
undertaken to map and isolate the horizontal slow rusting resistance loci Lr34/Yrl8
(Schnurbusch et al. 2004b, Spielmeyer et al. 2005), Lr46/Yr29 (Rosewarne et al.
2006), and Sr2 (Kota et al. 2006) as well as a major QTL for Stagonospora nodorum
glume blotch resistance which is also located on chromosome 3BS (Schnurbusch
et al. 2004a). The first two loci located on chromosomes 7DS and 1BL, respectively,
are conferring quantitative and durable resistance to both leaf and stripe rust.
Lr34/Yr18 was also described to be linked to resistance against powdery mildew
and Barley Yellow Dwarf Virus.

5. PROBLEMS FOR GENE IDENTIFICATION
AND VALIDATION: GENOMIC RESOURCES ARE MOSTLY
NOT FROM THE SPECIFIC CULTIVAR CARRYING
THE RESISTANCE GENE OR QTL OF INTEREST

Once an R gene or a resistance QTL has been located in a physical interval, there
is still the problem of the identification of the resistance gene from a number
of candidate genes. As described above, there is only a very limited number of
cultivars or lines for which genomic BAC libraries are available in cereals, mostly
because of the genome size of these crops which make the development of such
resources costly. Thus, there are hundreds of specific resistance genes identified in
wheat and barley, as well as dozens of resistance QTL, all identified in different
cultivars of the species. In contrast, there are only one or very few BAC libraries
available for each cereal species, making it unlikely that there is a specific library
of the line carrying the resistance gene of interest. The major question then is the
following: does the genomic region of the cultivar from which the BAC library
was made accurately corresponds to the region in the cultivar in which genetic
mapping was performed? Or in other words, does the BAC cultivar contain an
allelic form of the gene giving resistance? Are the two haplotypes similar enough
to each other? This is not a trivial point as there are a number of cases where
the haplotypes in susceptible cultivars simply do not contain the region of interest
because of deletion events. This was found e.g. for the Rpml Arabidopsis gene
against P. syringae (Grant et al. 1998) and the Lrl10 leaf rust resistance gene in
wheat (Feuillet et al., 2003). In the latter case, most modern hexaploid varieties carry
the deletion haplotype, including the two cultivars from which BAC libraries are
available: Renan and Chinese Spring. Thus, Lr10 was only cloned by the fortunate
situation that there was a BAC library available from diploid wheat 7. monococcum
cv. DV92 which turned out to have the same haplotype at the Lr/0 locus as the
hexaploid wheat lines carrying the gene (Wicker et al. 2001, Feuillet et al. 2003,
Isidore et al. 2005b). In other situations, particularly in the case of resistance gene
clusters, the haplotypes at these loci differ dramatically between different cultivars.
One of the best studied large and complex resistance loci, the Dm3 locus is not
from cereals but from lettuce. Nevertheless, it is probably a good example for the
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enormous within-species or within-genus variability of resistance loci. The Dm3
downy mildew resistance locus shows a great variability in the gene cluster of
NBS-LRR genes, with cultivars having from 9 to 39 genes (Kuang et al. 2004). The
actual line carrying the active Dm3 gene has a cluster of 32 copies of the gene. A
similar situation is found at the Rp/ resistance locus which also shows a dramatic
variability of the number of copies in the gene cluster (Collins et al. 1999; Smith
et al. 2004). In such cases, in the absence of a BAC library from a cultivar with
the gene, it is difficult to identify the actual resistance gene. Several strategies have
been developed to solve this problem: cosmid and cDNA libraries from the lines
carrying functional Mla resistance alleles were used for the isolation these genes
(Halterman et al. 2001; Zhou et al. 2001). In a second strategy, a non-gridded BAC
library of the cultivar of interest can be made. This was successfully done in the
case of the Rph7 leaf rust resistance gene in barley present in the cultivar Cepada
Capa, although the nature of the resistance gene is still not clear (Isidore et al.
2005b, Scherrer et al. 2005). Non-gridded libraries can be screened using pooling
strategies. Although this approach is not quite as efficient as the use of a fully
arrayed or pooled BAC library, such libraries are very valuable and cost effective
if only a single gene needs to be isolated from a specific line.

It is not yet clear if resistance gene loci are particularly variable among cultivars
of a specific species or if variability, and thus the problems of cultivar specific
haplotypes described above, is a general problem of gene and QTL isolation in
crop species. Given recent evidence in maize (Fu and Dooner 2002, Brunner et al.
2005, Morgante et al. 2005) and barley (Scherrer et al. 2005), there is considerable
variability at many genetic loci among cultivars of the same species. This might
be mostly due to gene fragments moved by helitron transposons (Morgante et al.
2005) and therefore have little phenotypic consequences. However, the detailed
aspects of intra-species variability has to be determined in much more detail to
learn if haplotype variability will represent a common problem for cereal gene and
QTL isolation. It might also be worth to consider the construction of BAC libraries
for several wild accessions from a particular species. This might result in a good
representation of the haplotypes originally present in the gene pool and provide the
necessary basis for molecular work on most haplotypes present in modern cultivars.

6. VALIDATION OF CANDIDATE RESISTANCE GENES

Map-based cloning can delineate a resistance gene or resistance QTL to a small
region of the genome. However, in most cases it will not result in only one candidate
gene but in a number of genes which might be the gene of interest. Validation
remains a thorny and often underestimated part of map-based cloning projects which
today, with more and better tools available than just a few years ago, can result in
relatively rapid progress towards the identification of the candidate genomic region.

In the case of race-specific, major resistance genes which are frequently encoded
by NBS-LRR type of genes, the identification of a single NBS-LRR gene in the
genetic interval carrying the resistance gene makes it likely that this is actually
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the gene of interest. Nevertheless, such a simple situation is rather the exception
than the rule as NBS-LRR genes frequently occur in gene clusters, making the
identification of the actual R gene problematic (see e.g. Yahiaoui et al. 2004) and in
many cases, more sophisticated approaches are needed. Once one or more candidate
genes have been identified for a specific resistance gene or QTL, there are a number
of possible ways to confirm or exclude its identity as a resistance factor. Ideally,
functional null mutants are available. Sequence analysis of candidate genes in these
mutants can rapidly reveal whether the candidate gene is the resistance gene. The
barley mlo powdery mildew resistance gene was quickly confirmed this way, as
well as the barley Mlal and Mlal?2 alleles (Shen et al. 2003; Zhou et al. 2001),
the Lrl0 leaf rust resistance gene in wheat (Feuillet et al. 2003) and the wheat
powdery mildew resistance gene Pm3b (Yahiaoui et al. 2004). Knock out mutants
are much more easily identified for major resistance genes than for resistance QTL.
Nevertheless, for major resistance QTL such as the leaf rust resistance locus Lr34,
mutants have been identified and will be highly useful once candidate genes are
identified (R. Singh, CIMMYT, personal communication).

Powdery mildew is a highly relevant pathogen in several cereal crops. Its inter-
action with wheat or barley occurs exclusively in epidermal cells which can be
transiently transformed by particle bombardment (Douchkov et al. 2005; Schweizer
et al. 1999; Shirasu et al. 1999). Using marker genes such as genes encoding beta-
glucuronidase or green fluorescent protein, the transformed cells can be identified.
By cobombardment with a candidate resistance gene and subsequent infection with
a specific race of the powdery mildew pathogen, transformed cells can be examined
for compatible or incompatible interaction with the pathogen. This allows for a test
of whether a candidate gene confers resistance and has been successfully used for
the mlo gene (Shirasu et al.1999) and the Mla alleles (Halterman et al. 2001; Shen
et al. 2003; Zhou et al. 2001) in barley as well as for the Pm3 allelic series in
wheat (Srichumpa et al. 2005; Yahiaoui et al. 2006; Yahiaoui et al. 2004). Such
transient assays are of course extremely valuable but are currently restricted to
young seedlings and the epidermal tissue. Many pathogens, including the rusts,
interact mainly with mesophyll cells and transient expression is not feasible for
functional analysis of candidate resistance genes against these pathogens.

Stable transformation in cereals such as wheat and barley as well as maize is
now routine but still tedious and time consuming before results can be obtained in
the T, or T, generation. In barley, stable Agrobacterium-mediated transformation
is mostly restricted to the cultivar Golden Promise, whereas in wheat, particle
bombardment is still the most widely used method. In wheat, several sublines of
cultivar Bobhwite, the Canadian cultivar Fielder as well as a number of other
cultivars are transformed in different projects. The restricted availability of lines
which can be transformed efficiently is a potential problem if a specific gene should
be tested. For example, both cultivar Fielder as well as cultivar Bobwhite S26,
which can be easily transformed, already contain several leaf rust resistance genes,
among them the Lr/0 gene (Feuillet et al. 2003). Thus, there is still a need to have
a broader set of genotypes that can be transformed. This will increase the chance
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of finding a line which is highly susceptible against the specific disease of interest,
allowing reliable phenotyping of transgenic plants containing candidate genes.

Recently, virus-induced gene silencing (VIGS) based on the Barley Stripe Mosaic
Virus (BSMV) has been developed as a new tool for functional gene analysis in
barley and wheat (Holzberg et al. 2002, Scofield et al. 2005). In this system, short
fragments (up to 1200 nucleotides) are cloned into the y-genome of the tripartite
viral genome. After infection of the plants at the young seedling stage (barley or
wheat), the target gene is effectively silenced. In the case of a candidate gene
actually being the resistance gene, after infection of seedling genotypes carrying the
resistance gene of interest with the relevant pathogen race, we expect silencing of
the resistance gene and susceptibility. The power of VIGS in cereals was recently
shown for the wheat Lr21 leaf rust resistance gene which was efficiently silenced
by VIGS and seedlings became susceptible (Scofield et al. 2005). This confirmed
the results previously obtained by stable transformation (Huang et al. 2003). Thus,
candidate genes whose function can be determined at the seedling stage can be
efficiently silenced and resistance genes can be identified. There are two possible
problems with this system which have to be considered in its application: first, in
the barley gene pool there is widespread resistance against BSMV, preventing its
use in these lines. Therefore, for each barley line to be used for VIGS, it has to be
established first that it is susceptible to the virus. In wheat cultivars, resistance to
BSMV is rare or absent, making VIGS more straightforward (S. Bieri and B. Keller,
unpublished data). The second problem is related to the fact that R genes are
frequently organized as gene clusters of closely related genes at a specific locus.
Several tandemly oriented and highly similar copies of NBS-LRR genes represent
a considerable problem for VIGS identification of the correct gene. As VIGS is
silencing all genes which are >80% homologous (Holzberg et al. 2002), all members
of an R gene family at a specific locus will be silenced and VIGS will only be
useful for confirming that the gene of interest is a member of the gene family,
but will not help to identify the particular family member which is the resistance
gene. Possibly, the use of more specific 3’ untranslated regions of individual gene
members of the family can solve this problem.

7. OUTLOOK

The improvement of genomic resources for application in cereals promises to
make map-based cloning of resistance genes and resistance QTL an increasingly
important topic of research. After many decades of classical resistance breeding
there is an enormous pool of lines carrying well defined resistance traits against
most of the important diseases in cereals. This is probably one of the broadest
and best characterized genetic resources in higher plants, but it still waits to be
explored for a better molecular understanding of plant disease resistance. Given
the many ongoing map-based cloning projects for resistance genes and QTLs, we
will see a rapid progress in the isolation of genetic factors contributing to different
types of resistances in the next years. Map-based cloning and the identification
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of candidate genes will possibly also profit from association mapping which has
a high potential for genetic resolution in suitable populations. It remains to be
determined how easy it will be to assemble good, diverse populations derived from
the wheat breeding pool for association mapping. However, the first successful
association mapping study in wheat has recently been published (Breseghello and
Sorrells 2006). Cloning of resistance genes in cereals will not only contribute to
better molecular understanding of disease resistance but also, as the work is done
in crop plants, to improved resistance breeding. Two main approaches will support
breeding: first, it will become easier to combine resistance factors by marker-
assisted selection and second, transgenic approaches which are based on a better
molecular understanding of the fundamental processes underlying disease resistance
will become feasible.
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Abstract:

The 1909 publication of G. H. Shull was the dawn of the modern era of maize breeding.
Since that time maize has been unique as a major crop of the world and a very important
species for basic research. Most of the knowledge from that research has been either
worthless or inaccessible to maize breeding programs and actual improvement of maize.
Recently, this relationship has changed and the connections between basic research and
breeding have improved. The previous 10-15 years have been especially eventful with
the advent of transgenic maize and DNA sequence information for maize germplasm.
There is much to learn about the maize genome. Only a small fraction of the 30,000 to
60,000 genes and other sequences have functions assigned to them on the basis of direct
experimentation. The advent of the genomics era of maize breeding, even at such an
early stage, has clearly underlined our abilities to empirically assess all of the promising
genetic options and questions that are raised by new sources of information. Field-based
phenotyping and the prioritization of phenotyping have become much more important in
the genomics era of maize breeding. The gains and pains of the initial decades of maize
breeding have been well documented for some traits and production environments.
But, with the exception of improved resistance to biotic and abiotic stress as a basis
for genetic gains in grain yield, very little fundamental information and few validated
mechanisms have been identified from that era. The next era of maize breeding should
be fundamentally different in the sense that the strategies will rely more on a scientific
method; consequently, some of the reasons for success or failure will be known and
considered for devising more efficient methods of maize improvement.

1. INTRODUCTION

This review presents a summary and critical assessment of the achievements,
prospects and limitations of genomics research for maize improvement, i.e.,
genomics-assisted breeding (GAB) and genomics-assisted selection (GAS). This has
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become a reality for maize improvement in some areas of the world and it has intro-
duced new scientific and social considerations. Presently, science-based breeding
of maize still occurs within the context of a mostly unknown genome and dynamic
environments and furthermore, it is expensive at some stages of implementation
and maintenance.

The origin of the modern era of maize breeding began roughly 100 years ago
with Shull’s experiments (Shull 1909). For much of the past century, maize has
played a unique role among plant species because of its pivotal role as a major
crop worldwide and a very important species for basic research. In particular, the
previous 15 years have been especially eventful with the advent of transgenic maize
and “low cost” DNA sequence information for maize germplasm. This is only the
beginning as we are just starting to understand the content and organization of
the maize genome, the interconnecting circuitries among genotype, environment
and phenotype, and how to translate such intellectual wealth into beneficial
forms.

Breeding and genomics are rather broad and encompassing topics. Therefore,
the only certainty of this review is that it will miss or omit some important
information or perspectives. Under this respect, some definitions may be helpful
in order to reveal my perspective and bias. Plant breeding has always been the
genetic adaptation of plants to the desires and needs of human societies in the
context of agricultural systems. Genomics, with all of the subcategories, is the
attempt to conduct comprehensive assessments and functional annotation of an
organism’s genome and gene products. Together, plant breeding and genomics
form a complementary approach to aspects of systems biology in agriculture as the
former has relied heavily on phenotypic analyses while the latter has emphasized
genotypic and molecular analyses. Both approaches are necessary and increasingly
synergistic.

The foundation of GAB for maize was prepared through a series of social,
technical and scientific events spanning several decades. Detailed accounts of some
of those events have been presented in recent publications (Charles 2001; Troyer
2004; Crosby et al. 2006). In the U.S., agricultural subsidy programs, the Plant
Variety Protection Act of 1970 and the Chakrabarty v. Diamond ruling of 1980 are
examples of important social events that either encouraged or enabled investments
in plant breeding and genomics by corporations and venture capitalists. For maize,
those investments and the security provided by the rule of law were vital to the
development of GAB. In science and technology, examples of significant devel-
opments or discoveries include methods for plant regeneration from cell cultures
of maize in the ‘70s, cloning and sequencing the first maize genes in the ‘80s,
the introduction of the first molecular markers in the ‘80s and early ‘90s, and the
advancements in computational biology and field plot equipment. Enabled by those
events and developments, the first transgenic maize hybrids were first sold in the
U.S. in the mid ‘90s (Troyer 2004). Consequently, some aspects of maize breeding
have changed significantly. With respect to maize, those events are presented in
their approximate chronological order in this chapter.
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2. GENOMICS-ASSISTED BREEDING FOR MAIZE:
TRANSFORMATION

In this section, aspects of some of the more influential developments in biotech-
nology and bioinformatics will be summarized and evaluated with respect to
aspects of maize breeding and improvement. Generic schemes and considerations
for genomic-assisted breeding have been presented (Varshney et al. 2005). When
possible, reviews of methods and technology have been provided.

New and superior germplasm has always been a disruptive and driving force in
a competitive seed market. For example, when inbred line B73 was developed, the
research directors of the two leading seed companies in the U.S. informed Wilbert
A. Russell, who with Lowell Penny developed that inbred, that their companies
could not use B73 in their programs (W.A. Russell, personnel communication).
However, soon thereafter, other companies used B73 to produce superior hybrids
and all other companies were forced to do the same. Decades later, the value and
impact of a few transgenes were similarly underestimated (Charles 2001).

Methods for genetic transformation and a few transgenes for resistance to insects
and herbicides have been major assets and disruptive forces for maize breeding
programs for various reasons which will be discussed in the section on maize
breeding (Lee 1999; Crosbie et al. 2006; Table 1). Here, the methods and their
consequences will be discussed. Technical reviews of maize transformation methods
for the nuclear genome have been published (Armstrong 1999; Kaeppler 2004,
Torney et al. 2006). Transformation of the mitochondrial and chloroplast genomes,
while desirable for some circumstances is less advanced and will not be considered
herein (Maliga 2004).

In the public sector, Agrobacterium-based transformation of immature zygotic
embryos has become a method of choice; although biolistic methods of trans-
formation are still used (Torney et al. 2006). An important advantage of
Agrobacterium-based is a higher frequency of apparently unrearranged, single-
copy insertions of the transgene(s) into the maize nuclear genome. That advantage
is important for GAB because it facilitates assessments and predictability of the
relationship between genotype and phenotype (e.g. fewer problems with silencing)
with respect to the transgene and it should simplify evaluations required by
regulatory agencies.

One unique problem with that method is unintentional transfer and integration
of portions of the bacterial plasmid into the maize genome: up to 70% of the
events may result in stable integration of the intended transgene and portions of the
plasmid (Shou et al. 2004). The effects of such unwanted DNA sequences on gene
expression and phenotype were not determined but they would be a consideration
in subsequent research, development and regulatory review.

Although Agrobacterium-mediated transformation of maize represents a signif-
icant advance, several serious limitations remain with respect to the target tissue,
length of the DNA sequence delivered, the sites of integration and genotypic speci-
ficity (Lee 1999; Kaeppler 2004; Cheng et al. 2004; Torney et al. 2006). The
tissue culture-based methods of transformation are labor intensive, may result in
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Table 1. Assessment of genomics platforms and related infrastructure for their utility in maize breeding'

Infrastructure Not Important Important Very Important Comments”
DNA sequence analysis 0 0 15
Transcript analysis 12 3 0 Need more information on
actual gene function.
Proteomics 12 3 0
Analytical services? 0 1 14
TILLING 13 2 0 Maize has a naturally high
level of DNA sequence
polymorphism.
Insertional Mutagenesis 9 3 3 Concerns about intellectual
property and patent claims.
Transformation 0 1 14 Not always able to transform
the desired genotype but
vital for validation and
product development.
Genetic Map 4 3 7
Complete Genomic 2 5 8
sequence
Physical Map 8 4 3
Informatics 0 0 15
Comparative Genomics 3 6 6
Modeling and Simulation 7 4 4 Need more information on
of phenotype actual gene functions and
interactions between internal
and external factors for
effective modeling.
Off-season breeding 0 0 15
facilities
Wide-area field testing 0 0 15
network
Twin-plot field combines 0 0 15

! Survey conducted May through October 2006 of 15 research managers from six multinational maize
breeding programs.

2 Text in the “comments” column indicates that more than half of the responses included a similar
statement; thus, there is some evidence of consensus for that comment.

3 Analytical services are high-throughput analyses of chemical composition of plant parts.

somaclonal variation and require considerable time to proceed from transformed
cell to seed; essentially, the methods are very similar to those established in the
1970s. Pollen-based methods would greatly improve this aspect of GAB but they
have not been developed despite numerous efforts in this direction.

There has been, however, more progress in other components of transformation
technology. The length of the delivered DNA sequence, while routinely in the
range of a few kilobase pairs, has the potential to be extended to several tens of
kilobases (Hamilton et al. 1996). The ability to introduce longer sequences of DNA
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would facilitate GAB by accelerating the introduction and assessment of novel DNA
sequences, combinations of genes and regulatory sequences and the establishment
of transgene linkage blocks or artificial chromosomes (Lee 1995).

Most analyses of transgene integration in maize indicate that the desired
sequences insert into and are transmitted by the nuclear genome (as opposed to
the mitochondrial or chloroplast genomes). However, the ability to direct the trans-
genes to specific sites, or to eliminate certain sequences via site-specific recom-
bination has not become routine for maize; but, incipient and potentially trans-
ferable technology has been reported for some plant species. Working models of
site-specific recombination based on Cre-lox were demonstrated several years ago
(Ow 2002). Recently, zinc-finger nucleases have been used to achieve a higher
frequency of site-specific recombination in tobacco but tests in maize have not been
reported (Wright et al. 2005). Given that so much of the maize nuclear genome
consists of frequently methylated sequences derived from transposable elements
which may vary greatly among maize inbred lines (Fu and Dooner 2001), it seems
reasonable to be concerned about the integration sites of the potentially valuable
transgenes and the costs of evaluating such seemingly random events. But at this
time, it appears as if each event integrates into a unique site in the maize nuclear
genome and hence, potentially introduces a unique set of variables for that given
chromosomal context in a given genotype. Methods that may minimize one aspect
of such variation, position effect variegation, have been developed by including
putative matrix attachment regions in the constructs (Brouwer et al. 2002). The lack
of control on the site of integration is certainly a source of inefficiency for GAB
of maize since it necessitates evaluating additional constructs and events.

A narrow spectrum of maize genotypes are directly amenable to current methods
of transformation (Torney et al. 2006). Such genotypic specificity hinders comple-
mentation tests needed for functional genomics. For maize GAB, while it is
always desirable to conduct genetic investigations directly with a choice of elite
and commercially valuable germplasm, meaningful assessments can be made with
less elite but transformable germplasm and promising candidate events are subse-
quently and quickly introduced into the appropriate gene pool (Armstrong et al.
1995). Attempts to broaden the range of transformable genotypes have achieved
some success through QTL mapping and breeding (Armstrong et al. 1992) and
bioinformatic-assisted transformation with genes known to influence developmental
processes (Lowe and Gordon-Kamm 2004).

Maize transformation is far from ideal for GAB. The time and cost required
to proceed from idea to commercial varieties may exceed 10 years and US$ 100
million; with about half of that time involved in transformation work. Currently,
depending on the level and specificity of gene product needed for the desired pheno-
typic effect, it is necessary to produce and evaluate several constructs and hundreds
of events to identify candidates for breeding and commercialization. The demands
of product reliability are greater than that required for most aspects of basic research
and the number of options to assess are increasing with the knowledge of genomes
and their interactions with the environment. Perhaps with better understanding, a
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higher form of knowledge, some of the assessments may be conducted through
computational biology and simulation. Although maize transformation alone may
never be completely adequate to efficiently evaluate all of the leads emerging from
genomics, it will be the best option for assessing the most important ones.

3. GENOMICS-ASSISTED BREEDING FOR MAIZE: MOLECULR
MARKERS AND DIAGNOSTICS

In contrast with maize transformation methods, the detection and utilization of
nuclear DNA polymorphism is hardly a limiting step in some maize breeding
programs (Ragot and Lee 2006; Table 1). Single nucleotide polymorphism has
become the method of choice for GAB of maize. The maize nuclear genomes of
elite gene pools seem to contain a sufficiently high frequency of variation for SNPs
and the improving annotation of maize nuclear genomes provide enough sites to
survey for nearly all applications of marker-assisted selection (MAS) and GAB of
maize (Ching et al. 2002). In most breeding programs, DNA markers are used to
some degree and in the largest maize breeding programs, the information is used at
all stages of research and development for fingerprinting, selection for simple and
complex traits and predictions of parents and their progeny (Crosbie et al. 2006;
Ragot and Lee 20006).

Relative to indels and simple sequence repeats, SNPs may require assessments
at more sites to provide the same degree of discrimination but that may be easily
accommodated by the next generation of PCR-free methods of detection. Of course,
such platforms for detecting DNA polymorphism are costly and technically dynamic
(Syvanen 2001). This has required some rather expensive experimentation with
platform-optimization that may be reasonable and possible only for the largest and
more competitive programs and markets.

The current SNPs should only become better as their information content
improves through functional genomics and genome annotation. Such ‘functional’
markers, derived from characterized sequence motifs and related validation will be
an advance since many of the current SNPs have not been assigned a physiologi-
cally significant purpose through direct experimentation (Andersen and Lubberstedt
2003). For maize, the prospects for functional markers have been recently reviewed
(Shi et al. 2005).

A potential, perhaps temporary, limitation of functional markers is that they focus
on genic DNA sequences, and only the primary DNA sequence. Therefore, variation
due to changes in methylation, local and long-distance regulatory sequences and
relatively new categories of sequence (e.g. miRNA) will be missed (Lee 1999; Lee
2006). Components of the maize nuclear genome are frequently (de)methylated
and the sequence space between genes is commonly tens of thousands of base
pairs. Consequently, much functional information could reside in a large sequence
space that is recalcitrant to superficial analyses, as indicated by the results recently
reported in the cloning of Vgt/ , a QTL that influences the transition from the
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vegetative to the reproductive stage of maize (Salvi et al. 2007; see also Salvi and
Tuberosa in Volume 1).

Advances in the development of functional markers will be achieved through
the various platforms established for functional genomics and annotation. In maize,
systems for transposon mutagenesis, EST resources, microarrays and TILLING
have been established to complement the Maize Genetic Stock Center and other
germplasm repositories. These resources, primarily playgrounds for basic research
removed from GAB, have been described and listed (Shi et al. 2005; Lawrence
et al. 2005). The current utility of those platforms for maize breeding suggests that
further development is needed (Table 1). Also, association mapping has emerged as
a potential complement of other methods although its utility in reference populations
of elite germplasm will be diminished by the limited generations for recombination
and potentially, by population structure (Yu and Buckler 2006). Clearly, association
mapping must be allied with populations of simpler family structure (Laird and
Lange 2006). The value of such resources and methods for GAB of maize, while
yet to be realized, has been demonstrated in principle. For example, positional
cloning of sequences underlying QTL has become a reality for well-integrated
maize programs (see Salvi and Tuberosa, Volume 1) 2002). Also, a very promising
technique for directed allele-silencing, RNAi has been used to produce a potentially
simpler version of Quality Protein Maize (Segal et al. 2003). The development
of DNA sequence databases, deeper and with improving annotation, should make
RNAIi and related approaches a more important option for functional genomics
and GAB of maize, both of which are huge challenges when one considers that
a complete DNA sequence of bacteriophage lambda was available in 1982 and
functional analysis of such a simple system is still in progress (Lee 1999).

But, all journeys begin with a single step. With the genomic sequence of gene-
enriched regions and ultimately most of a single maize genotype (B73) due in
2008, the informational infrastructure should be a relatively rich resource. The
value of such a resource was demonstrated long ago in one of the first significant
events of primordial GAB for maize, modification of the codons of crylA(b) and
crylA(c) (Perlak et al. 1991). This is one of the first examples of bioinformatics
and computational biology for GAB and it contributed to a significant achievement
in maize improvement (Armstrong et al. 1995). Also, simple bioinformatic tools
demonstrated that many maize ESTs contained simple sequence repeats and could
be readily converted to functional markers (Senior et al. 1996). The value of bioin-
formatics and comparative genomics has been demonstrated in recent advances
in maize transformation based on research with Arabidopsis thaliana (Lowe and
Gordon-Kamm 2004). The LECI gene and its relationship to ectopic development
of somatic embryos was initially described in Arabidopsis. That observation led
to the hypothesis that a similar gene with a similar function could exist in maize.
The Arabidopsis LEC1 DNA sequence helped identify a maize homologue which
was demonstrated to elicit a positive tissue-culture response from previously recal-
citrant maize inbreds. In the private sector, there is a steady stream of candidate
genes from model systems, other plants and their maize homologues that are under
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evaluation for efficacy in GAB and critical stages of those investigations are enabled
and expedited by contemporary genomic platforms, bioinformatic tools and well-
annotated databases such as those listed at MaizeGDB and similar sites (Lawrence
et al. 2005; Table 1).

4. THE EMERGING MAIZE NUCLEAR GENOME AND GAB

Since 1997, I have reviewed features of the maize genome that present challenges for
GAB and each time, as more information emerges, the list of challenges increases
(Lee 1999a; 1999b; 2006). As we know, the maize genome is large, an ancient and
fractionated tetraploid, volatile and contains somewhere between 30,000 to 60,000
genes embedded in various categories of DNA sequences, most of which were
derived from transposable elements (San Miguel et al. 1996; Gaut and Doebley
1997; Haberer et al. 2005). The duplicate sequences and their products present a
degree of structural and functional redundancy that hinders many attempts to link
genotype with phenotype. In addition, noncollinearity of gene-like sequences and
transposons are commonly observed in the elite maize gene pool (Fu and Dooner
2002; Brunner et al. 2005). If such noncollinearity proves to be of much functional
significance then it may suggest a more informative basis for establishing maize
gene pools and it may be related to phenomenon such as hybrid vigor (M. Lee, in
preparation).

There is much to learn about the maize genome. Only a small fraction of the
30,000 to 60,000 genes has been assigned functions on the basis of direct experi-
mentation. Many of the clues to function will come from comparative genomics and
computational biology; but in the end, they must be validated in the right genotypes
of the right species in the right environments. Also, there is a huge difference in the
estimated number of maize genes and the actual number of maize ESTs in public
and private repositories: most EST collections contain a few hundred thousand
‘unique’ sequences. What could explain the difference between the estimates and
the collections? One explanation may be that a portion of maize genes, like those of
humans, produce more than one transcript through alternate splicing and start/stop
sites and antisense transcription (Lee 2006). Recent preliminary investigations in
maize suggest that antisense transcripts are frequently detected (Morrow et al. 2006;
Jia et al. 2006). Of course, assessing the function(s) of such transcripts will be the
next step and it will more difficult than their initial identification. Other categories
of transcripts (e.g. miRNA and siRNA) may also be contributing to the difference
between gene number estimates and the number of ESTs of maize (Brodersen
and Voinnet 2006). For maize, this is a largely unexplored and poorly-annotated
aspect of the genome but there is at least one case in which miRNA has a clearly
established function in development (Lauter et al. 2005).

The nonexpressed (to our knowledge) components of the maize genome are also
mostly unexplored as well. The large distances between genes and gene islands of
maize are mostly composed of highly variable sequences derived from transposons;
all of which have the potential to contain regulatory sequences that could influence
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expression of native genes and transgenes. Embedded in that mixture of inter-
genic DNA sequence are the known (i.e. consensus) and some unknown regulatory
sequences. Identifying such sequences and their functions has been difficult for
reasons that have been described (Lee 2006). A good example of the strategy
and effort required to discover such sequences has been described for the B locus
(Stam et al. 2002) and the Vgrl QTL (Salvi et al. 2007). In both cases, sequences
involved in the regulation of transcription of the coding region were located more
than 50 kilobase pairs upstream from the start of transcription. Given the structure
of the maize genome, such long-distance regulation may be common but difficult
to discern. Recently, a preliminary investigation at the 7b/ locus has also identified
some evidence of long-distance regulation of expression (Clark et al. 2006). No
doubt, if the lessons from careful investigation of regulatory networks in other
species are of any predictive value for plants, these types of sequences and their
regulatory effects will be important for GAB of maize (Davidson 2006).

Other nonexpressed DNA sequences may also influence genetic variation and
effects in GAB era. For example, matrix or scaffold attachment regions (MARs or
SARs) of various types have been shown to be important variables in mammalian
gene expression. In maize, putative MARs have been identified and their effects
on transgene expression have been assessed to a limited degree (Brouwer et al.
2002). The extent to which such sites vary among genotypes and how they
influence gene expression and contribute to phenotype remains to be determined.
Perhaps, the foundation for addressing some of those mysteries in a systematic
manner will become apparent with the acquisition of an increasing amount of gene-
related genomic sequence information once the sequencing of the maize genome is
completed.

The phenotypic and genotypic volatility of the maize genome has been
documented repeatedly; yet, parsimonious underlying mechanisms and explana-
tions have not been validated. The phenotypic instability of some inbred lines
has been described and suggests that, even when inbreds originate from doubled
haploids (i.e. monoploids) significant changes in the genome may and do occur each
sexual generation (Bogenschutz and Russell 1986). Facets of the potential genomic
changes have been documented for a sample of inbred lines (Gethi et al. 2002).
Such volatility could be significant for GAB of maize with respect to germplasm
registration, aspects of intellectual property and maintenance of some germplasm
collections.

Among the many gaps in knowledge and areas of limited exchange between
maize breeding and maize genomics, the most important topic that has received
the least attention is the analysis of interactions between the genotype and the
environment (i.e. G x E). Perhaps, the platforms for such analyses have been only
recently established or need to be developed. Admittedly, such analyses are difficult,
risky and time-consuming relative to more focused investigations on molecules
and their possible influences on phenotype. By their nature, basic geneticists and
genomicists usually try to conduct experiments with materials and methods that
maximize the genetic and minimize the environmental effects on the phenotype.



138 LEE

Plant breeders will seek similar information but in a much wider set of environments,
the target environment of the cultivars and hybrids. For maize GAB, an improved
understanding of the plant’s receptors and ‘senses’ and subsequent responses will
be important for modeling, prediction methods, gene design, testing strategies and
data interpretation.

Two simple examples of the effects of temperature illustrate the potential signif-
icance of considerations of GXE for GAB. In maize, the activity of the trans-
poson Ac2 seems to increase in ears exposed to higher temperature (Osterman
1991). In Antirrhinum, the activity of Tam transposons decrease 10-1000 times
at higher temperatures (Coen et al. 1989). No doubt, other fundamental processes
that influence genome content and stability are influenced by signals from the
environment. In maize and other plants, there are many temperature-sensitive alleles
and phenotypes but the basis of the sensitivity has been determined in only a few
instances. Research on alleles of the APETALA3 (APT3) gene of Arabidopsis has
shown that temperature sensitivity of the phenotype of the ap3-1 allele, which ranges
from mutant to near wild type, is determined by RNA processing and the splice
variants produced under different conditions (Sablowski and Meyerowitz 1998).
Unfortunately for maize GAB, the generation time, size and genetic nature of the
plant hinder such carefully-controlled studies. Those circumstances will be a signif-
icant problem for the next phase of research in maize genomics and explorations
of the maize genome; genotype by environment interactions.

5. SOME CHANGES IN MAIZE BREEDING
WITH GENOMICS-ASSISTED BREEDING

The recent changes in maize breeding procedures and structure have been discussed
(Lee 1995; Lee 1999; Betran et al. 2004; Kaeppler 2004; Troyer 2004; Crosbie et al.
2006; Ragot and Lee 2006). For maize breeding programs in competitive markets
and cash-based economies supported by clear ‘rule of law’ the changes have been
extensive. Some of the changes in personnel and infrastructure have been discussed
in a previous section herein. Gradually, some of the agents of change have been
adapted to and adopted by other markets, economies and regions in accordance
with their conditions.

Perhaps the most obvious cause of change has been transgenic maize hybrids (aka
GMO maize). Transgenic maize not only elevated societies’ awareness of maize
breeding, it also required maize breeding programs to develop parallel breeding
programs, transgenic and nontransgenic (Lee 1999; Crosbie et al. 2006; Ragot
and Lee 2007). Each transgene, and perhaps combinations of transgenes, must be
reviewed by various national trade and regulatory agencies and the acceptance of
transgenic maize has varied greatly among regions and countries. Some of the
potential and actual risks of unintentional or poorly coordinated release of transgenic
maize were clearly demonstrated in the late 1990s when StarLink maize hybrids
were sold and grown prior to the completion of some regulatory procedures and
approval (Troyer 2004). Consequently, maize breeding programs have adapted by
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backcrossing transgenes into commercial and pre-commercial inbred lines in order
to produce near-isogenic versions, transgenic and nontransgenic, of a given hybrid.
The rapid and relatively precise backcrossing has been enabled by the development
of suitable platforms for collecting DNA marker data and the use of either winter
nurseries or greenhouses for producing several generations of maize per year. When
functioning as an integrated system, such backcrossing has been invaluable by
reducing the time required for product assessment and development.

Exotic germplasm has acquired an additional meaning in maize breeding. The
potential gene pool of maize has truly expanded to include virtually any organism
or design imaginable. In the private sector, assessing and sorting the many options
presented by comparative genomics and model systems have become significant
components of maize breeding. Considerations such as position effects, genetic
background (Fu and Dooner 2002) and possible interactions of new sequences in
old genomes have become routine for some maize breeding programs.

The advent of transgenic maize and some transgenes have influenced maize
breeding programs in various ways. Their impact on sales and market share has been
mentioned previously. The transgenes for resistance to Ostrinia and Diabrotica are
good examples of how a few genes may influence an entire program. When the
transgenes for insect resistance were initially backcrossed into a relatively wide
array of elite germplasm, breeders observed that plant growth and development in
some families of inbreds or genetic backgrounds declined when the transgene was
introgressed. So, the genomes of those inbreds, or components of their genomes
may be excluded from some aspects of breeding and product development. The
initial backcrossing of those few transgenes may have revealed features of the
genetic structure within maize gene pools that were unpredictable because very
new genes and gene products were being introduced into relatively old genomes.
Once the transcriptomics and metabolomics platforms mature then it should be
worthwhile to establish large-scale profiles of maize gene pools based on transcript
and metabolites profiles (Table 1). Such information may minimize the surprises
related to introduction of truly new transgenes and it should enable modeling and
simulation methods that have better predictive ability.

The primary effect of the transgenes for resistance to Ostrinia and Diabrotica
provided indirect benefits such as a lower incidence of disease in the stalk and
grain and a root system more capable of maximum use of soil water. Such indirect
benefits have partially enabled an increase in the planting density used by farmers.
As planting densities continue to increase, breeders have discovered that certain
families of inbreds have root systems that fail under some conditions. Actually,
breeders have been making such discoveries for several decades prior to the advent
of transgenic maize but at least some of the recent observations and changes in
germplasm have been accelerated by the introduction of a few transgenes that
have minimized some sources of variation so that maize breeders could identify
previously obscured sources of variation.

Transgenes have also renewed the debate regarding the type of inbred line to use
as a tester or common parent when evaluating populations and candidate inbreds
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for hybrid performance. The direct and indirect effects of some transgenes could
obscure some weaknesses in the stalk, as well as resistance to biotic stress and root
systems of the candidate inbreds and populations. That would reduce the selection
pressure and the opportunities to observe the native features of the germplasm.

Another important change has been the utilization of DNA sequence polymor-
phism and associated information. Several programs in the private sector have
established centralized service laboratories capable of rapid, large-scale and cost-
effective (per data point) collection of DNA marker data so that such information
may be collected for all inbred lines and populations at various stages of breeding
(Ragot and Lee 2006). Such information has obvious utility for quality control,
assessments of genetic relationships, establishment of intellectual property and some
stages of selection (Smith and Smith 1992; Niebur et al. 2004).

The capacity to screen tens of thousands of accessions at a similar number of
sites in the genome provides a new and targeted approach to germplasm evaluation
and use of exotic germplasm within the maize gene pool. On the basis of knowledge
about relationships between DNA sequence and properties of gene products, it
should be possible to conduct sequence searches or design assays to search for
specific sequences within certain genes to determine if such a motif exists in the
native gene pool. Then, the few candidate alleles could be quickly and precisely
introgressed into the elite, reference population(s) (Lee 1995). For some phenotypes,
this approach could be a viable alternative to transgenic approaches and it would
reduce some of the concerns and costs of that option.

Improvements in the acquisition of DNA marker data have revolutionized two
old and reliable methods of maize breeding, backcrossing and recurrent selection.
Marker-assisted backcrossing, already described and reviewed elsewhere (Ragot
and Lee 2006), has become a standard component of breeding programs that
need to introgress transgenes, native genes and QTL. That development was quite
predictable (Lee 1995). In contrast, the ability to conduct marker-assisted recurrent
selection (MARS) for QTL and complex traits such as grain yield has been a
surprise of GAB era. There are several good reasons why MAS should not succeed
in such situations (Holland 2004). The initial reports of MAS for complex traits
and QTL in maize were mostly negative with the exception of the special case of
sweet corn (Moreau et al. 2004; Edwards and Johnson 1994). Subsequent studies
on a larger scale in several elite reference populations indicate that MARS for QTL
and complex traits was an effective and competitive strategy relative to phenotypic
selection (Johnson 2004; Crosbie et al. 2006). The changing fortunes of MAS should
encourage reviews and reconsideration of other failed attempts to use DNA markers
at other stages of selection such as choice of parents and methods for predicting
and testing hybrids (Bernardo 1994). The advent of functional markers and new
insights into patterns of gene expression of inbreds and hybrids could be important
components of improved methods to those significant challenges of maize breeding
(Lee 1999; Swanson-Wagner et al. 20006).

Two final components for GAB of maize should be briefly described, namely
the places where maize breeding occurs and the people who conduct the breeding.
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The personnel involved and their roles in some of today’s maize breeding programs
would not be recognizable to an experienced maize breeder of 30 years ago. GAB
of maize truly depends on the contributions of lawyers, computational biologists,
bioinformaticians, information technologists, biochemists, cell biologists, devel-
opmental biologists, molecular biologists as well as the previously recognizable
collection of statisticians, pathologists, entomologists, geneticists, physiologists and
plant breeders. The intellectual skill sets of a contemporary maize breeder have
expanded to include association mapping and Bayesian-based statistics while the
resources for educating the next generation of plant breeders have decreased. The
stages of maize breeding have been organized into a series of activities resem-
bling an assembly line of a factory in which a breeder may be responsible for the
development of new populations and the early generations of selection while other
colleagues would focus on later stages of hybrid testing and commercialization.
The extent, to which the various specialists collaborate, especially in the private
sector, has been a key to some of the early success of GAB of maize.

The places in which maize breeding occurs have also changed with GAB (Ragot
and Lee 2006). Structures and climates that facilitate the production of 3-4 genera-
tions per year have become much more important components of infrastructure. In
several programs, methods that produce doubled-haploids have been implemented
to various degrees as a means of reaching homozygosity as quickly as possible
(Melchinger et al. 2005). With DNA markers and associated information, it has
become possible to conduct effective selection in environments other than the target
environment; a huge change for maize breeding. Also, components of valuable
germplasm may be created in any laboratory. The next great commercially valuable
transgene will probably originate from a thermal cycler and a method based on
DNA shuffling (Stemmer 1994). Maize breeding has changed and the roles of the
maize breeder have also changed.

With this collection of new tools, information and personnel, maize breeding
programs have initiated projects to address some of the most challenging
limitations encountered by crop-based agriculture. Indications from the private
sector suggest that genes for improved tolerance to water deficits have been
isolated from Arabidopsis and have shown promising results in maize. In
parallel, the CGIAR’s Generation Challenge program has been supporting
genomics-based investigations towards improved drought tolerance of maize
(http://www.generationcp.org/vw/index.php). Also, the HarvestPlus program has
initiated genomics-based and MAS programs for biofortification of maize grain
(Pixley et al. 2006). In the near future, GAB and GAS of maize should deliver
germplasm with improved protein composition, resistance to parasites such as Striga
and the capacity to eliminate toxins (e.g. mycotoxins) produced by pathogens.
Decades of well-intentioned conventional selection have achieved limited success
for those phenotypes.

The arrival of the genomics era of maize breeding was immediately preceded
by a significant increase in the rate and volume of field-based assessments of
candidate hybrids. The increase was driven by advances in computational power,
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plot equipment, modifications to off-season nurseries and an overall expansion in
the infrastructure that supports maize breeding (Smith et al. 1999 and Table 1).
Maize breeding had become a year-round activity by the late 1980s. The advent of
the genomics era of maize breeding, even at such an early stage, has clearly stressed
programs’ abilities to empirically assess all of the promising genetic options and
questions that are raised by new sources of information. So, field-based phenotyping
and the prioritization of phenotyping has become much more important in the
genomics era of maize breeding (Table 1). In some regards, this is not new for
some programs because testing combinations of inbred lines in hybrids has been
a challenge for decades (Smith et al. 1999). As with the challenge of predicting
performance of untested hybrids, some of the many questions and opportunities
raised by the early stages of genomics will be addressed through modeling and
simulation to predict aspects of plant growth and development in response to
changes in genetic and environmental variables (Hammer et al. 2006). It is certainly
premature to assess the impact of such efforts on maize breeding because the current
models are based on limited information (Table 1). However, it is clear that such
activity will become more important to maize breeding because it is simply too
expensive and probably impossible to directly assess a fraction of the many options
that will be enabled by the maturation of the genomics era.

In some ways, maize breeding has come a long way since the initial reports of
Shull and colleagues nearly 100 years ago. The gains and pains of artificial selection
in maize have been well documented for some traits and production environments
(Duvick et al. 2004; Duvick 2006). But, with the exception of improved resistance
to biotic and abiotic stress as a basis for genetic gains in grain yield, very little
fundamental information and few (if any) validated mechanisms have been reported
to account for those gains. The next era of maize breeding should be fundamentally
different in the sense that the strategies will be based more on a scientific method
and some of the reasons for success or failure should be known and incorporated
into more efficient methods of maize improvement.
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CHAPTER 7

MOLECULAR MARKERS AND MARKER-ASSISTED
SELECTION IN RICE

DAVID J. MACKILL*
International Rice Research Institute, DAPO Box 7777, Metro Manila, Philippines

Abstract:

The status of rice as a model crop and the sequencing of the indica and japonica genomes
have provided breeders with the necessary tools for marker assisted breeding. Simple
Sequence Repeat (SSR) markers are easily available for any region of the genome, and
candidate gene markers are being developed rapidly. The likely targets of MAS include
yield and agronomic traits, cooking and nutritional quality, and resistances to abiotic
and biotic stresses. MAS for gene pyramiding for disease and insect resistances is being
widely used. For major genes and QTLs of larger effect, marker assisted backcrossing
(MAB) is an effective method for developing improved versions of widely-grown
“mega” varieties. Developing submergence tolerant mega varieties is a good example
of how the MAB approach can result in significantly improved mega varieties within
two to three years. The use of markers in more conventional breeding nurseries has
been limited by cost, but is beginning to be applied for some traits like grain quality.
Lower-cost marker methods combined with large-scale gene discovery will increase the
use of MAS over the next decade.

1. INTRODUCTION

As a model cereal crop, rice has benefited greatly from the advances in plant
genomics. The completed genome sequence of japonica cultivar Nipponbare and
the complete draft DNA sequence of indica cultivar 93-11 have provided the basis
for advanced gene discovery, complementing the detailed investigations made for
the dicot Arabidopsis. The existence of multiple mutant collections, cDNA and EST
databases, and whole-genome chips has enabled large-scale functional genomics
applications (Leung and An 2004). Some cultivars, particularly of the japonica
type, can be readily transformed through the Agrobacterium approach, permitting
gene validation through complementation and overexpression studies.
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The mapping of genes controlling agronomic traits coupled with the widespread
availability of easy to use simple sequence repeat (SSR) markers (McCouch
et al. 2002) and quick DNA extraction methods (Xu et al. 2005b) has provided
breeders with an excellent opportunity to apply marker assisted selection (MAS)
methods in rice. However, most rice breeders have not taken advantage of this
new approach, due to insufficient laboratory facilities, lack of trained staff, high
costs, or lack of clear objectives amenable to MAS. With continued cost reduc-
tions, and a focus on introgressing useful genes into elite backgrounds, the wider
adoption of MAS, and marker assisted backcrossing (MAB) in particular, is
expected for rice. The following review will focus on general strategies for MAS
in rice, and will emphasize traits where there is a clear advantage for using the
technique.

2. MOLECULAR MARKERS FOR RICE BREEDING

Molecular markers can have a number of applications in agriculture, and their
application in rice improvement has been recently reviewed (Mackill and McNally
2004; Collard and Mackill 2007). Rice scientists have greatly benefited by the
high quality genome sequence of japonica cultivar Nipponbare (IRGSP 2005),
and the less-refined sequence of the indica cultivar 93-11 (Yu et al. 2002). In
addition to the large number of validated SSR markers (McCouch et al. 2002 and
at http://www.gramene.org/), the IRGSP identified 18,828 class I SSRs throughout
the genome (IRGSP 2005). These markers are also effective with most wild species
used as sources of new genes or alleles (Gao et al. 2005). The costs and ease of
high-throughput DNA extraction are declining (Xu et al. 2005b), making it more
practical to apply MAS methods in breeding populations.

The major requirement for application of molecular markers in rice improvement
is that a gene or QTL of significant effect be mapped with a high degree of accuracy,
and that the gene is effective in the desired genetic background. Furthermore,
the gene should not have negative effects on other traits. In initial mapping
studies, a gene is generally mapped at low resolution using small populations
(<200). For MAS, more tightly linked markers are required. Hence, the gene
should be fine-mapped at a higher resolution. With populations typically higher
than 400, genes can be mapped at less than 1 c¢cM resolution. This will usually
yield markers that are sufficient for MAS. However, further analysis resulting
in positional cloning of the gene will be beneficial for MAS. If the candidate
gene is identified, markers within or closely linked to the gene can be developed.
These markers will not undergo recombination in breeding populations, and they
are usually diagnostic of the favorable allele in a wide range of germplasm. If
the functional nucleotide polymorphism is identified this will lead to a more
powerful, gene-based or functional marker (FM) (Andersen and Lubberstedt 2003),
sometimes referred to as a “perfect marker”. However, with SSR markers still in
wide use, the SSR markers within or adjacent to the gene will remain valuable
for MAS.
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A marker that is non-recombinant with the target gene can be used to reliably
predict the presence of the gene in segregating populations. A codominant marker
is preferred so that heterozygotes can be detected in backcross generations. The
marker can be used in combination with flanking markers to reduce the effect
of linkage drag when transferring only the desired QTLs or genes into an elite
genetic background (Tanksley et al. 1989; Frisch et al. 1999b; Hospital 2001).
In combination with selection against unlinked donor markers, this method can
be used to quickly and cleanly transfer QTLs or genes into elite cultivars,
providing the best assurance that the traits of the recurrent parent are accurately
recovered. This is the most practical application of markers in rice improvement.
Markers can also be used in normal breeding nurseries, although the number of
plants or progeny grown in such nurseries is usually much higher, making it
more costly.

New types of markers promise to bring down the cost of MAS and make it
more attractive for breeders to use. Single Nucleotide Polymorphisms (SNPs) are
the most common type of polymorphism in plants. For the two rice subspecies,
80,127 polymorphic sites were identified (IRGSP 2005). High throughput assays for
SNPs are being developed to allow more widespread use of these markers. Another
promising marker is the Single Feature Polymorphism (SFP), short deletions that
are detected using oligo arrays hybridized with genomic DNA to perform whole-
genome scans (Hazen and Kay 2003).

3. TARGET TRAITS FOR MARKER ASSISTED SELECTION

The following discussion will cover only those genes or traits where MAS is a
realistic option in current breeding programs. This requires that the trait is generally
an important objective in rice breeding programs. It also requires that valuable
genes or QTLs have been identified, and that MAS offers a significant advance
over what could be achieved without the use of markers (i.e. through strictly
phenotypic selection). This survey is not considered exhaustive, and emphasis is
on the more important breeding objectives and on recent literature. More detailed
information on mapped genes is available at the Gramene web site (http://www.
gramene.org/).

The decision on which traits are of relevance for MAS is not trivial and has
been made in this article based on which traits seem likely to benefit most
from using markers. This means that a number of traits are left out, but might
be of particular relevance for specific breeding objectives. An example would
be flowering duration, which is considered an important agronomic trait. The
elegant work by Yano and colleagues has identified the most important genes
underlying QTLs for flowering duration and photoperiod sensitivity (Izawa et al.
2003). Most breeders can easily and accurately measure flowering duration in
their breeding materials and would not consider this trait a high priority for
MAS. However, where whole-genome monitoring is used to combine the essential
requirements for a suitable variety, QTLs for flowering duration could be selected
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for. MAB methods might also be appropriate if a breeder would like to change
the duration of a very desirable cultivar by introducing a different heading date
allele.

3.1. Grain Yield and Agronomic Traits

3.1.1. Grain yield

Grain yield is one of the most important breeding objectives, but in practice it is
often the most difficult to improve on. Historically, the major advances in increasing
yield of rice came from the increase in harvest index brought about largely because
of the development of semidwarf cultivars in the 1960s and 1970s (Peng et al.
2000). Some increases in biomass have been observed in more recent cultivars
(Peng et al. 2000), but increasing the yields further for tropical rices has been very
difficult. In general, hybrid rice is thought to be a more promising approach to
increasing the yield potential in rice over the existing inbred cultivars. There have
been some recent advances in raising the yield potential through the ‘super hybrid’
rice developed in China (Peng et al. 2004).

Grain yield does not appear to be a very promising target for marker assisted
selection due to the complicated genetic inheritance. The QTLs almost always
have small effects and are specific to genetic background (Guo et al. 2005). It
is not uncommon to find larger effects of QTLs where one of the parents is a
low-yielding type, but it is simplistic to think that these alleles would confer a
significant advantage in the genetic background of modern elite varieties. Some
researchers have noted QTLs of larger effect for specific yield components. For
example Mei et al. (2006) found some useful QTLs for number of spikelets
per panicle, which was related to number of secondary panicle branches. Takai
et al. (2005) detected QTLs of moderate effect for grain filling percentage. A
QTL for yield potential on chromosome 5, rg5, which represented an allele from
the indica cultivar Kasalath studied in the background of japonica Nipponbare,
was thought to be of use in different genetic backgrounds (Ishimaru et al.
2005).

Many researchers have applied the Advance Backcross QTL (ABQTL) approach
(Tanksley and Nelson 1996) to rice for discovering QTLs with positive effects on
agronomic traits derived from wild species (Xiao et al. 1998; Moncada et al. 2001;
Septiningsih et al. 2003; Thomson et al. 2003; Lee et al. 2005b). Tian et al. (2006)
used an accession of ‘Dongxiang’ wild rice (O. rufipogon) to develop intgrogression
lines with small segments transferred to an elite cultivar. In general, the lines
with more introgressed segments from wild rice performed poorly; however, some
favorable alleles were identified for grain number on chromosomes 5, 8 and 9. They
found that QTL analysis in the BC2F2 generation was only a moderate predictor
of the effects in the introgression lines.

By map-based cloning Ashikari et al. (2005) isolated a cytokinin oxidase
conferring higher grain number and yield. The Null allele for this gene (OsCKX2)
conferred higher grain number, and they developed NILs through a MAB approach.
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This gene was combined with the major semidwarf gene Sd/, corresponding to a
mutant allele at a GA,, oxidase gene (Sasaki et al. 2002), in a process they termed
“tailor-made crop improvement”.

3.1.2. Heterosis and hybrid rice

Attempts to identify QTLs affecting heterosis have had some success, although some
authors have noted that it is difficult to find a correlation between F1 performance
and parental genotypes (Li et al. 2001; Luo et al. 2001). You et al. (2006) observed
that main effect QTLs for agronomic traits could contribute cumulatively to genetic
variation, and larger effects could be observed in the hybrids, with relatively lower
contributions of epistatic effects. A region near the Sd/ locus on chromosome 1
seemed to have the largest effect. Mei et al. (2005), in two BC and a RIL population
using Lemont (japonica) and Teqing (indica) indicated that the primary genetic
basis for heterosis was overdominance from epistatic loci, while Abdelkhalik et al.
(2005) suggested it was from the cumulative effects of partially dominant loci. Hua
et al. (2003) found little overlap between heterotic effects and trait performance.
They found that heterosis could be explained by single-locus effects in combination
with dominance by dominance interaction at the two-locus level.

The relatively complicated genetic control of yield and heterosis has not allowed
the identification of promising markers for MAS; however, the production of hybrid
rice involves several concomitant traits that are readily amenable to MAS. Most
currently grown hybrids rely on the cytoplasmic male sterility (cms) system, which
requires that the male parent possess genes for restoration ability. These restorer
genes are very tedious to manipulate in breeding because they can only be assayed
in mature plants from testcross progeny. For the widely used WA type cms, the
Rf3 gene has been mapped on chromosome 1 (Zhang et al. 1997) and an additional
locus has been mapped on chromosome 10 (Yao et al. 1997). For the Chinsurah
Boro II type cms, the RfI gene has been cloned (Yao et al. 1997), and Wang et al.
(2006) found that the locus involved two related PPR (pentatricopeptide repeat)
genes (Rfla and RfID).

The 2-line system of hybrid rice production involves genetic male sterility genes
that are sensitive to temperature and/or photoperiod. This includes the genes desig-
nated tms2 (Lopez et al. 2003), tms3 (Lang et al. 1999), rms4 (Dong et al. 2000),
tms5 (Wang et al. 2003b), and tms6 (Wang et al. 2004; Lee et al. 2005a). With one
or a combination of these genes, a breeding line is developed that will be fertile
under low-temperatures and/or short daylength for seed maintenance, but will be
sterile under higher temperatures or longer daylengths for hybrid seed production.

Wide compatibility (WC) is a very useful trait for conferring spikelet fertility
to the hybrids from wide crosses (usually indica x japonica crosses). Several WC
genes have been identified, but the S5 gene on chromosome 6 has been most widely
used (Ikehashi and Araki 1986). Candidate genes for this locus have been reported
(Ji et al. 2005; Qiu et al. 2005). Several other QTLs in the WC cultivar Dular have
been mapped and targeted for MAS (Wang et al. 2005). Another useful gene for
hybrid rice is elongated uppermost internote (eui), a recessive tall allele that can be
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used in the female parent to increase panicle exsertion for hybrid rice production.
Several groups have reported the euil gene to be a putative cytochrome P450 gene
(Luo et al. 2006; Ma et al. 2006; Zhu et al. 2006).

3.1.3. Other agronomic traits

A number of agronomic traits of value in breeding programs have been identified.
These include seedling vigor (Kanbar et al. 2006), seed longevity or dormancy
(tolerance of pre-harvest sprouting) (Wan et al. 2006; Yamaguchi et al. 2006), and
grain shattering (Li et al. 2006). While these are all useful traits, it is not clear if
they would be high-priority targets for MAS in rice breeding programs.

3.2 Grain Quality and Nutrition

3.2.1. Cooking quality and grain appearance

Both cooking quality (taste and texture, largely) as well as grain appearance are
high-priority traits in nearly all rice breeding programs. Rice starch is composed of
amylose and amylopectin, and the percentage of amylose is an important character-
istic of cooking quality. Amylose content is largely determined by the wx locus on
chromosome 6, and in particular on the amount of Wx protein (granule-bound starch
synthase, GBSS) present (Wang et al. 1995). Varieties with near zero amylose and
no Wx protein are called glutinous or waxy, and are used for special foods such as
desserts and snacks. High amylose cultivars (>25%), with high levels of Wx protein,
are common in indica rices, and cook dry and fluffy, often becoming hard after
cooling. Low amylose cultivars (15-20%) is soft and sticky; nearly all temperate
Jjaponica cultivars have low amylose. Intermediate amylose (20-25%) is widely
preferred in many parts of the tropics. These rices are soft but not sticky. The level
of Wx protein is related to the level of mature Wx mRNA, which is related to the
stage of intron 1 excision from pre-mRNA (Cai et al. 1998; Isshiki et al. 1998). A
single nucleotide polymorphism in the slice site of the leader intron of Wx in the
amplified fragment explained 80% of the variation in apparent amylose content in a
diverse sample of rice varieties (Ayres et al. 1997). A microsatellite marker closely
linked to wx, containing a variable number of CT repeats, is closely associated with
amylose content and grain quality. Larkin and Park (2003) found that two SNPs in
exons 6 and 10 were associated with differences in apparent amylose content and
viscosity properties of rice cultivars.

Gelatinization temperature (GT) is another important quality predictor, with
intermediate GT being a preferred objective for many consumers. Waters et al.
(2006) found two polymorphisms in the starch synthase II (SSIla) gene (Alk on
chromosome 6), that explain differences in GT. Umemoto and Aoki (2005) found
SNPs in this gene that affected activity and starch granule association of SSIIa. In
QTL studies of quality parameters, the Wx locus appears to have a larger effect,
but a QTL at Alk is also observed (Fan et al. 2005). In a QTL analysis by Ge et al.
(2005) QTLs associated with the Wx locus affected water absorption of cooked rice.
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Fragrance is an important trait for many breeding programs, and a major gene
on chromosome 8 (betaine aldehyde dehydrogenase 2, BAD2) has been positionally
cloned (Bradbury et al. 2005a), with fragrance representing a loss of function caused
by an 8-bp deletion. A perfect marker has been developed from this polymorphism
for MAS (Bradbury et al. 2005b). Cooked kernel elongation is a desired trait of
some consumers, especially for Basmati rices, and a gene has been mapped to
chromosome 8 (Ahn et al. 1993).

Grain size, shape and appearance are very important quality factors, with most
consumers preferring specific size and shape characteristics. These factors are
generally under the control of QTLs of small effect, although a few with higher
effect have been observed. For example, a QTL on chromosome 3 for grain length
and weight has been noted in several studies (Li et al. 2004; Ge et al. 2005) and a
gene underlying a QTL in the same region was recently cloned (Fan et al. 2006).
Grain chalkiness is nearly always considered an undesirable trait; again its genetic
control is complicated. But a QTL on chromosome 8 was found to be important
in chalkiness and some other quality traits (Wan et al. 2005). While the genes for
starch properties seem to be excellent candidates for MAS, the more complicated
genetic control of appearance traits, and the fact that they are more easily assessed
visually, has meant that MAS is not as useful.

3.2.2. Nutritional properties

As of this writing there are few nutritional traits that have been mapped in rice.
QTLs for cadmium concentration in brown rice when grown in Cd-affected soil,
have been identified (Ishikawa et al. 2005). This has been proposed as a means of
developing cultivars with tolerance to soils high in Cd. Low phytic acid mutants
have been studied because of their potential for improved quality animal feed,
as well as the potential for low phytic acid cultivars to improve uptake of Fe in
micronutrient deficient populations. One low phytic acid mutant Lpal was mapped
to a 47-kb region on chromosome 5 (Andaya and Tai 2005).

Iron deficiency anemia is a major health problem of rice consumers in Asia, and
cultivar differences have been observed (Haas et al. 2005). One of the complications
of this trait is that differences are much more pronounced in brown rice than in
milled rice, which is the major form consumed. Identification of QTLs controlling
Fe and Zn content is a high priority and would greatly aid in developing cultivars
with higher micronutrient density.

3.3. Resistance to Abiotic Stresses

3.3.1. Drought tolerance

Tolerance of abiotic stresses are a primary target for MAS, because of the difficulty
in screening for them, and also because a number of QTLs with fairly large effect
have been found (Mackill 2006). Among the abiotic stresses, drought is by far
the most widely prevalent in rice, and it is also one of the most complicated
genetically and physiologically. There has been considerable effort to map QTLs
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for drought tolerance and associated traits, including root growth. In general, these
have failed to identify QTLs with major effects. Some of the early work on mapping
for drought tolerance component traits has been reviewed previously (Nguyen
et al. 1997; Mackill et al. 1999; Price 2002). While a number of QTLs have been
identified for component traits, especially root depth and thickness, these traits
have not been easy to associate with drought tolerance as measured by grain yield
under stress.

Zou et al. (2005) identified QTLs in a RIL population from the cross of intolerant
Zhenshan 97B with IRAT109, an upland drought tolerant rice. Two QTLs for grain
yield under drought were detected on chromosome 2, with LOD scores around 4.2.
Yue et al. (2005) studied the same population under two soil types: sandy soil and
paddy (flooded) soil. They used Drought Response Index (DRI, Pantuwan et al.
2002), that can remove the effects of differences in genetic yield potential and
flowering time, as well as relative yield (RY) to estimate drought tolerance. QTLs
for DRI and RY mostly had small effect, and were not strongly related to root
traits. One QTL on chromosome 10 contributed 32% of the phenotypic variance
for RY. Root traits played a more important role under the sandy soil conditions.
The same population was studied for stress at the reproductive stage in tubes (Yue
et al. 2006). QTLs on chromosomes 2 and 9 from IRAT109 consistently conferred
an advantage for RY. The QTL on chromosome 9 was also associated with higher
spikelet fertility, which was a good indicator of drought tolerance.

At IRRI, a backcrossing scheme using multiple donor lines of diverse origin
was employed to generate populations with multiple introgressions in diverse
backgrounds (Li et al. 2005b; Lafitte et al. 2006). Segregating generations were
selected under severe drought stress. In progeny selected for tolerance, a number
of chromosomal segments were associated with improved tolerance, as well as
other traits. A number of chromosomal regions selected appeared to be similar to
QTLs detected in previous studies (Li et al. 2005a). In a study using Teqing as
the indica recurrent parent and Lemont as the tropical japonica donor, a number
of alleles from Lemont imparted improved tolerance in random introgression lines
(Xu et al. 2005a).

Most drought tolerance studies indicate that there are multiple QTLs with small
effect on the trait. There has thus been an attempt to identify genes that are differ-
entially expressed between tolerant and susceptible types, and correlate these with
consistently mapped QTLs. For example, Gorantla et al. (2005) observed 13 drought
response genes close to known QTLs. If the candidate genes underlying QTLs can
be identified this would make selection for multiple QTLs more efficient in breeding
populations. Nevertheless, a search for QTLs of larger effect has continued in order
to find those that would impart a higher level of tolerance when transferred into
improved lines. Some recent results indicate that selecting parents with a higher
level of drought tolerance shows promise in identifying more effective QTLs (G.
Atlin, personal communication). Even with QTLs of moderate effect, the benefits
would be substantial if they could be transferred into high-yielding and widely
accepted cultivars.
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3.3.2. Salinity tolerance and other soil nutrient stresses

Tolerance to salinity is desirable at both the vegetative and reproductive stage, and
tolerance at the two stages does not seem to be correlated. At the vegetative stage,
large differences have been observed in tolerance levels. A major QTL named Salrol
controlling 64-80% of the phenotypic variability from the tolerant cultivar Pokkali
was identified on chromosome 1 (Bonilla et al. 2002), and the QTL seems to be
present in other varieties (Takehisa et al. 2004). This QTL has been fine-mapped
and is being used in MAB strategies to improve the salinity tolerance of important
cultivars (G. Gregorio, personal communication). A gene from the tolerant cultivar
Nona Bokra at a similar location was recently identified through positional cloning
(Ren et al. 2005). This selective transporter was named SKCI and was involved in
maintaining K+ homeostasis. Mapping of tolerance at the reproductive stage is still
underway.

A number of fairly strong QTLs have been mapped for other soil-related stresses,
and these show great promise for MAS (Wissuwa 2005; Mackill 2006). QTLs for
tolerance to Fe toxicity (Wan et al. 2003; Shimizu et al. 2005), P deficiency (Ni
et al. 1998; Wissuwa et al. 1998), and Al toxicity (Nguyen et al. 2003) are among
the more promising. Among these, the P deficiency QTL has been fine-mapped
(Wissuwa et al. 2002) and is being transferred in a MAS program. QTLs for ability
for rice to tolerate low N levels have been identified, and the trait appears to be
quite complex (Lian et al. 2005). However there has been considerable interest in
this trait because of environmental concerns from over-fertilization and high cost
of N fertilizer for many rice farmers.

3.3.3. Submergence tolerance

Tolerance to excess water includes tolerance of complete submergence and tolerance
to gradually rising water levels that stagnate for one or more months. In the latter
situation, deepwater rices are suitable where water levels go beyond 50 cm. Under
these situations, rapid internode elongation is usually needed. A major QTL was
mapped on chromosome 12 for early elongation ability in deepwater rice (Tang et al.
2005). However, submergence tolerance is much more useful, being appropriate for
the large areas of rainfed lowland rice where short-term flooding is common.

Submergence tolerant cultivars can survive 2 weeks or more of complete submer-
gence, whereas most cultivars die within a week. The most tolerant cultivars (e.g.
FR13A, Kurkaruppan, Goda Heenati) are from Orissa, India, or Sri Lanka, and their
tolerance is controlled at the Subl locus on chromosome 9 (Xu et al. 2006). Three
ethylene-response-factor (ERF)-like genes at this locus have been identified, two
of which are induced by submergence. The SubIA gene conferred tolerance when
overexpressed in a variety that lacked the gene. This gene seems to be only present
in indica cultivars. SNP markers are available from the sequence that can be used
for MAS. Some other QTLs have been identified in FR13A that confer additional
levels of submergence tolerance (Nandi et al. 1997), but the Subl locus accounts
for about 70% of the phenotypic variation for survival under submergence.
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Tolerance to submergence at the germination stage (anaerobic germination) seems
to be independent of tolerance during vegetative stage growth. Tolerance at germi-
nation would be desirable both for protecting germinating seeds from unexpected
flooding caused by heavy rainfall and for strategies of deliberate submergence to
control weeds in direct-seeded rice. A QTL study measured shoot length under
water and found five QTLs, mostly of relatively small effect (Jiang et al. 2004).
Studies with varieties with a higher level of tolerance are underway and may yield
QTLs of larger effects.

3.3.4. Low-temperature tolerance

Cold tolerance at the booting stage (about 12 days before heading) is an important
breeding objective in temperate areas or in the high-elevation tropics. Japonica
rice cultivars are more tolerant than indicas. Takeuchi et al. (2001) identified three
QTLs in a cross between two japonicas;, one of the QTLs on chromosome 7
contributed 22% to the phenotypic variation. Dai et al. (2004) also detected a strong
QTL on chromosome 7 from a Yunnan land race. Another QTL on chromosome 4
was detected by introgressing the chromosomal fragment from the tolerant tropical
japonica Silewah into the japonica variety Hokkai241. The gene CtbI has been
fined mapped and candidates identified (Saito et al. 2004). Andaya and Mackill
(2003b) identified eight QTLs in a RIL population between a japonica cold tolerant
variety M-202 and an indica susceptible variety IR50. The two strongest QTLs
were on chromosomes 2 and 3.

At the vegetative stage low temperature causes chlorosis and even death of the
plants. This is a problem in some temperate areas and in the subtropics where rice
is grown in the winter season as a double crop. A strong QTL for cold-induced
necrosis and wilting tolerance has been identified on chromosome 12 (Andaya and
Mackill 2003a). In another indica X japonica cross (Jileng 1/Milyang 23), Han et al.
(2004) detected different QTLs for leaf discoloration under 12°C water temperature,
and they did not detect the same strong QTL on chromosome 12. They found a
larger QTL on chromosome 1.

34. Resistance to Biotic Stresses

3.4.1. Disease resistance

Blast (Magneporthe grisea) is the most widespread fungal disease of rice and has
attracted major efforts to map both major gene and quantitative (partial) resistance.
For most breeding objectives in the tropics, quantitative resistance seems to be the
best option, because of the risk of breakdown of major gene resistance. Partial
resistance is controlled by multiple QTLs of relatively small effect (Wisser et al.
2005; Wu et al. 2005). In practical breeding programs for tropical lowland rice, it
has not been too difficult to develop varieties with sufficient partial resistance, but
the small effects of most QTLs has made it difficult to apply MAS. Association of
known PR genes with QTLs is seen as a means of finding more useful markers for
selecting for partial resistance to blast (Liu et al. 2004).
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At least 40 major genes have been mapped, and candidates have been found
for some (Chen et al. 2005). Characterizing the individual R genes for their race
specificity has provided information for pyramiding combinations of genes to obtain
more broad spectrum resistance, which is thought to be more durable. Fine-mapping
and identification of good PCR-based markers for the important resistance genes
has provided useful tools for MAS (Fjellstrom et al. 2006).

Bacterial blight (Xanthomonas oryzae) has also been well studied, and at least
30 genes are known. Compared to blast, major gene resistance has been more
durable for bacterial blight. A number of resistance genes have been identified by
map-based cloning, beginning with the well-known Xa2/ gene (Song et al. 1995).
These genes have been the focus of efforts for fine-scale mapping and MAS. Some
recent examples include Xa2 (He et al. 2006), xal3 (Chu et al. 2006) and Xa27
(Gu et al. 2005).

Tungro is the most serious virus disease, being caused by two viruses, spherical
and bacilliform. A resistance gene for the spherical virus was mapped on
chromosome 4 (Sebastian et al. 1996). Four resistance genes are reported in the
Gramene database, but they have not all been documented in refereed journal
articles. Rice Yellow Mottle Virus is an important disease in Africa. Two QTLs on
chromosomes 7 and 12 showing complementary epistasis have been mapped and
used in MAS (Ahmadi et al. 2001).

3.4.2. Insect resistance

Major attention has been given to the brown planthopper (BPH), which can cause
devastating crop losses under conducive conditions. At least 18 genes have been
mapped and/or fine-mapped (Jena et al. 2006). Quantitative trait loci have also been
mapped (Sun et al. 2005) with the objective of attaining resistance that would not
break down with evolution of new biotypes. Resistance to green leaf hopper (GLH)
has also received some attention, mostly as a vector of tungro virus (Sebastian et al.
1996; Wang et al. 2003a). Green rice leaf hopper is a pest in temperate areas, and
at least six resistance genes are known. CAPS markers for MAS for resistance gene
Grh3 were developed (Saka et al. 2005).

Stem borers are one of the most important insect pests of rice, and no strong
sources of resistance have been identified. Efforts for developing resistant varieties
is focused more on transgenics with Bt toxin genes.

4. MAS EXAMPLES IN RICE

Examples of the use of MAS in rice breeding programs have been limited as
reported in the published literature. Reasons for this scarcity are numerous and
include

e Cost of applying genotyping methods, especially in large breeding populations
e Limited number of major genes or QTLs that will be beneficial in local germplasm
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e Lack of traits that have been fine-mapped with good selectable markers
e Novelty of methods and long-term nature of MAS projects: most of them are
still ongoing

MAS activities are often not published in journals because they are perceived as
applied breeding activities and in many cases documentation may be insufficient for
full data analysis. This is unfortunate, because there is a need to properly document
these activities to provide rice scientists with up-to-date information on how MAS
can be applied in practice. One can get a better idea of the current extent of activities
in MAS by browsing the abstracts presented at the 2005 International Rice Genetics
Symposium, available at http://www.irri.org/rg5/.

The prerequisites to apply effective MAS can be considered generally as: mapping
the gene or major QTLs for the trait, fine-scale mapping, validation of the effect
of the gene/QTL in appropriate genetic background, and development of diagnostic
markers for the target gene (Collard and Mackill 2007). The current applications
of MAS in rice breeding can be considered under three general categories: gene
pyramiding, marker assisted backcrossing, and use of markers in standard breeding
populations. Molecular markers are also useful for evaluation of breeding material
and cultivars (Collard and Mackill 2007), but these are not covered in the present
article.

4.1. Gene Pyramiding

Pyramiding genes for resistance to diseases has been the most common appli-
cation of MAS in rice. The major benefit obtained from the use of markers in
gene pyramiding is the ability to detect plants with multiple genes whose effects
are difficult to separate phenotypically. Collard and Mackill (2007) documented
five reports in the literature, mostly for blast and bacterial blight, and many
more are in progress (for examples see: http://www.irri.org/rg5/Abstracts.pdf). The
chief advantage of these pyramids is that they combine the resistances for many
races of the pathogen achieved from the different spectra of the component resis-
tance genes. In blast, a number of gene combinations are thought to give a
very strong level of resistance, especially combinations of Pi/ and Pi2. Markers
specific for the Pi2/Piz/Pi9 gene complex on chromosome 6 are likely to be
useful for breeding programs seeking higher levels of blast resistance (Fjellstrom
et al. 2000).

Pyramiding major genes for bacterial blight should be valuable, because the
durability of resistance genes is relatively longer, and some R genes have been
very effective. Xa4, xa5, xal3, and Xa21 have been commonly used (Huang et al.
1997; Joseph et al. 2004). For blast, the concept also seems to apply; however,
the durability of blast resistance genes has been very low. This has led to concern
that even gene pyramids could be overcome by more complex Magnaporthe races.
At present there is not sufficient information to draw firm conclusions. In the
irrigated lowland tropics, partial resistance is usually sufficient. In areas of higher
blast pressure (temperate rice or the tropical uplands), major gene pyramids seem
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an appropriate, although not fail-safe strategy. Narayanan et al. (2004) combined
two blast resistance genes Pil and Piz> (Pi2) with the bacterial blight resistance
transgene Xa2l.

In many applications of gene pyramiding, the objective is actually to transfer the
target genes into an existing variety, thus representing a combination of pyramiding
with MAB. As described in the next section, one potential drawback to this is the
compounding of linkage drag over several genes. With two to three gene pyramids
this may not be a major drawback, but certainly it will be for more complex
pyramids.

Gene pyramids have been proposed for other traits aside from resistance. For
example, Nas et al. (2005) combined three genes controlling temperature sensitive
male sterility in an attempt to derive lines with different behavior for sterility
induction.

4.1.1. Marker assisted backcrossing

The MAB approach is a highly effective, yet underused strategy for applying

markers in rice breeding programs. The advantages of MAB for rice breeding

include:

[ Lower population sizes than conventional breeding that require less genotyping

O The existence of widely-grown rice cultivars (“mega varieties”) that possess
the essential features of high grain quality, yield and local adaptation, but lack
specific traits such as stress tolerance

U] Existence of major QTLs and major genes that could add value to many elite
rice cultivars

Tanksley et al (1989) pointed out the potential of using markers to precisely
introduce a target gene into a desired cultivar. Theoretical considerations involved
in reducing linkage drag and the contribution of background markers have been
described (Frisch et al. 1999b; 1999a). Collard and Mackill (2006) divided the
process of MAB into three components: use of a tightly linked marker or gene
marker (perfect marker) for foreground selection, use of flanking markers for
“recombinant selection”, and use of background markers for selection against the
donor genome at unlinked loci.

Most rice workers have employed MAS without rigorous use of background
markers or flanking markers. There are several reports of combining pyramiding
and MAB for bacterial blight resistance: three resistance genes in BC3F2 (Sanchez
et al. 2000), three resistance genes in BC2F3 (Singh et al. 2001), and two resistance
genes in BC1F3 (Joseph et al. 2004). Liu et al. (2003) transferred the blast resistance
gene Pil into the widely used restorer line Zhenshan 97 using background markers
to remove the donor genome. Ahmadi et al. (2001) applied foreground selection for
two QTLs for resistance to RYMV, in combination with background selection. After
the BC3 generation, the proportion of the recipient genome was about 95% and the
segment around the two QTLs was about 20 cM. Steele et al. (2006) performed
a complicated assembly of multiple QTLs related to drought and fragrance. While
the objective was to combine five QTLs over three backcross generations while
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removing unnecessary or undesirable donor segments, only one of the four drought-
related QTLs (for root length) functioned in the background of the recipient cultivar
Kalinga. Toojinda et al. (2005) combined genes for submergence tolerance (Subl),
and resistance to BB, BPH, and blast, as well as some quality traits, into two widely
grown varieties, Khao Dawk Mali 105 and RD6 over four backcrosses. The extent
of donor genome still present was not mentioned.

The most systematic studies reported are those of Q. Zhang and colleagues for
transferring bacterial blight resistance into widely grown cultivars. A fragment of 3.8
cM surrounding the Xa21 gene was introduced into Minghui 63 restorer line (Chen
et al. 2000) and a similar fragment was introduced into the restorer ‘6078’ (Chen
et al. 2001) within three backcross generations. The process involved selection of
BC progeny possessing the target locus, selection of progeny with recombination
on one side of the locus (recombinant selection), and selecting among the remaining
progeny for fewer number of unlinked donor segments. Work at IRRI has shown that
the same approach can be applied to QTLs that have been fine-mapped. The SubI
QTL for submergence tolerance was introgressed into the widely grown cultivar
Swarna (Xu et al. 2006), and in the BC3 progeny the introgressed fragment was
limited to 2.3 Mb of DNA (Neeraja et al., submitted).

One of the applications of MAB is the introduction of transgenes into a desirable
cultivar. The transformation system is efficient for only a few cultivars and is not
very easy in indica rice cultivars. So generation of transgenics and selection of the
desirable event will usually occur in an easily transformable cultivar, and needs
to be backcrossed into other cultivars. This is currently the approach being used
to introduce the vitamin A trait (Golden Rice) into the mega varieties in Asia
(Al-Babili and Beyer 2005; Paine et al. 2005).

One drawback to the above approach is the intensive amount of genotyping that
must be done. Large backcross populations, usually on the order of 500 plants
or more, must be produced to make sure that there are sufficient plants to carry
out background selection after the foreground and recombinant selection have
been performed. With flanking markers of 3-5 c¢cM, The foreground/recombinant
selection will limit the population to less than 5% of the total backcross progeny.
If very large populations are used, the process could be completed by BC2, but
the number of molecular data points required would be lower for BC3 (Frisch
et al. 1999a). Despite the intensive genotyping required, the approach has much to
commend it, especially considering the difficulty of developing improved varieties
that can replace the existing mega varieties. These varieties have many desirable
features and changes to their genetic makeup more often result in deficiencies,
even when they occur on a small scale. The approach is certainly not proposed
as a replacement of conventional breeding efforts for developing new varieties.
On the other hand, it gives greater assurance that the intense efforts under-
taken for MAB would result in improved cultivars that have the characteristics
that farmers want. This is particularly important considering that most varieties
released for cultivation are not ultimately adopted by a large number of farmers
(Mackill 2006).
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4.1.2. Use of markers in breeding nurseries

The incorporation of MAS into breeding nurseries has been problematic. In early
generations, where MAS could have the greatest impact, most breeders handle
hundreds of thousands, and even millions of plants. This presents a practical hurdle
for DNA extraction and marker analysis. For most traits, visual or simple chemical
screens are generally sufficient. More widespread use of MAS in early generations
will require less expensive procedures.

In later generations, MAS can be applied for traits that are difficult to assess
phenotypically. An example that appears practical at the moment is for grain quality,
where a limited number of genes appear to be crucial to determining the basic
properties of starch that affect texture, probably the most important quality trait.
Knowing the alleles at the waxy and Alk loci for example, the breeder can obtain
basic information on the desirability of breeding lines, which could normally not
be obtained until advanced evaluation of fixed lines. These markers are currently
being employed at IRRI in F5 to F6 lines before they are evaluated intensively in
replicated yield trials.

Another example of the value of markers is in hybrid rice breeding. With the
existing 3-line method of hybrid rice seed production, the male parent is required to
possess restoring ability, usually controlled by two dominant genes for the widely
used WA cms system. Testing for restoring ability is a laborious process that
involves making test crosses to a cms line and assessing the fertility of the progeny.
Having a marker system that predicted at least one of the Rf genes greatly reduced
the amount of testing needed for this trait (M. Sattari et al., unpublished data).

For rice blast, it has been mentioned that partial resistance is probably the most
effective strategy for the tropical lowlands. Many varieties have the necessary level
of resistance and so it is not difficult to develop new lines that have this resistance.
However, accurate assessment of partial blast resistance is not easy to obtain without
repeated and careful evaluation. The genetic control of this partial resistance is
complex, and the QTLs do not have large effects. For this reason, the standard
approaches of MAS seem inadequate to assist breeders in their selection work. This
would perhaps be different if markers that were diagnostic of partial resistance
alleles were available. There is evidence that the level of partial resistance can be
attributed to the number of favorable alleles of PR-related genes that are associated
with the QTLs identified for partial resistance (Liu et al. 2004; Wu et al. 2004).

5. PROSPECTS

At the moment, the use of MAS in rice is occurring mostly for pyramiding resistance
genes and MAB. Increasing use of these methods is expected, particularly for MAB.
More widespread use of MAS is also expected with the improvement of methods
for marker analysis and identification of candidate genes for economic traits. Rice
gene discovery will progress rapidly. As can be seen from examples presented here,
development of perfect markers is very beneficial for practical application of MAS.
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Costs of DNA extraction have been reduced and it is not difficult to obtain
samples for tens of thousands of plants, which should facilitate the entry of MAS
into the conventional breeding process. Of particular note is the potential for lower-
cost whole genome scans, which would allow more targeted assembly of genes and
chromosomal regions into the predicted favorable genotypes. Low-cost array-based
methods of assessing hundreds or thousands of markers will be available in the
near future, making the greater use of MAS in rice inevitable.

The current focus on gene discovery should result in identification of an
increasing number of genes and genetic pathways that are responsible for complex
economic traits such as grain yield. One of the reasons that large population sizes
are emphasized in traditional plant breeding is that the genetic control of target traits
is not known, and the assembly of favorable alleles is undertaken on a trial and
error basis. A more targeted allele assembly implies that population development
is aimed at assembling specific alleles and fewer populations should be needed to
achieve the desired result.
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CHAPTER 8

APPLICATION OF GENOMICS FOR MOLECULAR
BREEDING IN RICE
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Abstract: Rice is arguably the most important food crop of the world and due to its small
genome size compared to other major cereals, rice was selected as model crop species
for decoding of its full genome. The international rice genome sequencing project
(IRGSP), a consortium of laboratories from ten different countries, has generated a
very high quality map based sequence of the 12 chromosomes of japonica rice cultivar
‘Nipponbare’ and made it available in the public domain. A whole genome draft
sequence of indica type rice variety ‘93-11" has also been reported by the Beijing
Genomics Institute. Annotation and comparative analysis of these and other partial
genomic sequences has provided a wealth of information to the rice geneticists and
breeders. Simple Sequence Repeat (SSR) markers are now easily available for any
region of the rice genome. SSR markers have also been derived from the expressed
sequence tags (ESTs) and unigene sequences, which correspond to the expressed
component of the genome and thus have greater potential in comparative genome
analysis. Furthermore, millions of single nucleotide polymorphism (SNP) and insertion-
deletion (InDel) markers have already been identified in rice. Saturation of the genome
with such sequence based SSR and SNP markers is accelerating fine mapping and map-
based cloning of genes, and thus, development of gene-based allele-specific markers.
Rice improvement programs are expected to benefit greatly from the use of these
markers in near future.

1. INTRODUCTION

The genetic information in plants is stored in three sub-cellular compartments
namely nucleus, chloroplast and mitochondria. The nuclear genome is much larger
and far more complex in both structure and function than the two organelle genomes.
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Beginning from the second decade of the last century, conscious efforts have been
made to understand structure and function of the plant nuclear genome employing
tools and techniques of Mendelian genetics and cytology. As a result, genes with
visible phenotypic effects could be arranged in linear order in different linkage
groups based on genetic recombination. The chromosome numbers of most of the
important plant species were determined. Chromosome pairing behavior in inter-
species hybrids was used to identify possible diploid progenitors of many of the
present day allopolyploid crop species. Discovery of DNA as genetic material and
elucidation of its double helical structure during 1950s gave a new dimension to
the study of genomes. Development of molecular techniques such as DNA cloning
and sequencing that followed these discoveries, paved the ways for a detailed
analysis of genome structure and function. Automation in laboratory instrumen-
tation facilitating high throughput sample analysis coupled with an array of robust
computational methods enabled complete sequencing of several large eukaryotic
genomes including that of human, Drosophila, Arabidopsis and rice. The avail-
ability of high quality whole genome sequence provided a thorough understanding
of the genome structure and evolution patterns. Novel means of understanding the
genome functions could be designed by utilizing the DNA sequence information.
These developments led to the birth of a new discipline in biology aptly named as
“Genomics”.

The widely grown cultivated rice (Oryza sativa L.) behaves like a true diploid
with gametic chromosome number 12. Rice genome was initially characterized by
cytological analysis at mitotic metaphase and chromosome pairing at pachytene stage
of meiosis. Kuwada (1910) first reported the chromosome number of cultivated rice as
2n=24, using both mitotic and meiotic cells. Shastry et al. (1960) thoroughly examined
pachytene chromosomes of rice and numbered the chromosomes in decreasing order of
their length. Morinaga (1937, 1939) first analysed the genomes of different rice species
and proposed five different genomes from A to E. Based on several earlier linkage
mapping studies using morphological markers, Nagao and Takahashi (1963) proposed
12 possible linkage groups corresponding to the haploid chromosome complement of
rice. Cytogenetic stocks such as trisomics and reciprocal translocations were used to
establish relationship between these linkage groups and the 12 chromosomes of rice
(Iwata 1986). With the construction of molecular marker based high-density linkage
maps, use of mapped markers tointegrate genetic and physical maps and whole genome
sequencing, a wealth of information is now available for the rice researchers, which
can be very effectively utilized for various applications in rice genetics and breeding.
The main objective of this short review is to highlight the application of genomics for
molecular breeding in rice.

2. EARLY PROGRESS IN RICE MOLECULAR GENETICS

The first attempt to characterize the rice genome using molecular markers was
made in the year 1988. McCouch et al. (1988) cloned single/low copy genomic
sequences and used those as probes in southern hybridization to generate the first
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set of restriction fragment length polymorphism (RFLP) markers. Based on segre-
gation of these markers in a small F, population of 50 individuals derived from
Jjavanica x indica cross, the molecular map of the rice genome was constructed that
contained 135 RFLP markers and covered a total length of 1389 cM. Rice genome
had approximately 50% single copy sequences and was less C-methylated than
maize and tomato genomes. This work greatly accelerated rice genetics research
worldwide. Many genes of agronomic importance for both qualitative and quanti-
tative traits could be mapped and localized into marker intervals using this map.
Following this landmark development, several RFLP maps of rice genome were
reported. High-density linkage maps were subsequently made using larger sets of
RFLP markers by two groups independently; one at the Cornrell University, USA
(Causse et al. 1994) and the other at the Rice Genome Research Program, Japan
(Kurata et al. 1994; Harushima et al. 1998). The Cornell group extended the first
RFLP map by McCouch et al. (1988), while the RGP group used a different set of
random genomic clones and cDNA clones prepared from callus and roots as probes
in RFLP to develop the map. Kurata et al. (1994) mapped 1383 DNA markers using
186 F, plants derived from a cross between a japonica variety, Nipponbare, and an
indica variety, Kasalath. Additional RFLP markers were developed by using cDNA
clones from green and etiolated shoots and 934 new markers were added to the
map using the same F, population after omitting 42 markers for various reasons.
This gave a total of 2275 markers mapped to 1174 discrete positions covering
1521.6 cM of the rice genome (Harushima et al. 1998). Subsequently, the Japanese
group further enhanced the map density (http://rgp.dna.affrc.go.jp/publicdata/ genet-
icmap2000/index.html) using 3267 DNA markers and almost all the RFLP markers
were converted to Cleaved Amplified Polymorphic Sequence (CAPS) markers.
These maps have been of great value in both genetic and physical mapping of genes
and map-based sequencing of the rice genome.

RFLP markers are not very convenient to use in high throughput genotyping
applications. Plant breeding requires a faster, simpler and more easy-to-use method
of analysis. Therefore, while the RFLP maps were being saturated with additional
markers, simple sequence repeats (SSRs) markers were being designed for the
rice genome (Wu and Tanksley 1993; Zhao and Kochert 1992, 1993). SSRs, also
called as microsatellites, are tandemly arranged repeats of 1-6 nucleotide long DNA
motifs that frequently exhibit variation in the number of repeats at a locus. As
the flanking sequences may be unique, once SSR loci are cloned and sequenced,
primers can be designed from the flanking sequences. The resultant sequence tagged
microsatellite usually identifies a single locus. Because of high mutation rate of
SSRs, these markers are often multi-allelic that often allows resolution on agarose
gels. SSRs are also visualized on sequencing gels where single repeat differences
can be resolved and, thus, all possible alleles detected. SSRs provide highly infor-
mative markers because they are co-dominant, generally highly polymorphic and
highly reproducible between laboratories. These are amenable to high-throughput
genotyping and thus useful for construction of high-density linkage maps, gene
mapping and marker-assisted selection. Screening of a rice genomic library with
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poly(dG-dA).(dC-dT) and poly(dG-dT).(dC-dA) probes by Wu and Tanksley (1993)
indicated that (GA)n repeats occurred, on average, once every 225 kb and (GT)n
repeats once every 480 kb. DNA sequencing of a set of ten randomly selected
microsatellites indicated that the numbers of repeats ranged from 12 to 34 and that
the patterns of microsatellites in rice were similar to those of humans and other
mammals. Multiple alleles, ranging from 5 to 11, were observed at the microsatellite
loci in a set of 20 rice accessions. This study was extended further by Panaud et al.
(1996) who added 20 new microsatellite. Chen et al. (1997) estimated 5700-10,000
microsatellites in rice genome, with the relative frequency of different repeats
decreasing with increasing size of the motif. A map with 120 microsatellite markers
that were well distributed throughout the 12 chromosomes of rice was constructed.
Cross-transferability of these markers to the wild relatives of the cultivated rice
O. sativa revealed their utility in monitoring of gene introgression in breeding
programmes (McCouch et al. 1997). The SSR map of the rice genome was further
extended by adding 188 new markers derived partly from random genomic library
(97 SSRs), and partly from known genes (26 SSRs) or EST (65 SSRs) sequences
(Temnykh et al. 2000). The GA and CCG motifs were found most frequent among
di- and tri-nucleotide SSRs in the genic regions of rice genome. There was uniform
distribution of these markers irrespective of their sequence origin. These markers
were successfully used to analyze genetic diversity (Yang et al. 1994; Olufowote
et al. 1997; Cho et al. 2000), identify elite rice varieties (Singh et al. 2004) and
to locate genes and QTLs on rice chromosomes using both intra- and interspecific
crosses (Xiao et al. 1998; Bao et al. 2000; Zou et al. 2000; Bres-Patry et al. 2001;
Moncada et al. 2001). However, a high-density rice genome map, which is required
for fine scale mapping and map based cloning of genes, could not be constructed
using SSR markers. This was primarily because of the difficulties in the marker
development, as laborious iterations of genomic DNA library screening with SSR
probes and sequencing of a large number of SSR positive clones were required.

3. DECODING OF THE RICE GENOME AND ITS IMPACT ON
MARKER AND GENE DISCOVERY

Multiple international efforts were aimed at complete decoding of the rice genome.
The International Rice Genome Sequencing Project (IRGSP; http://rgp.dna.affrc.
£0.jp/Seqcollab.html), with partner institutions from ten different countries namely,
Japan, United States, China, France, Taiwan, India, Thailand, Korea, Brazil and
the United Kingdom was officially launched in February 1998. The objective
of this international collaborative effort led by Japan was to accelerate the
sequencing of the genome of japonica rice cultivar Nipponbare by pooling resources
and manpower, and to ensure public access to the high quality sequence data.
IRGSP followed a map-based clone-by-clone approach for sequencing and contem-
plated to finish the genome sequencing by 2008. The multinational company
Monsanto also carried out sequencing on contract at the University of Washington,
Seattle, USA, following the same approach as IRGSP and announced that it had
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sequenced the Nipponbare genome in April 2000 (http://www.rice-research.org).
Although incomplete, the sequence was very informative, and Monsanto shared the
sequence information with academic researchers and with the IRGSP. In January
2001, another multinational company Syngenta reported phase-I draft sequence
of the same japonica cultivar Nipponbare, which was published in 2002 (Goff
et al. 2002). It had contracted Myriad Genetics in Salt Lake City, Utah, USA,
for sequencing using whole-genome shotgun approach. The fourth effort that
surprised the world was that by the Beijing Genomics Institute (BGI), China, where
sequencing of indica line 93—11 was carried out independently following a similar
approach to that of Syngenta. BGI announced its plan to sequence in May 2000,
and had the rough phase-I draft by October 2001, which was published in 2002 (Yu
et al. 2002) simultaneously as that by Syngenta. While the sequence by Syngenta
was not available for public, the indica sequence was placed in the public domain
by the BGI. The sequence assembly by Syngenta has about 6X genome coverage
and that by BGI now has a 6.28X coverage. Based on these assemblies, the rice
genome size was predicted to be 433 Mb for japonica and 466 Mb for indica.
The IRGSP for its sequencing strategy required a physical map of the rice
genome based on artificial chromosomes. A yeast artificial chromosome (YAC)
physical map covering 63% of the rice genome was first constructed (Saji et al.
2001). However, instability, high chimera frequency, and difficulties in manipu-
lation and purification make YAC clones difficult substrates for genome sequencing.
Subsequently, low-copy number bacterial clones, namely bacterial artificial chromo-
somes (BACs) and Pl-derived artificial chromosomes (PACs), were preferred for
sequencing of the rice genome. Construction of a BAC library in indica rice cv
Teqing and fingerprinting of 21,087 BAC clones from this library was reported
(Tao et al. 2001). However, very limited genetic anchoring of the BAC contigs
was carried out by this group. Subsequently, two deep-coverage BAC libraries
from japonica rice cv Nipponbare were constructed, fingerprinted with HindIII and
assembled into contigs, which were physically anchored onto the rice chromosomes
by overgo hybridization, DNA gel blot hybridization, and in silico analysis (Chen
et al. 2002). This physical map consisted of 65,287 fingerprinted BAC clones
(including 2778 singletons) thought to represent 20-fold redundant coverage of the
genome. The Rice Genome Research Programme, Japan constructed a transcript
map with 6,591 EST markers (Wu et al. 2002), which were then used to screen
the PAC and BAC libraries. Employing both Finger Printed Contigs (FPC) and
Sequence-Tagged-Connector (STC) approaches, RGP constructed physical maps
of rice chromosomes 1, 2, 6, 7, 8 and 9 (Wu et al. 2003). These two BAC
and PAC based physical maps, were used to identify clones in the minimum
tiling path. The physical gaps in the BAC/PAC tiling path were bridged using a
variety of substrates, including PCR fragments, 10-kb plasmid and 40-kb fosmid
clones. Individual PAC/BAC clones in the minimum tiling path were shotgun-
sequenced and locally assembled. A completed phase-II and high-quality draft of the
Nipponbare genome was announced by IRGSP on 18th December 2002. The phase
II sequences of the BAC/PAC clones, however contained certain gaps, poor quality



174 SINGH AND MOHAPATRA

regions, mis-assemblies, and single strand coverage regions. Several ‘finishing’
protocols were employed to fill the gaps and improve the sequence quality to an
accuracy of 99.99%. Mis-assembly was resolved by manual detection, selection of
a representative sub-clone, and full sequencing of the sub-clone. Manual editing
and re-sequencing of some regions were carried out to improve coverage and the
sequence quality. After two years of finishing work, the completion of rice genome
sequencing was officially declared in December 2004 and published in August
2005 (IRGSP 2005). A total of 3,401 BAC/PAC clones were sequenced by the
IRGSP to average tenfold sequence coverage, assembled, ordered and finished to
a sequence quality of less than one error per 10,000 bases. The total assembled
nucleotide sequence is 370.7 Mbp (Build 3.0 Pseudomolecules). Taking into account
the estimated size of gaps, the entire rice genome is estimated to be 388.82 Mbp.
This contrasts the genome size estimated earlier based on draft Phase I sequences
by Syngenta and BGI. The high quality sequences obtained by IRGSP covered
about 95% of the whole rice genome and 98.9% of the euchromatin region, while
the remaining 5% corresponded to mostly centromere and heterochromatin regions.

The sequence of the rice genome has revealed many interesting features. A total
of 37,544 non-transposable-element-related protein-coding genes were detected,
with gene density of one per every 9.9 kb. This is the largest number of genes
identified in plant and animal genomes that have been completely sequenced so
far. About 71% of these genes are homologous to Arabidopsis genes and 29% exist
in clusters. The number of genes that appeared to be unique to rice and the other
cereals was 2,859, which might differentiate monocot and dicot lineages. Of the
37,544 predicted protein-coding genes, 17,016 could be supported by full-length
cDNAs available in rice (Kikuchi et al. 2003). The density of expressed genes
was greater on the distal portions of the chromosome arms except for the highly
heterochromatic short arms of chromosomes 4, 9 and 10. About 0.2% of rice genome
corresponded to sequences, which are highly homologous to the chloroplast and
mitochondrial DNA that suggested repeated transfer of the organellar DNA to the
nuclear genome. The transposon content of rice was about 35% with representatives
from all known transposon superfamilies. Thus, the high quality sequence generated
by the IRGSP provides finer details about the structure and evolution of the rice
genome. Besides, this sequence resource is of immense value in many aspects of
rice genetics and breeding: i) the predicted gene models would serve as the base for
a functional analysis of the rice genome. Each of these genes can be characterised
individually through RNAi technology. Gene chips based on these sequences have
already been designed for use in whole genome expression profiling to identify
and understand the role of genes in complex biological processes such as yield
and abiotic stress tolerance. About 50,000 Tosl7 retrotransposon insertion lines
carrying 5,000,000 insertions have been produced in rice (Miyao et al. 2003).
By comparing the sequences flanking these insertion sites with the rice genome
sequences 11,487 target loci have been mapped on the 12 chromosomes. It has
been observed that 3,243 of the predicted genes carry one Tosl7 insertion each.
Phenotypic alteration in these mutants can easily be associated with the disrupted
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gene, thereby defining its biological function. ii) A large number of sequence based
molecular markers such as SSRs and SNPs have been designed that practically
saturate the genome. These markers can be used to map and tag genes for both
qualitative and quantitative traits at very fine scale into short physical intervals,
which in turn is helping isolation of genes by positional candidate approach. iii)
Once genes are identified and functionally validated, it would be possible to identify
new alleles in the germplasm by association mapping and thus enable designing
allele specific markers. Use of such functional markers in crop breeding will make
selection most efficient. iv) Rice is a small genome member of the grass family that
includes many large genome members such as wheat, barley and maize. Synteny
among the genomes of the family members is known. It is therefore possible to
extend the rice gene information to other important cereal crops. In the following
sections, we further elaborate on the development of sequence-based markers and
their use in rice molecular breeding.

4. DEVELOPMENT AND USE OF SSR MARKERS
4.1. SSR Markers from the Genome Sequences of Rice

The first attempt to design new SSR markers in silico based on the rice
genome sequence was made by Temnykh et al. (2001) using 74,127 BAC-
end sequences (http://www.genome.clemson.edu/projects/rice/) with an average
length of 500 bp, five complete BAC sequences generated by the US Rice
Genome Sequencing Program (http://www.tigr. org/tdb/rice/) and 22 complete PAC
sequences developed by the Rice Genome Research Program in Japan (http://
rgp.dna.affrc.go.jp/GenomeSeq.html). SSRs were identified in a total of 57.8 Mb
DNA sequence and classified as class I (>20bp repeat length) or class I (>12
bp <20 bp). The frequency of the class I SSRs in the BAC end-sequences was
one per every 40 Kb, whereas in BAC and PAC sequences, the frequency was
much higher (one SSR in every 16 kb). Class II SSRs were estimated to occur
every 3.7 kb in BAC ends and every 1.9 kb in fully sequenced BAC and PAC
clones. Microsatellites with poly(AT)n repeats represented the most abundant and
polymorphic class of SSRs but were frequently associated with the Micropon family
of miniature inverted-repeat transposable elements (MITEs) and were difficult to
amplify. Temnykh et al. (2001) designed a new set of 200 Class I SSR markers and
integrated into the microsatellite map of rice, providing immediate links between the
genetic, physical, and sequence-based maps. With this, a total of 500 mapped SSR
markers rigorously evaluated for amplification, map position, and allelic diversity
became available for the rice researchers. Availability of genomic DNA sequences
in the public domain eliminated the efforts that would have been otherwise required
for genomic library construction, repeated screening of library, and sequencing of
clones and thus accelerated SSR marker development.

Monsanto also analysed its draft sequence for SSR motifs and identified 6,650 di-,
tri-, and tetranucleotide repeats of > 24 bp flanked by 100 bp of unique sequences on
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each side (http://www.rice-research.org). Temnykh et al. (2002) designed primers
for 2,041 of these SSRs identified by Mansanto and another 199 SSRs (> 20 bp)
identified in the IRGSP Phase II BAC/PAC sequences. Of these 2,240 new Class I
SSR markers developed in silico, 1,825 could be mapped on the 12 rice chromo-
somes by e-PCR. Genetic mapping using 295 markers revealed that 95% of the
e-PCR results were correct. Fifty-six SSR markers (2.8%) hit BAC/PAC clones
on two or more different chromosomes and appeared to be multiple copy. Similar
to earlier observations based on library screening, the highest proportion of these
new markers corresponded to poly(GA) motifs (36%), followed by poly(AT) (15%)
and poly(CCG) (8%) motifs. All di-, tri- and tetra-nucleotide motifs were repre-
sented among these markers, with the exception of three GC-rich classes, poly(GC),
poly(GGCC) or poly(GGGC) motifs. AT-rich SSRs had the longest average repeat
tracts, while GC-rich motifs were the shortest. In combination with the pool of
500 previously mapped SSR markers, a total of 2,740 SSR markers were made
available for rice, which accounted for approximately one SSR every 157 kb of the
rice genome.

Based on the draft sequence of Syngenta, Goff et al. (2002) identified a total
of 48,351 SSRs with minimum length of 15 nucleotides at an frequency of one
SSR every 8kb. More than 7,000 SSRs were found in the predicted genes, most
of these (92%) being trinucleotides, so that length changes should not disturb the
open reading frame. Rice genome could be however, saturated with long potentially
hypervariable (> 20 bp) SSRs, by using the high quality genome sequences (IRGSP
2005). A total of 18,828 Class I di, tri and tetra-nucleotide SSRs, representing 47
distinctive motif families, were identified and annotated in the rice genome. Their
physical positions could be defined in relation to widely used RFLP markers (Causse
et al. 1998; Harushima et al. 1998) and previously published SSRs (McCouch et al.
2002). There was an average of one hypervariable SSRs in every 19.6 Kb sequence,
with the highest density of markers occurring on chromosome 3 (one SSR/17.9
Kb) and the lowest occurring on chromosome 4 (one SSR/24.4 Kb). It is difficult
to compare this observation with that of Goff et al. (2002) due to the difference
in the quality of the genome sequence, its coverage and minimum length of the
Class I markers in these two studies. Large number of SSR markers developed
from the finished genome sequence of rice provides a unique opportunity to the
rice researchers world over for fine mapping of genes, location of QTLs into short
marker intervals and marker assisted selection.

4.2 SSR Markers from the EST/Unigene Sequences of Rice

Another source of SSR markers is the expressed sequence tag (EST)
databases, which are continuously growing in size in most crop species
(http://www.ncbi.nlm.nih.govEST). These EST databases can be mined for
microsatellite motifs that would serve as locus-specific markers. Development
of EST-based microsatellite markers thus would involve considerably lower cost
and effort. Besides, such markers being derived from the conserved expressed
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component of the genome are expected to show greater cross transferability between
species and genera (Varshney et al. 2005). The unavailability of genomic and cDNA
sequences, thus would not limit the development of robust microsatellite markers
and various marker-based applications in related species and genera.

A major disadvantage of the EST-derived microsatellites is the sequence redun-
dancy that yields multiple sets of markers at the same locus. However, more recently
the random EST sequences are being assembled into unique gene sequences called
unigenes (http://www.ncbi.nlm.nih.govunigenes) that circumvents the problem of
redundancy in EST databases. For example, 41,600 EST sequences in barley have
been assembled into just 1,240 unigenes. The unigene-based microsatellite markers
(UGMS markers) would therefore, have the advantages of unique identity and
positions in the transcribed regions of the genome. With the availability of large
unigene databases, it is now possible to systematically search for microsatellites in
the unigenes. The UGMS markers can be used for accurately assaying functional
diversity in the natural populations and the available germplasm collections as well
as for comparative mapping and evolutionary studies as anchor markers. Recently,
Parida et al. (2006) mined SSRs in 48.8 Mb unigene sequences of rice and carried
out a detailed analysis of their nature, frequency and genomic distribution. About
40% of the unigenes contained SSRs (excluding monomeric repeats) at a frequency
of one SSR in every 3.6Kb of sequence. The proportion of the trinucleotide repeats
was highest (80%) among the repeat motifs present in the unigenes, of which
85% were found within the ORFs, 12% in 5° UTRs and 3% in 3’'UTRs. Among
the dinucleotide repeats, GA was most common (21.2%) and CG was least (3%)
frequent. Interestingly, (GA)n polynucleotides usually occurred in regions with
balanced (40-50%) GC content, which favours robust PCR amplification (Temnykh
et al. 2001) and therefore could be used for efficient genotyping applications.
A total of 13,230 SSRs longer than 12 nucleotides, which included 2,780 Class
I types, were identified and primers were designed for their amplification. The
Class I SSR markers were physically mapped on the rice genome. The overall
map density of these markers was one in every 141 kb and thus considered as a
high-density physical map. The size of physical interval however varied from 174
bp to 3.26 Mb with the chromosome 3 having maximum UGMS markers (364)
and thus the highest average map density (99 kb) followed by chromosome 1 (355
markers, 121 kb). The least number of markers (128) was placed on chromosome
11 giving the lowest map density (221 kb). Cross transferability of a sizable number
of rice class I markers to other cereals namely wheat, barley, maize and sorghum
suggested utility of these markers in comparative mapping of cereal genomes
and genes.

5. DEVELOPMENT AND USE OF SNP MARKERS

Single nucleotide polymorphisms (SNPs) are the most abundant form of molecular
markers present in any genome and rice is no exception. They arise due to
spontaneous mutations in the DNA leading to base transitions (purine to purine
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and pyrimidine to pyrimidine substitutions) or transversions (purine to pyrimidine
and pyrimidine to purine subsitutions). Small insertions and deletions (InDels) of
one or two bases are also quite common and often are clubbed together with
SNPs. While class I SSR loci are present on an average at every 19.6 kbp in
the rice genome (IRGSP 2005), the SNPs are present at every 100 bp or less
(http://www.ncbi.nlm.nih.gov/projects/SNP/), and therefore are most useful for fine
mapping of genes and QTLs for the agronomic traits in order to develop tightly
linked DNA markers for molecular breeding applications. Due to very low frequency
of the spontaneous mutations and much greater possibility of base transitions as
compared to transversions, SNPs are often bi-allelic in nature. Though, theoretically
it is possible to have up to four alleles at any base position and we do see tri-
and tetra-allelic SNPs but rarely. In contrast, multiple alleles are common at the
individual SSR loci due to differences in the number of repeat units generated by
replication slippage and unequal crossing over. A group of SNPs present in a single
gene or small stretch of DNA, called haplotype, may have 2" number of possible
combinations, giving them a high discriminating power and multiple alleles at the
gene level. Similar to the SSRs, large number of SNPs occur in the intergenic
spaces, but these are not likely to have any direct effect on the traits of agronomic
importance. The genic SNPs on the other hand may cause single amino acid substi-
tutions, premature termination of the amino acid reading frame or a frame shift in
case of InDels, thus directly affecting the function of the genes, some times leading
to drastic phenotypic consequences at the trait level. Many genic SNPs are present
at the redundant base positions in the amino acid codons, and therefore have no
functional significance, but these can still be used as gene based perfect markers
for molecular breeding.

Decoding of the genomes of japonica rice variety ‘Nipponbare’ and indica
rice variety ‘93-11" and availability of BAC-end sequence data from indica
rice variety ‘Kasalath® has led to the identification of more than 3.9 million
rice SNPs and this information is now available in the public domain at the
NCBI website (http://www.ncbi.nlm.nih.gov/projects/SNP/). Furthermore, the rice
genomics revolution has led to accumulation in the public databases of more than
1.1 million expressed sequence tags (ESTs) from different varieties of rice, a number
that is second only to human ESTs, and these provide another important resource
for discovering SNPs in the expressed genic sequences of rice. Feltus et al. (2004)
aligned draft sequences of rice varieties ‘Nipponbare’ and ‘93-11’, and after filtering
multiple copy and low quality sequences, they identified 408,898 SNPs/InDels.
These include only a subset of the available SNPs, in particular excluding large
number of SNPs that might occur in repetitive DNA, but with higher likelihood
that this subset is useful. Direct sequencing of a random sample of these SNP sites
suggested that 79.8% = 7.5% of the in silico discovered SNPs were real. These
SNPs were present in all the twelve rice chromosomes but were not randomly
distributed across the genome as 566 rice genomic regions had unusually high (48.6
Mb, 13.6% of the genome) or low (64.7 Mb, 18.1% of genome) polymorphism rates
(http://www.plantgenome.uga.edu/snp). The international rice genome sequencing
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consortium identified 80,127 polymorphic SNP/InDel sites that distinguish between
the japonica rice variety ‘Nipponbare’ and indica variety ‘Kasalath’ for which 15.6
Mb of high quality BAC-end sequence data was generated (IRGSP 2005).

The most challenging task ahead is validation of these large numbers of SNPs
through wet lab experiments, and establishing their association with the traits of
agronomic importance so that they can be used in practical rice breeding. Most of
the SNPs in the public domain databases were identified by in silico analysis of
the available sequences and have rarely been validated in wet lab conditions. Now
we have many novel high throughput techniques for SNP genotyping, and these
are being employed increasingly for SNP validation. Restriction fragment length
polymorphisms (RFLPs), the earliest type of molecular markers, in fact are due to
SNPs leading to loss or gain of restriction sites. The RFLPs represent only a fraction
of the total SNP content in a genome and the technique is quite tedious for regular
use in rice breeding. Now it has been replaced by analysis using high throughput
capillary electrophoresis of PCR amplified DNA fragments, resolution of small size
differences between the allelic DNA bases using MALDI-TOF or hybridization
of labeled DNA samples to large number of oligonucleotide probes immobilized
on glass slides (micro arrays) and nano-size beads (bead arrays). The discovery
and development of SNP markers requires techniques like DHPLC, TILLING and
most importantly re-sequencing of the allelic DNA fragments, but after validation
the subsequent analysis of the SNP loci in different rice varieties and segre-
gating populations can be done using a number of techniques. The most common
among these are CAPS, SSCP, SNuPe, DHPLC and MALDI-TOF mass array.
Most recently hybridization of sample DNAs to synthetic oligonucleotide probes
immobilized on micro or nano size beads is offering unprecedented throughput.
These techniques will allow screening of large number of segregating genotypes
simultaneously for the presence of favorable alleles of a number of genes in early
generation of the breeding program, hence compressing the breeding cycle as well
as breeding population for actual replicated field trails.

The present limitations in the molecular breeding of rice are: (i) non-availability
of tightly linked or actual gene-based markers for the traits and (ii) high cost
of analysis per sample. The first limitation is getting removed rapidly as several
genes of agronomic importance are being discovered with the help of rice genome
sequence information. The cost of analysis per sample is also coming down with
the introduction of marker multiplexing and wider use of the high throughput
genotyping techniques. Although the initial cost of the equipments are quite
high, establishment of genotyping service facilities will easily take care of this.
High throughput SNP mapping projects have already been initiated at IRRI
through international collaboration in partnership with private service provider
companies like Illumina (http://www.illumina.com/products/prod_snp.ilmn) and
Perlegene Sciences Inc. (www.perlegen.com). In due course of time one
can see large number of validated SNPs and haplotypes of rice in a way
similar to the human SNP database developed by the International HapMap
consortium (2006).
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6. DISCOVERY OF CANDIDATE GENES AND GENE BASED
MARKERS

The most significant impact of the availability of high quality rice genome sequence
information has been on rapid discovery of genes of agronomic importance and
elucidation of the underlying allelic differences at the level of gene sequence that
are directly responsible for the differences in the traits at the morphological level.
This is helping development of gene-based perfect markers for molecular breeding
applications. These markers will not recombine with the trait because marker itself
is responsible for the differences in the trait. A partial list of such genes identified
in rice using map-based cloning approach is given in Table 1. This list is likely to
grow very fast because intensive research is going on around the world, both in
public and private sectors, to identify many more such genes for yield components,
quality traits and stress tolerance (both biotic and abiotic) in rice. One difficulty
is that, apart from disease resistance genes, most of the important agronomic traits
e.g. yield, quality and abiotic stress tolerance, show quantitative inheritance due
to involvement of many genes with small individual effects and role of gene into
gene (epistasis) and gene into environment interactions. We do not yet have many
validated markers for these traits that can explain major part of the phenotypic
variation in the segregating populations.

Two different approaches have been used for the identification of candidate genes
for these complex quantitative traits. First approach uses forward genetics where
two parents with contrasting phenotypes, e.g. salt tolerant and salt susceptible rice
varieties, are first crossed to develop a mapping population of about 200 F2, RILs
(recombinant inbred lines) or BILs (backcross inbred lines). After identification of
the QTL intervals for the salt tolerance using this population, a much larger F2
population of typically more than 1000 individuals developed from intercrossing of

Table 1. Genes for important agronomic traits cloned recently using the rice genome sequence
information

S. no. Trait Gene Reference

1. Bacterial leaf Xa 21 (NBS-LRR type receptor kinase) Song et al. (1995)
blight resistance

2. Plant height Sd 1 (gibberellin-20-oxidase) Sasaki et al. (2002)
Amylose Sbhe 3 (starch branching enzymes) Liu er al. (2004)
content

4. Grain number OsCKX2 (cytokinin oxydase) Ashikari et al. (2005)

5. Salt tolerance SKC1 (a HKT type transporter) Ren e al. (2005)

6. Grain aroma BAD? (betaine aldehyde dehydrogenase 2) Bradburry ef al. (2005)

7. Blast resistance Pik" (NBS-LRR type protein) Sharma et al. (2005)

8. Submergence Subl (Ethylene response factor-like protein)  Xu ef al. (2006)
tolerance

9. Lodging Lsi 1 (Silicon transporter) Ma et al. (2006)
tolerance

10. Seed shattering qSH 1 (BEL1-type homeobox) Konishi et al. (2006)
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QTL-NILs (differing for a single QTL only), is then used for fine mapping of the
individual QTL interval to identify and validate the function of the candidate gene
(Ren et al. 2005). Availability of rice genome sequence with complete information
on the genes present in specific physical/genetic interval is of great help in this
process and many key genes have been cloned during the last two years as compared
to only limited examples of map-based cloning before the genomic era (Table 1).
The second genomic approach is based on the gene expression profiling of the
rice varieties and land races that are known to possess the genes of agronomic
importance e.g. ‘Pokkali’ for salt tolerance (Kawasaki et al. 2001; Sahi et al.
2006) and ‘N22’ for drought tolerance (Gorantla et al. 2005). Analysing differential
expression of genes with and without stress has led to identification of several
hundred probable candidate genes that could be responsible for the phenotypic
difference at the trait level. Unfortunately, it has not been possible to narrow down
the number of candidate genes to a small number due to common stress response
pathways and cross talks between alternate response pathways. A combination of
the genetic fine mapping and differential expression profiling is likely to speed up
gene discovery for complex agronomic traits in rice by drastically bringing down
the number of candidate genes from several hundreds to tens, as described for the
identification of candidate genes for ovariole number in case of fruit fly (Wayne
and Mclntyre 2002).

7. PROSPECTS OF HIGH THROUGHPUT MARKER-ASSISTED
SELECTION (MAS) IN RICE

Molecular markers are used as gene tags to select for desirable genotypes. It offers
several advantages over conventional phenotype based selection: i) Selection can
be practiced at any stage of plant growth, ii) Creation of selection environment is
not required, iii) Several useful genes can by combined in one genotype irrespective
of nature of interaction among them, iv) Heterozygous carriers of useful recessive
alleles can be identified easily, and v) by judicious combination of background and
foreground selection, it is possible to save time and effort. Marker assisted selection
in rice is being practiced for a few traits including resistance against bacterial leaf
blight and blast diseases (Sanchez et al. 2000; Singh et al. 2001; Joseph et al.
2004; Liu et al. 2003; Toojinda et al. 2005). Molecular mapping of many other
useful genes although has been reported, the identified markers are yet to be used
in MAS. Many of the linked markers were RFLPs, which are not amenable to
automation and thus a large number of samples cannot be handled in a short time.
Moreover, absence of tightly linked markers that are polymorphic enough to be
used in several different segregating populations has limited the use of markers
in rice breeding. The availability of a large number of sequence based SSR and
SNP markers that saturate the rice genome would be of considerable value in fine
mapping of target genes. Use of these markers is expected to eliminate the problems
due to recombination and lack of polymorphism. Besides, genotyping of a large
population using a set of markers can be achieved in a short time since both the
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marker classes allow complete automation. For instance, one of the primers in case
of SSR markers can be labeled using fluorescent dye and the amplified products
can be sized quickly using a automated fragment analyzer. Multiplexing of a set
of primer pairs in PCR would significantly increase the speed of analysis (Coburn
et al. 2002). Similarly, SNP analysis is completely automated and thus would allow
very high throughput genotyping. Since there is no involvement of cost in marker
development, routine use of these markers in rice breeding is feasible provided
some initial investment is made on laboratory infrastructure. However, MAS is not
a complete replacement for evaluation of phenotype in the field. It is recommended
that MAS for difficult-to-phenotype traits needs to be combined with phenotypic
selection for easy-to-phenotype traits for deriving maximum benefit from the vast
genomic resources including molecular markers available in rice. Integration of
molecular markers in rice breeding is a necessity for imparting far greater efficiency
to the development of superior genotypes.
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MARKER-ASSISTED SELECTION IN SORGHUM
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Abstract:

Sorghum [Sorghum bicolor (L.) Moench] is an important food and feed crop in many
parts of the world, and has potential uses in the biofuels industry. Compared to most
other cereals, sorghum is more tolerant to many abiotic stresses, including heat, drought,
and flooding, making it an ideal crop for growing on marginal lands as demands
for food, feed, and energy increase. Though it is generally stress-tolerant, the true
potential of sorghum can only be realized through concerted genetic improvement
programs. The use of DNA-based markers for the genetic analysis and manipulation
of important agronomic and stress-tolerance traits is becoming an increasingly useful
tool in sorghum improvement. The known germplasm of sorghum is incredibly diverse,
and molecular markers are being used to assess this diversity to help manage large
germplasm collections, and to make these collections more useful to breeders. Molecular
markers have been used in sorghum to identify quantitative trait loci (QTL) for many
complex traits, including pre-flowering and post-flowering drought tolerance, early-
season cold tolerance, and resistance to the parasitic weed Striga. However, progress
in utilizing these QTL had been limited by the lack of a standard genetic map and
a common nomenclature for the various linkage groups of sorghum. Fortunately, the
genetic map of sorghum has recently become standardized, and has also been linked to
physical chromosomes. The use of a common map will facilitate the exchange of marker
and QTL information between sorghum research groups. This will allow independent
validation of QTL and should expedite efforts to use these QTL for the development of
improved sorghum cultivars through marker-assisted selection and trait introgression.
Newer, faster marker technologies based on single nucleotide polymorphisms (SNPs),
and mapping methods based on linkage disequilibrium (association mapping), will soon
become useful tools for future efforts to improve this important crop.

1. INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is an important crop in many parts of the
world and is grown for food, feed, and industrial purposes. Sorghum ranks fourth
among grain crops in the United States, behind maize (Zea mays L.), soybean
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[Glycine max (L.) Merr.], and wheat (Triticum aestivum L.) in total production
(FAO 2004). It is also a major crop in many parts of Africa and some Asian
countries. Compared to most other cereals, sorghum is more tolerant to many abiotic
stresses, including heat, drought, and flooding. Combined with its potential use in
the emerging biofuels industry, sorghum is an ideal candidate for a more concerted
crop improvement program as agriculture is pushed to more marginal lands, and
food and energy demands increase. The use of DNA-based markers for the genetic
analysis and manipulation of important agronomic traits is becoming an increasingly
useful tool in sorghum improvement.

DNA markers have the potential to enhance the operation of a plant breeding
program through a number of ways. Genetic fingerprints can be used for the identi-
fication of genetic stocks and cultivars, and for the verification of pedigree infor-
mation (Soller and Beckmann 1983). Comparison of the unique genetic signatures
of germplasm accessions has allowed breeders to assess the amount of diversity in
their breeding material and to determine relatedness between individuals (Deu et al.
1994; de Oliviera et al. 1996; Yang et al. 1996; Menkir et al. 1997; Abu Assar
et al. 2005). As genotyping technologies have improved, very dense genetic maps
of sorghum have been created (Menz et al. 2002; Bowers et al. 2003). The ability to
associate quantitative phenotypic data with genetic maps has helped to increase our
understanding of the inheritance of complex agronomic traits in sorghum (Pereira
and Lee 1995; Tuinstra et al. 1996; 1997), which is beginning to lead to marker-
assisted plant breeding. However, the application of this technology is still relatively
new, and it may take some time before marker-assisted selection (MAS) becomes
a routine operation in most sorghum breeding programs. The sorghum genome is
expected to be completely sequenced in the very near future and opportunities for
integrating genetic maps with the physical map of the crop should increase the
effectiveness of knowledge-based breeding of some of the more difficult traits in
sorghum. This review summarizes the knowledge base generated and experience
gained in the identification and analysis of quantitative trait loci (QTL) and MAS
in sorghum both in our own research program as well as in the greater sorghum
research community.

2. GENETIC DIVERSITY ASSESSMENT IN SORGHUM
GERMPLASM

Analyses of the extent and distribution of genetic variation in a crop are essential for
understanding the evolutionary relationships between germplasm accessions and for
sampling genetic resources more systematically for both breeding and conservation
purposes. Traditionally, genetic resources in sorghum are classified by taxonomists
based on a set of morphological characteristics. Cultivated sorghum (S. bicolor
subsp. bicolor ) is divided into five major races, namely bicolor, guinea, caudatum,
kafir, and durra, and the ten possible hybrid groups among these races (Harlan and
de Wet 1972; Harlan and Stemler 1976; de Wet 1978). There are several ‘wild’
subspecies within S. bicolor, and races within these subspecies as well, many of
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which harbor potentially valuable traits. However, the morphological character-
istics used in the classification of sorghum into different races are conditioned by
relatively few genes. On the other hand, important traits which are related to habitat
adaptation, and which exhibit enormous variability among sorghum germplasm, are
complex and quantitatively inherited. Also, closely related accessions could poten-
tially look very different in the field, and some accessions with similar appearance
may actually be of very different origins. Hence, classifying germplasm accessions
based solely on a few discrete morphological characters may not provide an accurate
indication of the genetic diversity present within the sorghum germplasm.

Several studies have been conducted to characterize the genetic diversity among
the various races of sorghum (Deu et al. 1994; de Oliviera et al. 1996), and
within smaller collections from specific regions (Yang et al. 1996). Because both
natural and human selection efforts should have contributed to the current genetic
differences in sorghum, we hypothesized that geographic distribution would have a
greater effect on genetic diversity than racial classification. To test this hypothesis,
we used molecular markers to analyze genetic diversity among the five major
races of cultivated sorghum (Menkir et al. 1997). One-hundred ninety accessions
representing each race and each of the major geographical centers of distribution
were randomly selected from the world collection of sorghum maintained by the
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT). The
190 accessions were divided into 38 sets, in each of which five randomly-selected
accessions from all five races were included to ensure parallel comparison of
races and to minimize biases while scoring marker products. A total of 82 random
amplified polymorphic DNA (RAPD) primers were used for DNA amplification.
Only 53 primers produced clearly scorable markers, generating a total of 220 loci.
A high level of genetic variation was detected among the sorghum accessions.
The results of our study indicated that within-race genetic diversity was high for
race bicolor, and guinea, and low for race kafir. Partitioning the genetic variation
further revealed that 86% of the total genetic variation occurred among individual
accessions and only 14% among races. Examination of the degree of association
of accessions with their geographic areas of origin indicated that only 13% of the
total genetic variation was attributable to divergence among regions. In spite of
the limited differentiation among regions, the extent of genetic diversity within
and among regions showed some trends. Though represented by a large number
of accessions, Southern African germplasm exhibited the least amount of genetic
diversity suggesting a narrow genetic base of accessions from this region. By
contrast, sorghums from West Africa exhibited a high level of genetic diversity
with a least number of accessions. Genetic diversity in Central and Eastern Africa,
as well as the Middle East, was as high as that observed in accessions from West
Africa.

Simple sequence repeat (SSR) markers are becoming more popular for diversity
analysis studies in sorghum because of their repeatability, simplicity, and ability to
be semi-automated. Also, their multiallelic nature makes these markers more infor-
mative than most other marker types. Abu Assar et al. (2005) used only 16 SSR
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markers to assess the diversity present within a collection of 96 sorghum acces-
sions representing very different geographies and races. Each accession showed a
unique genetic signature, demonstrating the utility of SSRs for differentiating acces-
sions. By applying the unweighted pair-grouped method with arithmetic average
(UPGMA) clustering to the genotypic data, the accessions tended to cluster based
on geographic origin, and within these clusters accessions of similar morphological
classification tended to also congregate together.

Germplasm collections at most programs often become very large through time,
containing too many accessions for a single breeder to assess in a practical manner.
Thus, a system for assembling a smaller number of specific accessions more method-
ically to establish a so-called ‘core collection’ has been proposed. The ideal core
collection should encompass all of the genetic diversity contained within the larger
collection, represented by fewer individual accessions. Such a core collection would
serve as a starting point for breeders interested in finding new sources for specific
traits. Core collections can be easily evaluated by a breeder for specific charac-
teristics, and if desirable individuals are found they can be utilized in a breeding
program, and related accessions from the larger collection can be evaluated if
the breeder so desires. However, developing such an informative panel for a core
collection can be a challenge. In general, core collections need to be small enough
to be of practical use, while containing a significant portion of the genetic diversity
of the species represented by the whole collection.

Grenier et al. (2000a) were among the first to describe phenotype-based methods
for assembling a core collection from landrace sorghum collections. They described
three different methods of subsampling. The first sampling scheme involved strat-
ification of the sorghum collection held at ICRISAT based on photoperiod sensi-
tivity, followed by random sampling. The second scheme was based on quantitative
characteristics, and the third was based on geographical origin and other specific
traits. All accessions in each subset were genotyped for 15 SSR markers, using
semi-automated allele sizing (Grenier et al. 2000b). Similar measures of genetic
diversity were obtained for all three sampling strategies. The mean number of alleles
per locus was similar for all three sampling methods, as were both the mean and
range of diversity indices for all loci. One locus in particular had relatively low
diversity, but the level was comparable in all three samples. A similar number of
rare alleles were also retained by each sampling strategy, though a few rare alleles
were detected in only one sample. Nonetheless, it was concluded that all three
sampling methods retained a similar level of genetic diversity, representative of the
global set (all three samples combined).

In addition to maximizing genetic diversity in a breeding program or core
collection, elimination of redundant accessions is also important for reducing the
time and costs required to maintain large collections. Dean et al. (1999) used the
same 15 SSR markers to examine the genetic diversity within 19 accessions listed
as ‘Orange’ in the US national sorghum collection. Their analysis revealed two
different groups of identical entries, which could potentially be pooled to eliminate
redundancy. They also found many nearly identical entries, and concluded that
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some of these could also be pooled. The total number of ‘Orange’ accessions could
be reduced to 10, with only a 10% loss of genetic diversity among the entries. In
addition, because they genotyped five individual plants from each entry, they found
that one accession was not homogeneous, and may have been contaminated with
seeds from another source. Thus, the determination of genetic purity of accessions
or breeding lines is another important use for molecular markers in sorghum. A
large scale genetic diversity project involving molecular characterization of 3000
sorghum accessions at 50 SSR loci is underway at ICRISAT in collaboration with
CIRAD and CAAS (R.K. Varshney, personal communication).

3. GENETIC MAPPING IN SORGHUM

The first group of genetic linkage maps of sorghum consisted primarily of RFLP
markers derived from maize probes (Hulbert et al. 1990; Whitkus et al. 1992; Binelli
etal. 1992; Melake-Berhan et al. 1993). Comparison of these maps with those of maize
revealed a high degree of synteny between the two genomes. Whitkus et al. (1992)
and Melake-Berhan et al. (1993) also noted that many of the probes which mapped
to a single locus in sorghum were duplicated in maize, suggesting possible dupli-
cation events in the evolution of maize after its divergence from sorghum. These early
maps, however, did not contain enough markers to resolve ten linkage groups, which
is the haploid chromosome number for sorghum. Chittenden et al. (1994) published
the first ‘complete’ linkage map of sorghum with ten linkage groups using mostly
sorghum-derived RFLP probes, and some from maize. This map was based on an inter-
specific cross (S. bicolor BTx623 x S. propinquum), mapped in the F, generation.
That same year, Pereira et al. (1994) also published a linkage map of sorghum with
ten groups. A ‘composite’ map using the genotypic data from two recombinant inbred
(RI) populations was published by Dufour et al. (1997) with linkage group designa-
tions following those of Pereira et al. (1994). This map contained 199 markers on
13 linkage groups and was later supplemented in subsequent publications with the
addition of more RFLP and AFLP markers (Vos et al. 1995), as well as with morpho-
logical markers, reducing the number of linkage groups to 11, with two very small
unlinked clusters (Boivin et al. 1999). Xu et al. (1994) also published a map of sorghum
using RFLP probes primarily derived from sorghum, and some from maize. This map
contained 190 markers on 10 major linkage groups, and four smaller ones. This map
was based on the genotypes of 50 F, plants from a cross between IS3620C and BTx623.
Several later studies improved upon this map by addition of more loci. Using 137
RI lines from this same cross, Peng et al. (1999) generated a linkage map containing
323 mapped loci on 10 linkage groups. The total length of this map was 1,347 cM.
Bhattramakki et al. (2000) reported the addition of 147 SSR loci to this map using the
same RI population, changing the total map length to 1,406 cM. Though these maps
were useful tools for mapping of quantitative trait loci (QTL), the lack of agreement
between maps from various research groups, as well as relatively poor map quality,
made comparison of results with other studies or research groups very difficult. Clearly,
there arose a need among the sorghum research community for a consensus map.
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More recently, two very dense genetic linkage maps of sorghum have emerged.
Menz et al. (2002) added AFLP markers to the IS3620C x BTx623 map of Bhattra-
makki et al. (2000) to create a very dense linkage map containing 2,926 loci on
10 linkage groups with a total genetic distance of 1,713 cM. Shortly thereafter,
using the interspecific cross (S. bicolor BTx623 x S. propinquum) of Chittenden
et al. (1994), another dense linkage map was generated. This map contained 2,512
loci on 10 linkage groups, and is based entirely on RFLP probes (Bowers et al.
2003). Interestingly, the total genetic distance of this map was much shorter than
the map by Menz et al. (2002), at only 1,059.2 ¢cM. This discrepancy may be due to
the fact that the interspecific population was mapped in the F, generation and the
intraspecific population was mapped as RI. However, in a recent paper these two
maps were aligned by identifying and mapping markers common to both popula-
tions (Feltus et al. 2006). A common nomenclature for the 10 chromosomes of
sorghum has also been established, and the 10 linkage groups have been assigned
to these chromosomes by the use of fluorescent in-situ hybridization (FISH) of
sorghum genomic BAC clones containing mapped marker loci (Kim et al. 2002;
2005). The relationships among the various linkage groups reported in previous
studies were also reported by Kim et al. (2005), so that these groups can also be
assigned to chromosomes and compared to each other. A common nomenclature for
sorghum chromosomes and linkage groups should facilitate the cross-validation of
QTL studies by different research groups by making direct comparisons of mapped
QTL possible.

4. QTL IDENTIFICATION IN SORGHUM

Molecular markers have been used to identify and characterize QTL associated
with many different traits in sorghum, including plant height and maturity (Pereira
and Lee 1995), traits associated with domestication (Paterson et al. 1995), disease
resistance (Gowda et al. 1995), insect resistance (Nagaraj et al. 2005; Deu et al.
2005), and drought tolerance (Tuinstra et al. 1996; 1997). Identification of QTL
often leads to further investigations to identify the underlying gene or genes through
fine mapping and map-based cloning. When successfully implemented, such studies
provide valuable insight into the genetic mechanisms controlling complex, and often
economically important, traits. However, from a practical plant breeding standpoint,
QTL are usually identified for the purpose of finding linked molecular markers that
can be utilized in trait introgression for crop improvement, and often the specific
underlying genes are not identified. For the purposes of this review, examples of
QTL identification for tolerance to biotic and abiotic stresses important in sorghum
are highlighted.

4.1. Identification of QTL for Striga Resistance

Several parasitic plant species of the genus Striga are major pests of sorghum
in parts of Africa, often causing complete loss of the crop in severe infestations.
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Because efforts to control the pest through chemical or cultural means have been
met with limited success and are often not practical in poor areas, developing
crops with genetic resistance is currently the best strategy for dealing with Striga
infestation. However, field resistance to Striga is a complex quantitative trait that
has been difficult to address via conventional plant breeding approaches. We have
had a Striga resistance breeding program at Purdue University for several years
and have employed a mix of biotechnological approaches to address this problem.
We have broken Striga resistance down into its component parts using laboratory
assays, and have identified several mechanisms by which sorghum can avoid or
resist parasitism by Striga, each of which could be manipulated genetically in the
development of resistant cultivars.

The most thoroughly studied mechanism is decreased production of germination
stimulants by host roots. Striga seeds require a chemical signal from the roots of
a potential host in order to germinate. Several compounds have been identified
from the exudates of sorghum roots, and from roots of other host and non-host
plant species, that have been shown to stimulate germination of Striga seeds in
the laboratory (Cook et al. 1966; 1972; Hauck et al. 1992; Siame et al. 1993).
Some sorghum varieties produce abnormally low amounts of these compounds,
resulting in decreased Striga germination compared to normal varieties (Vogler
et al. 1996). Once germinated, Striga also requires the presence of an additional
factor to initiate formation of a haustorium, a rootlike structure that penetrates the
host root. A sorghum mutant that exhibits decreased levels of haustorial initiation
in Striga seedlings has also been reported (Mohamed 2002), but the essential
chemical compound has not been identified. A third mechanism, described as an
‘incompatible response’ has also been reported, in which Striga seedlings attach
to host roots, but fail to develop (Mohamed 2002). This mechanism is also not
yet clearly understood. Recently Mohamed et al. (2003) described another Striga
resistance mechanism, a hypersensitive response (HR) to haustorium invasion, in
the roots of certain sorghum varieties, most notably the cultivars ‘Framida’ and
‘Dobbs’, and a wild accession (Sorghum verticilliflorum (Steud.) Stapf), designated
P47121. Hypersensitive response is a common mechanism of resistance to microbial
pathogens among diverse plant species, and is characterized by rapid necrosis of the
cells surrounding the site of infection (Agrios 1988). In general, the hypersensitive
response is also associated with the production of many different compounds,
including reactive oxygen species, phytoalexins and other phenolic compounds, and
pathogenesis-related proteins. Following the hypersensitive response in sorghum
roots, most attached Striga seedlings fail to develop. It has been shown through
classical Mendelian genetics that the hypersensitive response in sorghum roots
is conferred by two dominant genes, designated Hrs! and Hrs2 (Hypersensitive
response to Striga) (Mohamed 2002). However, the functions of these genes are
not known, and the underlying physiology of the hypersensitive response to Striga
is currently under investigation.

Field-based selection for Striga resistance must be conducted in areas where
Striga is endemic, because the pest must be kept under containment elsewhere. Also,
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the inherent variability in field-based selection for Striga resistance may further
hinder selection efforts. Though highly informative for characterizing specific Striga
resistance mechanisms currently available, laboratory assays particularly for post-
attachment mechanisms are not amenable to phenotyping a large number of RI
lines or breeding material. Thus, the identification of molecular markers for specific
Striga resistance mechanisms will facilitate faster introgression and pyramiding of
these traits into sorghum breeding lines.

Using a recombinant inbred population, a genetic linkage map was constructed
with over 230 DNA markers, an estimated map size of 1,628 cM, and an average
interval of 9.5 cM between adjacent loci. The parents of this population were a
Striga-resistant caudatum SRN39 and a highly susceptible Chinese kaoliang ‘Shan
Qui Red’ (SQR). Based on laboratory assay data, the locus for the low germination
stimulant (lgs) production (Vogler et al. 1996) was mapped at 11.8 ¢cM from
an RFLP marker pio200725-BamH1, and 13.5 cM from ssr617g, an inter-simple
sequence repeat (ISSR) marker (Ibrahim 1999). We also used the linkage map to
place putative QTL for Striga resistance using phenotypic data from field evaluation
of this mapping population against Striga hermonthica and Striga asiatica. Single
marker analyses detected six QTL for resistance to S. hermonthica and five QTL
for resistance to S. asiatica. The QTL detected for resistance to S. hermonthica
accounted for 37% of the variation in resistance, and QTL detected for resistance
to S. asiatica accounted for 49% of the variation in resistance. Two of these QTL
were on the same linkage group as the Igs locus. Interval mapping confirmed most
of the QTL detected by single marker analysis (Ibrahim 1999). Based on a series
of field evaluations of two independent RI populations, Haussmann et al. (2001)
produced evidence that other minor loci play a quantitative role in the production of
Striga germination stimulants in sorghum, and that different populations of Striga
react differently to germination stimulant levels. Another study by this group placed
the Igs locus on linkage group I (chromosome 6), and a significant QTL for field
resistance to Striga also mapped to this region, helping to confirm the location of this
QTL (Haussmann et al. 2004). However, the nearest mapped DNA marker in this
population is approximately 30 cM away. Saturation of this region of the genome
with more molecular markers is needed, so that closer markers can be identified
for use in marker-assisted breeding. Several other QTL for field resistance to Striga
were also identified in this and another population (Haussmann et al. 2004).

Dissecting Striga resistance into simpler components based on laboratory assays
has enhanced efficiency of breeding crop cultivars with improved resistance to the
parasite as well as in gene identification. We have mapped the low haustorium
initiation factor (//f) locus in an F,.; population derived from a cross between SQR
and a wild sorghum accession P78, in which the low haustorium initiation trait was
identified. The Ihf locus maps to linkage group F (chromosome 9), approximately
19.3 cM from SSR marker #xp359 (Mohamed 2002). This locus would be a good
candidate for marker-assisted introgression into breeding lines or locally adapted
cultivars if a more tightly linked marker were identified. Although Mendelian
segregation ratios indicated two loci conferring HR to Striga, only one locus has
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been mapped to date. A gene for HR, derived from the wild accession P47121,
resides on linkage group B (chromosome 2), 7.5 cM from zxp96 (Mohamed 2002).
Though a closer marker would be desirable for marker-assisted introgression, only
7.5 % recombination should be an acceptable margin for error in a Striga resistance
breeding program given the high heritability of this trait.

4.2. Identification of QTL for Drought Tolerance

Tolerance to abiotic stress is generally complex and highly influenced by environ-
mental factors. Because of this, selection for improved abiotic stress tolerance is
often difficult, and gains from selection are usually quite low. Drought tolerance is
one such trait, and is especially important in sorghum, given its exceptional drought
tolerance relative to other crops, and its importance in semi-arid parts of the world.
The genetic and physiological mechanisms that condition the expression of drought
tolerance in sorghum and other crops are still poorly understood. Controlled by
many genes and dependent on the timing and severity of moisture stress, drought
tolerance has been difficult to study and characterize. Identification of QTL and
associated molecular markers, based on carefully managed replicated tests, should
facilitate improvement of drought tolerance in sorghum, and also help to increase our
understanding of the underlying physiological and genetic mechanisms controlling
this complex trait in sorghum, with possible application in other related crops.

A number of physiological and biochemical traits have been hypothesized to
enhance drought tolerance. Yet, only a few of these mechanisms have been demon-
strated to be causally related to the expression of tolerance to drought under
field conditions. As with Striga resistance, we have made a slow but significant
progress via empirical breeding of sorghum for drought tolerance by breaking
this complex trait into specific phenological stages of plant development, namely
early-season (seedling), midseason (pre-flowering), and late-season (post-flowering)
drought responses. Using this approach, we have identified sorghum germplasm
that are uniquely pre-flowering or post-flowering drought tolerant and a few that
combine tolerance at both stages. We have developed new improved drought
tolerant sorghum lines in diverse and elite germplasm backgrounds. Our breeding
and selection efforts were based on reliable phenotypic markers associated with
morphological and yield-related symptoms that occur at pre-flowering and post-
flowering stages of plant development as long as moisture stress treatments are
induced in a timely manner. Some of these marker traits are simply inherited,
while others appear quantitative, rendering them amenable to QTL marker analysis
and marker-assisted introgression. Molecular markers linked to QTL for drought
tolerance could be used to increase the efficiency of breeding efforts to select
sorghum germplasm with enhanced drought tolerance.

We conducted a number of studies using a RI population derived from a cross
between Tx7078, which shows pre-flowering drought tolerance, and B35, which
shows post-flowering tolerance. A genetic map was constructed using RAPD and
RFLP markers, and the RI lines were carefully evaluated for response to drought
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in a series of pre-flowering or post-flowering stress environments, both of which
were in turn compared to fully irrigated controls. Pre-flowering drought tolerance
was assessed by measuring grain yield under drought stress, yield stability (drought
versus irrigated), seed set stability, and plant height stability. Single marker analysis
identified six QTL associated specifically with pre-flowering drought tolerance.
Despite the fact that drought stress was much more severe in the first growing
season, QTL by environment effects were relatively small, suggesting that these
QTL are stable across varying levels of drought stress or other confounding climatic
factors. In addition, some markers showing significant association with yield or
seed set under irrigated conditions also showed significance for drought tolerance
(Tuinstra et al. 1996). Assessment of post-flowering drought tolerance in sorghum
by measuring grain yield under drought stress, yield stability, seed weight stability,
and stay-green score was established in a study conducted under carefully managed
drought stress conditions (Wanous et al. 1991). The term ‘stay-green’ refers to
delayed senescence which is associated with post-flowering drought tolerance
irrespective of the maturity of the genotype. Twelve QTL for post-flowering drought
tolerance were identified by single marker analysis (Tuinstra et al. 1997b). Six QTL
for stay-green were identified on five linkage groups. QTL on three of these linkage
groups were also positively associated with grain yield under irrigated conditions.
This indicates that there may be a physiological link between the expression of
stay-green under post-flowering drought and grain yield under non-drought condi-
tions.

Because of the importance given to the stay-green trait as a readily visible and
heritable drought response trait, several additional studies have been conducted
to characterize and map this trait in various populations. Three of these studies
(Crasta et al. 1999; Xu et al. 2000; Subudhi et al. 2000) also used B35 as the
source of the stay-green trait. In a recent review comparing these studies, Sanchez
et al. (2002) named four major stay-green QTL derived from B35 that were consis-
tently identified: Stg/ and Stg2 (chromosome 3), Stg3 (chromosome 2) and Szg4
(chromosome 5). Two of these, Stg/ and Stg3, correspond to two QTL identified
by Tuinstra et al. (1997b). A QTL for stay-green was also identified by Tao et al.
(2000) at the same location as Stg3 in a RI population derived from a cross between
QL41 and QL39. QL41 is a stay-green line derived from B35 so this discovery is not
surprising, however the other three QTL were not identified in this study, but several
additional stay-green loci were found, some of which were associated with QL39.
Using the stay-green line SC56, which is unrelated to B35, Kebede et al. (2001)
found stay-green QTL at the same locations as Stg/ and Stg4. They also detected a
stay-green QTL on chromosome 1, which appears to correspond to a QTL found by
Tuinstra et al. (1997b) and by Crasta et al. (1999). These results indicate possible
commonalities between stay-green mechanisms from diverse sources. More recently
Haussmann et al. (2002) analyzed the stay-green phenotype at various phenological
stages by measuring the percentage of leaf area remaining green at weekly intervals
(extrapolated to 15 d, 30 d, and 45 d) after flowering during drought conditions in
two RI populations. The stay-green source line E36-1, which is unrelated to B35
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and SC56, was common to both populations. Five to nine QTL were identified for
each of the three time points in each population, and several of these overlapped,
suggesting that some aspects of stay-green may be regulated in a stage-specific
manner, while others are not. Three QTL derived from E36-1 were common to
both populations. One QTL, which was previously identified in other studies with
B35 (Tuinstra et al. 1997b; Crasta et al. 1999; Subudhi et al. 2000) was detected
on chromosome 2, though it is different from Stg3. Most other stay-green QTL
found by Haussmann et al. (2002) appear to be unique to E36-1. From the results
of multiple studies it is clear that there are several sources of this trait, and likely
several mechanisms by which sorghum can remain green and photosynthetically
active during post-flowering drought stress. Some of these mechanisms may be
common among the germplasm while others seem to be unique to a particular
source. Thus, there appears to be great potential for the use of marker-assisted
selection to pyramid multiple stay-green genes from these various sources into
drought-tolerant breeding lines and cultivars.

4.3. Identification of QTL for Early-Season Cold Tolerance

Cool temperatures during the early growing season are a major limitation to growing
sorghum in certain regions of the United States and other temperate areas. Tolerance
to early-season cold temperatures is a major trait that is needed in many of the
sorghum production areas of the United States. The trait is essential for early-season
stand establishment to take advantage of the extended growing season that would
ensue if the crop is planted and established early. Increased grain yields have in
fact been correlated with improved seedling vigor in sorghum (Chhina and Phul
1987; Cisse 1995). Improved tolerance to early-season cold temperatures would also
help to protect the crop from stand reductions caused by unexpected cold periods
in late spring. We have found that several sorghum landraces from China exhibit
higher emergence and greater seedling vigor under cool conditions than typical
American varieties (Cisse and Ejeta 2003; Singh 1985). Unfortunately, Chinese
landrace sorghums also possess other undesirable traits, such as susceptibility to
most leaf diseases. Directed introgression of seedling cold-tolerance genes from
these landraces into elite, high-yielding lines, without the undesirable traits from
the donor parents, could be expedited by marker-assisted selection.

To identify markers for seedling cold tolerance, we conducted QTL analyses
using a population of RI lines derived from a cross between ‘Shan Qui Red’ (SQR),
a cold-tolerant Chinese line, and SRN39, a cold-sensitive caudatum. The RI lines
were evaluated for percent germination under cold and optimal conditions in growth
chambers, and for percent emergence and seedling vigor scores (Maiti et al. 1981)
in the field under early and later plantings. Analysis of the phenotypic data showed a
high degree of heritability for all traits measured (Gunaratna 2002), suggesting that
gains from selection for seedling cold tolerance should be significant. However, the
correlation between percent germination under controlled conditions and percent
field emergence was weak, suggesting that seed germination and emergence are
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genetically distinct processes. Composite interval mapping (Zeng 1993; Zeng 1994)
identified one QTL associated with germination under optimal conditions on linkage
group B (chromosome 2) near marker £xp348. Several QTL associated with percent
emergence and seedling vigor in the field after both early and more optimal plantings
were also identified. A region of linkage group A (chromosome 1) near txp43
was significantly associated with percent emergence and seedling vigor after both
early and later plantings, suggesting that the same genetic mechanism may play a
critical role in both emergence and subsequent early seedling growth under various
conditions. Another QTL for percent seedling emergence after early and later
plantings was located on group B near txp211, indicating that seedling emergence at
different temperatures may be controlled by the same genetic mechanism. However,
one QTL for seedling vigor was identified on group D (chromosome 4) near txp51,
which was specific for early planting only, suggesting a temperature-specific gene
for vigor. Interestingly, the QTL for emergence and vigor in the field did not
overlap with the QTL for germination, supporting our conclusion that germination
and emergence are under the control of different genes (Knoll et al. 2007).

S. MARKER-ASSISTED SELECTION AND INTROGRESSION

When genetic markers are found to be associated with a trait of interest, those
markers can be exploited to expedite the development of new cultivars through
marker-assisted selection (MAS), or to efficiently improve existing cultivars through
marker-assisted introgression of traits. The effectiveness of MAS was first demon-
strated by Tanksley and Hewitt (1988) in selection for soluble solids and pH
in tomato fruit. More recently, Zhou et al. (2003) used SSR markers to select
for a major QTL for scab resistance in two different populations of wheat, and
achieved a significant reduction in the percentage of infected spikelets in families
carrying the QTL. Yousef and Juvik (2002) backcrossed three QTL markers for
seedling emergence into three elite sweet corn inbreds, and then tested the effects
of the markers in the resulting BC,F, progeny. They found favorable increases in
emergence for two of the markers in all three genetic backgrounds, and the third
marker showed favorable increases in two of the populations, thus validating the
QTL and the utility of MAS for emergence.

Though marker-assisted selection has been shown to be an effective tool, it is
not meant to be a substitute for conventional phenotype-based selection, but rather
a means to enhance the efficiency of breeding. Molecular markers can help to
increase the efficiency of selection for traits that are otherwise difficult to assess, or
in traits such as disease resistance when a uniform and optimal level of inoculation
is required, or when the trait of interest is recessive, or is expressed late in the life
cycle of the plant (Ards and Moreno-Gonzélez 1993). Molecular markers also allow
for environmentally neutral selection, which means that selection can proceed at
off-season sites, and in years with unusual weather. However, the greatest potential
of marker-assisted selection appears to be in accelerating the rate of gain from
selection for desirable genotypes and in the manipulation of QTL that condition
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complex economic traits. Effective use of marker-based selection or marker-assisted
introgression should significantly decrease the amount of time required by plant
breeders to develop new cultivars. For MAS to be effective, the marker and trait
should be as tightly linked as possible to minimize recombinations between the
marker and the gene of interest. If a tightly linked marker cannot be found, an
alternative approach is to select two flanking markers instead. Selection based on
molecular markers is particularly useful in the introgression of specific traits into
existing cultivars through repeated backcrossing. In addition to selecting for the
markers of interest from the donor parent, a breeder can also select for recovery of
recurrent parent alleles elsewhere in the genome to hasten recovery of the recurrent
genome (Ards and Moreno-Gonzdlez 1993), especially if there are known markers
for specific traits in the recurrent parent. However, phenotypic selection is also
essential to recovery of the desired characteristics of the recurrent parent, and should
not be overlooked.

5.1. Validation of Putative QTL for Marker-Assisted Selection

Identification of QTL associated with important agronomic traits is essential.
However, it is only valuable if confirmation is made of the robustness of the
markers through repeated evaluation across populations and environments. We
recently completed such a validation experiment for an important agronomic trait
in sorghum. To test the utility of linked markers for identifying important QTL for
early-season cold tolerance in sorghum in varying genetic backgrounds and environ-
ments, we chose three closely linked SSR markers (txp43, txp51, and txp211),
representing the three most significant QTL for seedling emergence and/or vigor
using two segregating populations. Because ‘Shan Qui Red’ (SQR) was the original
source of the cold-tolerance genes, it was used as a parent in both of these popula-
tions: Tx2794 x SQR F, and Wheatland ms;x SQR BC,F,. Individual F; or BC,F;
families were genotyped for the three markers, and five representatives of each
genotypic class (27 classes total) were randomly chosen for field testing. The field
trials were planted about one month earlier than normal planting time for sorghum
at West Lafayette, IN in 2004 and 2005. Percent emergence, seedling vigor scores,
and stand biomass were measured. Statistical analyses indicated that the SQR
allele of zxp43 had favorable effects on seedling vigor in both populations, and on
emergence in the Tx2794 population. A large positive effect of the SQR allele of
txp51 was observed in the Tx2794 population for both vigor and emergence. Slight
genotype by environment interaction was observed for fxp5/ in the Wheatland
population. Marker zxp271 had small but significant effects on seedling vigor and
emergence in both populations. Various other interactions between loci were also
significant, most notably the interaction of txp43 and txp51, which strongly favored
the SQR genotypes at both loci for multiple traits. This study (Knoll and Ejeta
2007) validated QTL markers in different genetic backgrounds, and demonstrated
the utility of MAS for a quantitative trait, cold tolerance, evaluated in the field. The
results also indicate that these markers should be useful tools for future selection
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efforts. In fact, txp43 and rxp51 from SQR are currently being introgressed into
various lines in our breeding program in an effort to develop sorghum hybrids with
improved early-season performance.

5.2. Development and Analysis of Near-Isogenic Lines Differing
for QTL Markers

Although QTL analysis in our drought tolerance studies identified regions of the
sorghum genome that condition the expression of drought tolerance, it provided
limited information concerning the expression of individual QTL. Analysis of near-
isogenic lines (NILs) that differ at QTL can be an effective approach for the detailed
mapping and characterization of individual loci. The usual procedure for devel-
oping NILs requires multiple generations of tedious backcrossing and phenotypic or
marker-assisted selection at each generation to select individuals carrying the locus
or loci of interest. Therefore, the use of NILs in analysis of important agronomic
traits has been limited because of the time and effort required to develop them. We
developed a simpler procedure for developing NILs for any region of the genome
that can be analyzed with molecular markers (Tuinstra et al. 1997a). Using the
single-seed descent method of plant breeding, a collection of 98 F, individuals
were advanced to the Fy generation. At this point, the expected heterozygosity is
6.25%, meaning most loci in the genome are fixed. At this point, eight to ten
individual plants were selfed from each Fs line, and these were in turn maintained
as individual lines. The result, at the Fs.; generation was a collection of 98 hetero-
geneous inbred families (HIFs) each consisting of 8 to 10 NILs. Each individual
NIL was then genotyped for markers of interest. An advantage of this method over
development of NILs by repeated backcrossing is that this is the only generation
that must be genotyped. Using families derived from Fj lines, approximately 6.25%
of the families should be segregating for any given marker. The effects of the
segregating marker can then be determined by planting NILs in replicated field
trials and comparing the phenotypes of the individual NILs within each family.
Using this procedure we developed sets of NILs for four RAPD markers linked
to QTL associated with yield under drought environments and other morphological
traits associated with drought tolerance. Three HIFs were identified as segregating
for each of the four RAPD markers. Within each family, two NILs were chosen for
each marker allele. These NILs were planted in replicated field trials at different
locations under pre-flowering drought, post-flowering drought, and fully irrigated
conditions. Grain yield was measured in all treatments. Seed set, xylem water
potential, and osmotic potential were measured in pre-flowering drought treatments.
Seed weight and stay-green score were measured in the post-flowering drought
treatments. Seed set and seed weight were measured in the irrigated treatments for
estimation of the stability of these traits in their respective drought treatments. In
most cases, NILs contrasting for a specific locus differed in phenotype as predicted
by QTL analysis. Associations between several markers and grain yield in both
drought and non-drought conditions were confirmed (Tuinstra et al. 1998). Some
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QTL, however, were only confirmed in one environment, for example the stay-green
effect of marker tM5/75 was confirmed in one environment, but was not statistically
significant in another. In some instances, new associations were revealed by analysis
of NILs. For example, marker tH19/50 was found to be associated with stay-green
in two environments, though this association was not identified in the original QTL
analysis. Further analyses indicated that differences in agronomic performance may
be associated with effects of heat tolerance, water status, and expression of stay-
green, suggesting that these loci mediate the expression of drought tolerance via
different biological mechanisms.

6. FUTURE PROSPECTS FOR MAS IN SORGHUM

The recent publication of dense genetic maps for sorghum, the alignment of
those maps, the adoption of a common nomenclature for the linkage groups of
sorghum, and assignment of linkage groups to physical chromosomes should facil-
itate the exchange of genetic marker and QTL information among members of
the sorghum community. New molecular marker technologies, especially high-
throughput methods, will continue to enhance our ability to generate DNA marker
data, though accurate measurement of phenotypic traits will continue to be even
more important. A new chip-based technology, named Diversity Arrays Technology
(DATT), has been developed which will allow rapid detection of large numbers of
single nucleotide polymorphisms (SNPs) in many different plant species without
the need for extensive prior sequence information (Jaccoud et al. 2001; Kilian
et al. 2003). A DATrT array is currently available for sorghum (DArT P/L 2006).
Although DATrT analysis does not require prior genomic sequence information, the
sequence of any specific marker locus can be readily determined by sequencing
the corresponding DNA clone from the array. This sequence could then be used to
create a marker that is more amenable to routine genotyping. This ability to generate
and process large amounts of genotypic data may permit large scale association
mapping studies. Association mapping is based on the linkage disequilibrium (LD)
within natural or assembled populations, and has been used by human geneticists to
associate regions of the human genome with various diseases (Collins et al. 2004).
The greatest potential use of this technique for plant geneticists and breeders will
be the ability to screen populations or collections of germplasm to identify potential
QTL and genetic markers for MAS, without using traditional linkage mapping
populations. However, there are some disadvantages of this method compared to
mapping in experimental populations. First, there is a higher probability of both
Type I and Type II errors (Breseghello and Sorrells 2006), especially if the extent of
linkage disequilibrium is less than the density of markers used. Thus, a large number
of markers should be analyzed to saturate the map to a sufficient density, often
to a resolution of less than one centiMorgan (cM). SNP-genotyping microarrays
containing thousands of known loci are currently available to human geneticists
(Affymetrix, Inc. 2006), but are not yet available for crop plants, though DArT
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(Jaccoud et al. 2001; Kilian et al. 2003) may offer an acceptable alternative. Strat-
ification within the assembled collection of germplasm may also affect estimates
of association between traits and genotypes, and should be determined prior to
association mapping. Mapping traits based on linkage disequilibrium in germplasm
collections will be complimentary to traditional QTL mapping based on recombi-
nation within experimental populations. The results of one type of study could be
used to confirm the results of the other. Though the future possibilities for MAS
in sorghum and other crops appear nearly limitless, it has been suggested that the
greatest limitation will not be generating genotypic data, but accurately measuring
phenotypes. QTL determination and their potential utility in breeding programs are
only as good as the quality of the phenotypic data employed in their generation.
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Abstract:

Grain legumes are important crops for providing key components in the diets of
resource-poor people of the semi-arid tropic (SAT) regions of the world. Although
there are several grain legume crops grown in SAT, the present chapter deals with
three important legumes i.e. groundnut or peanut (Arachis hypogaea), chickpea (Cicer
arietinum) and pigeonpea (Cajanus cajan). Production of these legume crops are
challenged by serious abiotic stresses e.g. drought, salinity as well as several fungal,
viral and nematode diseases. To tackle these constraints through molecular breeding,
some efforts have been initiated to develop genomic resources e.g. molecular markers,
molecular genetic maps, expressed sequence tags (ESTs), macro-/micro- arrays,
bacterial artificial chromosomes (BACs), etc. These genomic resources together with
recently developed genetic and genomics strategies e.g. functional molecular markers,
linkage-disequilibrium (LD) based association mapping, functional and comparative
genomics offer the possibility of accelerating molecular breeding for abiotic and biotic
stress tolerances in the legume crops. However, low level of polymorphism present in
the cultivated genepools of these legume crops, imprecise phenotyping of the germplasm
and the higher costs of development and application of genomic tools are critical factors
in utilizing genomics in breeding of these legume crops.
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1. INTRODUCTION
1.1. Importance of Legume Crops

Grain and forage legumes are grown on some 180 million hectares, or 12%to 15% of the
Earth’s arable surface (source: FAO Database [http://apps.fao.org/page/collections]).
They account for 27% of the world’s primary crop production, with grain legumes
alone contributing 33% of the dietary protein nitrogen needs of humans (Vance
et al., 2000). Grain legumes are key components in the diets of resource-poor people
in the developing world; especially those who are vegetarian because of choice or
cannot afford to supplement their diets with meat. Grain legumes are a rich source
of essential vitamins, minerals, and important amino acids like lysine (Duranti and
Gius, 1997; Grusak, 2002). Last but not least, grain legumes can also contribute to
the Nitrogen balance of soils where they are grown, making them an indispensable
component of the sustainability of the system. Another attractive feature is their ability
to fix atmospheric nitrogen in the soil by virtue of their symbiotic association with
Rhizobium bacteria (Schulze and Kondorsi, 1998; Serraj, 2004), thus reducing the
need for N-fertilizers in the cropping systems. Legumes often attract higher market
prices than other staple crops, making them an important source of income for
farmers.

Legumes belong to the taxonomic family Fabaceae, containing over 18,000
species divided into the three sub-families Mimosoideae, Caesalpinoideae and Papil-
ionoideae. Legume species have been cultivated for millennia all over the world
because of the nutritional value of their seeds as mentioned above. Among different
legumes, soybean (Glycine max L.) is the major single contributing species, which
is used for multiple applications in the food and feed industries. Others, such as
chickpea (Cicer arietinum L.), common bean (Phaseolus vulgaris L.), groundnut
or peanut (Arachis hypogaea L.), cowpea (Vigna unguiculata L.) and pigeonpea
(Cajanus cajan L.) contribute significantly to the diets of large numbers of people
in Asia, Africa, and South America. The high nutritional value of legumes is
achieved by the presence of a wealth of secondary metabolites and in the capacity
of legumes to establish a symbiosis with the soil bacteria Rhizobium, which supplies
nitrogen to the plant in exchange of carbohydrate supply to the microsymbiont
(Dixon and Sumner, 2003, Desbrosses et al., 2005). The symbiosis results in the
formation of root outgrowth called nodules, which can have different types of shape
depending on plants. That symbiosis gets preferentially established under low N
conditions, and gets inhibited under excess nitrogen, although certain species are
able to obtain most of their nitrogen from the symbiosis in environments that do
contain nitrogen. Nodules host the Rhizobium bacteria, which differentiate in the
nodules into symbiotic bacteroids, and are the site of catalysis of dinitrogen into
ammonia by the microbial enzyme nitrogenase. As an energy source to achieve N
fixation, the bacteria obtain dicarboxylic acids from the host plant. By a complex
amino-acid cycle the reduced nitrogen is provided to the plant (Lodwig et al.,
2003) where it is accumulated into proteins. Thus legumes can also help replenish
nutrient-depleted soil.
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1.2. Legume Crops in the Semi-Arid Tropics

The semi-arid tropics (SAT) covers parts of 55 developing countries where the
75-180 day growing period has a mean daily temperature of more than 20°C. The
dry semi-arid tropics have very short growing seasons, separated by very hot and
dry periods in which growth without irrigation or stored soil moisture is impossible.
Natural soil fertility is often low, in part because soils are highly weathered by
the dry-hot and humid-hot cycles, and pest and disease pressure can be intense.
Farmers face further substantive risks, even within the growing season, as there
are irregular periods of drought and high evaporative demand which can seriously
compromise crop productivity. Based on 1996 statistics, the SAT is home to about
1.4 billion people, of which 560 million (40%) are classified as poor, and 70% of
the poor reside in rural areas (Ryan and Spencer 2001).

Although a number of crops are grown in SAT areas, among legume crops,
chickpea, groundnut common bean, cowpea and pigeonpea provide key components
in the diets of resource-poor people in the developing world. We, at ICRISAT,
together with our National Agricultural Research System (NARS) partners are
engaged on crop improvement in chickpea, groundnut and pigeonpea, therefore in
this article we discuss the advances in the area of genetics and genomics applied to
breeding in only these three legume crops. In the first instance, a brief introduction
of these crops is given in following sections.

1.2.1. Chickpea (Cicer arietinum L.)

Chickpea is the third most important grain legume globally, and second in impor-
tance in Asia. It is also an important legume crop in Eastern and Southern Africa.
About 90% of the global area and 88% of production is concentrated in Asia.
Chickpea has one of the best nutritional compositions of any dry edible legume,
and is mainly used for human consumption. The desi type (colored seed coat) is
usually de-hulled and split to make dhal or flour (besan), while kabuli types (white
or cream-colored seed coat) is often cooked as whole grain. The haulms are used for
animal feed. Chickpea improves soil fertility through nitrogen fixation (up to 140
kg N/ha). Chickpea area has slightly decreased globally, but has been stable at 9 M
ha in Asia for the past 25 years. However, production in Asia has increased by 39%
due to a 32% increase in productivity. Even then, the current average yield in Asia
(0.8 t/ha) is low, and far below the potential yield (5 t/ha), or research station yields
(3.5 t/ha). The global demand for chickpea in 2010 is estimated at 11.1 Mt (up
from the current 8.6 Mt). A combination of productivity enhancement through crop
improvement enhanced with biotechnological tools, integrated crop management
and expansion of area to new niches and production systems are needed to achieve
this target.

According to van der Maesen (1987), the cultivated chickpea has been taxonom-
ically placed in the genus Cicer, which belongs to the family Fabaceae and its
monogeneric tribe Cicereae Alef. Presently, the genus consists of 43 species divided
into 4 sections, namely Monocicer, Chamaecicer, Polycicer and Acanthocicer.
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This classification is based on their morphological characteristics, lifestyle and
geographical distribution (van der Maesen, 1987). Eight of these Cicer species share
the annual growth habit with chickpea are of particular interest to breeders.

1.2.2. Groundnut (Arachis hypogaea L.)

Groundnut is an important food and cash crop for the resource-poor farmers in
Asia and Africa. It is primarily grown for edible oil (48-50%) as well as for
direct consumption as food by people. Groundnut haulms are excellent fodder
for cattle, and groundnut cake (after oil extraction) is used as animal feed. It
contributes significantly to household food security and cash income through the
sale of groundnut products. Groundnut productivity in Western and Central Africa
(WCA) and Eastern and Southern Africa (ESA) is below the world average yield
of 1.4 t/ha. Although groundnut productivity in Asia (1.8 t/ha) exceeds the world
average, it is still lower than the yields in developed countries (3 t/ha). The area
under groundnut in ESA has increased dramatically from 2.3 to 3.3 M ha during
2000 to 2004. In Asia, the area under groundnut is increasing in China and Vietnam,
but is declining in India during 1991-2004. There has been a slight decline in area
in WCA. Although global productivity has shown a positive trend, much more
needs to be achieved in future.

The genus Arachis belongs to the family Fabaceae, subfamily Papillionaceae,
tribe Aeschynomenae, subtribe Stylosantheae. Cultivated groundnut (Arachis
hypogaea 1.) can be botanically classified into two subspecies, hypogaea and
fastigiata that are distinguished based on branching pattern and distribution of
vegetative and reproductive nodes along lateral branches. Each subspecies is again
divided into two botanical varieties; subsp. hypogaea into var. hypogaea (virginia)
and var. hirsuta and subsp. fastigiata into var. fastigiata (valencia), var. vulgaris
(spanish), var. peruviana and var. aequatoriana (Karpovickas and Gregory, 1994).

1.2.3. Pigeonpea (Cajanus cajan L.)

Pigeonpea is a versatile and multipurpose crop. It is one of the major food legumes
in the tropical and sub-tropical regions in Africa, Asia and the Caribbean countries.
Its green pods and seeds are consumed as a vegetable, and the dry grains are cooked
whole or after dehulling (as dhal). The foliage is used as fodder, and the dry sticks
are used for fencing, thatching, and as firewood. It fixes atmospheric nitrogen, and
the extensive leaf fall adds organic matter to the soil. Dry grain is also used for
animal feed. About 90% of the global pigeonpea area (4.4 M ha) is in Asia (about
86% in India). Other major countries where pigeonpea is grown are Myanmar,
Nepal, Bangladesh, Pakistan and China. In Sub-Saharan Africa (SSA), pigeonpea is
grown in Uganda, Kenya, Malawi, Mozambique, Zimbabwe, Zambia, South Africa,
Sudan and Ethiopia; but reliable statistics are not available. Pigeonpea production
has shown only a marginal increase during the past two decades (2.2 to 2.9 million
t during 1980-98). However, productivity has remained stagnant at 0.7 t/ha, mostly
because it is intercropped with cereals or cotton and receives no or little inputs; or
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Table 1. Characteristics and genomics data available for some SAT legumes
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Chickpea

Groundnut

Pigeonpea

Species name
Ploidy level and
chromosome
number
Genome size'
SSR markers

BAC libraries

Cicer arietinum L.
2n=2x=16

931 Mbp

~700 (Winter et al., 1999;
Huettel et al., 1999;

Sethy et al., 2003,2006b;
Lichtenzveig et al., 2005;
Choudhary et al., 2006;
Varshney et al., unpublished;
Bhatia et al., unpublished
results)

3.8 X (Rajesh et al. 2004),

7 X ( Lichtenzveig et al. 2005)

Arachis hypogaea L.
2n =4x =40

2891 Mbp

~700 (Hopkins et al., 1999;
He et al., 2003; Ferguson
et al., 2004; Moretzsohn
et al., 2004; Palmieri

et al., 2005; Mace et al.,
unpublished; D. Bertioli,
Brazil, pers. commun.; S.
Knapp, pers. commun.)
6.5-9.0 X (Yuksel and
Paterson, 2005)

Cajanus cajan L.
2n=2x=22

858 Mbp
~100 (Burns
et al., 2001;
Odoney et al.
2007)

ESTs ~2000 (NCBI, Buhariwalla ~7538 (NCBI, Luo et al., More than 884
et al., 2005) 2005; S. Knapp, pers. (NCBI)
commun.) (Gaikwad et al.
unpublished
Gene arrays 768- features microarray 400 unigene array (Luo et al.,

(Coram and Pang, 2005a),
SAGE Gene Chip (P. Winter,
Germany, pers. commun.)

2005)

! As per estimate of Royal Botanic Gardens, Kew, UK (http://www.rbgkew.org.uk/cval/)
2 NCBI = http://www.ncbi.nlm.nih.gov/

gets relegated to marginal and poor soils, often where no other crop can be grown.
Additionally, pigeonpea has also generally a poor harvest index.

Pigeonpea belongs to the Cajaninae sub-tribe of the economically important
leguminous tribe Phaseoleae that contains soybean (Glycine max L.), common bean
(Phaseolus vulgaris) L.) and mungbean (Vigna radiata L.) (Young et al., 2003).
The genus Cajanus comprises 32 species most of which are found in India and
Australia although one is native to West Africa. Pigeonpea is the only cultivated
food crop of the Cajaninae sub-tribe and has a diploid genome.

A brief overview on genome size, ploidy level, existing genomics resources in
chickpea, groundnut and pigeonpea is given in Table 1.

2. CHALLENGES IN SUSTAINABLE CROP PRODUCTION

OF SAT LEGUMES
2.1. Abiotic Stresses

Abiotic stresses severely limit agricultural production. There is a clear consensus
that drought is among the most severe stress for legume production in SAT regions
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of Asia and Africa while salinity is the second ranked constraint in the production
of these legumes in some Asian countries.

2.1.1. Drought

The SAT regions are characterized by short and erratic rainfall (and then long
periods with virtually no rain), where crops grown under rainfed conditions suffer
from both intermittent and terminal drought stress, and crop grown in residual
moisture after the rain suffer terminal drought, thus incurring major yield losses.
Water deficit is one of the most severe stresses for sustainable crop production.
Worldwide, yield losses each year due to drought are estimated to be around US$500
million (Sharma and Lavanya, 2002).

Water capture by roots and water-use efficiency are probably two important
components of the yield architecture, as defined by Passioura (1977) that are
important for crops growing under terminal drought conditions. These two traits are
the classical component of what is called ‘drought avoidance’, and which means
getting more water or using it more efficiently). Drought avoidance is considered
to be the major trait of interest to expand production to presently uncropped areas
and post-rainy fallows in SAT regions. Although roots have already proved to be
beneficial for yield under terminal drought (chickpea, Kashiwagi et al., 2004), there
is a need to understand better how root traits contribute to drought avoidance, and
a need to explore them in those crops where little information on roots has been
acquired (e.g., groundnut). Specifically, there is a need to understand the dynamics
of roots, how roots contribute to the overall water budget, and more interestingly
how they contribute at the time of grain filling, and how they contribute at the
time of flowering. Recent studies at ICRISAT indicate that deeper rooting corre-
lates with a higher harvest index (HI) in chickpea in conditions of more severe
drought (Kashiwagi et al., 2004, 2006). This might be related to the root being able
to supply water during flowering and allowing less flower drop because of water
deficit. Water use efficiency (WUE) or more specifically transpiration efficiency
(TE) is another trait that is being addressed in groundnut at ICRISAT by using
different biotechnological, physiological and breeding approaches. For TE, there is
also a need to understand better the mechanisms that lead to better TE, if we ever
want to reach the genes involved.

2.1.2. Salinity

Soil salinity is an important limiting factor for crop yield improvement, which
affects 5-7% of arable lands, i.e. approximately 77 million ha worldwide. Most
crops are sensitive to salt stress at all stages of plant development, including seed
germination, vegetative growth and reproductive growth, although the latter stage is
certainly the most sensitive across many crops. Legumes, in general, are sensitive to
salinity, and within legumes, chickpea, fababean and pigeonpea are more sensitive
than other food legumes. The salinity problem is increasing, in particular in areas
where irrigation is a common practice (Ghassemi et al., 1995). Though management
options exist to alleviate salt effects, these are often in contradiction with the
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immediate economic choices of the concerned farmers; thus crop improvement for
salt tolerance appears to be the best and economic alternative.

The problem of salinity is basically two-fold. In one case, soil is saturated with
sodium (Na) and soil pH remains within an optimal range for crop growth. This
type of salinity refers to coastal or dryland salinity. These are soils that get saturated
with sodium because an existing saline ground water table rising (proximity to the
sea or salt that has accumulated in the soil profile), bringing the salt to the surface.
In a second case, soil is both saturated with Na (exchangeable sodium percentage,
ESP, > 6) and pH has reached levels above 8.5-9.0. This type of salinity is also
called transient salinity, and is thereafter referred to as sodicity or sodic soils. In this
case, the sodium saturation brings about the same effect as salinity, but the high pH
dramatically affects the availability of micronutrients (low availability/solubility of
micronutrient salts at these pH levels), the soil structure and porosity (poor drainage,
tendency for water logging, little oxygenation because of saturation of the exchange
complexes in the soil by sodium). In the past, most studies have focused on salinity,
and only a few on sodicity.

Despite the importance of salinity in crop production worldwide and the abundant
knowledge on the effect of salinity on plant growth and development, there has
surprisingly been little effort to breed for improved salinity tolerance, with the
exceptions of wheat, rice, barley, alfalfa and claims of soybean. Breeding tolerant
crop varieties is therefore urgently needed.

2.2. Biotic Stresses

The major biotic factors of SAT legumes are diseases and insect pests. The
chickpea diseases of major importance are ascochyta blight (caused by the
necrotrophic fungus Ascochyta rabiei (Pass.) Lab.), fusarium wilt (caused by
Fusarium oxysporum f. sp. ciceris), Botrytis gray mold and root rots caused by
Sclerotium and Pythium. Majority of these diseases affect all aerial parts of the
plant. Among the pigeonpea diseases, sterility mosaic (viral disease), fusarium wilt
(caused by the fungus Fusarium udum Butler), and phythophthora blight (Phytoph-
thora drechsleri) are major diseases causing significant losses of pigeonpea yield.
In groundnut, rust, late leaf spot, and early leaf spot are serious diseases worldwide,
which cause 50-60% pod yield loss. Rust and late-leaf spot often occur together
and the pod yield loss can exceed 70% in the crop. Besides adversely affecting
pod yield and its quality, these foliar diseases also affect haulm (fodder) yield and
quality. Whereas the level of resistance available in cultivated groundnut to rust
is very high, for early- and late-leaf spot, it is low. Wild Arachis species harbour
many useful resistance genes against various diseases and insect pests. Of the
important biotic constraints specific to sub-Saharan Africa (SSA), the groundnut
rosette disease (GRD), vectored by aphids, is endemic to the continent and its
adjoining islands and epidemics occur often throughout SSA, reducing groundnut
production and crippling rural food security.
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More than 200 species of insects feed on pigeonpea and chickpea, of which
pod borer (Helicoverpa armigera), spotted pod borer (Maruca vitrata), pod fly
(Melanagromyza obtuse), pod sucking bugs (Clavigralla spp., Nezara viridula)
and the bruchid (Callosobruchus spp.) are most important economically (Singh
et al., 1990). Helicoverpa causes an estimated loss of US$ 317 million in chickpea
and pigeonpea (ICRISAT, 1992), and possibly over US$ 2 billion on other crops
worldwide. A conservative estimate is that over US$ 1 billion is spent on insecticides
to control this pest. Therefore, in addition to the huge economic losses caused
directly by the pest, there are several indirect costs from the deleterious effects
of pesticides on the environment and human health (Sharma, 2001). These insect
pests feed on various plant parts such as leaves, tender shoots, flower buds, and
immature seeds. It has been difficult to breed for Helicoverpa resistance in chickpea
and pigeonpea because sources with a high level of resistance are not available in
the cultivated species of these legumes. Recent studies show potential of utilizing
the wild species in insect pest resistance breeding programme as these have shown
higher levels of resistance.

3. UTILIZATION OF PLANT GENETIC RESOURCES (PGRS)

Availability and characterization of suitable germplasm is a critical factor for
utilizing genetic variation in crop breeding. Fortunately for all the three legume
species mentioned in the article, a large number of accessions are present in different
genebanks throughout the world (Dwivedi et al., 2006). For instance, ICRISAT,
under an agreement with FAO, holds 16,853 cultivated and 117 wild accessions of
Cicer species, whereas the International Centre for Agricultural Research in Dryland
Areas (ICARDA), Syria, under the same FAO agreement, maintains 8,342 cultivated
and 255 wild accessions. Other institutions holding chickpea germplasm are the
National Bureau of Plant Genetics Resource (NBPGR), India (14,566 accessions);
Centre for Legume Improvement in Mediterranean Area (CLIMA) (4,351 acces-
sions) and AusPGRIS (7922 accessions) in Australia; United States Department of
Agriculture (USDA), USA (4,662 accessions); and the Seed and Plant Improvement
Institute, Iran (4,925 accessions). The European Cicer database contains 3,700 culti-
vated accessions from 11 countries (Pereira et al. 2001). For groundnut, ICRISAT
holds, under the same agreement with FAO, 14,126 accessions of cultivated peanut
and 293 accessions of wild Arachis species from 93 countries. Other institutions
holding large numbers of peanut accessions are the National Research Centre for
Groundnut (NRCG), India (7,935 accessions) and the USDA Southern Regional
Plant Introduction Station, USA (6,233 accessions). In the United States, wild
Arachis species are maintained at North Carolina State University, Raleigh (250
accessions) and at the Texas Agricultural Experiment Station (TAMU), Texas (300
accessions). For pigeonpea, ICRISAT holds under the agreement with FAO 12,398
pigeonpea accessions of cultivated and 314 accessions of wild species from 74
countries. Other institutions holding substantial amounts of pigeonpea germplasm
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include the NBPGR (5,454 accessions) in India and the USDA, Southern Regional
Plant Introduction Station (4,116) in USA.

3.1. Core and Mini-Core Collections

Despite the availability of a large number of germplasm, only limited numbers
of accessions have been used in breeding programme not only in SAT legumes
but other crop species as well (Dwivedi et al., 2006). One of the main reasons
for this fact may be the large sizes as well as non-availability of information on
germplasm collections. Core collections present a manageable and cost-effective
entry point into germplasm collections for identifying parental genotypes with
new sources of disease and pest resistance or abiotic stress tolerance. Evaluation
of core collections is usually the most efficient and reliable means of carrying
out an initial search of the germplasm collections. For instance, early evaluation
of limited number of germplasm accessions led to premature conclusion that no
variability for salinity tolerance existed in chickpea (Saxena, 1984). However, recent
screening of large number of germplasm accessions, including the chickpea mini-
core collection, revealed very large variation, readily usable for breeding purposes
(Vadez et al., 2006). Evaluation of larger amounts of germplasm through multi-
location trials is both very expensive and time consuming; large-scale generation
of accurate and precise evaluation data from such trials is generally not possible,
thus dramatically reducing the probability of identifying desirable material. Core
collections usually consist 10% of the entire germplasm collection that repre-
sents the collections variability (Brown, 1989). These representative subsample
collections are developed from the entire collection, using all available infor-
mation on accessions including the origin and geographical distribution plus
characterization and evaluation data. Ten percent of most crop germplasm collec-
tions are a much more feasible amount of material for intensive and precise
evaluation.

Most core collections have been designed from global or regional collections held
within international agricultural research centers or national program gene banks,
while a few have also been developed for wild accessions (Tohme et al., 1996).
After evaluating a total of 16,991 chickpea accessions for 13 traits and 14,310
groundnut and 12,153 accessions of pigeonpea for 14 traits each, the core collec-
tions of chickpea, groundnut and pigeonpea with 1,956 (Upadhyaya et al., 2001a),
1,704 (Upadhyaya et al., 2003) and 1,290 accessions (Reddy et al., 2005), respec-
tively have been developed at ICRISAT. In addition, the core collection of 505
genotypes of chickpea was developed after analysis of 3,315 genotypes (Hannan
et al., 1994). Similarly for groundnut, an USDA core collection with 831 genotypes
after evaluating 7,432 accessions for 24 traits (Holbrook et al., 1993) and an Asian
core collection based on evaluating 4,738 genotypes for 15 traits (Upadhyaya et al.,
2002) are available. Although these core collections have been useful for identi-
fying diverse sources for traits of interests and broadening the genetic base of
cultivars for a crop (Upadhyaya et al., 2001b, 2006a; Krishnamurthy et al. 2003;
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Serraj et al., 2004), even a core collection can be too large so a further reduction is
also valuable providing it is not associated with losing too much of the spectrum
of diversity. Upadhyaya and Ortiz (2001) developed a strategy for sub-sampling
a core collection to develop a mini-core collection, based on selecting 10% of
the core accessions representing the variability of larger collection of species. In
this process, the core collection is evaluated for various morphological, agronomic,
and quality traits to select a 10% subset from this core subset (i.e., 1% of the
entire collection) that captures a large proportion (i.e. more than 80% of the entire
collection) of the useful variation. Selection of core and mini-core collections is
based on standard clustering procedures used to separate groups of similar acces-
sions combined with various statistical tests to identify the best representatives. The
mini-core collection developed at ICRISAT for chickpea consisted of 211 acces-
sions (Upadhyaya and Oritz, 2001), while the groundnut (Upadhyaya et al., 2002)
and pigeonpea (Upadhyaya et al., 2006b) mini-core consists of 184 accessions and
146 accessions, respectively. Both core or mini-core germplasm collections have
been used for identifying a range of germplasm with beneficial traits for use in
breeding programs (see Dwivedi et al., 2006 for references). Increasing concern of
trade and food processors for consistent and better quality and physical specifica-
tions, however, suggest further characterization of core or mini-core collections for
quality and market traits.

3.2. Molecular Characterization of PGRs

The core or mini core collections have been developed based on morphological
or agronomic traits; little information is available on molecular genetic diversity
present in the germplasm collection. Molecular characterization of germplasm is
a particularly useful tool for assisting genebank curators to better manage genetic
resources, helping them to identify redundant germplasm and to provide scien-
tists with the most diverse germplasm for applications in research and breeding
(Bretting and Widrlechner, 1995; Virk et al., 1995; Brown and Kresovich, 1996;
van Treuren et al., 2001; Upadhyaya et al., 2006b). Accessions with the most
distinct DNA profiles are likely to contain the greatest number of novel alleles
(Tanksley and McCouch, 1997). As a part of the Generation Challenge Programme
(GCP) of the CGIAR, molecular characterization of global composite collec-
tions of the SAT legumes is in progress at ICRISAT. For example, genotyping
of about 3000 chickpea accessions (Upadhyaya et al., 2006a) with 50 SSR
markers and 1000 groundnut accessions with 20 SSR markers, in collaboration
with ICARDA (Syria) and EMBRAPA (Brazil) respectively has already been
completed. Molecular characterization of 1000 pigeonpea accessions at 20 SSR
loci is in progress. These studies provide estimates on genetic diversity and the
population structure of the germplasm that can be used to define the most diverse
collection, called ‘reference collection’ for using in association mapping studies
(see later).
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4. MOLECULAR BREEDING FOR SAT LEGUMES

Legume breeders have made major contributions to combat the problem of both
abiotic and biotic stresses in the past but the pace and extent of improvements
must be dramatically increased to attend to parallel demands. Recent advances
in the area of biotechnology have offered the tools in the form of molecular
markers to assist the breeding practices (Jain et al., 2002). Molecular markers
are powerful diagnostic tools that detect DNA polymorphism both at the level
of specific loci and at the whole genome level (reviewed by Azhaguvel et al.,
2006). As compared to morphological traits/markers, molecular markers have
several advantages as they are phenotypically neutral and are not influenced
by pleiotropic and epistatic interactions, and their expression is not dependent
on plant age/part (Jones et al., 1997). In fact the use of molecular markers in
improving the breeding efficiency in plant breeding was suggested as early as
in 1989 (Tanskley et al., 1989; Melchinger, 1990). In this regard, once linkage
between a gene for the agronomic trait of interest and marker locus is estab-
lished, then DNA diagnostic tests can be used to guide plant breeding (Morgante
and Salamini, 2003; Gupta and Varshney, 2004). The selection of useful lines
for breeding with the help of linked molecular markers is called marker-assisted
selection (MAS). Use of MAS is especially advantageous for traits with low
heritability where traditional selection is difficult, expensive or lack accuracy or
precision.

A variety of molecular markers exist, such as RFLPs (Restriction Fragment
Length Polymorphisms, Botstein et al., 1980), RAPDs (Random Amplification of
Polymorphic DNAs, Williams et al., 1990), AFLPs (Amplified Fragment Length
Polymorphsims, Vos et al., 1995) and microsatellites or SSRs (Simple Sequence
Repeats, Tautz, 1989). Among the different classes of molecular markers, SSR
markers are often chosen as the preferred markers for a variety of applications
in breeding because of their multiallelic nature, codominant inheritance, relative
abundance and extensive genome coverage (Gupta and Varshney, 2000). More
recently, markers such as SNPs (Single Nucleotide Polymorphisms, Rafalski, 2002)
and DArT (Diversity Array Technology, Killian et al., 2005) have been added to
list of preferred marker systems for breeding.

MAS in breeding has revolutionized the improvement of temperate field crops
(Koebner, 2004; Varshney et al., 2006) and will have similar impacts on breeding of
tropical legume crops, particularly for traits where phenotyping is only possible late
in the season, and where screening of traits is difficult or prohibitively expensive.
Breeding for enhanced drought and salinity tolerance is notoriously difficult due
to the genetic complexity of these traits, the high genotype-by-environment inter-
action and the difficulties of carrying out precise phenotypic evaluation under field
conditions. Part of the problem comes from the difficulty to assess the relative
contribution of different traits on the yield under terminal drought. Thus, these
are traits where MAS could greatly enhance the effectiveness and impact of plant
breeding programs.
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4.1. Molecular Tools for SAT Legume Genomics

Molecular markers and molecular genetic linkage maps are the prerequisites for
undertaking molecular breeding activities. However, the progress towards devel-
opment of a reasonable number of molecular markers and molecular genetic
maps for cultivated species has been very slow in almost all the three legume
crops discussed in this chapter. One of the main reasons for this fact may have
been the low level of genetic diversity present in the cultivated gene pools
of these species, at least with the detection tools that are currently available.
Nevertheless, because of the development of more sophisticated molecular tools,
some progress has been made in the area of molecular mapping in these legume
species.

4.1.1. Chickpea

The beginnings of the linkage map development in chickpea were based on morpho-
logical and isozyme loci. However, their small numbers and the fact that expression
of these markers is often influenced by the environment, makes them unsuitable
for routine use. Further, there is an extremely low level of polymorphism among
genotypes of cultivated chickpea (C. arietinum L.). Therefore, interspecific crosses
(C. arietinum x C. reticulatum, C. arietinum x C. echinospermum) were exploited
for developing genetic linkage maps (Gaur and Slinkard, 1990a, 1990b). The earlier
maps were sparse and represented less than 30 loci mapped in a very small portion
(about 250 cM) of the chickpea genome (Gaur and Slinkard 1990a, 1990b; Kazan
et al. 1993). Integration of molecular markers into genetic linkage maps in chickpea
was started with the work of Simon and Muehlbauer (1997). Due to the lack of more
recently available molecular markers, Simon and Muehlbauer (1997) employed
RFLP and RAPD markers that showed limited polymorphism in the cultivated
species (Udupa et al., 1993; Banerjee et al., 1999).

Subsequent development of SSR or microsatellite markers revolutionized genetic
analysis and opened new possibilities for the study of complex traits in plant species
especially crops like chickpea having a narrow genetic background. As a result,
several hundred SSR markers have been developed in chickpea (Huettel et al.,
1999; Winter et al., 1999; Sethy et al., 2003, 2006a, 2006b; Lichtenzveig et al.,
2005; Choudhary et al., 2006). The majority of these markers have been mapped
using interspecific mapping populations (Winter et al., 1999, 2000; Tekeoglu et al.,
2002; Pfaff and Kahl, 2003). A genetic map constructed from an interspecific
cross, however, may not represent the true recombination distance map order of
the cultivated genome due to uneven recombination of homeologous chromosomes
and distorted genetic segregation ratios (Flandez-Galvez et al., 2003a). Therefore,
in the framework of targeting traits of breeding importance, molecular genetic
linkage maps, with SSR markers, have been developed using intraspecific mapping
populations from the cultivated gene pool (Cho et al., 2002, Flandez-Galvez et al.,
2003a). The genetic linkage maps developed to date with DNA based molecular
markers in chickpea are summarized in Table 2.
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Two independent interspecific-derived populations have been extensively
employed for genetic linkage map development in chickpea: (i) C. arietinum
‘ICC 4958’ x C. reticulatum ‘P1489777 at the University of Frankfurt, Germany,
(ii) C. arietinum ‘FLIP 84-92C* x C. reticulatum ‘PI599072’ at Washington
State University, Pullman, USA. Among the different types of molecular markers
developed for chickpea, SSR markers have proved very useful in linkage mapping
and formed the basis for the map initially developed by Winter et al. (1999) that
spanned a distance of 613 cM and consisted of 120 SSR markers. This map was
greatly extended by Winter et al. (2000) and subsequently by Pfaff and Kahl (2003)
with his addition of 47 defense response (DR) genes. The extended map covers
a distance of 2500 cM arranged in 12 linkage groups and represents the most
extensive linkage map in chickpea. Relatively smaller maps derived from intraspe-
cific (within C. arietinum) crosses, have been developed and are being extended
(Cho et al., 2002,2004; Flandez-Galvez et al. 2003a; Cobos et al., 2005).

In summary, a reasonable number of SSR markers representing the entire
chickpea genome are available at present. The repository of SSR markers for
chickpea is being extended by serious efforts by developing new microsatellite
markers at NIPGR (Sethy et al., 2003; Chaudhary et al., 2006) and ICRISAT,
Patancheru. For instance, a set of about 200 SSRs has been developed at NIPGR
(Bhatia et al. unpublished). Similarly sequencing of a microsatellite enriched library
of a chickpea (C. arietinum) genotype ICC 4958 at ICRISAT, in collaboration with
University of Frankfurt, provides another set of about 200 SSRs that can be used to
develop markers (Varshney et al., unpublished data). Therefore immediate priority
should be accorded to saturation of the existing ‘reference’ intraspecific as well
as interspecific genetic maps with the presently available >500 new (unmapped)
SSR markers (Lichtenzveig et al., 2005; Sethy et al., 2006a,b; Choudhary
et al. 2006; Bhatia et al., unpublished results; Varshney et al., unpublished
results).

4.1.2. Groundnut

The paucity of DNA polymorphism in cultivated groundnut posed a considerable
obstacle to genetic mapping in groundnut. For instance, earlier studies using RAPD
and RFLP approaches detected limited DNA variation in Arachis species (Kochert
et al.,, 1991; Halward et al., 1992; Paik-Ro et al., 1992). The use of a synthetic
amphidiploid TXAG-6 (Simpson et al., 1993) made possible the generation of the
first molecular map representing the entire tetraploid genome of groundnut. The
discovery of a high level of polymorphism between the cultivar Flourunner and the
parents of TXAG-6 by RAPD analysis (Burrow et al., 1996) was followed by RFLP
analysis showing 83% polymorphism on a per band basis (Burrow et al., 2001). By
using 78 BC,F, lines generated from the cross (TxAG-6 x Florunner), mapping of
220 cDNA probes integrated 370 RFLP loci into 23 linkage groups. The total length
of the first tetraploid map was 2210 cM, which was slightly greater than twice
the length (1063 cM) of the map previously reported from a cross between two
A-genome diploid species (Halward et al., 1993). The common markers mapped
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in both crosses showed a high degree of collinearity between the diploid and
tetraploid chromosomes (Burrow et al., 2001). These studies have been summarized
in the database PeanutMap (http://peanutgenetics.tamu.edu/cmap; Jesubatham and
Burrow, 2006).

In terms of mapping the diploid genomes of Arachis, the first genetic map was
constructed by Halward et al. (1993) based on the 87 F, lines derived from a cross of
A. stenosperma X A. cardenasii and contained 117 RFLP loci on 11 linkage groups
with a genome coverage of 1400 cM. RFLP analysis is time consuming and labor
intensive. RAPD and AFLP were used to detect DNA polymorphism in several
studies in different germplasm collections (He and Prakash, 1997; Subramanian
et al., 2000; Dwivedi et al., 2001; Raina et al., 2001; Milla et al., 2005), but
represent dominant markers with low information content. As a result of extensive
efforts of several laboratories, a large number of microsatellite markers have been
generated in groundnut (Hopkins et al., 1999; He et al., 2003; Ferguson et al.,
2004; Moretzsohn et al., 2004; Mace et al., unpublished; D. Bertioli, Brazil, pers.
commun.; S. Knapp, USA, pers. commun.). The availability of more than 500
SSR markers in groundnut provides the opportunity to integrate these markers into
a genetic linkage map. However, these markers have been integrate only in the
AA- genome map (Moretzsohn et al., 2005) by using an F, population obtained
from a cross between two diploid species with AA genome (A. durasenis and
A. stenosperma). The genetic map had 80 SSR loci on 11 linkage groups covering
1231 cM. Similar efforts to prepare a genetic map for BB genome are underway in
Brazil. As of now, the genotyping of a F, population derived from cross between
A. ipaensis (KG30076) and A. magna (KG30097) has resulted in development of
11 linkage groups with 94 markers (Gobbi et al. 2006). As a part of Generation
Challenge Programme (GCP) of CGIAR, preparation of the first genetic map for
tetraploid cultivated groundnut species is in progress at ICRISAT. However, the
lower level of polymorphism between the parental genotypes of existing mapping
populations (e.g. TAG24 x ICGV 86031 developed at ICRISAT, GPBD4 x TAG24
developed at UAS Dharwad) poses a serious problem. Nevertheless, we expect to
prepare the partial/genome wide map with about 100 SSR loci (Varshney et al.,
unpublished results). The progress in the area of genome mapping of Arachis species
is summarized in Table 2.

4.1.3. Pigeonpea

In case of pigeonpea, molecular markers (RFLPs) were used as early as 1994
to study genetic diversity in wild species using nuclear DNA probes (Nadimpalli
et al., 1994). Subsequently, Ratnaparkhe et al. (1995) attempted to study DNA
polymorphism in cultivars and wild species. The level of polymorphism among the
wild species was extremely high, while little polymorphism was detected within
C. cajan accessions. In order to characterize a few putative cytoplasmic male sterlity
lines, maize mitochandrial DNA (mt DNA) specific probes were used in RFLP
analysis (Sivaramakrishanan et al., 1997). Recently, AFLP analysis was carried out
with a few cultivars and two wild species (Cajanus volubilis, Rhynchosia bracteata)
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using two EcoRI and 14 Msel primers (Punguluri et al., 2006). The two wild species
shared only 7% bands with the pigeonpea cultivars, whereas 87% common bands
were seen among cultivars. The cluster analysis revealed low polymorphism among
pigeonpea cultivars and very high polymorphism between cultivated pigeonpea and
its wild relatives. Similar results were obtained in a very recent analysis using DArT
markers (Yang et al., 2006).

In terms of development of SSR markers, about 10 SSR markers are available in
public domain (Burns et al., 2001). To develop a resource of microsatellite markers
for pigeonpea, primer pairs were generated for 39 microsatellite loci at ICRISAT.
These markers (19 polymorphic loci) yielded an average of 4.9 alleles per locus
while the observed heterozygosity ranged from 0.17-0.80 with a mean of 0.42 per
locus (Odeney et al., 2007). However, to the best of our knowledge, there is no
report on any genetic mapping in pigeonpea. In collaboration with ICRISAT, some
efforts are underway to develop the first generation map for pigeonpea based on
DArT markers at DArT Pty. Ltd. (A. Killian, pers. commun.).

4.2. Trait Mapping and Marker-Assisted Selection

Marker-assisted selection (MAS) offers great promise for improving the efficiency
of conventional plant breeding. Molecular markers are especially advantageous
for traits where conventional phenotypic selection is difficult, expensive, or lacks
accuracy or precision. Molecular mapping and identification of molecular markers
associated with genes and QTLs for traits are prerequisites for the MAS. As
mentioned above, though not excellent, some progress has been made in the area of
development of molecular markers or construction of genetic maps in chickpea and
groundnut. As a result, molecular markers linked to a few abiotic or biotic stress
tolerance/resistance as well as agronomic traits have been identified recently.

4.2.1. Chickpea

Genetic mapping in chickpea has focussed on tagging agronomically relevant genes
such as ascochyta blight resistance (Tekeoglu et al., 2002; Udupa and Baum, 2003;
Collard et al., 2003; Flandez-Galvez et al., 2003b; Millan et al., 2003; Cho et al.,
2004; Iruela et al., 2006), fusarium wilt resistance (Benko-Iseppon et al., 2003;
Sharma et al., 2004) and yield-influencing characters such as double podding and
other morphological characters (Cho et al., 2002; Rajesh et al., 2002; Abbo et al.,
2005; Cobos et al., 2005). Progress in the area of mapping of ascochyta blight
resistance has been summarized recently by Millan et al. (2006). Since apparently
all major blight resistance QTLs are tagged with SSR markers, pyramiding of
resistance genes via MAS should now be feasible and awaits its proof-of-principle.
The genetic control of this disease bred into cold tolerant germplasm would be
a major breakthrough for yield increases in Mediterranean-type environments in
many parts of the world.

In order to address the issue of drought tolerance through molecular markers,
more than 1500 chickpea germplasm and released varieties were screened for
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drought tolerance at ICRISAT. The most promising drought tolerant variety was
ICC 4958 that had 30% more root volume than the popular variety Annigeri (Saxena
et al., 1993); therefore, root traits were considered important parameters to improve
the drought tolerance (Kashiwagi et al., 2006). Selection for root traits is very
difficult, since it involves laborious methods such as digging and measuring root
length and density. Molecular tagging of major genes for root traits may enable MAS
for these traits and could greatly improve the precision and efficiency of breeding.
In this direction, a set of 257 recombinant inbred lines (RILs) was developed from
the cross Annigeri x ICC 4958 at ICRISAT and glasshouse-evaluated to identify
molecular markers for root traits. After screening the parental genotypes with over
250 STMS and 100 EST markers and the mapping population with 57 poymorphic
markers, a QTL flanked by STMS markers TAA170 and TR55 on LG 4A was
identified that accounted for maximal phenotypic variation in root length (33%),
root weight (33%) and shoot weight (54%) (Chandra et al., 2004). Genotyping of
two other mapping populations (ICC 4958 x ICC 1882 and ICC 8261 x ICC 283),
which have larger genetic variation than Annigeri x ICC 4958 with SSR markers
is in progress at ICRISAT.

For improving cold tolerance, AFLP markers have been linked to the trait using
bulked segregant analysis of F, progeny of a cross between the chilling sensitive
cultivar Amethyst and the chilling tolerant ICCV 88516 (Clarke and Siddique,
2003). Candidate AFLP markers were converted into SCAR markers (Paran and
Michelmore, 1993) to overcome the limitations of the dominant AFLP marker
system. The most promising primers were based on a 560 bp fragment containing
a simple sequence repeat (3 bp repeat microsatellite) with nine repeats in the
susceptible parent and ten repeats in the tolerant parent. The three-base difference
was visualised on a vertical acrylamide gel, and was very useful in the selection of
chilling tolerant progeny derived from crosses between ICCV 88516 and Amethyst.
Unfortunately, there has been no success in applying these SCAR markers to other
breeding materials.

In the case of flowering, a major gene (efl-1) for time of flowering was reported
by Kumar & van Rheenen (2000), and another one (ppd) by Or et al. (1999). The
latter gene controls time to flowering through photoperiod response (Hovav et al.,
2003). Cho et al. (2002) mapped a QTL for days to 50% flowering to LG 3. Another
QTL was also located on this linkage group in an interspecific RIL population and
explained 28% of the total phenotypic variation (Cobos et al., 2005).

In addition to the above mentioned traits, molecular mapping for other traits
is in progress in many laboratories. For instance, SSR-based genotyping and
phenotyping of one mapping population (ICCV 2 x JG 62) is in progress at
NIPGR and ICRISAT to identify the molecular markers associated with salinity
tolerance.

4.2.2. Groundnut

There are very few genetic maps available based on cultivated groundnut genotypes.
The available maps, based on interspecific crosses, will be useful in locating specific
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genes of interest in the interspecific crosses and also providing valuable infor-
mation about genome organization and evolution. However, these markers will
be of less value in elite cultivated germplasm, in which very little polymorphism
exist.

Although marker-trait association has been little used within A. hypogaea, even
with the limitations afforded by present technologies, it has much potential for
introgressing genes from closely related Arachis species into the cultivated genome.
For instance, Garcia et al. (1995) showed introgression of genes from A. cardenasii
into A. hypogaea in 10 of 11 linkage groups on the diploid RFLP map developed
by Halward et al. (1993). Subsequently, Garcia et al. (1996) used RAPD and SCAR
technologies to map two dominant genes conferring resistance to the nematode by
using the mapping population derived from the cross A. hypogaea x A. cardenasii.
Burrow et al. (1996) identified RAPD markers linked to nematode resistance in
another interspecific cross involving the species A. hypogaea, A. batizocoi, A. carde-
nasii and A. diogoi. Such linkage of RAPD markers with components of early
leaf spot and corn rootworm resistance was shown in another interspecific cross
(Stalker and Mozingo, 2001). By using the BSA approach with an F, population
derived from the cross (ICG 12991 x ICGVSM 93541) and phenotyping the F,
population, twenty putative AFLP markers were identified of which12 mapped to
five linkage groups. Interestingly, mapping of a single recessive gene on linkage
group 1 (3.9 ¢cM from a marker originating from the susceptible parent) explained
76% of the phenotype variation for aphid resistance. AFLP markers were used
to establish marker-trait association for tomato spotted wilt virus resistance in
groundnut (Milla 2003). Marker-trait association studies for several other traits, e.g,
water use efficiency (WUE), rust and late leaf spot (LLS) are underway at ICRISAT
and UAS Dharwad.

4.2.3. Pigeonpea

Higher level of heterogeneity and very low level of genetic variation in cultivated
pigeonpea has hampered development of genetic maps and marker-trait association
analysis. Recently, the use of RAPD markers through BSA approach showed associ-
ation of two RAPD loci with fusarium wilt resistance (Kotresh et al., 2006). It is
anticipated that development of higher number of polymorphic SSR markers and
DAIT arrays (A. Killian, pers. commun.) in pigeonpea will facilitate trait mapping
in the near future.

5. NOVEL GENETIC AND GENOMICS APPROACHES

New technologies promise to resolve constraints that have been limiting the impact
of linkage based molecular mapping. Such modern genomics approaches have been
used in some cereal and other plant species, and legume improvement can be
benefited by exploring such approaches.



226 VARSHNEY ET AL.

5.1. Association Mapping and Advanced Backcross QTL (AB-QTL)
Analysis

In general, a low level of polymorphism has been a major constraint in devel-
oping genetic maps in the legume crops mentioned in this chapter. Further, species
like pigeonpea, which is of regional importance in Asia and Africa, has not been
explored at the international level. Non-availability of resistance sources in culti-
vated genepools of these species for several fungal and viral diseases, e.g., pod borer
in chickpea and pigeonpea, sterility mosaic in pigeonpea, aflatoxin in groundnut,
and the difficulties of crossing cultivated species with wild species are other barriers
that hampered the development of appropriate mapping populations in these legume
species. Novel approaches, based on classical genetics, like linkage disequilibrium
(LD) based association mapping (Hirschhorn and Daly, 2005), advanced back-cross
QTL (AB-QTL) analysis (Tanksley and Nelson, 1996) offers the possibility to
overcome at least a few barriers. For instance, an appropriate natural population,
genebank or breeding material may be used in LD-based association analysis. In
this regard, emergence of novel marker systems such as SNPs and DArTs and
developments in this direction for the mentioned legume species would make it
possible to undertake candidate gene sequencing (using SNP assays) as well as
whole genome scanning (using DArTSs) based approaches for association analyses.
In contrast to the numerous linkage disequilibrium (LD) studies in human and other
mammals, there are very few publications on this topic in agriculturally important
crops including legumes (Virk et al., 1996; Beer et al., 1997; Pakniyat et al., 1997,
Forster et al., 1997; Igartua et al., 1999; Remington et al., 2001; Thornsberry et al.
2001; Turpeinen et al. 2001; Hansen et al. 2001; Sun et al. 2001, 2003; Skot
et al., 2002; Ivandic et al., 2002, 2003; Amirul Islam et al., 2004; Zhu et al., 2003;
Simko et al., 2004). Traditionally the plant community has been reticent to use
LD mapping believing that it can lead to spurious and non-functional associations
due to mutation, genetic drift, population structure, breeding systems and selection
pressure (Hill and Weir, 1994; Pritchard et al., 2000). However, most of these limita-
tions are being overcome in recent mammalian studies by following precautions
that minimize circumstantial correlations and maximize the accuracy of association
statistics (Yu et al., 2006; Yu and Buckler, 2006; Ersoz et al., 2007). Unfortunately
the real value of LD mapping in legume species remains to be demonstrated as
most of the reports to date are based on small population sizes or a limited number
of markers and generally lack validation.

Advanced-backcross QTL analysis (AB-QTL), proposed by Tanksley and Nelson
(1996), involves transferring the QTLs of agronomically important traits from a
wild species to a crop variety. In this approach, a wild species is backcrossed
to a superior cultivar with selection for domestication traits. Selection is imposed
to retain individuals that exhibit domestication traits such as non-shattering. The
segregating BC,F, or BC,F; population is then evaluated for traits of interest
and genotyped with polymorphic molecular markers. These data are then used for
QTL analysis, potentially resulting in identification of QTLs, while transferring
these QTLs into adapted genetic backgrounds. The AB-QTL approach has been
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evaluated in many crop species to determine if genomic regions (QTLs) derived
from wild or unadapted germplasm have the potential to improve yield (for a
review, see Varshney et al., 2005). However, the wild species chromosome segments
masked the magnitude of some of favourable effects that were identified for certain
introgressed alleles (Septiningsih et al., 2003). Thus, yield promoting QTL did not
have a substantial contribution to the phenotype and the best lines were inferior
to commercial cultivars in some studies. In tomato, however, the pyramiding of
independent yield promoting chromosome segments resulted in new varieties with
increased productivity under normal and stress conditions (Wang D. et al., 2004).
One disadvantage is that the value of the wild accession for contributing useful
QTL alleles is unknown prior to a major investment in mapping. Nevertheless, the
approach holds a great potential to harness the potential of wild species for crop
improvement in case of legume species where only low level of genetic variation
and source of resistance/tolerance to biotic/abiotic stresses exist in the cultivated
gene pool.

5.2 Transcriptomics and Functional Genomics

Functional genomics has revolutionized biological research and is predicted to have
a similar impact on plant breeding through the evolution of marker-assisted to
genomics-assisted breeding (Varshney et al., 2005). The salient challenge of applied
genetics and functional genomics is the identification of the genes underlying a
trait of interest so that they can be exploited in crop improvement programmes.
Among legume species, much work in terms of development of functional genomics
resources such as ESTs, genome sequencing, array development has been done
either in model species like lotus (Lotus japonicus L.) and medicago (Medicago
truncatula L.) or major species like soybean. In contrast, only a limited number of
ESTs have been generated so far in legume species of SAT (Table 1). These ESTs
can be used to develop the molecular markers as shown in chickpea (Buhariwalla
et al., 2005) and groundnut (Luo et al., 2005) as well as to develop cDNA arrays. At
NIPGR, the chickpea ESTs are being developed from seeds (both developing and
maturing) and symbiotic root nodules in association with Mesorhizobium ciceri. So
far about 1000 seed specific unigenes have been identified (unpublished results).
The most striking feature of these ESTs is that, majority of them are putative
or unknown proteins. The use of suppression subtractive hybridization (SSH) to
prepare the subtracted cDNA library of 7-day old symbiotic root nodules lead to the
identification of three putative genes regulated during symbiotic relationship with M.
ciceri. Further validation with Northern analysis has lead to the identification three
putative genes up-regulated during symbiotic association in a temporal manner.
The macro- and micro-arrays based on EST/gene sequence information have been
successfully utilized in many plant species for understanding the basic physiology,
developmental processes, environmental stress responses, and for identification and
genotyping of mutations. Recently in chickpea, a small array with 768 features
has been developed (Coram and Pang, 2005a) that has been used to identify genes
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responsible for ascochyta blight resistance (Coram and Pang, 2005b, 2006), drought
and salinity tolerance (E. Pang, pers. commun.). The candidate genes identified by
EST sequencing (and gene prediction) and functional genomics approaches can be
further verified through real time PCR analysis (Luo et al., 2005) and genetical
genomics/ expression genetics approaches (Jansen and Nap, 2001; Varshney et al.,
2005) after conducting gene expression analysis in quantitative fashion using segre-
gating mapping populations. By analyzing the expression levels of genes or clusters
of genes within a segregating population, it is possible to map the inheritance of
that expression pattern. The QTLs identified using expression data in a mapping
population are called e(xpression)QTLs. The eQTLs can be classified as cis or
trans acting based on location of transcript compared to that of the eQTL influ-
encing expression of that transcript (de Konig and Haley, 2005). Because of this
feature, eQTL analysis makes it possible to identify factors influencing the level
of mRNA expression. The regulatory factor (second order effect) is of specific
interest because more than one QTL can be putatively connected to a trans-
acting factor (Schadt et al., 2003). Thus, the mapping of eQTLs allows multifac-
torial dissection of the expression profile of a given mRNA or cDNA, protein
or metabolite into its underlying genetic components as well as localization of
these components on the genetic map (Jansen and Nap, 2001). In recent years, in
many plant species, the genetical genomics approach has demonstrated its power
(see Kirst and Yu, 2007).

Another powerful approach of gene discovery is ‘Serial Analysis of Gene
Expression (SAGE)’ (Velculescu et al., 1995) that utilizes the advantage of high-
throughput sequencing technology to obtain a quantitative profile of gene expression
which 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 is a
digital representation of cellular gene expression. Based on the length of tags,
several modified forms of SAGE, e.g., MicroSAGE, MiniSAGE, LongSAGE
and SuperSAGE, have been developed (Sharma et al., 2007). In fact, by using
SuperSAGE methodology, over 220,000 SuperTags describing the differential
transcription profiles of chickpea roots and nodules have already been sequenced at
University of Frankfurt (G. Kahl, pers. commun.). Targeted gene-expression chips
are being developed by adding SuperTag oligonucleotides derived from the most
informative genes expressed differentially under stress- and non-stress conditions
and from large-versus small root systems to a gene expression chip (P. Winter,
pers. commun.).

In groundnut, recent activities in the area of functional genomics have produced
a gene chip with 400 unigenes after cluster analysis of 1825 ESTs and used
for identifying the genes associated with disease resistance and drought tolerance
(Luo et al., 2003, 2005). Further to validate the microarray and EST data by EST-
discovery, real-time PCR analysis was conducted for 10 specific genes (Luo et al.,
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2005). The use of suppression subtractive hybridization (SSH) to prepare the
subtracted cDNA libraries and identify the genes regulated during interaction with
the fungus Cercosporidium personatum (causing the disease late leaf spot) is in
progress in Brazil (Nobile et al., 2006). To understand the molecular mechanisms
of drought tolerance, the use of differential expression of mRNA transcripts and
proteins are underway at Florida A & M University (Katam et al., 2006). With the
development of more functional genomics resources in SAT legumes, it is antici-
pated that the use of functional genomics and expression genetics approaches may
help the community to dissect the complex traits and devise strategies for crop
improvement.

5.3. Comparative Genomics

In recent years, the availability of ESTs and genome sequence data for model
legumes i.e. medicago (M. truncatula), and lotus (L. japonicus) and major crop
legumes like soybean has opened the possibilities of transfer of information from
model to crop legumes and vice-versa (Gepts et al., 2005, Young et al., 2005).
Identification of putative orthologs from related genomes will facilitate compar-
ative genomics and comparative genetic mapping. Using 274 unique low copy gene
specific markers from M. truncatula and G. max, Choi et al. (2004, 2006) have
demonstrated that gene-specific markers are transferable across Papilionoid legume
species may find utility in phylogenetic relationship assessment at different, but
overlapping, taxonomic levels. Moreover, majority of these markers (85.3%) are
also linked to the legume genetic maps. Similarly, Gutierrez et al. (2005) have
studied the conservation of 209 EST-SSR markers from the model legume M.
truncatula in three major European crop legumes i.e. faba bean (Vicia faba), pea
(Pisum sativum) and chickpea and have reported 36%—40% transferability range
for this class of markers. Recently, extensive efforts have been made to develop
bioinformatics tools and pipelines after exploiting the genomics resources of model
species as well as other legume species and as a result about 450 cross species
markers have been developed (Fredslund et al., 2005, 2006a, 2006b). For many
markers, the map position in lotus and/or medicago is known and in other legume
species such as groundnut, soybean, chickpea, these markers are being mapped.
These studies will provide more anchor points to relate different legume genomes,
Moreover, the identification of the cross-genera transferable legume SSR markers
will cut down the cost and labor associated with development of SSR markers in
the orphan legumes and will help in comparative mapping and map-based cloning
of orthologous genes. Since the EST-SSR markers reveal very less polymorphism
in legumes (Gutierrez et al. 2005), the alternative source is the genome specific
genomic SSRs. By virtue of their long polymorphic microsatellite repeat stretches
and the variable microsatellite flanking region, the genomic microsatellites are a
promising source of cross-transferable markers in self-pollinating legume species
(Sethy et al., manuscript in preparation). The levels and patterns of conservation of
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Cicer genomic SSR markers across model, crop and fodder legumes have demon-
strated that the genomic SSRs find a mean average transferability of nearly 25%
across M. truncatula, L. japonicus, soybean, pea, lentil, pigeonpea, blackgram,
mungbean and Trifolium alexandrinum (Figure 1) and often conserved in the model
plant A. thaliana. Moreover, the Cicer markers have been demonstrated to be
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Figure 1. Multiple sequence alignment of the size variant alleles of the legume accessions at the chickpea
STMS marker NIPGR19 locus. Accessions of M. truncatula (SA27783), blackgram (IC342955), lentil
(IC383669), pea (RFP16) and pigeonpea (IC347150) along with chickpea (Pusa362) are analyzed. The
asterisks indicate similar sequences and ‘-’ indicate alignment gaps. The repeat region is indicated in
boldface and shadowed boxes indicate conserved primer binding sites. Allele sizes and repeat motifs
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polymorphic even within M. truncatula, soybean and blackgram opening the possi-
bility of comparative mapping and generation of a consensus legume genetic map
(Sethy et al., unpublished results).

6. TOWARDS A BRIGHT FUTURE OF MOLECULAR BREEDING
IN SAT LEGUMES

Traditional cropping systems across the world have depended on the rotation of
cereal and legume crops. However, with increasing intensification of agriculture
during the twentieth century, there has been a substantial emphasis on cereals as
the pre-eminent food commodity in national production and international trade. In
turn, this has been reflected by a continuous and cumulative increase in funding for
research and breeding of cereal crops (Goff and Salmeron, 2004) that has resulted
in the state-of-the-art in legumes falling further and further behind. Nevertheless,
progress in the genomics of two legume species, medicago and lotus, as model
genomes offers the potential for real technological leap-frogging amongst legume
crops.

Although during the past few years, significant progress has been made in the area
of genomics of SAT legume crops as a large number of molecular (SSR) markers
and ESTs have been developed, there is still a need to develop more SSR, SNP or
DArT markers and dense genetic maps for the species mentioned in this chapter.
Further the generation of some BAC and BIBAC libraries in case of chickpea and
groundnut offers the possibility to develop genome wide or local physical maps to
isolate genes for resistance/tolerance to biotic/abiotic stresses as well as agronomic
traits (Yuksel et al., 2005). Thus molecular breeding through existing tools in
combination with continuous incremental changes such as improvements in genetics
and biometrics, plus revolutionary changes including automation of breeding trials
and computerization of phenotyping will be very useful for legume improvement
(Dwivedi et al., 2006). In addition to linkage based trait mapping, several other
approaches such as LD-based association mapping, AB-QTL analysis, transcrip-
tomics and functional genomics can be used to identify the molecular markers or
candidate genes for traits of interest in breeding. Beyond its increased power of
selection, marker or genomics-assisted breeding offers additional advantages in the
economics of scale both in terms of cost and time as very different traits can be
manipulated using the same technology. The proof-of-function of candidate genes
can be obtained by using TILLING (Targeting Induced Local Lesions In Genomes,
see Till et al., 2007) population, while the EcoTILLING approach may be used
for allele mining to improve the traits. Allele mining for candidate genes should
provide superior alleles and haplotypes for the traits (Varshney et al., 2005).

Recent studies show strong correlation between the degree of synteny and phylo-
genetic distance in legumes (Young et al., 2003; Wang M.L. et al., 2004; Choi
et al., 2004). Therefore, advances in the area of genomics of medicago and lotus
may be used to transfer information on genes involved in nitrogen fixation and other
physiological processes of agronomic importance in SAT legume crops by utilizing
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the comparative genomics approach combined with bioinformatics. However, the
extent to which genetic knowledge from model systems will readily translate into
economic impact in related crops remains to be empirically demonstrated (Thro
et al., 2004; Koebner and Varshney, 2006). Genomics research in the legume crops
together with model systems will soon routinely define the location of genomic
regions controlling a target trait as well as identify underlying candidate genes and
their sequences through mapping, mutation analysis and transcriptomics. Based on
this new knowledge it will be possible to develop highly precise DNA markers for
selection or introgression of desired traits. While the newly developed genetic and
genomics tools will certainly enhance the prediction of phenotype, they will not
entirely replace the conventional breeding process.
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Abstract:

Soybean, Glycine max (L.) Merr., has become the major source of edible vegetable
oils and high protein feeds for livestocks in the world. A native of Eastern Asia,
soybean was introduced into the USA and South America where it has become the
most economically important agricultural crop and export commodity. In recent years,
as demand for soybean increased due to the values of seed oil and protein, as well as
industrial and nutriceutical uses, it has received more attention by scientists aiming to the
development and employment of genomic technology for soybean improvement. Several
DNA marker systems, such as restriction fragment length polymorphism (RFLP), simple
sequence repeat (SSR), and single nucleotide polymorphism (SNP), were integrated
into the soybean genetic linkage map, which has been successfully utilized for mapping
quantitative trait loci (QTL) linked to desirable traits and marker-assisted breeding
of disease resistance and seed composition. The availability of a large number of
expressed sequence tags (EST) and BAC sequences facilitated the discovery of new
SNP and SSR markers in soybean toward the construction of high resolution genetic
maps. Integrated genetic and physical maps will provide an invaluable resource for
gene identification and positional cloning of important quantitative trait loci in soybean.
Functional genomics has emerged as a new and rapidly evolved discipline to identify and
understand gene functions via an integrated approach which includes transcriptomics,
proteomics, metabolomics, translational genomics, and bioinformatics. The completion
of whole soybean genome sequencing is anticipated in a few years. The availability of
the soybean genome sequences in combination with the integrated genetic and physical
maps will be invaluable resources providing soybean researchers powerful and efficient
genomic tools to identify and characterize genes or QTLs for agronomic traits of
soybean. As a result, it facilitates marker-assisted breeding and soybean improvement.
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1. INTRODUCTION

Soybean [Glycine max (L.) Merr.] is an important leguminous crop producing
the most valuable source of protein and vegetable oil closest to the optimum
dietary essential amino acids profiles for human and animal nutrition (Lusas 2004).
Domestication of the crop likely occurred between the 11th and 15th century
BC, or perhaps earlier, from northeast China, and subsequently reached China’s
southern region and neighboring countries such as Korea, Japan, Thailand, the
Philippines, etc. (Hymowitz 2004). It was not until the 18th century when soybean
was introduced into Europe. In the western hemisphere, soybean was first brought
into North America in 1765 and then into Central and South America during the
mid 1900s (Hymowitz 2004). Since then, soybean has become a major economic
crop for soybean producing areas.

Worldwide, the expansion in soybean production is likely due to the increased
value of protein and oil in soybean seeds. Among over 19,000 soybean accessions
of USDA-ARS Soybean Germplasm Collection (http:/www.ars-grin.gov/cgi-bin/
npgs/html/stats/genus.pl?Glycine), it was reported that soybean has a wide range of
genetic variation in protein and oil contents. The range of protein content is from
34.1 to 56.8% of dry seed mass, with a mean of 42.1%, while the range of oil
content is 8.3 to 27.9%, with a mean of 19.5%. Between these two seed compo-
sition traits, there exists a widely known, strong negative correlation (Hurburgh
et al. 1990), indicating that efforts to improve protein content often results in
decreased oil content, and vice versa. It is extremely rare to find germplasm in
which the content for both protein and oil is relatively high (Wilson 2004). Thus,
soybean workers who have extended great efforts to improve these important
seed traits normally accept a sacrifice of one trait while attempting to improve
the other.

The soybean production in the world has been steadily increasing for the last
ten years, rising from 127 million metric tons in 1995 to over 209 million metric
tons in 2005 (FAO, 2006, http://faostat.fao.org). Among the countries growing
soybean, the United States led production at 82.8 millions tons in 2005, equaling
approximately 40% of the world’s total soybean production. The other two major
soybean producing countries exist in South America. Brazil and Argentina produced
50 and 38 million tons, respectively, and accounted for approximately 42% of the
world’s total production in 2005 (www.soystats.com). It is noted that although the
soybean is a native of China and has been widely utilized as valuable protein source
in people’s diets in many other countries of Asia, soybean production in this area
was only 11% of the world total. A 2005 report indicated that China produced
17 million tons (8% of the world total) with an average seed yield of 1.78 t/ha and
India produced 6.6 million tons (3% of the world total) with an average yield of
0.96 t/ha (FAO, 2006, http://faostat.fao.org). In the European Union and Eastern
Europe, the two largest soybean producers are Italy and Russian Federation. Each
produced less than a half million tons, or 0.5% of the world total.

Since domestication, soybean seeds have been an essential and dominant protein
source for human nutrition in Asian countries. Several nutritious foods were
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developed from soybean. Among these, miso, soybean sauce, soybean milk, tempeh,
and tofu were the most traditional soybean-based foods (Hymowitz 2004). In
recent years, efforts have been made to validate nutritional and pharmaceutical
values of soybean protein. In nutrition studies, Birt et al. (2004) reported that
consumption of soybean-based foods reduces cancer, blood serum cholesterol,
osteoporosis and heart disease. Thus, soybean products have been recommended
as a source of supplemental protein for the human diet in the United States
(http://www.soyfoodsillinois.uiuc.edu). Besides human consumption, soybean is
also an important protein source for animal feed. In 2004, soybean provided the
source for 67% of the world’s protein meal (Lucas 2004). In the USA, protein meal
production has steadily increased over the last ten years (www.soystats.com) due
to increasing demand of soybean meals for the livestock and poultry industries.

Among oilseed crop plants such as peanut, rapeseed, and sunflower, soybean
provided 57% of the world’s total oilseed production (www.soystats.com).
Preference for soybean oil may largely be due to the fact that soybean seed has a
different composition than other legumes having relatively high levels of protein
and oil and lower overall carbohydrate content. The oil portion of soybean is
composed primarily of five fatty acids. Palmitic and stearic acids are saturated fatty
acids and comprise 15% of the oil. In addition, soybean oil is rich in unsaturated
fatty acids such as oleic, linoleic, and linolenic, which make up 85% of the oil
in seed. Soybean is also a good source of the minerals, vitamin B, folic acid, and
isoflavones which are attributed to slowing cancer development, heart disease, and
osteoporosis (Wilson 2004).

In addition to valuable protein and oil source for human foods and animal feed,
soybean also has numerous industrial uses and applications. Since the 1920s many
US laboratories and universities have investigated potential industrial applications
of soybean meals and oil. A large spectrum of soybean-based industrial uses have
been adopted, for instance, building and construction materials, cleaners, concrete,
plastics, paper, engine oils, printing inks, paints, lubricants, hydraulic fluids, pesti-
cides, cosmetics, pharmaceuticals (Lusas 2004). In particular, since the late 1970s
fatty acids in soybean oil were employed for biodiesel development, in which over
113 millions liters were consumed in the US in 2004 (www.soystats.com).

2. MOLECULAR MARKER SYSTEMS AND GENOMIC MAP
2.1. Taxonomy and Cytogenetics

Soybean was first described by Linnaeus (1737) as Phaseolus max based on his
specimen and Dolichos soja based upon descriptions of other writers. Several
years later, he realized that these two designations were actually the same plant.
Since then, the correct nomenclature of soybean has been a subject of long
debates among plant taxonomists (Hymowitz and Singh 1987). After thoroughly
re-examining specimens of the soybean, Merrill (1917) proposed Glycine max as
a new designation for soybean and this nomenclature has to date been widely
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accepted. The genus Glycine is divided into two subgenera Glycine (wild perennials)
and Soja (annuals).

Perennial subgenus Glycine has 22 species with chromosome number (2n) varying
from 40 to 80 and geographical distribution mainly in Australia and neighboring
islands, such as Indonesia, Papua New Guinea (Hymowitz 2004). Of these, species
G. tomentella with four cytotypes (2n = 38, 40, 78, 80) and widely distributed in
Asia and Australia has been intensively employed in soybean breeding programs
due to valuable gene resources and cross-compatibility (Singh and Hymowitz 1999).

Annual subgenus Soja has two species, wild annual soybean Glycine soja
and cultivated soybean Glycine max. Both species have the same chromosome
number (2n = 40) and genome designation (GG) (Hymowitz 2004). Ohashi et al.
(1984) proposed the scientific name of the wild annual soybean to be changed to
G. max (L.) Merr. subsp. soja (Sieb. and Zucc.) Ohashi. Yet, the proposal in new
nomenclature has not been popularly adapted. The US National Plant Germplasm
System (USDA-GRIN, http://www.ars.grin.gov) and Hymowitz lab still remain the
original nomenclature, G. soja, for this wild annual soybean (Hymowitz 2004).

The cultivated soybean, G. max, is a true domesticate and morphologically
extremely variable in leaf shape, flower color, seed coat color, seed size and weight.
This diversity of the cultivated soybean is perhaps due to the development of land
races taking place for thousand years in East Asia. These land races containing
specific traits have been grown by individual farmer families for generations for
various uses including food, animal feed, and medicinal herbs. Today, these land
races provide invaluable sources of generic diversity within soybean germplasm
collections (Hymowitz 2004).

In addition to these two annual soybean species, a third form known as
G. gracilis has been proposed (Skvortzow 1927) and a subject of long debates.
Many studies showed that this new proposed species was a variant of G. max
(Hermann 1962; Shoemaker et al.1986) based upon the fact that there was no cross-
ability barrier among G. soja, G. max and G. gracilis; hybrid seeds germinated
normally; and F1 plants were totally pollen- and seed-fertile (Singh and Hymowitz
1989). Subsequently, Wu et al. (2001) used SSR markers to evaluated genetic
diversity among Glycine species and suggested that G. garcilis should be a separate
species from G. max. However, neither the International Legume Database (ILDIS,
http://www.ildis.org) nor USDA-GRIN recognizes G. garcilis as a separate species.

Both cultivated soybean and its annual relative, G. soja, have a diploid
chromosome number of 2n = 40. However, Hymowitz et al. (1998) reported most
genera in the Phaseolae tribe have a genome complement of 2n = 22, suggesting
that Glycine was probably derived from a diploid ancestor with n = 11. It was
believed that through thousands of years of evolution aneuploid loss occurred,
yielding n = 10, followed by polyploidization events caused by additions, deletions,
mutations, and rearrangements to generate a current diploid number of 2n = 40
(Lackey 1980). In spite of polyploidization most regions of soybean genome act like
diploid. By using primary trisomics approach, in which one additional chromosome
of genome, 2x+1=41, was generated for each of 20 chromosomes, soybean
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cytogeneticists were able to locate genes onto a specific chromosome and associate
molecular linkage groups (MLGs) with specific chromosomes. With a subset of
20 trisomics (Xu et al. 2000) and SSR markers, Zou et al. (2003) assigned 11
LGs to respective soybean chromosomes. However, this approach has encountered
difficulty in making crosses, generating a large numbers of hybrids, counting and
identifying chromosomes. It is anticipated that with bacterial artificial chromosome
(BAC) clones and fluorescent in situ hybridization (FISH) approach (Hans and
Jackson 2006), existing MLGs can soon be assigned to 20 corresponding chromo-
somes of soybean.

The soybean genome consists of ~1100 Mbp and is relatively larger than the
genome of Arabidopsis and rice, but much smaller than the genome of maize
and barley (Arumuganathan and Earle 1991). It is believed that due to the
polyploidization event(s) occurring in an ancient ancestor, the soybean genome has a
high percentage of internal duplication regions distributed among the chromosomes
(Pagel et al. 2004). When using RFLP probes in a mapping study, Shoemaker et al.
(1996) reported more than half of the RFLP probes detected multiple hybridizing
fragments, indicating the ancient polyploid nature and duplication segments in the
soybean genome. With the construction of BAC clones and the FISH technique,
Hans and Jackson (2006) were able to anchor BAC clones to soybean linkage groups
and identify duplicated regions of the soybean genome. However, the polyploid
nature and extent of segmental duplications in the soybean genome result in a
number of drawbacks for efforts to conduct whole genome sequencing and assembly
due to repetitive DNA sequences.

2.2. Molecular Marker Systems

Development of new soybean varieties through conventional breeding is time and
labor intensive and also takes large amounts of space in the greenhouse and field
for evaluation. These constraints limit the number of plants which can be evaluated
in the field each season and it takes about five to eight years to develop a variety.
Breeders select traits of interest based on phenotypic performances and most of the
traits are influenced by the environment. Dekkers and Hospital (2002) mentioned
that selection based on genotype will greatly increase breeding efficiency. Plant
breeders are interested in new technologies that are cost effective and improve
efficiency of crop breeding. With the advancement of molecular marker technology,
selection is based on DNA markers which are tightly linked with a trait(s)/gene(s)
of interest rather than phenotype alone. Molecular markers have complemented
the traditional breeding and have increased efficiency and reliability in breeding
programs.

During the last decade, development of several molecular marker systems facil-
itated identification of genetic variation present in genomic DNA sequences of
various crop plants, including soybean. Among these systems, restriction fragment
length polymorphism (RFLP) (Botstein et al. 1980), random amplified polymorphic
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DNA (RAPD) (Williams et al. 1990; Welsh and McClelland 1990), DNA ampli-
fication fingerprinting (DAF) (Caetano-Anolles et al. 1991), amplified fragment
length polymorphism (AFLP) (Vos et al. 1995); and simple sequence repeat (SSR)
or microsatellites (Litt and Luty 1989) are most commonly employed in soybean
molecular genetic analysis. Recently, significant efforts are directed forward SNP
marker development.

2.2.1. Restriction fragment length polymorphism

As the first generation of molecular markers to be used in animal and plant molecular
genetic mapping, RFLPs are caused by changes in DNA sequence of genome,
such as mutations, insertions, or deletions of DNA fragments. These changes result
in the gain, loss, or movement of some restriction sites, which is the basis for
generating RFLPs. These DNA markers are bi-allelic codominant; thus, a unique
locus and chromosomal position can be precisely identified with a specific probe
that could be either genomic DNA fragment, cDNA, or expressed sequence tags
(ESTs). RFLP markers are robust and accurate markers for genomic genotyping;
this genotyping technique, however, is a labor-intensive and expensive procedure.
Therefore, many improvements have been made for the RFLP analysis to be a
cost-efficient, high-throughput approach (Nguyen and Wu 2005).

In soybean, RFLPs were first utilized as DNA probes to differentiate soybean
cultivars (Apuya et al. 1988, Keim et al. 1989). Later, Keim et al. (1990) published
the first RFLP-based map of the soybean genome using an F, mapping population
derived from a cross of G. max (A81-356022) and G. soja (P1468916). The mapping
work was subsequently expanded by Shoemaker and Olson (1993) with the addition
of 355 RFLP loci. In a separate investigation, Rafalski and Tingey (1993) mapped
more than 600 RFLP loci in a different cross of cultivated soybean and wild
soybean. It was reported the level of RFLP polymorphism was relatively low, 33%,
despite the wide cross of cultivated and wild soybean employed (Shoemaker et al.
2004). Moreover, the duplicated nature of the soybean genome is an additional
factor confounding genotype analyses in soybean. Despite complications, a number
of studies were conducted using RFLP markers to characterize genetic variation
in soybean germplasm and map quantitative trait loci (QTL) for agronomic traits
(Keim et al. 1990; Concibido et al. 1996; Lee et al. 1996; Mian et al. 1998). To date,
709 RFLP loci were mapped to 20 MLGs of soybean genome (Song et al. 2004).

2.2.2. Random amplified polymorphic DNA

The advent of the polymerase chain reaction (PCR) technology facilitated the
subsequent development of many PCR-based DNA marker systems for genetic
mapping and DNA fingerprinting. Among these, RAPD marker was the pioneer
of the second generation of PCR-based molecular markers. The assay requires no
prior knowledge of DNA sequence for detection of genetic variation and amplified
fragments can be simply separated in agarose gel electrophoresis. For PCR amplifi-
cation, a single arbitrary primer is added to a reaction. The primer randomly anneals
to homologous sequences in the genome. Amplicons throughout the genome are
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targeted and amplified if the primer also anneals to sequences on complementary
strands not far from the 3’ end of the other primers (Welsh and McCelland 1990).
Because the primers are relatively short in sequence (10 nucleotides), they possibly
hybridize to genomic sites at which they fortuitously match or almost match; as a
result, multiple products with relatively complex pattern are produced under condi-
tions of low stringency with a single random primer. However, the RAPD assay
has disadvantages in the procedure. For instance, there is a problem of repro-
ducibility within and between laboratories over time, making the marker information
difficult to share and repeat (Nguyen and Wu 2005). With these drawbacks, RAPD
has not been widely employed for genetic mapping and genomic fingerprinting. In
soybean, there have been attempts to use RAPD assay for construction of genetic map.
Ferreiraetal. (2000) incorporated 106 RAPD markers into a framework of 250 existing
RFLP loci using recombinant inbred lines from a cross of cultivated soybeans.

2.2.3. Amplified fragment length polymorphism

Combining the advantages of RFLP analysis and PCR technology, the AFLP assay
was developed (Vos et al. 1995) and widely used for genetic map and genomic
fingerprinting. Like RAPD markers, the AFLP assay requires no prior knowledge of
genomic DNA sequence. Restriction sites of genomic DNA are digested with two
restriction endonucleases to generate restriction fragments. The DNA adaptors are
ligated to the ends of the restriction fragments and PCR amplifications are performed
to amplify selected subpopulations of the pool of fragments. Selectivity results from
the addition of two or three arbitrary nucleotides to the 3” ends of the PCR primers.
Between these primers, the forward primer is labeled with radioactive **P. The
amplified restriction fragments can be separated on denaturing polyacrylamide gels
and visualized by means of autoradiography (Vos et al. 1995) or silver staining
(Chalhoub et al. 1997). When PCR products are labeled with different fluorescent
dyes, the amplified restriction fragments can be visualized with automated DNA
sequencer (Myburg et al. 2001).

In soybean, AFLP markers were used to construct a genetic map using a subset
of 42 RILs from a cross of cultivated soybean (Keim et al. 1997). This map has a
total of 650 AFLP loci mapped to several linkage groups. One of the drawbacks of
AFLP markers is the clustering of high density markers resulted from the use of
EcoR1/Msel restriction enzymes (Young et al. 1999). However, marker clustering
appeared to be eliminated when AFLP markers were generated with Pstl/Msel
restriction enzymes (Keim et al. 1997). Because the large amount of marker data
can be generated with a single AFLP assay without the need for prior knowledge of
DNA sequence, AFLPs have proven useful for saturating specific genomic regions
using bulked segregant analysis (Michelmore et al. 1991) or for comparison of
near-isogenic lines for a trait of interest (Muehlbauer et al. 1991).

2.2.4. Simple sequence repeat

Simple sequence repeat or microsatellite markers (Litt and Luty 1989), the most
popular PCR-based DNA markers, were developed based upon genetic variation
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in the number of repeat units (motifs), which are composed of 1~6-bp short
DNA sequences, such as dinucleotide repeats (AT)n or (CT)n, and trinucleotide
repeats (ATT)n (Li et al. 2002). It has been shown that the SSR markers were
abundant, highly polymorphic, codominant and distinguish multiple alleles within
a plant species (Cregan et al. 1999a; Cho et al. 2000; Eujayl et al. 2002; Thiel
et al. 2003). These characteristics make SSR technology an ideal marker system
for DNA fingerprinting, genetic mapping, studies of genetic diversity, population
genetics, and marker-assisted selection (MAS). However, the SSR technology has
major drawbacks of high cost of development, prior knowledge of the flanking
sequence for designing locus-specific PCR markers. Moreover, the difficulty, which
frequently challenges researchers, is to distinguish alleles that differs only one
or a few repeat units in size. In order to overcome these technical difficulties,
alternative approaches of allelic variation detection are recommended, for instance,
radioisotope is used to label one of primers and PCR products are separated in
denaturing polyacrylamide gels (Shan et al. 1999). Currently, with the development
of fluorescence-based genotyping system, the PCR products that are labeled with
different fluorescent dyes can be multiplexed based upon allele size range and
dyes for semi-automated detection using capillary electrophoresis DNA sequencer
systems.

In soybean, Akkaya et al. (1992) and Morgante and Olivieri (1993) reported the
discovery of several SSR markers in a set of 38 G. max and five G. soja. These
authors also demonstrated attractive features of the molecular marker system, such
as high levels of polymorphisms, codominant inheritance, and locus specificity,
which have been also found in many other plant genomes (Broun and Tanksley
1996; Sanchez de le Hoz et al. 1996; Lu et al. 2005). Subsequently, several
reports (Cregan et al. 1994; Maughan et al. 1995; Morgante et al. 1994; Rongwen
et al. 1995) detected very high levels of allelic variation, for instance one locus
with 26 alleles among groups of 91 cultivated soybean and five wild soybean
genotypes. Since then, the SSR markers have provided an excellent complement to
RFLP markers for use in soybean molecular biology, genetics, and plant breeding
research (Shoemaker et al. 2004). A large set of more than 600 SSR markers were
first developed and mapped in an integrated molecular linkage map of soybean
(Cregan et al. 1999a). The development of additional SSR markers was subse-
quently continued and up to date there are more than 1000 SSR loci (Song
et al. 2004) were mapped to 20 homologous linkage groups (LGs) presumed to
be associated with the 20 pairs of soybean chromosomes (USDA-ARS SoyBase
website: http://soybase.agron.iastate.edu). With the ongoing efforts in soybean BAC
end and whole genome shotgun sequencing, additional SSR markers could be easily
identified and mapped.

2.2.5. Single nucleotide polymorphism

Recently, a novel molecular marker system was developed and successfully
employed in human and mice genomic projects (Collins et al. 1998; Kwok et al.
1996; Lindblad-Toh et al. 2000). This marker system based upon changes in single
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Transitional SNP
Wild type: 5/ -TGTTATCCATCACCTTTTCCCTCA-3"
Mutant line: 5’ -TGTTATCCATTACCTTTTCCCTCA-3’

Transversional SNP

Wild type: 5/ -AGATTTAATTATGGTAAAACTAGGA -3’

Mutant line: 5/ -AGATTTAATTCTGGTAAAATTAGGA-3’

Indel

'Wild type: 5/ -GGGCATTCTTATATTCATTCAAATT-3’
Mutant line: 5/ -GGGCATTCT. . . . TTCATTCAAATT-3’

Figure 1. SNPs and Insertion/Delection (Indels) are prevalent sequence variations between individuals
of all animal and plant species. These variations are consequences of either transitional or transversional
mutation events

DNA base between homologous DNA fragments or small insertions and deletions
(indels), which was collectively called single nucleotide polymorphisms (SNPs)
(Figure 1). The single nucleotide changes were due to point mutations, one of
the many types of mutations that naturally occur in genomes with relatively low
mutation rates (Kahl et al. 2005). With high level of polymorphism and even distri-
bution across genomes, SNPs are valuable gene-based molecular markers suitable
for high-throughput, automated genotyping. The great potential use of SNPs for
genetic mapping of complex traits, pharmacogenetics, and medical diagnostics has
received much attention in medical sciences (Gu et al. 1998; McCarthy and Hilfiker
2000).

Following remarkable progress made in the human and animal genome projects,
SNPs markers have been widely investigated and developed in many important plant
genomes, such as Arabidopsis (Kawabe et al. 2000; Kuittinen and Aguade 2000),
barley (Kanazin et al. 2002; Rostoks et al. 2005), rice (Zhao et al. 2002; Monna
et al. 2006), maize (Tenaillon et al. 2001; Vroh Bi et al. 2006), sunflower (Lai
et al. 2005), and soybean (Zhu et al. 2003). In soybean, SNPs marker development
was first reported by Scallon et al. (1987) when comparing 3543 bp of the Gy4
glycinin locus plus flanking DNA in two genotypes. Since then, several additional
SNPs were identified by independent research groups (Xue et al. 1992; Zhu et al.
1995). Recently, when comparing sequences of 143 DNA fragments derived from
coding and noncoding regions, which was based upon sequence analysis of 25
diverse cultivated soybean genotypes, Zhu et al. (2003) showed that nucleotide
diversity, indicated by 6 value, was 0.00053 and 0.00111 in coding and noncoding
DNA sequence, respectively. It indicated that SNP frequency in soybean genome
was much lower than the similar estimates of Arabidopsis (6 = 0.0017) (Olsen
et al. 2002) and maize (6 = 0096) (Tenaillon et al. 2001). It was speculated
that low level of linkage disequilibrium coupled with limited haplotype diversity
in this investigation suggested that cultivated soybean genome is a mosaic of a
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limited number of haplotypes (Zhu et al. 2003). The authors also suggested that
SNP discovery focused on noncoding perigenic regions, where greater sequence
polymorphism is present, will permit successful SNP diversity in soybean. The
results of a subsequent study of SNP discovery in soybean supported the above
opinions (Van et al. 2005).

For decades, random sequencing of gene transcripts has been recognized as
simple and efficient method of identification of many the expresses genes in
an organism (Putnay et al. 1983). Hence, these sequences, known as Expressed
Sequence Tags (ESTs), have become valuable and useful source of DNA sequences
in which SNPs can be efficiently discovered. In soybean, the Soybean EST Project
database contained more than 391,034 publicly available ESTs from 84 libraries
(www.ncbi.nlm.nih.gov/) as of August 2006. Employing this DNA sequence
resource, Van et al. (2005) identified 97 SNPs present in coding sequence and
noncoding regions in 15 soybean genotypes from Korea and the United States and
concluded that a diverse set of soybean genotypes can be successfully utilized for
SNP discovery.

Many efforts have been made to identify and map SNPs associated with traits
of interest in soybean. Using a recombinant inbred line (RIL) population of two
Korean soybean genotypes, Kim et al. (2004) identified three SNPs closely linked
to lipoxygenase-2 gene (Lx2) in soybean seed, which is responsible for gener-
ation of grassy-beany and bitter flavors. Jeong and Saghai Maroof (2004) used
allelic-specific PCR approach and detected two SNP markers tightly linked to two
mosaic virus resistance genes, Rsv/ and Rsv3, in soybean. Using a sequence of the
GmNARK gene (http://www.ncbi.nlm.nih.gov/), which is responsible for supern-
odulation mutation in soybean, Kim et al. (2005) identified two SNPs for this gene
and successfully developed PCR-based markers specific for these SNPs. Lately,
Wau et al. (2005) and Hyten and Cregan (2006) developed several SNPs for rhgl
and Rhg4 loci responsible for SCN resistance in soybean. In addition to the existing
SSR/RFLP-based soybean linkage map, 1,183 gene-based SNPs were mapped to
20 soybean MLGs (Cregan et al. 2006). The availability of the new integrated
SSR/RFLP/SNP genetic map would provide soybean researchers valuable sources
of markers for a diversity of applications, such as QTL mapping, MAS, positional
cloning and association analysis.

2.3. Soybean Genetic and Physical Map

2.3.1. Genetic map

As mentioned above, soybean is thought to be the product of a diploid ancestor
(n=11), which underwent aneuploid loss (n=10), polyploidization (n=20) and
diploidization. Thus, it is expected that any given gene will be present four times
in the genome, which is a big challenge for the genomic and biological research
in dissecting genes or genomic regions conferring to important agronomic traits.
A good soybean genetic map, therefore, would be an important tool for molecular
genetics analysis. Through over fifteen years’ efforts, the soybean composite genetic
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map is well developed. The map encompasses 20 linkage groups and contained
1,849 markers, including 1,015 SSRs, 709 RFLPs, 73 RAPDs, 24 classical traits,
six AFLPs, ten isozymes, and 12 others (Song et al. 2004). With the development
of thousands of SNP markers, a high density of genetic map will be coming soon.

2.3.2. Physical map

A physical map for the soybean cultivar ‘Forrest’” was constructed from 78,001
BAC and BIBAC representing 9.6 haploid genomes (Wu et al. 2004a). This map
is under further development in attempts to reduce the number of contigs, create
the minimum tile path, and add additional DNA markers (e.g., through BAC-end
sequencing) (Shultz et al, 2006a; 2006b). Soybean cultivar ‘Williams 82’ was
selected by the soybean genomics community as the representative cultivar for
soybean genomics research and over 80% of EST sequences have been generated
from this cultivar. This genotype is also being used for whole genomic sequencing.
Therefore, construction of a physical map for the soybean cultivar ‘Williams 82’
is underway. Genome-wide physical mapping strategy based on BAC restriction
fingerprinting has revolutionized genomics of large, complex genomes. The global
fingerprinting approach employs a restriction fragment profile of a clone as its
fingerprint and assumes that clones sharing a large number of, but not all, fragments
are overlapping clones. Comparison of the fingerprints in a large population of
clones is used to identify overlapping clones and is the basis for the construction of
contigs. To generate fingerprints of DNA fragments cloned in BACs, two methods
have been applied in soybean physical mapping, one is polyacrylamide (or DNA
sequencing) gel-based fingerprinting (PAGFP) method for the ‘Forrest’ physical
map (Wu et al. 2004a), and another one is a capillary-sequencer-based finger-
printing method, known as high information content fingerprinting (HICF) (Luo
et al. 2003), for the ‘Williams 82’ physical map (unpublished data). The HICF
method generates a more accurate and detailed clone fingerprint, and therefore
produces better assemblies with less redundancy needed in the clone coverage
(Nelson et al. 2005). The fingerprint data can be directly uploaded into an adapted
version of Fingerprint Contig (Soderlund et al. 1997; 2001) software to assemble
contigs based on restriction digest fingerprints, and the contigs are ordered and
assigned to chromosomes based on anchored markers.

Integrated genetic and physical maps are extremely valuable for map-based gene
isolation, comparative genome analysis, as sources of sequence-ready clones for
genome sequencing projects and as important references for assembling of whole
genome shot-gun sequences for the complex genomes. Accordingly, the public
efforts are to develop resources to access the complete soybean genome through
producing a high-resolution genetic map densely populated with SSR and SNP
markers, constructing physical map segments with deep-coverage libraries of BACs,
and through molecular markers to integrate the genetic and physical maps. In order
to reach the goals, two important tools have being developed in the National Center
for Soybean Biotechnology (NCSB) at University of Missouri-Columbia. The first
tool is the six-dimensional BAC DNA pools, which is used for anchoring genetic
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markers onto the physical map. The 49,152 clones of a Williams 82 BAC library
that covers about 6 genome equivalents were pooled in six different dimensions
creating 208 pools of BAC DNA. A PCR approach is used to screen these pools
to identify BAC clone(s) containing genetically-mapped SSR markers and genes
of interest. This resource will be fundamental to integrate the genetic and physical
maps in an efficient and cost-effective manner, provide an invaluable resource for
mapping genes or EST unigenes, and afford targeting genomic regions underlying
various soybean traits including resistance to soybean cyst nematode, tolerance to
abiotic stresses, and seed compositions for positional cloning. The second tool is a
high density genetic map using a population of more than 700 RILs derived from
the cross of Forrest and Williams 82 for integration of genetic and physical map in
a fine scale.

The integrated physical, genetic, and cytogenetic map of the soybean genome
will provide a ‘highway’ for anchoring gene sequences on physical map, isolation
of a large number of genes and for many genetic and biological studies. The
physical map can be readily accessed and will provide virtually unlimited numbers
of DNA markers from any chromosome region or closely linked gene of interest.
Synteny between soybean and legume species could also be used for isolation of
agronomically important genes in other species such as Medicago or Lotus (Cannon
et al. 2003; Yan et al. 2004; Mudge et al. 2005), for which whole genome sequences
are available in GenBank.

3. FUNCTIONAL GENOMIC TOOLS AND RESOURCES

Plant functional genomics has emerged as a new and rapidly evolving scientific
discipline to study the functions of genes. With the rapid advancement in the
complete sequencing of genomes of an increasing number of plants (Arabidopsis,
rice, Medicago, etc.), research priority has shifted from the identification of genes
to the elucidation of their functions. The ultimate goal of functional genomics is the
improved understanding of cell organization at different levels, from individual genes
to groups of bio-molecules and complete genomes. Breakthroughsinunderstanding the
relationship between genotype and phenotype will happen only through the integrated
functional genomics approach. Recently, legume genomics has been focused primarily
on the development of resources and information of two species considered to be
model legumes, Medicago truncatula and Lotus japonicus, and soybean, the legume of
principal economic importance in the United States (VandenBosch and Stacey 2003).
A Joint Genome Institute (JGI) and soybean research community collaborative effort
to sequence the soybean genome is underway and this will facilitate progressive
completion of gene function analysis in soybean.

Very promising genomic tools including extensive EST resources and the
availability of different kinds of microarray platforms are instrumental to build
momentoum toward gene function studies in soybean, and recently included
reference species among legumes. In soybean, over 390,000 EST sequences are
publicly available through various projects (http://www.plantgdb.org) and these
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are expressed in different tissue and organ systems including developing seeds,
seed coats, leaves, pods, roots, and various stages of plants regenerating from
tissue culture. This resource includes the recently added drought stress specific and
root tissue type specific ~15,000 EST sequences generated from the normalized,
subtracted soybean root libraries from authors research group. Analysis of these
ESTs contributed nearly 36,000 Unigene for soybean (www.tigr.org). Even though
ESTs are useful for making a catalogue of expressed genes and the information,
genome-scale collections of the full-length cDNAs of expressed genes are important
for the analysis of structure and function of genes (Seki et al. 2004). So, in order to
understand the gene regulatory network and also for various marker development
projects it is necessary to build a strong soybean full length cDNA resource.

DNA microarray assays (Schena et al., 1995; Shalon et al. 1996) have provided
an unprecedented opportunity for the generation of gene expression data on a whole-
genome scale. The production of microarrays and the global transcript profiling
of crop plants has revolutionized the study of gene expression and provides a
unique snapshot of how these plants are responding to a particular stress/event.
Both ¢cDNA and oligoarrays are available for soybean gene expression profiling
studies. The cDNA arrays available for soybean were constructed from low redun-
dancy ‘unigene’ set of 27,513 clones that represent a variety of soybean cDNA
libraries made from a wide array of source tissue and organ systems, develop-
mental stages, and stress or pathogen-challenged plants (Vodkin et al. 2004). The
construction of new sets of soybean long oligo arrays (70mer oligo sequence) is
in pipe line from the above research group and these arrays contain a total of
~37,000 transcripts. At the same time GeneChip® soybean genome arrays are
available to study gene expression of over 37,500 soybean transcripts. This short
oligo array also contains transcripts for studying two pathogens important for
soybean research. Specifically, the array includes probe sets to detect approximately
15,800 transcripts for the fungal pathogen of Phytophthora root rot (Phytophthora
sojae) as well as 7,500 soybean cyst nematode (Heterodera glycines) transcripts
(http://www.affymetrix.com/products/arrays/specific/soybean.affx).

The first generation of soybean cDNA microarrays containing approximately
4,100 Unigene ESTs derived from axenic roots, to evaluate their application
and utility for functional genomics of organ differentiation in legumes (Maguire
et al. 2002). Using a 9,280-cDNA clone array, Thibaud-Nissen et al. (2003) have
identified 495 cDNA clones showing modulation of expression in response to
2,4-D treatment during the development of somatic embryos. Clustering the clones
by similarity of expression profile over the course of this study allowed deter-
mining the timing of molecular events taking place during embryogenesis. In the
same studies, they also found that oxidative stresses influence arrangement of
new cells into organized structures which may depend on a genetically controlled
balance between cell proliferation and cell death. Transcript profiling experiments
conducted during Pseudomonas syringae pv. glycinea susceptible (S) and hypersen-
sitive response-associated resistance (R) interactions in soybean identified differ-
ential expression pattern of plant-pathogen responsive genes and reported that the
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R response generally showed a significantly greater degree of differential expression
(Zou et al. 2005). Recently, Ainsworth et al. (2006) investigated the transcriptome
response of soybean to elevated carbon dioxide [CO, ] in growing and fully expanded
leaves using the cDNA microarrays. This study suggested that at the transcript
level, elevated [CO,] also stimulates the respiratory breakdown of carbohydrates,
which likely provides increased fuel for leaf expansion and growth. Recently, the
author’s research group has identified several drought stress responsive and root
and leaf tissue specific transcripts in soybean (Valliyodan et al. unpublished data)
using GeneChip® soybean genome arrays from Affymetrix (www.affymetrix.com).

The use of microarray tool to analyze gene expression changes within the target
plant is important for revealing the transcriptional regulatory networks which in
turn contribute to understanding the responses of crop plants to various stresses
and developmental changes, and crop improvement. Although the uses of gene
expression profiling using microarrays are increasingly common, the integration of
transcriptomics, proteomics and metabolomics represents the frontier of integrated
functional genomics.

4. DISSECTING THE GENETICS OF THE TRAITS
AND APPLICATIONS

4.1. Disease Resistance

Similar to other crop plants, several agronomically important traits in soybean,
such as grain yield, disease resistance, and seed composition, are controlled by
quantitative trait loci (QTL). These complex traits are environmentally sensitive;
thus, it is often difficult to make progress in conventional breeding programs (Lee
1995). This is especially true for traits with low heritability. The development
of DNA molecular marker technologies has facilitated the construction of genetic
maps of many crop genomes, including soybean. A genetic analysis of the associ-
ation of phenotypic trait and genotypic marker data from a population of lines
segregating for genes conditioning quantitative traits provided the unique ability to
dissect the complex trait into a set of discrete QTL (Tanksley et al. 1989), in which
the contribution of an allele from each parent at a particular locus can be deter-
mined separately from the other loci affecting the trait. These important attributes
provide an effective approach to pyramid desirable alleles for a complex trait into
an adapted genetic background (Orf et al. 2004). Therefore, marker-based plant
breeding coupled with traditional breeding techniques will be more effective and
more efficient to introduce important agronomic traits into soybean.

4.1.1. Soybean cyst nematode

Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is among the most
economically destructive pests of soybean in the United States and the world. The
disease was first reported in Japan (1915), in Korea (1936), and in the US (1954)
(Winstead et al. 1955). In the US, the most recent estimate shows that SCN causes
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a 2 to 6% annual yield loss worth $1 billion each year (Wrather et al. 2003).
Early inheritance studies indicated that SCN resistance is genetically controlled by
three recessive genes designated rhgl, rhg2, and rhg3 (Caldwell et al. 1960) and
one dominant gene designated Rhg4 (Matson and Williams 1965). An additional
dominant gene was later identified in PI88788 and designated as Rhg5 (Rao-Arelli
1994). But genetic analysis of different sources of resistance showed that inheritance
of SCN resistance was oligogenic and complex (Anand and Rao-Arelli 1989).
Multiple alleles at a single locus could be involved in SCN resistance (Hancock
et al. 1987; Hartwig 1985). Since then, many efforts have been made to screen
soybean germplasm for resistance to SCN. Among the resistant sources identified,
soybean line ‘Peking’ and plant introduction ‘PI88788° were quickly deployed
to incorporate resistant genes into new varieties in soybean breeding programs
(Arelli et al. 2000). However, it was reported that certain field populations of SCN
could overcome resistant cultivars, revealing the complex nature of host-pathogen
interaction in soybean and SCN, which required the establishment of race-specific
interrelationship for each resistant genotype and SCN race.

Advances in molecular genetics and biotechnology make it possible to identify
and map genomic regions conditioning SCN resistance. As one of early molecular
genetics analysis of SCN resistance, Concibido et al. (1994) reported two RFLP
markers, pA85 and pB32, were significantly associated with SCN disease response
and tentatively mapped to LGs A and K. In addition, a previously identified RFLP
maker, pK69 (Boutin et al. 1992), was also found to be associated with SCN
resistance and mapped to LG G (Concibido et al.1994). Since then, several additional
putative SCN resistant QTL were identified from a number of resistance sources,
such as plant introductions, exotic germplasm, wild annual species (Glycine soja).
Recently, when reviewing early QTL analysis of SCN resistance, Concibido et al.
(2004) summarized a total of 16 putative QTL responsible for SCN resistance
mapped on 17 different LGs of the soybean integrated molecular linkage groups
(Cregan et al. 1999a). Of these, the QTL on LG G has been well characterized and
proven to be the most important QTL because it contains the gene rhgl, which is
capable of resistance to most of existing SCN races, 1, 2, 3, 5, 6, and 14 (Concibido
et al. 1997; Yue et al. 2001a; 2001b). In addition to RFLP, AFLP, and RAPD
markers reported to be associated with different genomic loci on LG G (Chang et al.
1997; Concibido et al. 1994; Kabelka et al. 2005; Meksem et al. 2001), Cregan
et al. (1999b) mapped two SSR markers, BARC-Satt309 and BARC-Sat_168, at a
distance of 0.4 cM to the gene rghl and concluded that these two markers were
highly effective in differentiating resistance and susceptible genotypes in SCN
soybean breeding process. When mapping QTL for SCN resistance from PI90763
and PI404198A, Guo et al. (2006) also found the same genetic linkage of these SSR
markers on LG G. It indicated that marker-assisted selection for SCN resistance
can be highly efficient by deploying a small set of the SSR markers flanking within
interval of the rhgl locus.

The second important QTL on LG A2 was located at the dominant gene
Rgh4, which was reported to play a distinct role in resistance to SCN race 3
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(Concibido et al. 1994; Heer et al. 1998; Webb et al. 1995). Similar to genetic
linkage of the gene rghl, various DNA molecular markers were shown to be
associated with this LGA2-QTL containing the Rhg4 gene (Concibido et al. 2004).
Especially, Cregan et al. (1999b), Guo et al. (2006) mapped the SSR marker Satt632
close to this genomic region. In addition, the i locus, a morphological marker
conditioning seed coat color, was also proven to be linked to Rhg4 at a genetic
distance of less than 1 cM (Webb et al. 1995). Using AFLP technology and bulk
segregant analysis (BSA) to analyze resistant cultivar ‘Forrest’, Meksem et al.
(2001) constructed a high-density genetic map of AFLP markers for the intervals
carrying the genes rhgl and Rhg4 and concluded that these two genes together
explained over 98% of the resistance to SCN race 3. The findings were similar
to the conclusion of a previously study that both these two genes are required for
expression of complete resistance to SCN race 3 (Webb et al. 1995).

In attempts to characterize functional genomics of these two genes, Hauge et al.
(2001) have reportedly cloned candidate genes for rhgl and Rhg4 using positional
cloning techniques. Both candidate genes are XaZ2l-like receptor kinases, which
belong to R-genes conferring resistance to bacterial blight in rice (Zaitsev et al.
2001). Structures of these genes have an extracellular leucine-rich repeat (LRR)
domain, showing similarity at the amino acid level to the Cf-2 disease resistance
gene, which confers resistance to leaf mold in tomato (Dixon et al. 1996). The results
were confirmed in another patent application (Lightfoot and Meksem 2002). Even
so, neither research group has reported their complementation studies to confirm
that they have correct candidate genes. It is obvious that cloning and characterization
of the candidate genes of rhgl and Rhg4 will provide invaluable insight into the
mechanisms of genetic resistance to SCN and might provide the knowledge needed
to engineer novel resistance genes (Concibido et al. 2004).

With the availability of molecular markers closely linked to SCN resistance genes,
such as Satt309, Satt163, Sat_168 (LG G), or Satt632, Sat_157 (LG A2), soybean
breeders are capable of selecting resistant lines by genotyping breeding populations
in a few days instead of growing progenies for greenhouse bioassay taking a month
(Concibido et al. 2004). Each year around 20,000 soybean lines were genotyped for
MAS in the SCN resistance breeding program of University of Missouri-Columbia
(UMC)(Sleper, per.com.). Obviously, MAS enables breeders increasing the efficiency
and speed of development of SCN resistant cultivars compared to conventional SCN
breeding. However, in some occasions MAS for the rhgl gene has some difficulty
due to lack of polymorphisms between parental lines for markers linked to this locus.
Lately, the development of SNP genetic markers in soybean (Zhu et al. 2003) has
provided soybean breeders an innovative approach to overcome the difficulty encoun-
tered. Wu et al. (2005) reported that several SNPs were identified for the rhg I and Rhg4
loci in 30 parental genotypes commonly employed in the SCN resistance breeding
program of UMC. With a sequenced region containing the rhg/ gene, Hyten and
Cregan (2006) demonstrated association analysis and discovered 67 SNPs throughout
the region being significantly associated with SCN resistance. These findings indicate
that SNP for SCN resistance would be molecular markers of choice in soybean
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breeding programs and become more efficient as high-throughput SNP genotyping
platforms such as Luminex flow cytometry (http://www.luminexcorp.com)
and Illumina Beadstation (http://www.illumina.com) are employed.

4.1.2. Phytophthora

Phytophthora root and stem rot caused by fungal pathogen Phytophthora sojae was
reported to occur in the US and other soybean production regions in the world,
such as Brazil, Argentina, Australia, China, and South Korean (Grau et al. 2004).
Studying the host resistance to this pathogen indicated that there are three types of
resistance based upon inoculation experiments performed in host plant positions.
For instance, the hypocotyl inoculation test detects single dominant genes, known
as Rps, while the root inoculation test detects partial resistance, which is expressed
as fewer rotted roots and slower disease progress (Tooley and Grau 1984). To
date, eight dominant genes, designated as Rpsl to Rps8, have been identified to
convey resistance to 55 physiologic races of P. sojae (Burnham et al. 2003). Among
these, Rpsl and Rps3 were reported to have multiple alleles (Grau et al. 2004).
This indicated race-specificity of host resistance and genetic complexity of P. sojae
population in soybean.

The availability of genomic genotyping technologies has facilitated the identi-
fication and mapping of DNA molecular markers associated with resistance to
Phytophthora root and stem rot on the soybean genetic linkage map (Cregan et al.
1999a). Screening mapped RFLP markers in ‘Williams’ near-isogenic lines, Diers
et al.(1992b) mapped the loci Rpsl, Rps2, and Rps3 on linkage groups (LG) K,
L, and E, respectively. However, Demirbas et al. (2001) utilized SSR markers for
genetic linkage analysis and mapped the loci Rpsi, Rps2, Rps3, and Rps4 on LGs N,
J, F and G, respectively. Both research groups reported genomic locations of Rps5
and Rps6 were unclear. Lohnes and Schmitthenner (1997) used another set of RFLP
markers to map locus Rps7 in a ‘Clark x Harosoy’ isoline mapping population and
reported this locus was closely linked to the RFLP marker R022-1 on LG N. The
genomic location of the loci Rps/ and Rps7 on LG N was subsequently confirmed
by Demirbas et al. (2001) and Weng et al. (2001), who utilized SSR markers and
compared their linkage group to a consensus linkage group of the soybean (Cregan
et al. 1999a). Burnham et al. (2003) reported a novel Phytophthora resistant locus,
Rps8, in PI399073 from South Korea and mapped the locus on LG A2. Subse-
quently, however, the locus was re-located on LG F based on linkage analysis with
SSR and RFLP markers (Gordon et al. 2006).

Among single-dominant Rps genes, Rpsl locus was reported to carry five alleles
(Rpsi-a, Rpsl-b, Rpsl-c, Rpsl-d, and Rpsi-k) and confer resistance against a large
number of P. sojae races (Schmitthenner et al. 1994). Thus, many efforts have
been made to investigate molecular basis of this locus. By the means of primary
trisomic analysis of cytogenetics, Gardner et al. (2001) was able to locate the locus
RpsI-k on chromosome 3, corresponding to LG N of the integrated genetic linkage
map of soybean. Bhattacharyya et al. (1997) and Kasuga et al. (1997) reported
the high-resolution genetic and physical maps of the Rps/-k region and mapped
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three AFLP markers tightly linked to the locus Rps/-k at a genetic distance less
than 0.5 cM. The authors concluded that the Rps/-k was located at the end of an
introgressed region. From a disease resistance gene-like sequence, Bhattacharyya
et al. (2005) successfully cloned a family of CC-NBS-LRR-type sequences from the
genomic region containing the locus Rps/-k. Among 12 candidate signaling proteins
interacting with the resistance gene Rps/-k, Bhattacharyya and Gao (2006) reported
that Rpsi-k-2 interactor regulates GmMcll, a gene responsible for hypersensitive
cell death, which is associated with the expression of Phytophthora resistance.

Unlike the extensive studies conducted for single-dominant Rps genes, genetic
information of partial resistance to P. sojae is limited. Recently, Burnham et al.
(2003) developed three RIL mapping populations derived from the crosses of three
susceptible parents and a partial resistant cultivar Conrad. The authors reported
two QTL associated with P. sojae resistance were mapped to LG F and D1b+W
of the soybean linkage groups. However, the authors also indicated that genomic
locations of the QTL were different from the regions where the known Rps genes
were mapped. This will pose a challenge to soybean breeders.

Employing single-dominant Rps genes for development of resistant cultivars has
proven to be an economical and efficient measure to control this pathogen. However,
as in many other host-pathogen systems, the fungal pathogen P. sojae has been
reported to quickly adapt to specific Rps genes and as the result the host plant
becomes vulnerable to a new physiologic race of the pathogen population. This
is a great challenge to soybean breeders who have to continue accessing soybean
germplasm to mine novel Rps genes for breeding programs. Besides single dominant
gene-based breeding to control the disease, partial resistance has been shown to be
effective against all races of P. sojae (Tooley and Grau 1986; Schmitthenner 1985).
Anderson and Buzzell (1992) and Walker and Schmitthenner (1984) investigated
resistance to P. sojae in several soybean lines and concluded that partial resistance
is highly heritable and a quantitative trait. The authors suggested that selection
for partial resistance combined with single-dominant Rps genes would provide
long-term disease management of P. sojae in soybean.

Linkage analysis of DNA molecular markers and various Rps genes conditioning
resistance to P. sojae in soybean can be useful to soybean breeders and patholo-
gists to implement cost-efficient and successful MAS for Phytophthora resistance.
Moreover, in addition to the identifications of molecular “tags” closely linked to
the genes, markers flanking the loci of interest would provide an efficient tool for
map-based cloning of the resistance genes, which in turn facilitates the development
of SNP markers, a new generation of DNA molecular marker for soybean.

4.2. Abiotic Stress

Among the different abiotic stresses, drought, salinity, waterlogging/flooding and
temperature stress (high and low) are the main factors reducing crop production
worldwide and accounts for more than 50% yield looses (Boyer 1982; Bray et al.
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2000). When plants are subjected to abiotic stresses, they activate different mecha-
nisms to survive and sustain growth and yield. Thus, it is important to know what
mechanisms exist to help plants surviving under severe stress. Plant traits linked
to stress tolerance are multigenic, i.e. these traits are controlled by QTL. Here,
progress on molecular mapping and QTLs analysis only for drought, salinity and
flooding or waterlogging tolerance in soybean and their application in MAS for
soybean improvement will only be presented.

Drought is a major limitation for soybean production. Crops often experience
a water-limiting environment, thus the genetic improvement of a crop for drought
resistance is a sustainable and economically feasible solution to reduce the problem
of drought (Blum 1988). Drought tolerance is a complex phenomenon; dissection
into individual component makes it easier to understand its genetic bases and
also to apply this knowledge in MAS programs. Different authors described a
number of drought related physiological traits in soybean from different perspec-
tives (Raper and Kramer 1987; Nilsen and Orcutt 1996; Orcutt and Nilsen 2000;
Purcell and Specht 2004). Purcell and Specht (2004) viewed drought from agro-
physiological (i.e., plant biomass and grain yield), rather than eco-physiological
(i.e., plant survival or competitiveness). Their consideration was based on soybean
yield, thus a stress-related trait to be manipulated to lessen the reduction in soybean
yield caused by the stress. They summarized a list of traits or physiological mecha-
nisms impacting soybean yield via transpiration (T), water use efficiency (WUE)
or harvest index (HI).

Molecular markers have been used to map the genomic location of genes/QTL
for different traits related to drought, salinity and submergence tolerance in soybean
(Table 1). As of August 20006, a total of 480 soybean genes and 1174 QTLs have
been reported in the USDA-ARS soybean database (http://soybase.org). So far, very
little progress has been made in the areas of abiotic stress tolerance but significant
progress has been made for mapping many agronomic, pest resistant and seed
composition related traits in soybean. Mian et al. (1996; 1998), using two mapping
populations, cv.Young x PI416937 and S100 x Tokyo, identified a total of 5 QTLs
for WUE, but only two QTLs linked to RFLP markers cr392-1n (LG J) and A489H
(LG L) explained 13 and 14% of phenotypic variation, respectively. These two
QTLs were found independently in two populations. Marker loci A489H (WUE2-1)
also harbor QTL for leaf traits such as length, weight, width, shape, and area, plant
yield and height, as well as seed oil content (http://soybase.org). Although yet to
be confirmed in any other populations, WUE is no doubt an important locus to be
used in MAS. An RFLP marker, AO63E, was found common in both populations
but phenotypic effect was less than 10%. Bhatnagar et al. (2005) identified a major
QTL for slow wilting trait related to increased drought tolerance in soybean. The
major QTL linked to SSR marker Sat_044 in linkage group K explained 17% of
phenotypic variation. Specht et al. (2001) used 236 RILs developed from a cross
between Minsoy x Noir 1 to determine the genetic basis of beta and carbon isotope
discrimination (CID). They reported a QTL for CID on LG C2 with phenotypic
contribution of <10% and with no effect on beta.
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Table 1. Quantitative trait loci (QTL) identified for soybean drought, salinity and submergence/
waterlogging tolerance

Reference Mapping population, Trait studied Linked marker (s),
Number of lines and number of QTL linkage group
Population type (in parenthesis) (LG) and phenotypic
variation (R?%)
Drought

Bhatnagar et al. (2005)

Specht et al. (2001)

Mian et al. (1998)

Mian et al. (1996)

Salt tolerance
Lee et al. (2004)

Flooding/waterlogging

Reyna et al. (2003)

VanToai et al. (2001)

Jackson x KS4895
81 RILs

Minsoy x Noir 1
256 RILs

S100 x Tokyo 116
F,

Young x P1416937
120 F,

S100 x Tokyo, 100
F,

A5403 x Archer,
RILs

9461 x Archer,
NILs

Archer x Minsoy

122 RILs

Archer x Noir 1 86
RILs

leaf wilting (1)

yield (1)

water use
efficiency (1)
(WUE)
water use
efficiency (4)
(WUE)

salt tolerance (1)

flooding/
waterlogging
QTL effect
evaluation
waterlogging (1)

waterlogging (1)

SSR marker; Sat_044,
LG K, R?=17

SSR marker
Satt205-Satt489, LG C2,
R2~7

RFLP marker A489H,
LG L, R? =14

4 RFLP markers, BO31-1n,
A089-1, crd497-1,
K375-1n; R~ 8-13

SSR marker, Sat_091
LG N, R>~41-79

No effect of marker
Sat_064

In both the populations,
marker

Sat_064 linked for
improved plant growth
R?~11-18, and grain
yield R? ~ 47-80

Cultivated soybean (Glycine max) is considered a salt sensitive crop whereas
wild soybean (Glycine soja) is found to be tolerant (Singh and Hymowitz 1999;
Luo et al. 2005; Kao et al. 2006); thus wild soybean (G. soja) can be used as
resistance source for varietal improvement in soybean (G. max). So far, a major
QTL for salt tolerance has been mapped in soybean (Lee et al. 2004). More than
100 F, populations were developed from a cross between S100 (salt tolerant) x
Tokyo (salt sensitive). This QTL was linked to the SSR marker Sat_091 on LG N
accounting for 41, 60, and 79% of the genetic variation for salt tolerance in the
field, greenhouse, and combined environments, respectively. This data needs to be
confirmed in another population before using in MAS program.

Waterlogging is also a major environmental stress reducing soybean growth and
yield. Different authors have reported that yield can be reduced 17-43% if soybean
is subjected to waterlogging at the vegetative stage, but greater yield reduction
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(50-55%) occurs under waterlogging stress at the reproductive stage (Oosterhuis
et al. 1990; Scott et al. 1989). Tolerance to waterlogging could increase yield and
tolerance in soybean has been identified (VanToai et al. 1994). One major QTL
for waterlogging has been reported and confirmed in two mapping population of
soybean (VanToai et al. 2001). The QTL linked to SSR marker, Sat_064 on LG
G explained phenotypic variance for plant growth 11-18% and yield 47-180%.
Reyna et al. (2003) used Sat_064 genotypic data to create several NILs and these
NILs were evaluated in southern background and found no effect for Sat_064. This
variation may be due in part to the environment differences and the fact Sat_064 was
originally identified in a northern genetic background. Several mapping populations
have been developed at UMC for QTL mapping with the objectives to discover new
QTLs and/or genes that confer tolerance to waterlogging under different genetic
backgrounds and apply them for marker-assisted crop breeding.

Marker-assisted selection (MAS), has been successfully applied into soybean
breeding program for SCN and other pest resistance traits, oil content and other
traits. Monsanto and other private industries have incorporated MAS in their
breeding programs and are making millions of selections annually, largely for
insect and disease resistance genes using MAS. At the same time, public sectors
are also using MAS for breeding programs on a limited scale. High density
genetic map (saturated with molecular markers), tightly linked QTLs/genes with
markers and confirmed QTLs/genes across the environments and in different genetic
backgrounds are the most important criteria for effective MAS. MAS for abiotic
stress related traits like drought, salinity and submergence tolerance have been
initiated but not to extent of biotic stresses. Both private and public sectors are
putting efforts on molecular breeding for abiotic stress tolerance.

4.3. Seed Composition

As earlier mentioned, soybean are grown as a source of protein and oil for
agricultural, consumer, and industrial uses. In recent years, the value of soybean
seed composition has extensively received attention for industrial applications and
medical effects. These include increasing oil content for fitting the demand of
biodiesel production, altering fatty acid or amino acid profiles, and developing
healthy soybean seeds with high oleic acid, high isoflavone, low linolenic acid, or
low phytate. However, the value of soybean to the producer is traditionally based on
yield, and this trait has been the primary focus of most soybean breeding programs
(Nichols et al. 2006). Recently traits that improve the value and functionality of
soybeans such as modification of protein and oil to give greater utility in food,
health, and industrial uses have been emphasized by soybean breeders and indus-
tries. Soybean breeding research has been directed toward modifying the fatty acid
profile in the oil to expand uses in food and industrial applications. Modifying
soybean oil to lower saturates to less than 7%, increasing oleic acid content to 50 to
60%, and lowering linolenic acid content to <3% would greatly improve soybean
quality for greater functionality in food and industrial applications. Other areas of
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emphasis include improving protein by modifying the amino acid profile, improving
digestible phosphorus, and reducing anti-nutritional factors such as trypsin inhibitors
and allergenic factors (Wilson 2004).

There are many traits whose genetic potential is masked by epistatic interactions
between genes or by genes in the repulsion linkage phase. Molecular markers can
assist selection for favorable alleles, dissect the QTL regions conferring favorable
seed traits and breakdown the unfavorable linkage relationship at the genetic level
(Lee 1995). DNA marker analysis can measure the effect of an individual locus at the
allelic level. For example, the contribution of alleles from each parent at a particular
locus can be determined separately from other loci affecting the trait. This provides
an effective method to pyramid desired genes for complex traits or traits with
low heritability into adapted varieties (Orf et al. 2004). Therefore, high-throughput
molecular breeding techniques, coupled with traditional breeding approaches, will
be more effective and efficient for introducing important quantitative traits into
soybean.

So far, a large number of QTL related to soybean seed composition have been
detected by QTL analysis with molecular markers. All major QTL with more than
10% of phenotypic contribution were summarized in Table 2. The QTL identified
could be useful for developing soybean varieties with desirable component in the
seed through MAS. QTLs conditioning protein content in soybean were widely
investigated on 17 soybean populations and found to be located on the soybean
genome except for LG B1, D1b, D2, J, and O (Table 2). A total of 61 QTLs
for protein content were reported and 16 putative QTLs (~25%) accounting for
more than 10% phenotypic variation were identified. Among them, ten QTLs were
detected in more than two soybean populations. The trait for protein content is highly
heritable, as shown in the locus on LG I (Satt127) with a maximum phenotypic
contribution of 65% (Table 2). Fine-mapping studies have been used to clone the
gene close to the Satt127 marker on LG I and resulted in QTL localization within
1.1 cM using BAC libraries (Joseph et al. 2004; Nichols et al. 2006). MAS of
lines with or without positive alleles at the QTL on LG I was applied to compare
the allelic effect and confirm the QTL resulting in a 56 g kg™! increase in protein
content in lines carrying homozygous alleles from the high protein parent (Yates
et al. 2004).

In addition to high protein content, soybean is also an important oil source for food
and biodiesel. QTL for oil content are distributed throughout the soybean genome
except for LG Dla, D1b, F, J, N, and O (Table 2). Thus, three LGs (D1b, J, O) do not
carry genes for both protein and oil content. Of 19 QTLs identified, 11 (69%) and 19
(58%) QTLs were found to be associated with protein and oil content, respectively,
commonly control both traits. Because strong negative correlations exist between
protein and oil content, it needs to be determined genetically whether the negative
relationship is due to pleiotropism or repulsion linkages between protein and oil
alleles. Of 53 oil QTLs reported in SoyBase (http://soybase.agron.iastate.edu), 19
putative QTLs explain more than 10% of the phenotypic variation (Table 2).
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There were reports on seven, six, five, and six QTLs for linolenic, linoleic,
palmitic, and oleic acid, respectively, in soybean fatty acid (FA) composition in
SoyBase (http://soybase.agron.iastate.edu ), including three QTLs for linolenic acid
on LG E, K, and L; three QTLs for linoleic acid on LG Al, B1, and E; three QTLs
for palmitic acid on LG Al, B2, and J; and three QTLs for oleic acid on LG Al,
B2, and E. Only one QTL on LG E conditions the content of three FAs such as
linolenic, linoleic, and oleic acids. Recently, six QTLs associated with increased
oleic acid were mapped on LG A1, D2, G, and L with SSR markers in a population
of G99-G725 (low) x N00-3350 (high), and four of them were confirmed in a
different population of G99-G3438 x N00-3350 (Monteros et al. 2004).

Soybean also has desirable carbohydrates (i.e., glucose, fructose, and sucrose) and
undesirable carbohydrates (i.e., raffinose, stachyose). Of 17 markers significantly
associated with seed sucrose content on seven LGs, only QTL on LG I was found to
have a phenotypic contribution greater than 10% (Table 2). Based on a comparison
of the reported QTLs for seed composition traits, it is likely to be a gene cluster
or a major QTL with pleiotropic effect (Maughan et al. 2000). Among the seven
genomic regions underlying QTLs for sucrose content, four regions (LG E, F, I, L)
also affect protein content, and three regions (LG A2, I, L) are associated with oil
content as well.

There are many bioactive soybean components that may contribute to the hypoth-
esized health benefits of soybean but most attention has recently focused on the
isoflavones because isoflavones in soybean seeds are believed to have preventive
effects for several major hormone-dependent diseases in humans. Numerous publi-
cations and research studies on isoflavones have prompted a nationwide increase
in the consumption of soy-based foods and supplements in the United States. QTL
analysis identified several genomic regions (LGs A1, B1, B2, F, M and N) associated
with isoflavone contents (Primomo et al. 2005; Kassem et al. 2004).

5. CONCLUSIONS AND PERSPECTIVES

As a valuable source of seed protein and vegetable oil for human and animal
nutrient, soybean is the most economically important legume crop in many countries
in the world. In addition, the values of soybean seed composition have received
a sincere attention by soybean researchers to investigate for industrial applications
and medical uses. Steadily increased world production and meal consumption of
soybean for last ten years indicated that soybean crop continues to be an important
leguminous crop plants significantly contributing to various aspects of agricultural
production, animal industry, and in particular human heath.

For decades, many efforts have been made to develop new soybean variety with
improved nutritional and agronomic characteristics through conventional breeding
approaches; however, the recent advances of DNA molecular marker technologies,
such as SSR and RFLP, led to successful construction of the integrated genetic
linkage map of soybean, in which genetic linkage of molecular markers were
established in soybean genome. Newly gene-based SNP markers were integrated to
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the pre-existing DNA molecular linkage map of the soybean would provide soybean
researchers efficient genomic tools for identification and characterization valuable
genes/QTL conditioning important agronomic traits and facilitating MAS programs.

Genome sequencing, in combination with various forward and reverse genetic
approaches and “omics technologies”, has made possible the identification of more
than 30,000 genes in soybean, the understanding of the molecular basis of soybean
growth and seed development, which is beginning to revolutionize the way in which
plant breeders have utilized for cultivar improvement. Functional genomics has
become an important discipline to identify gene, gene function, and to understand
the relationship between phenotype and genotype via integrated functional genomic
approach. Important functional genomic tools are ESTs, microarray, proteomics,
metabolomics, translational genomics and bioinformatics. The availability of EST
sequences generated from cultivar ‘“Williams 82°, a representative soybean genotype,
facilitated entire genome sequencing and construction of a physical map, which is
based upon a novel strategy of 6-D BAC DNA pools. In combination of a genetic
map with high density of SSR and SNP markers, a high resolution physical map will
be invaluable resources for map-based gene isolation, targeting genomic regions
underlying various traits of interest such as disease resistance, abiotic stress, and
seed composition.

Recently, a collaborative effort led by Department of Energy and Joint Genome
Institute (DOE-JGI) has been initiated aiming to sequence the entire soybean
genome in hopes that the sequence information can be available by the end of 2008.
With the availability of the soybean sequence and integrated genetic and high quality
physical maps, soybean researchers will be able to efficiently implement linkage
disequilibrium and association analysis. As a result, QTL mapping, positional
cloning, as well as MAS will be accordingly accelerated.
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APPLICATION OF GENOMICS TO FORAGE CROP
BREEDING FOR QUALITY TRAITS

THOMAS LUBBERSTEDT*
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Denmark

Abstract: Forage quality depends on the digestibility of fodder, and can be directly measured by
the intake and metabolic conversion in animal trials. However, animal trials are time-
consuming, laborious, and thus expensive. It is not possible to study thousands of plant
genotypes, asrequired in breeding programs. Therefore, several indirect methods including
near-infrared reflectance spectroscopy (NIRS) have been established to overcome this
limitation. However, the ideal indirect system for the prediction of forage performance
would be based on gene-derived “functional” DNA markers, allowing early selection
ultimately without need of field trials, and being environment independent. In addition,
once identified relevant genes controlling forage quality are targets for transgenic
approaches. Substantial progress has recently been achieved in the development and appli-
cation of genomic tools both in model species and major forage crops such as ryegrass and
alfalfa. Key genes involved in developmental and biochemical pathways affecting forage
quality such as cell-wall, lignin, fructan, and tannin biosynthesis have been isolated and
characterized. For some of these genes, allelic variation has been studied in detail and
sequence motifs with likely effect on forage quality have been identified by association
studies. Moreover, transgenic approaches substantiated the effect of several of these genes
on forage quality. Perspectives and limitations of these findings for forage crop breeding are
discussed given expected further progress in forage crop genomics, but also the complexity
of the trait complex forage quality, since typically species mixtures of heterogeneous and
heterozygous genotypes are grown in the field.

1. INTRODUCTION
1.1. Direct Measurement of Forage Quality

In most forage grasses and legumes, above-ground parts are harvested before or
during flowering. An exception is forage maize, harvested after seed-set. Animal
feeding trials allow direct evaluation of forage crop quality via the target product
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such as milk or beef. Different parameters were developed such as Mega Joule “Net-
Energy-Lactation” ((MJ) NEL) (Gro 1979, Weilibach 1993) for milk production,
“Kilo Starch-Units” (kStE) (Zimmer et al. 1980) for beef production and “Metab-
olizable Energy” (ME) (Menke and Huss 1987), all reflecting the energy density
(J/kg) of forage dry matter (Boberfeld 1986). However, animal trials are time-
consuming, laborious, and thus expensive. It is not possible to study thousands of
plant genotypes, as required in breeding programs.

1.2. Indirect Measurement of Forage Quality

Several indirect biological, chemical, and physical methods for quality evaluation
have been developed. Biological methods for quality evaluation can be subdivided
into field, in vitro, and enzymatic methods. Field methods score the expected
nutritive value of plant communities (Boberfeld 1986) based on the species compo-
sition. In case of forage maize, the proportion of ears in total dry matter has been
used for quality evaluation (Zscheischler 1990). A widely used in vitro rumen
digestion analysis was developed by Tilley and Terry (1963) using a two-step
procedure - first rumen liquor and subsequently peptic hydrochloric acid to estimate
the in vitro digestibility of organic matter. Another in vitro test employing rumen
liquor determines gas production, protein and fat content to estimate NEL or StE
(Menke and Steingaf3 1987). Enzymatic methods use cellulase together with peptic
hydrochloric acid to estimate NEL and StE (Kirchgessner and Kellner 1981).

Since digestibility is mainly limited by poorly digestible cell wall components,
chemical methods for forage quality evaluation focus on the breakdown and charac-
terization of cell wall fractions within the organic matter. Using detergents, Van
Soest (1974) separated cell complexes into soluble cell content and insoluble “neutral
detergent fibre” (NDF) representing mainly the cell wall fraction. By acidic deter-
gents further fractionation into a lignin (“acid detergent lignin”: ADL) and a non-lignin
fraction (ADF-ADL; ADF: “acid detergent fibre”) is possible. ADF values can be
converted into NEL and StE estimates (Kirchgessner and Kellner 1981).

All above mentioned approaches are too laborious for routine quality evaluation of
large numbers as required in plant breeding. In contrast, by near-infrared reflectance
spectroscopy (NIRS) (Norris et al. 1976) large sample numbers can be investigated
with low effort. Infrared spectra of ground materials (1400 to 2600 nm) can be
employed to estimate a number of quality parameters, once calibrations to animal
trials, biological, or chemical methods have been established. For most of the above
mentioned quality characters, NIRS calibrations have been established for the major
forage crops (e.g., Ralph et al. 2004, Barriere et al. 2003). Moreover, in view of
developing DNA-markers for forage quality traits, NIRS allows quality evaluation
at large scale as required for QTL mapping or association studies.

1.3. Trait Complexity

Forage crop breeding is characterized by different layers of complexity. Several
factors need to be considered when determining forage quality, such as the fed
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animal species, the forage plant species, the cropping system, and the method(s)
used for forage quality evaluation. In addition, the optimum diet of animals depends
on the product, such as beef or milk for cattle. Ruminants have a much better
capability to digest fibrous carbohydrates compared to monogastrics and to convert
poor quality protein and nonprotein nitrogen sources (Van Soest 1974). Furthermore,
intake and digestion by animals depends on forage properties such as its dry matter
content, particle size, and the ensiling process.

At the feed or plant level, a given variety is often only part of the animal diet fed
together with minerals, additives etc. If used for grazing, a single variety typically
is only part of a mixture of different grasses and legumes. Further aspects adding
to the complexity are different ploidy levels within crops such as in ryegrass,
and symbiosis with endophytes or root nodule bacteria. In contrast, many genetic
experiments are performed under simplified conditions to establish sound phenotype
— genotype associations, preferably (i) at the diploid level, (ii) in monoculture, (iii)
at per se level, and (iv) for single spaced plants. Therefore, a crucial question is,
whether results obtained in “artificial” experimental situations are transferable and,
thus, valuable to operational breeding programs.

2. FACTORS INFLUENCING FORAGE QUALITY
2.1. Organ, Tissue- and Cell Level

Forage maize breeding in Europe has originally been based on the concept that
the best hybrids for grain production are also optimal for forage use. However,
coefficients of determination between grain and forage yield (r? < 0.25) were not
sufficiently high to justify selection on the basis of grain yield (Vattikonda and
Hunter 1983). In addition, substantial genotypic variation for digestibility and yield
of stover was found among hybrids suggesting that the non-grain portion of the
maize plant offers considerable potential for the improvement in yield and forage
of silage maize (Dhillon et al. 1990; Geiger et al. 1986).

It has been shown for different forage species that especially the extent and mode
of lignification is limiting both digestibility and intake (Barriere et al. 2004). Thus,
major breeding criteria for forage grasses such as Lolium perenne are besides a
maximum animal intake per time unit and a high digestibility, (1) a high biomass
yield and (2) a minimum need for cuttings. This can be achieved by late- or not-
flowering and long-leaved grass types (high leaf elongation ratio) with high quality also
in older leaf parts showing lack of senescence (stay green types) (Wilman et al. 2004).

2.2. Cell Wall and Cell Content

Digestibility of the ear fraction in maize is close to 90% in contrast to about
50% of stover (Zimmer et al. 1990). Within stover, the lignin fraction shows by
far the lowest digestibility (about 7%) compared to cellulose and hemicellulose.
Therefore, a promising target for the improvement of feed quality in silage maize and
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forage grasses is the lignin biosynthetic pathway, including monolignol biosynthesis
and polymerization of monolignols, the latter being performed by peroxidases
and laccases (Ralph et al. 2004). The digestibility of grasses as a general trait
becomes markedly reduced during the course of the growing season. This reduction
is largely caused by an increase in the content of poorly digestible cell wall structural
components. In parallel, there is a decrease in the content of soluble carbohydrates
— “sugars”. Varieties of ryegrass with a high stable level of carbohydrates in the
form of fructans have been shown to retain a high degree of digestibility throughout
the growing season. Poorly digestible structural components create an imbalance
between carbohydrate and protein levels during ruminant fermentation, leading to
a loss of nitrogen (ammonia) to environment.

Forage legumes are highly digestible as compared to forage grasses. However,
proteolysis and microbial deamination might lead to protein loss in the rumen, not
fully compensated by post-ruminal absorption (Robbins et al. 2002). High digestion
rates may result in protein foaming and rumen pasture bloat as a digestive disorder
(Gruber et al. 2001). Moreover, stem lignification is also affecting forage legume
quality (Reddy et al. 2005).

2.3. Biochemical Pathways

The lignin biosynthetic pathway is well characterized (Boudet et al. 1995),
especially the common phenylpropanoid pathway starting with the deamination
of phenylalanine and providing hydroxycinnamoyl CoAs. The enzymes involved
in the common phenylpropanoid pathway are phenylalanine ammonia-lyase
(PAL), cinnamate hydroxylase (C4H), coumarate hydroxylase (C3H), caffeic
O-methyltransferases (COMT), ferulate hydroxylase (FSH), and hydroxycinnamate
CoA ligases (4CL). In total 34 genes have been identified in the A. thaliana genome
coding for enzymes in the monlignol biosynthesis (Raes et al. 2003). The end
products of this common pathway, the hydroxycinnamoyl CoAs, are precursors of
the major classes of phenolic compounds which accumulate in plant tissues, e.g.
flavonoids, stilbenes, phenolamides as well as lignins. Subsequently, cinnamoyl
CoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD) are specifically
involved in biosynthesis of the lignin monomers p-coumaryl, coniferyl, and sinapyl
alcohol. In maize, genes for COMT (Collazo et al. 1992) and CAD (Halpin et al.
1998) have been isolated. Defect alleles of both genes have been shown to corre-
spond to brown midrib mutations (COMT: bm3 ; CAD: bml ) known for long
time (Barriere and Argillier 1993). Several independent studies on bm/ and bm3
have proved already the concept of increasing silage quality by altering the lignin
biosynthetic pathway (Barriere and Argillier 1993) and reducing lignin content.
However, application of bm mutants in plant breeding has been hampered by their
pleiotropic effects on yield characters and lodging.

Lignins exhibit a high degree of structural variability depending on the relative
proportion of three monolignols, different types of interunit linkages, and the occur-
rence of non conventional lignin units within the polymer (Boudet and Grima-
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Pettenati 1996). Polymerization of monolignols involves peroxidases and laccases
in an oxidation step but is generally not well understood (Boudet et al. 1995).
Laccase was the first enzyme shown to be able to polymerize lignin monomers in
vitro (Freudenberg et al. 1958). Several studies indicated that laccase and laccase-
like activities are closely correlated with lignin deposition in developing xylem
(Davin et al. 1992). Nersissian and Shipp (2002) identified 19 laccases in the
genome of A. thaliana . In case of peroxidases, association between allelic variation
at one Prx locus with forage digestibility in maize has been demonstrated (Guillet-
Claude et al. 2004b). Thus, a minimum of 70-80 genes code for enzymes that are
directly involved in lignin formation, based on the small A. thaliana genome, which
can be considered as candidate genes for cell-wall digestibility. Furthermore, gene
families involved in cellulose or hemicellulose formation might as well affect cell
wall digestibility (Barriere et al. 2003, Ralph et al. 2004).

Fructans are polymers of fructose, and have a general structure of a glucose
linked to multiple fructose units (polyfructosylsucroses). In contrast to the uniform
structure of bacterial fructans, plant fructans represent five major classes of struc-
tural distinct fructans according to the linkages between the fructose units; inulins,
levans, inulin neoseries, levan neoseries, and mixed type levans. It is now known
that four out of five different fructosyltransferases (FT), each with their own speci-
ficity, are needed to synthesize the wide variety of fructans found in plants; 1-SST
(1-sucrose:sucrose fructosyltransferase), 1-FFT (1-fructan:fructan fructosyltrans-
ferase), 6-FFT (6-fructan:fructan fructosyltransferase), 6-SFT (Sucrose fructosyl
6-transferase) and 6G-FFT (fructan:fructan 6G-fructosyltransferase). Other enzymes
that are involved in fructan degradation are fructanhydrolases (FH), and inver-
tases. Fructanhydrolase is a beta-fructofuranosidase and can uncouple fructose units
from fructans with sucrose as an end product. Invertase, which is active in the
vacuole, cleaves one sucrose molecule into glucose and fructose. It’s also capable
of cleaving fructose molecules from smaller fructans. This fructan hydrolysing
activity decreases with a higher degree of polymerization of the fructan. The type of
fructans and FTs varies among different monocot species. Levan type fructans are
abundant in Triticum, Hordeum and Bromus, whereas inulin types are characteristic
to e.g. Lolium species. Interestingly, bifurcose (a product of 6-SFT and precursor
to the levan type and one of the routes to the levan neoseries) has not been found
in Lolium species. According to this, four enzymes would be necessary to account
for the synthesis of the fructans identified in L. perenne, namely 1-SST, 1-FFT,
6G-FFT and 6FFT (Parvis et al. 2001). Genes coding respective enzymes in forage
crops have been isolated recently (Gallagher et al. 2004, Chalmers et al. 2003).

For wool production under grazing conditions, the sulfur-containing amino acids
methionine and cysteine are among the most limiting essential amino acids (Rogers
1990). Sunflower seed albumin 8 (SFAS8) contains high levels of methionine and
cysteine and is resistant to rumen degradation (McNabb et al. 1994). Chimeric
constructs directing the SFAS8 protein into endoplasmatic reticulum in tall fescue
leaves resulted in an up to 0.2% accumulation of SFAS in the soluble leaf protein
fraction (Wang 2001).
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A major role for reducing the high digestion rates in forage legumes has
been assigned to condensed tannins (Gruber et al. 2001). Condensed tannins are
polymeric flavonoids with protein-precipitating properties. Whereas high amounts
of condensed tannins are detrimental to ruminant digestion, moderate levels (2-3%
of dry matter) improve forage legume quality by reducing ruminal digestion rates
and avoidance of protein foaming, and thus lead to higher rates of protein conversion
into animal products (Robbins et al. 2002). Highly nutritious species such as white
clover and alfalfa have a low level of endogeneous tannins as compared to tannif-
erous forages like Lotus. The initial steps in condensed tannin biosynthesis belong
to the general flavonoid pathway and include enzymes like chalcone synthase.
Whereas genes coding for enzymes of the general flavonoid have been isolated
for long time, the first genes coding for enzymes of the condensed tannin specific
pathway such as leucoanthocyanidin reductase have been isolated more recently
(Tanner et al. 2003). As for the lignin biosynthesis pathway, regulatory genes coding
for transfactors have been envisaged as targets to manipulate tannin content, such
as myb- or myc-like genes (Gruber et al. 2001).

3. QTL FOR FORAGE QUALITY

Quantitative trait loci (QTL) mapping is a forward genetic approach, associating
trait variation with genome regions, systematically covered with molecular markers.
Several QTL mapping studies for forage traits have been conducted, e.g., in maize
(Liibberstedt et al. 1997a, b, 1998; Ralph et al. 2004), and ryegrass (Cogan et al.
2005a).

3.1. Maize

The first published QTL in relation to forage quality were based on whole plant
measurements (Liibberstedt et al. 1997a, b, 1998), in order to reflect agronomic
performance. However, the ear fraction might mask some of the variation present
for cell-wall digestibility in the stover. Nevertheless, analysis of multiple traits
including dry matter yield (DMY), dry matter content (DMC), starch content (STC)
and yield (STY), metabolizable energy content (MEC) and yield (MEY), and in
vitro digestibility of organic matter (IVDOM) revealed the “architecture” of forage
quality in whole plant samples. In total, 16 QTL were detected for IVDOM and
14 for MEY (Liibberstedt et al. 1997b, 1998) as the two major forage quality
characters. MEY was closely correlated with DMY and plant height (PHT), i.e.,
biomass production, which was also reflected by several common QTL affecting
these three characters. In contrast, IVDOM was negatively correlated with PHT,
but positively with STC and MEC as also expressed by shared QTL regions. It was
thus possible to identify those genome regions controlling IVDOM, independent of
the starch (=ear) fraction.

Subsequently QTL for cell-wall digestibility and lignification traits were studied
in different recombinant inbred line (RIL) populations (Mechin et al. 2001,
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Figure 1. Assignment of mapped forage QTL (gray boxes; according to Ralph et al. 2004) to chromo-
somal bin regions (Gardiner et al. 1993) in maize. Dark gray boxes indicate “QTL hotspots”, i.e., genome
regions detected more than once. Colocalized candidate genes (e.g. “lignin genes”) where included
(abbreviations: see Ralph et al. 2004)

Roussel et al. 2002, Cardinal et al. 2003, Ralph et al. 2004). In total, 22 different
QTL were identified for these characters (Figure 1), with some of the genome
regions detected repeatedly (chromosomal bins 1.02, 1.03, 2.08, 3.05/06, 4.08,
4.09/10, 6.06, 9.02; Gardiner et al. 1993, Ralph et al. 2004). In many cases,
QTL for cell-wall digestibility and lignin content co-localized. Moreover, several
genes involved in monolignol biosynthesis mapped to the respective QTL regions
including the isolated brown midrib genes coding for COMT (bm3) and CAD (bml)
(Ralph et al. 2004). However, each bin region of about 20 ¢cM might still contain
more than 1000 genes. Thus, additional evidence is required to proof which genes
underlie those QTL controlling forage quality or lignification.
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3.2. Forage Grasses and Forage Legumes

In forage grasses such as Lolium perenne both cell-wall digestibility especially of
flower stems and high concentration of water soluble carbohydrates like fructans
in leaves are considered as the main forage quality parameters (Yamada and
Forster 2005). QTL for herbage traits in L. perenne have been determined for
progeny of a paircross between a heterozygous and a doubled haploid genotype
(Cogan et al. 2005b), forming the p150/112 reference population of the Interna-
tional Lolium Genome Initiative (ILGI). As major traits relating to ryegrass forage
quality, in vitro dry-matter digestibility (IVDMD), neutral detergent fiber (NDF),
estimated metabolisable energy (EstME), protein content (CP), and water soluble
carbohydrates (WSC) have been determined on spaced plants employing NIRS
calibrations. In total 42 QTL have been identified for these quality traits in six
different experiments. Major QTL regions were located on linkage groups 3, 5, and
7. The QTL at linkage group 7 were located in the vicinity of three genes coding
for enzymes involved in lignin biosynthesis, COMT, CCR1, and CAD.

QTL for WSC and WSC components have been identified in a L. perenne F,
population (Turner et al. 2006), derived from contrasting grandparent plants with
regard to WSC content. Plant samples were taken from tiller and leaf bases of
spaced plants. While WSC was determined by a colorimetric assay, WSC compo-
nents including concentrations of sucrose, glucose, fructose, and fructans at different
degrees of polymerization were determined by HPLC. In total, 14 QTL for WSC
and WSC components were detected, clustering on linkage groups 1, 2, 5, and
6 (Turner et al. 2006). Major QTL explaining more than 30% of the phenotypic
variation were identified for WSC and fructan concentration on linkage group 6. Two
loci coding for alkaline invertase were mapped to linkage group 6 in the vicinity
of QTL for glucose and fructose concentration, which is in agreement with the
biochemical role of alkaline invertase to break down sucrose into fructose and glucose.

Grasses can contribute to avoid malnutrition of ruminants, as shown for grass
tetany (hypomagnesaemia) caused by grass varieties with low levels of magnesium.
Yamada and Forster (2005) reported on the mapping of QTL for concentrations
of multiple micro- and macronutrients determined by inductively-coupled plasma
mass spectrososcopy in the p150/112 mapping population. In total, 45 QTL were
identified, with major clusters on linkage groups 1, 2, 4, and 5, and QTL for
magnesium content located on linkage groups 2 and 5.

In other forage grass species such as Festuca sp. and timothy, molecular markers
and mapping populations have been developed more recently (e.g., Cai et al. 2003,
Alm et al. 2003). Thus, results on forage quality in additional forage grass species
can be expected in the near future.

Forage legumes are considered to be beneficial for the quality of forage mixtures
including grasses. High digestion rates especially of the protein fraction might result
in protein foaming or reduced conversion into ruminant biomass, which can be
controlled by moderate levels of condensed tannins (see 2.3). Although marker-
aided studies including QTL mapping have been performed in alfalfa (Brummer
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et al. 2005), white and red clover (Sawbridge et al. 2003, Herrmann et al. 20006),
investigations targeting forage legume quality are lacking so far.

3.3. Transferability of QTL

For some forage crops such as alfalfa, commercial varieties are mainly tetraploid
although diploids also exist. In this case, QTL mapping in diploids is much more
straightforward. However, QTL detected at diploid level might not be functional at the
autopolyploid level. A well known example for differences in gene action at diploid
and tetraploid level is the presence of gametophytic self-incompatibility in diploid
potatoes, whereas autotetraploid potatoes generally are self fertile (Becker 1993).
Furthermore, autopolyploids generally have enlarged cells and vegetative organs as
compared to diploid forms (Becker 1993). This implies that tetraploid performance
can only partly be predicted based on “diploid information”. Similarly, prediction
of genotype or family performance to be grown in swards based on information
obtained at the single-spaced plant level might be poor. Posselt (1984) reported a
generally lower heterosis for agronomic traits for ryegrass in swards as compared
to spaced plants. Furthermore, low correlations were found in ryegrass for seed
yield components evaluated in plots versus single plants (Elgersma 1990). Thus,
depending on the trait of interest, the mode of testing genotype or family perfor-
mance is essential with regard to the transferability of information for breeding of
superior varieties under practical conditions. Another topic relates to trait evaluation
in monoculture or mixture with other species. The latter might be closer to agronomic
practice but complicate QTL mapping. For all above mentioned questions it is
important to know the correlations between experimental and agonomic performance.

Genome regions increasing GCA within a given synthetic are of highest priority
for synthetic breeding. Hence, evaluation of testcross rather than per se performance
(after cloning of mapped genotypes) will be preferable. In hybrid breeding, per se
performance of inbreds is of minor interest compared to that of hybrid performance.
In an experiment on mapping of QTL for forage traits in maize, four segregating
populations were established within the flint heterotic pool and evaluated for forage
traits after testcrossing to elite dent tester inbreds at the hybrid level (Liibberstedt
et al. 1997a, b, 1998). The predictive value of QTL was evaluated by comparing
QTL results across testers within one population or across populations using the
same tester. The three small validation populations had zero, one, or both parent
lines in common with the large calibration population. Generally, the number of
common QTL across populations increased with the genetic similarity of mapping
populations. Almost all QTL detected in the small independent sample were also
detected in the calibration population, both derived from the same cross, or could
be explained by linked QTL with reversed gene effects. Hence, from a breeders
perspective small populations might be sufficient for detecting the most relevant QTL.

For unrelated mapping populations, about 70% of the detected QTL were specific
to each population. However, consistency of QTL across populations as well
as testers was highly trait-dependent. In conclusion, QTL or genes identified in



290 LUBBERSTEDT

different populations or test systems (like plots versus single spaced plants) need
re-evaluation in breeding populations under practical relevant conditions. No infor-
mation is available so far about the transferability of forage grass or legume QTL
from spaced plant to plot performance, or the transferability between populations.

4. FUNCTIONAL MARKERS

A concept for definition, development, application, and prospects of functional
markers (FM) in plants has recently been published (Andersen and Liibberstedt,
2003). In contrast to anonymous genetic markers such as morphological, isozyme,
or random DNA markers (microsatellites, AFLPs, RFLPs, etc), FM are derived
from polymorphic sites within genes causally involved in phenotypic trait variation.
The major drawback of anonymous genetic markers is that their predictive value
depends on the known linkage phase between marker and target locus alleles
(Luibberstedt et al. 1998). Thus, (quantitative) trait locus mapping is necessary for
each cross de novo, as different subsets of QTL are polymorphic in individual
populations, and linkage phases between marker and QTL alleles can disagree
even in closely related genotypes. In contrast, once genetic effects have been
assigned to functional sequence motifs, FM derived from such motifs can be used
for fixation of gene alleles (defined by one or several FM alleles) in a number
of genetic backgrounds without additional calibration. FM development requires
(1) functionally characterized genes, (2) allele sequences from such genes, (3)
identification of polymorphic, functional motifs affecting plant phenotype within
these genes, and (4) validation of associations between DNA polymorphisms and
trait variation. Finally, application of FM depends on the availability of robust
marker assay technologies.

Accumulation of plant nucleotide sequences proceeds rapidly with almost
2.74 million entries deposited for maize at GenBank in April 2006
(ftp://ftp.ncbi.nih.gov/genbank/gbrel.txt). However, only a limited number of genes
have so far been assigned to an “agronomic function” (Liibberstedt et al. 2005).
Furthermore, while few projects are focused on comprehensive allele sequencing
(http://www.maizegenetics.net/), the major effort has been spent on characterizing
one or few genotypes per species. The purpose of the following chapter is to
describe methods for isolation of “forage quality genes” while including the so far
functionally characterized genes.

4.1. Gene Isolation

In case of forage quality, biochemical pathways and genes coding for enzymes
of these pathways have been shown to contribute to forage quality (see 2.3).
Therefore, these genes qualify for candidate genes to be validated for their role
in respect to forage quality by hypothesis-driven “reverse genetics” approaches.
Additional genes controlling forage quality can be identified by phenotype-based
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“forward genetic” approaches. For both reverse and forward genetics, efficient high-
throughput approaches have been developed in the past decade in the area of plant
genomics, allowing for parallel evaluation of multiple genes.

4.1.1. Mutants

In maize, bm mutants have originally been identified based on their phenotypic
effect on the coloration of midribs. Later it has been shown, that bm mutants
have an increased digestibility, but inferior agronomic performance (Barriere and
Argillier 1993). Two of the four bm genes have been isolated and shown to code
for enzymes in the monolignol biosynthesis (Boerjan et al. 2003). More recently,
brittle stalk-2 (bk2) coding for a COBRA-like protein has been shown to mediate
cellulose-deposition in secondary cell-walls of maize (Ching et al. 2005). Bk2
affects both the strength and lignin content of maize stems and by this likely forage
quality. Consequently, genes involved in cell-wall biosynthesis and especially those
in the monolignol biosynthesis as well as in the polymerization of lignins can be
considered as candidate genes with respect to forage quality (Barriere et al. 2003).

Comprehensive knock-out mutant collections mainly based on the Mutator trans-
poson have been and are being established (http://www.mutransposon.org/project/)
in maize both for forward and reverse genetic screening of traits and genes. For
example, the NSF-funded Maize Gene Discovery Project uses RescueMu plasmid
rescue to create immortalized collections of insertion sites in E. coli (Lunde et al.
2003). Over 70.000 RescueMu flanking sequences have been sequenced, while
cataloging mutant seed and cob phenotypes of 23.000 maize ears, 6.200 families of
maize seedlings, and 4.000 families of adult maize plants carrying MuDR/Mu and
RescueMu insertion allele. To obtain seed, users can search the web site database
for insertions into genes of interest and then perform PCR or hybridization on
column libraries to ascertain which plant has the mutation (Lunde et al. 2003).
Respective knock-out mutant collections have not been reported so far for forage
grasses or forage legumes.

4.1.2. Transformation, RNAi, and virus induced gene silencing

Transformation for in vivo validation of gene function is established for the major
forage crops (Spangenberg et al. 2001). Transgenic manipulation of lignin biosyn-
thesis in tall fescue confirmed the central role of genes coding for CAD and COMT
in controlling forage quality in grasses (Chen et al. 2003, 2004). Down-regulation
of both genes led to improved forage quality. Since additional genes involved in
monolignol formation and in polymerization of monolignols have already been
isolated from forage grasses (Lidgett et al. 2005, Gavnholt and Larsen 2002),
validation of these genes with respect to forage quality can be expected in the
near future. Likewise, genes in fructan metabolism in ryegrass such as fructosyl-
transferases or invertases have been isolated (Chalmers et al. 2005). Transgenic
modification of fructan metabolism in grasses has so far been restricted to intro-
duction of alien (such as bacterial) genes (e.g., Ye et al. 2001).
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In forage legumes, one focus is on generation of high levels of condensed tannins
by use of genes involved in anthocyanidine biosynthesis (Robbins et al. 2005,
O’Donoghue et al. 2005), using so far genes from the model legumes Lotus ssp.
and Medicago trunculata. With respect to lignification, down-regulation of C4H
and C3H showed even stronger effects on digestibility in alfalfa as compared to
COMT and CAD (Reddy et al. 2005). The closest correlation to digestibility was
found for lignin content, but not lignin composition.

Recently, RNAi (RNA interference) has emerged as method of choice to validate
gene function in the context of plant development. The essence of RNAi is the
delivery of double-stranded RNA (dsRNA) into an organism, or cell, to induce a
sequence-specific RNA degradation mechanism that effectively silences a targeted
gene (Waterhouse and Helliwell 2003). An important aspect of using RNAi in
plant genomics is the delivery of the silencing-inducing dsRNA. This RNA can be
delivered by stably transforming plants with transgenes that encode dsRNA. It can
also be transiently delivered by bombarding plants with nucleic-acid-coated beads,
by infiltrating plant cells with transgene-carrying Agrobacterium tumefaciens or by
infecting plants with a virus, either on its own or together with a satellite virus
(Waterhouse and Helliwell 2003). At least for genes involved in lignin biosyn-
thesis, application of RNAI for generation of knock-out genotypes for gene function
validation appears to be a very promising approach (Capell and Christou 2004).
Transformation of maize and forage crops is not possible at high throughput. Alter-
natively, virus-induced gene silencing (VIGS) has been proposed for rapid in vivo
gene function tests in maize based on maize streak virus, wheat streak mosaic
virus, or barley stripe mosaic virus (Robertson 2004). In addition, VIGS has been
established for legume species (Constantin et al. 2004). However, the usefulness of
VIGS in relation to forage quality remains to be demonstrated.

4.1.3. Model species

Complete plant genomes have been sequenced for the model species A. thaliana
and for rice (The Arabidopsis Genome Initiative 2000, Goff et al. 2002, Yu et al.
2002). Maize is turning into another plant model species, given the current activities
towards completion of whole-genome sequencing and availability of multiple plant
genomics related resources (http://www.maizegdb.org/). Within legumes, compre-
hensive functional genomics projects are underway for Lotus corniculatus, L.
Jjaponica, and Medicago truncatula (VandenBosch and Stacey 2003) as well as
grain legumes such as soybean (Gepts et al. 2005).

Brachypodium distachyon has long been discussed as the ideal model species
for forage grasses. Brachypodium is a temperate grass with many growth features
in common and close phenotypic similarity to forage and turf grasses. Moreover,
orthologous ryegrass ESTs show a substantially higher sequence homology
to Brachypodium sequences as compared to rice, supporting a close evolu-
tionary relationship between these two species (unpublished data). Brachypodium
has many properties in common with the dicot model species A. thaliana,
including a similar small genome size and 5 chromosomes per haploid genome,
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a short life-cycle, and self-fertility (http://www.brachypodium.org/). Important
resources (ESTs, BAC libraries, ecotype accessions) and methods (transformation)
have already been established for Brachypodium (http://www.brachypodium.org/).
Whereas A. thaliana has been accepted as model species (as indicated by
it’s broad use in research) and proven to be useful during the last decade,
Brachypodium has not found broad acceptance until recently. However, this
will likely change after whole genome sequencing of Brachypodium has
been announced (http://www.jgi.doe.gov/sequencing/cspseqplans2007.html). The
genome sequencing of Brachypodium is expected to be completed and released to
the public domain in 2008 (http://www.jic.bbsrc.ac.uk/corporate/media-and-public/
current-releases/060712.htm).

The term “function” in functional genomics relates to some basic characteristics of
genes (e.g. mutant phenotype, biochemical properties, expression pattern of selected
genotypes). The ambition for A. thaliana is to characterize the function of all
genes of this species until 2010 (http://www.arabidopsis.org/info/2010_projects/).
Genes of interest can, in principle, be identified for any forage crop by
exploiting information based on sequence homology or conserved map position
provided from model species. While the usefulness of model species in reverse
genetics approaches due to synteny relationships among genomes of related
species (see 5.4) is obvious, their implementation in forward genetics strategies
to identify novel genes (outside the pathways described under 2.3) controlling
forage quality (“agronomic function”) especially of perennial crops might be limited.

Since genomic resources for major forage species have substantially increased
over the past five years, they might serve as “model crops” for a broad
range of related forage grasses or legumes. Meanwhile (5/2006) about 40.000
ESTs each have been released for Festuca arundenacea and Trifolium pratense
(http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html). More than 10.000
ESTs have been published for the two Lolium species L. multiflorum and L.
temulentum. Substantial numbers of ESTs have been generated for L. perenne
(>70.000; Sawbridge et al. 2003, Asp et al. 2006), and T. repens (>30.000;
Spangenberg et al. 2003), but not released so far. Furthermore, a compre-
hensive collection of “gene thresher” genomic sequences has been produced for
L. perenne (http://www.vialactia.co.nz/news/newsitem.asp?id=61), and partly built
into GRAMENE (http://www.gramene.org/). International consortia have been
formed addressing the development of genomic tools including physical maps and
large scale sequencing in Lolium and Festuca species (e.g., European Lolium and
Festuca Initiative (ELFIN); http:/www.iger.bbsrc.ac.uk/elfin/) as well as Trifolium
species (International Trifolium Network (ITN), inaugurated 7/2005 at IGER,
Aberystwyth, UK).

4.1.4. Sequence homology and synteny

An important question in forage grasses and legumes is, whether the model
species investigated are phylogenetically close enough to extract meaningful infor-
mation by comparative genomics. This seems to be the case within the grass
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family (Devos and Gale 2000, http://ukcrop.net/comparative.html), but also legumes
(Choi et al. 2004). Genes identified in, e.g., a single grass species might be
directly used in different forage grasses by gene transfer or for identification of
orthologous genes to develop allele-specific markers. An example is the conserved
organization of vernalization genes in cereals and forage grasses (Yan et al. 2003,
2004, Jensen et al. 2005a, Andersen et al. 2006). However, identification of ortho-
logues is not always straightforward, as illustrated for the bm3 gene coding for
COMT, mapping on chromosome 4 in maize (Figure 1) and linkage group 7
in ryegrass (Cogan et al. 2005b). According to Alm et al. (2003) describing
the synteny between several grass species including maize and ryegrass, no
orthologous genome regions between maize chromosome 4 and ryegrass linkage
group 7 were discovered at the macrosynteny level. This missing relationship
might be detected at the microsynteny level, once more sequence information
is available. Moreover, exploitation of synteny to identify relevant loci across
species might be complicated in case of gene families, such as in the case of
laccases and peroxidases involved in the polymerisation of monolignols (Ralph
et al. 2004). However, several relevant forage grasses or legumes are closely
related, increasing the chance for transferability of synteny-based information within
these two groups of species. A promising system for information transfer between
different forage grasses as well as rice are L. perenne | Festuca pratensis intro-
gression families exploiting high levels of polymorphism between both crossable
species with markers or sequences assigned to the rice genome sequence for
“introgression landing”, as demonstrated for the fine mapping and candidate gene
identification for the F. pratensis stay green locus (King et al. 2005).

The original synteny studies have been based on RFLP mapping across species
using cDNA probes (Devos and Gale 2000). Grass genomes were shown to be
organized in a limited number of chromosome blocks. More recent availability of
complete genome sequences in Arabidopsis and rice and sequenced BAC contigs
in other species as well as comprehensive (mapped) EST collections led to re-
evaluation of the synteny concept (Delseny 2004). These sequencing projects
revealed numerous polyploidization events after speciation even in the small genome
species A. thaliana (Blanc et al. 2003), but also in rice and maize (Salse et al.
2004). Furthermore, large genomes like the maize genome have been invaded
by retrotransposons resulting in reshuffling of original ancestral genomes due to
duplications, deletions, illegitimate recombination etc. (Delseny 2004). Since these
events occurred after speciation of maize, substantial differences have been reported
between larger allelic sequence stretches even within maize among different inbred
lines (Fu and Dooner 2002, Brunner et al. 2005). An in silico alignment of
genomic rice sequence with mapped maize EST sequences identified larger collinear
chromosome regions between rice and maize in agreement with previous studies
(Salse et al. 2004). However, fine-scale analysis revealed besides several duplicated
regions numerous internal rearrangements within syntenic chromosome blocks. In
conclusion, rice can be used to identify candidate genes in a target region identified
in maize, but the order and number of genes might be altered at the microsynteny
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level between rice and maize. The high flexibility regarding chromosome mutations
(Brunner et al. 2005) might be specific for the maize genome.

4.1.5. Map-based gene isolation

In maize, map-based gene isolation of QTL controlling forage quality will become
much more efficient with the availability of the whole genome sequence in a few
years. All relevant additional resources needed for map-based gene isolation such
as mapping populations, BAC libraries, markers at high density are already publicly
available (http://www.maizegdb.org/).

In forage grasses and legumes, BAC libraries have been reported for L.
perenne, F. pratensis, and T. repens (Farrar et al. 2005, Spangenberg et al. 2003,
Donnison et al. 2005). Combined with the increasing availability of molecular
markers in these species (see 3.2; Jensen et al. 2005b, Liibberstedt 2005), map-based
gene isolation has generally become possible. In addition, large numbers of SSRs
have recently been published for timothy (>300; Cai et al. 2003) and red clover
(>1200; Sato et al. 2005).

4.1.6. Expression profiling

Microarray-based expression profiling enables the simultaneous study of several
and ultimately all genes of an organism in one experiment. In maize,
publicly available microarrays contain currently PCR fragments from more than
10.000 different ESTs (http://www.maizegdb.org/microarray.php), about 18.000
probe sets covering 15.000 different genes (http://www.affymetrix.com/products/
arrays/specific/maize.affx), whereas long oligo microarrays include 58.000 different
oligonucleotides (http://www.maizearray.org/). Since current maize microarrays
do not cover all maize genes, complementary approaches can be employed to
identify, e.g., rare transcripts, such as suppression subtractive hybridization (SSH)
(Diatchenko et al. 1996). The SSH procedure enriches cDNA libraries for low-
abundant and differentially expressed mRNAs by normalization (Diatchenko et al.,
1996). Shi et al. (2005) used SSH combined with macroarray hybridization to
identify differently expressed genes in near isogenic lines for virus resistance genes
in maize.

Expression profiling was employed to identify novel candidate genes involved
in forage quality using maize unigene (cDNA) microarrays as well as macroarrays
containing SSH derived EST fragments differentially expressed in a Bm3/bm3
isogenic line contrast (Shi et al. 2006, Liibberstedt et al. 2006). About 10% of
the sequences on the microarray were mapped in silico allowing an assignment of
respective differentially expressed genes to maize chromosomes. “Stems” (more
precisely: leaf sheaths) of 5-7 week old maize plants were compared in isogenic
comparisons in three genetic backgrounds (KWa, KWb: inbreds from KWS Saat
AG; public line F2) with respect to bml, bm2, and bm3. Moreover, extremes of
three QTL mapping populations differing in cell-wall digestibility were bulked and
compared with respect to differential expression (Liibberstedt et al. 2006; Shi et al.,
2007). Summarized over the different comparisons, several 1000 genes showed
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significant differential expression in individual experiments. Moreover, most genes
involved in monolignol biosynthesis showed differential expression in at least
one of the Bm/bm isogenic comparisons. When comparing Bm3/bm3 isogenic line
contrasts in KWa, KWb, and F2, 53 genes were consistently differentially expressed.
Although the bm3 gene is located at chromosome 4, mapped differentially expressed
genes in isogenic bm3 contrasts were distributed across all maize chromosomes.
Thus, isogenic contrasts for a well characterized candidate gene or genome region
might reveal additional genes of interest based on differential expression involved
in the same metabolic pathways or with regulatory function. For further investiga-
tions, differentially expressed genes cosegregating with forage quality QTL have
high priority. In the study of Bm/bm isogenic contrasts (Shi et al. 2006), at least one
differentially expressed gene was identified per chromosomal bin region (Gardiner
et al. 1993) for each of the forage quality QTL described by Ralph et al. (2004).

For ryegrass and white clover, the International Transcriptome Initiative for
Forage and Turf (ITIFT) for forage plant gene discovery based on expression
profiling has been announced recently (Webster et al. 2005). Currently 15k cDNA
unigene microarrays are provided for each ryegrass and white clover. Most likely,
such microarrays will be useful for other closely related forage species such
as Festuca ssp. Moreover, Affymetrix microarrays are meanwhile available for
rice, wheat, and M. trunculata (http://www.affymetrix.com/community/research/
consortia.affx), which should be useful in heterologous hybridization studies, as
demonstrated, e.g., for alfalfa (Aziz et al. 2005, May 2005).

4.2, Allelic Diversity

Once genes affecting forage quality have been identified, the next step towards
development of functional markers is the identification of polymorphisms within
these genes causally affecting the target trait.

4.2.1. Association studies in maize

One major limitation in “classical” QTL studies is the low number of (typically 2—4)
segregating alleles, adding to the QTL transferability problem. More recently, more
complex population structures allowing simultaneous evaluation of multiple alleles
at different levels of genetic resolution have been proposed (Thornsberry et al. 2001,
Churchill et al. 2004). Assignment of an “agronomic function” to short sequence
motifs can be achieved by candidate gene based association studies (Risch 2000).
This approach is limited by linkage disequilibrium (LD), i.e. haplotype structures in
the gene(s) of interest. However, for several genes a generally low LD was detected
in maize (Remington et al. 2001; Flint-Garcia et al. 2003), including examples in
elite materials (Zein et al. 2007). Thus, candidate gene-based association studies are
promising in maize. In heterogeneous genotype collections associations identified
for specific sites might be confounded with effects from other genome regions
especially in case of population stratification (Pritchard et al. 2000), which needs
to be taken into account for interpretation of results from association studies.
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In a pioneering study, Thornsberry et al. (2001) demonstrated the feasibility
of association studies in maize to identify sequence polymorphisms within genes
affecting characters of agronomic significance. While taking population structure
into account, nine SNP or INDEL polymorphisms were shown to significantly
affect flowering time in a set of 92 diverse maize lines. In part, these results were
confirmed in a collection of European elite inbred lines (Andersen et al. 2005). The
major reason for non-significance of some of the nine polymorphisms identified
very likely the much narrower genetic material investigated by Andersen et al.
(2005) as compared to Thornsberry et al. (2001).

First reports on association studies for genes involved in cell wall biosynthesis
confirm that these pathways are promising targets for identification of polymorphic
sites associated with forage quality, and thus FM development (Barriere et al.
2003). Zein et al. (2006) investigated the sequence variation at the Bm3 locus in
a collection of 42 European maize inbred lines, contrasting with respect to stover
DNDF and relevant for hybrid maize breeding in Central Europe. For association
with forage quality, stover digestibility was determined in six environments between
2001 and 2003 in Germany (heritability >0.9). One INDEL polymorphism within
the intron revealed significant association with stover digestibility (Liibberstedt
et al. 2005). In a study of Guillet-Claude et al. (2004a), polymorphisms both in
the AIdOMT (= Bm3) and the CCoAOMT?2 but not CCoAOMT1 coding genes
showed significant association with maize digestibility. Moreover, polymorphisms
in the maize peroxidase gene ZmPox3 were also significantly associated with
maize digestibility (Guillet-Claude et al. 2004b). In conclusion, availability of
qualified candidate genes can be effectively converted into informative molecular
markers by means of association studies. In maize, comprehensive association
studies are ongoing in the group of E. Buckler (http://www.maizegenetics.net/),
were 18 genes are studied in a panel of 102 maize genotypes, and within Genoplante
(e.g. Guillet-Claude et al. (2004a)).

4.2.2. Association studies in forage grasses and legumes

Association studies based on candidate genes are especially promising in species
with a generally low linkage disequilibrium (Flint-Garcia et al. 2003), as can be
expected for outcrossing forage crops. Studies on systematic allele-sequencing and
association studies in ryegrass are currently ongoing in the EU project GRASP
(http://www.grasp-euv.dk, Xing et al. 2006), including genes involved in lignin
biosynthesis (Liibberstedt et al. 2003). First results from a similar project aiming at
development of gene-derived SNP markers in ryegrass, including genes from lignin
and fructan biosynthesis, have been presented by Pointing et al. (2005) and Forster
et al. (2005). SNP development and association studies have been initiated in white
clover as well (Forster et al. 2006).

4.2.3. TILLING

TILLING (McCallum et al. 2000) can be employed to relate sequence polymor-
phisms with phenotypic variation. Variants for virtually all genes of interest in a
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fixed genetic background can be produced by TILLING (McCallum et al. 2000).
The advantage of TILLING as compared to association studies is that isogenic lines
are compared avoiding statistical artefacts due to population structure effects. The
disadvantage of TILLING is that establishing a comprehensive TILLING population
covering most genes is quite laborious. Therefore, TILLING populations are usually
restricted to one or few genetic backgrounds and the alleles fixed within the
respective “background genotypes”. Thus, if a knock-out allele is fixed at a locus of
interest, it might be not possible to identify revertants. Two TILLING populations
for maize have been produced at Purdue (http://genome.purdue.edu/maizetilling/)
in B73 and W22 background, available for the maize research community. Within
the next few years, 150 maize genes will undergo systematic studies using this
resource (http:/genome.purdue.edu/maizetilling/). The development of TILLING
populations in forage grasses and legumes is complicated by the lack of homozygous
diploid inbred lines in most species, since both phenotypic and heteroduplex analysis
in segregating offspring of heterozygous genotypes is impaired. Kardailsky et al.
(2005) reported the first TILLING population in ryegrass. In the longer run, estab-
lishment of homologous recombination as established in moss (Physcomitrella
patens) (Schaefer and Zryd 1997) would be desirable to generate isogenic