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PREFACE

Cereals make an important component of daily diet of a major section of
human population, so that their survival mainly depends on the cereal grain
production, which should match the burgeoning human population. Due to
painstaking efforts of plant breeders and geneticists, at the global level, cereal
production in the past witnessed a steady growth. However, the cereal
production in the past has been achieved through the use of high yielding
varieties, which have a heavy demand of inputs in the form of chemical
fertilizers, herbicides and insecticides/pesticides, leading to environmental
degradation. In view of this, while increasing cereal production, one also
needs to keep in mind that agronomic practices used for realizing high
productivity do not adversely affect the environment. Improvement in cereal
production in the past was also achieved through the use of alien genetic
variation available in the wild relatives of these cereals, so that conservation
and sustainable use of genetic resources is another important area, which is
currently receiving the attention of plant breeders.

The work leading to increased cereal production in the past received strong
support from basic research on understanding the cereal genomes, which need
to be manipulated to yield more from low inputs without any adverse effects
as above. Through these basic studies, it also became fairly apparent that the
genomes of all cereals are related and were derived from the same lineage,
million of years ago. The availability of molecular markers and the tools of
genomics research have provided unprecedented power for dissecting these
genomes further for resolving details, which could not be examined earlier
due to low resolving power of the then available techniques and approaches.
Genomics is an area of research, which has undergone exponential growth
during the last more than one decade, and has led to generation of knowledge
at an accelerated pace. In each cereal, this has led to the development of large
repertoires of molecular markers, construction of high density molecular
maps (both genetic and physical maps), generation of large number of
expressed sequence tags (ESTs), and sequencing of regions carrying specific
genes. This has also demonstrated that there is synteny/collinearity among
cereal genomes, although rearrangements of DNA segments are frequent.
Rice genome has also been sequenced, and a comparison of ESTs of wheat
with rice genome sequences suggested that perhaps rice genome sequence
would not always and under all conditions prove useful to predict and
discover genes in other cereals. This has led to the realization that gene-rich
regions of other cereals will also have to be sequenced to bring about the
desired improvement in all these cereals. Identification and cloning of QTLs
including those involved in epistatic and environmental interactions, or those
involved in controlling the level of expression of genes (eQTLs) is another
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area, which is receiving increased attention of geneticists and statisticians
world over. These approaches are supposed to help plant breeding through
both, the marker assisted selection (MAS) and transgenic cereals.

The data and knowledge generated through cereal genomics research during
the last more than a decade is enormous, so that entire issues of journals like
Plant Molecular Biology, Plant Cell, Plant Physiology, and Functional and
Integrative Genomics (F&IG) have been devoted to cereal genomics.
However, on this subject, no book was available so far, where the students,
teachers and young research workers could find all information on cereal
genomics at one place. The present book hopefully should fill this gap and
may prove useful not only for teaching, but also in the initial years of
research career of students working in the area of cereal genomics.

The editors are grateful to the authors of different chapters (see Appendix 1),
who not only reviewed the published research work in their area of expertise
but also shared their unpublished results to make the articles up-to-date. We
also appreciate their cooperation in meeting the deadlines and in revising
their manuscripts, whenever required. While editing this book, the editors
also received strong support from many reviewers (see Appendfix II), who
willingly reviewed the manuscripts for their love for the science of cereal
genomics, and gave useful suggestions for improvement of the manuscripts.
However, the editors owe the responsibility for any errors that might have
crept in inadvertently during the editorial work.

The book was edited during the tenure of PKG as UGC Emeritus
Fellow/INSA Senior Scientist at CCS University, Meerut (India) and that of
RKYV as a Post-doctoral Research Scientist at IPK, Gatersleben (Germany).
The cooperation and help received from Noeline Gibson and Jacco Flipsen of
Kluwer Academic Publishers during various stages of the development and
completion of this project is duly acknowledged. Sachin, Pawan and
Shailendra helped PKG in the editorial work. The editors also recognize that
the editorial work for this book has been quite demanding and snatched away
from them some of the precious moments, which they should have spent
together with their respective families.

The editors hope that the book will prove useful for the targeted audience and
that the errors, omissions and suggestions, if any, will be brought to their
notice, so that a future revised and updated edition, if planned, may prove
more useful.

P. K. Gupta
R.K. Varshney



Chapter 1

CEREAL GENOMICS: AN OVERVIEW

Pushpendra K. Guptal’* and Rajeev K. Varshney2

'Ch Charan Singh University, Meerut- 250004, U.P., India; ’Institute of Plant Genetics and
Crop Plant Research (IPK), Corrensstrasse 3, D-06466 Gatersleben, Germany.

* Author for correspondence: pkgupta36@vsnl.com

1. INTRODUCTION

Cereals are widely cultivated and produce annually, 1800 to 1900 million
tonnes of food grains worldwide (see Table 1; FAO website
http://apps.fao.org). Cereals also represent 60% of the calories and proteins
consumed by human beings. They include a variety of crops including rice,
maize, wheat, oats, barley, rye, etc., but excluding millets like pearl millet
and other minor millets. In the past, cereals have been a subject of intensive
cytogenetic investigations that are now extended further in the genomics era
using powerful tools of molecular biology. The progress in cereal genomics
research during the last two decades, involving the use of molecular markers
for a variety of purposes, and the whole genome sequencing in rice has been
remarkable indeed. The results of genomics research resolved many aspects,
which the conventional cytogenetics failed to resolve. For instance, this
involved initially the preparation of molecular maps, which were utilized
extensively for comparative genomics and cytogenomics. Cereal genomes
have also been subjected to both structural and functional genomics research,
which during the last two decades covered both basic and applied aspects. As
a result, not only we understand better the genomes of major cereals and the
mechanisms involved in the function of different cereal genes, but we have
also utilized information generated from genomics research in producing
better transgenic crops, which will give higher yields, sometimes with value
addition. Transgenic cereals will also be available, which will be resistant to
major pests and diseases and will be adapted to changing environmental
conditions. In this book, while we have tried to cover for cereal crops, the
areas involving molecular markers, whole genome sequencing (WGS) and

1
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Cereal genomics: An overview 3

the functional genomics, by choice we have not included the transgenics,
which involve only an application of genomics research and do not make a
part of genomics research itself. We realize that cereal genomics has been the
subject of several special issues or sections of journals like PNAS, USA
(Volume 95 issue no.5, March 1998), Plant Molecular Biology (Volume 48
issue no. 1-2, January 2002), Plant Physiology (Volume 125 issue no. 4,
March 2001; Volume 130 issue no. 4, December 2002), Functional &
Integrative Genomics (Volume 3 issue no. 1-2, March 2003; Volume 4 issue
no.1, March 2004), etc. Several review articles also adequately cover the
present status of research on this important subject (Gale and Devos, 1998;
Goff, 1999; Bennetzen, 2000; Devos and Gale, 2000; Wise, 2000; Edwards
and Stevenson, 2001; Lagudah er al, 2001; Feuillet and Keller, 2002;
Rafalski, 2002; Appels et al., 2003; Bennetzen and Ma, 2003; Paterson et al.,
2003, etc). However, the subject has not been presented elsewhere in the
form of a book that may be used for teaching and research, and hence the
present effort of this book on cereal genomics.

2. MOLECULAR MARKERS: DEVELOPMENT
AND USE IN GENOMICS RESEARCH

2.1. Construction of Molecular Maps

A variety of molecular markers is now known and their development and use
has been a subject of intensive research in all cereals. The subject has been
adequately covered in several recent reviews (Kumar, 1999; Koebner et al.,
2001; Gupta et al., 2002), but none of these reviews adequately covers all
aspects. In the present book, 12 of the 20 chapters are devoted to the
discussions on different types of molecular markers and their uses. The
availability of molecular marker maps of cereal genomes, with varying
density and resolution, has also facilitated comparative genomics studies.
The group led by Mike Gale at John Innes Center (JIC), Norwich (UK), is
regularly updating these results. Availability of a number of marker assays
provides ample opportunity for exercising choice of a suitable marker system
based on intended objective, convenience and costs. In this book, the
different molecular marker systems and their evaluation in cereal genomics is
being discussed in Chapter 2 by Daryl Somers from Winipeg (Canada).
Rajeev Varshney and Andreas Boerner from Gatersleben and Viktor Korzun
from Bergen have covered the methods for the preparation of molecular
maps and the progress made so far in preparation of these maps in Chapter 3.
It will be noticed that while significant progress has been made in the
preparation of molecular maps in cereals, most of these maps are based on
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RFLPs, the first molecular marker system that became available in early
1980s (for details see Philips and Vasil, 1994, 2001). Progress has also been
made in the preparation of microsatellite maps. Although in the past it has
been expensive and cumbersome to generate microsatellites, they have now
been generated in almost all cereal species (Gupta and Varshney, 2000). For
instance, a microsatellite map of maize genome with 900 SSR markers
became available recently (Sharopova et al., 2002; total ~1800 SSR mapped
loci available as on October 2001; http://www.agron.missouri.edu/ssr.html),
and another integrated microsatellite map with ~1000 SSR loci is now
available in bread wheat (D. Somers, Canada, personal communication).
Moreover, in recent years a large amount of sequence data has been/is being
generated in many cereals from several genome sequencing and EST
sequencing projects (see Table 1). Therefore the available sequence data is
also being exploited for development of microsatellite markers (Kantety et
al., 2002; Varshney et al., 2002; Gao et al., 2003). In this direction, more
than 2000 SSR loci have already been mapped in rice (McCouch et al., 2002)
and work is in progress in other cereals like barley (Varshney et al.,
unpublished) and wheat (M. Sorrells, USA, personal communication).
Availability of sequence data also provided the next generation of markers,
i.e. single nucleotide polymorphism (SNP, popularly pronounced as snip).
However, SNP discovery is costly, so that the construction of SNP maps in
cereals will take time. This is in sharp contrast to the situation in human
genome, where a large number of microsatellites and at least two million
SNPs have already been mapped. A programme for the preparation of a
HapMap for the human genome, utilizing haplotypes, based on SNPs, was
also initiated in late 2002 under the SNP Consortium (http://snp.cshl.org/;
The International HapMap Consortium, 2003). Among cereals, SNPs are
now being discovered and will be extensively used in future for genotyping
in crops like barley, rice, maize and wheat. EST-based SSRs, SNPs, or
RFLPs, are also being used for construction of ‘functional or transcript maps’
in many cereals like rice (Kurata et al., 1994; Harushima et al., 1998; Wu et
al., 2002), maize (Davis et al., 1999), barley (A. Graner, Germany, personal
communication). EST-based markers are also being used, firstly, to assess
functional diversity, and secondly, to anchor genic regions in BAC/YAC-
based physical maps, etc. Physical maps have also been prepared in some
cereals like rice (Tao et al., 2001; Chen et al., 2002), maize (Yim et al.,
2002; http://www.agron. missouri.edu/maps.html), sorghum (Klein et al.,
2000; Childs et al., 2001; http://sorghumgenome.tamu.edu/), etc. However,
construction of BAC/YAC-based physical maps is difficult in large and
complex genomes like those of wheat and barley. Therefore, for physical
mapping, translocation breakpoints (aneuploid stocks) were used in barley
(Kiinzel et al., 2002) while deletion lines (another aneuploid stocks)- are
being used in wheat (B.S. Gill, USA, personal communication;
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http://wheat.pw.usda.gov/NSF/progress mapping. html). At SCRI in UK,
efforts are underway for prepartion of local physical maps in barley by using
radiation hybrids (RH) or HAPPY mapping (Waugh ef al., 2002; Thangavelu
etal., 2003).

Physical maps are important for chromosome walking in map-based cloning
projects (see later) and have also facilitated identification of gene rich
regions in large genomes, which are too big to be used for whole genome
sequencing. These gene rich regions will be the target for genome sequencing
in these crops e.g. wheat (see later) where BAC libraries are already
available. This aspect of gene distribution, gene density and gene islands has
been discussed by Kulvinder Gill, Washington (USA) in Chapter 12. It has
been shown that cereal genomes possess gene-rich and gene-poor regions
(Akhunov ef al., 2003). Moreover physical location, structural organization
and gene densities of the gene-rich regions are similar across the cereal
genomes (Feuillet and Keller, 1999; Sandhu and Gill, 2002). Despite this,
cereal genomes greatly vary in their size, which is attributed to the presence
of varying amounts of repetitive sequences in these genomes (Heslop-
Harrison, 2000). Repetitive sequences can be found in the genome either in
tandem arrays or in a dispersed fashion. Therefore repetitive sequences can
be classified into 3 categories: (i) transposable including retrotransposon
elements, which are mobile genetic elements; (ii) microsatellite sequences,
which are tandemly repeated DNA sequences (also called simple sequence
repeats, SSRs); and (iii) special classes such as telomeric/ centromeric
sequences or rDNA units, etc. First two classes constitute a major proportion
of the repetitive sequences, present in the genome. During the last decade, a
number of studies have been carried out to study physical organization of
retrotransposons in several plant genomes including cereals (for references
see Kumar and Bennetzen, 1999; Wicker et al., 2002). The fraction of the
genome contributed by retrotransposons increases with genome size from
rice, the smallest cereal genome (430 Mb, ~14% LTR retrotransposons,
Tarchini et al., 2000), through maize (2500 Mb, 50-80% LTR
retrotransposons, SanMiguel et al., 1996) to barley (5000 Mb, >70% LTR
retrotransposons, Vicient et al, 1999). Contribution and organization of
retrotransposons and microsatellites in cereal genomes has been discussed by
Alan Schulman from Helsinki (Finland) and the editors of this book in
Chapter 4.

2.2. Comparative Genomics

The availability of molecular maps for all major cereal genomes facilitated
studies on comparative mapping, where rice genome was used as the anchor
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genome and all cereal genomes could be expressed in the form of -30 odd
genomic blocks derived from the rice genome (Moore et al., 1995; Gale and
Devos, 1998). These studies also led to the conclusion that maize genome
really consists of two genomes of five chromosomes each and is therefore an
archaic tetraploid (Devos and Gale, 2000). Comparative studies revealed a
good conservation of markers within large chromosomal segments of the
cereal genomes. However, mapping of resistance gene analogs (RGAs)
isolated from rice, barley and foxtail millet showed limited orthology (Leister
et al., 1999). In recent years, isolation and sequencing of large genomic DNA
fragments (100-500 kb) from many cereals provided further insights about
the conservation of gene order between different cereal genomes at the sub-
megabase level i.e. micro-colinearity (Chen et al., 1997, 1998; Dubcovsky et
al., 2001), although evidence for disruption of this collinearity is also
available in some cases (Tikhonov et al., 1999; Tarachini et al., 2000; Li and
Gill, 2002). The comparative genomic studies also resolved a large number
of duplications, translocations, and inversions that accompanied the evolution
of these cereal genomes and could not be earlier resolved by conventional
tools of cytogenetics research (Paterson ef al., 2000; Benntezen, 2000;
Bennetzen and Ma, 2003). Thus, the detailed studies on comparative
genomics of cereals facilitated researchers to utilize information generated
from one cereal genome for that of the other (see Bellgard er al., 2004).
These aspects related to comparative mapping and genomics have been
covered by Andrew Paterson from Athens (USA) in Chapter 5.

2.3. QTL Analysis: Its Use in Study of
Population Structure and for Crop Improvement

Molecular markers have also been used for the study of population structures
in the progenitors of our major cereals, which has been discussed by Eviatar
Nevo, Haifa (Israel) in Chapter 6. Another important area of genomics
research is QTL analysis (including QTL interval mapping), which has been
utilized for mapping of QTL for a variety of economic traits and for
developing markers that are closely associated with these QTLs in different
cereal crops. One of the offshoots of this research is also the identification of
traits and the associated QTL, which led to the domestication of cereals
(Paterson et al., 1995; Heun et al., 1997; Badr et al., 2000; Ozkan et al.,
2002; Salamini et al., 2002; Peng et al., 2003). This aspect has been
discussed in Chapter 7 by Francesco Salamini and his colleagues from
Cologne (Germany), Lodi and Milan (Italy). One of the major benefits of
QTL analysis would also be to identify QTL for resistance against biotic and
abiotic stresses and the associated molecular markers (e.g. Ordon et al.,
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1998; Friedt ef al., 2003; Ribaut et al., 2002), so that this information will be
utilized in future either for the marker-aided selection or for the isolation of
these QTL through map-based cloning. Exploitation of molecular markers for
identification of genes/QTLs for disease resitance in barley and wheat has
been discussed in Chapter 8 by Ahmed Jahoor and his colleagues from
Roskilde and Horsens (Denmark). Similarly, identification of genes/QTLs
conferring tolerance to abiotic stresses have been discussed in Chapter 9 by
Roberto Tuberosa and Silvio Salvi from Bologna (Italy).

2.4. Marker -Assisted Selection (MAS)
and Map-Based Cloning (MBC)

Marker-assisted selection (MAS) is a powerful tool for indirect selection of
difficult traits at the seedling stage during plant breeding, thus speeding up
the process of conventional plant breeding and facilitating the improvement
of difficult traits that can not be improved upon easily by the conventional
methods of plant breeding (Ribaut and Hoisington, 1998). It has been
realized that despite extensive research in this area, MAS has not been put to
practice in actual plant breeding, to the extent earlier anticipated (see
http://www.fao.org/biotech/logs/c10logs.htm). The reasons for lack of
activity involving MAS, and the future possibilities of using MAS in wheat
and barley breeding have recently been discussed in some reviews (Koebner
et al., 2001; Koebner and Summers, 2003; Thomas, 2002, 2003), etc. It has
however been recognized that with the availability of a large repertoire of
SSR markers in majority of cereals and with the developments of SNPs at an
accelerated pace, MAS will be effectively used in future to supplement the
conventional plant breeding. In Chapter 10 of this book, Robert Koebner
from Norwich (UK) is dealing with the present status and future prospects of
MAS in cereals.

Production of transgenic cereals requires isolation of important genes for
agronomic traits (including those for resistance to diseases). Identification of
closely linked markers with such genes provides the starting point for map-
based cloning (MBC) of these genes. There are three major requirements for
map-based gene isolation (Ordon et al., 2000; Wise, 2000): (i) a high
resolution genetic map spanning the gene of interest, (ii) availability of a
large-insert genomic YAC or BAC library, (iii) multiple independent mutant
stocks and (iv) an efficient transformation system for use in functional
complementation. All these resources either have become available or their
generation is in progress in almost all the cereals (Table 1). Some of the
resistance genes that have been isolated include the following, i.e. Mlo
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(Biischges et al., 1997), Mla (Wei et al., 1999), Rarl (Lahaye et al., 1998;
Shirasu et al., 1999), Rpgl (Hovrath et al., 2003) in barley; xa-21 (Song et
al., 1995), xa-1 (Yoshimura et al., 1998), PiB (Wang et al., 1999); Pi-ta
(Bryan et al., 2000) in rice; and LrI0 (Stein et al., 2000; Feuillet et al.,
2003), Lr21 (Huang et al., 2003) and Pm3 (Yahiaoui ef al., 2003) in wheat.
In rice, progress is underway to isolate xa-5 (Blair er al., 2003), genes
required from rice yellow mosaic virus (RYMV movement) (Albar et al.,
2003). In recent years some studies have targeted cloning of QTLs also by
using MBC approach (see Yano, 2001). For instance, a fruit weight2.2
(fw2.2) QTL in tomato (Fraray et al., 2000) and two major photoperiod
sensitivity QTLs, HdI (Yano et al., 2000) and Hd6 (Takahashi et al., 2001)
in rice have recently been isolated. As an example for QTL isolation in
cereals other than rice, Vgzl responsible for transition from vegetative to the
reproductive phase in maize is looked upon as one possible target (Salvi et
al., 2002). With the availability of resources and expertise, developed
recently, it is expected to isolate some important QTLs in other cereals also
in the near future. In Chapter 11, Nils Stein and Andreas Graner from
Gatersleben (Germany) have discussed methodology and progress in the area
of MBC. Gene tagging using transposon induced mutant populations together
with ¢cDNA approaches are also gaining importance in some cereals like
maize (Bensen et al., 1995; Das and Martienssen, 1995; for review see
Osborne and Baker, 1995 and Walbot, 2000), rice (Hirochika, 1997; Izawa et
al., 1997; Zhu Z.G. et al., 2003), barley (Scholz et al., 2001), etc.

3. LARGE- SCALE GENOME/ TRANSCRIPTOME
SEQUENCING AND ITS UTILIZATION

3.1. Methods and Progress of
Whole Genome Sequencing (WGS) in Cereals

Among higher plants, Arabidopsis genome is the first to be fully sequenced
(TAGI, 2000). However, during the last two years (2001-2003) four drafts of
rice genome sequences have also become available and are being extensively
utilized for a variety of purposes (Barry, 2001; Goff et al., 2002; Yu et al.,
2002; IRGSP- http://rgp.dna.affrc.go.jp/IRGSP/). The high quality sequences
for three rice chromosomes 1, 4 and 10 have also been completed and
published (Sasaki ef al. 2002; Feng et al. 2002; The Rice Chromosome 10
Sequencing Consortium, 2003). As we know, two different approaches are
available for whole genome sequencing, one of them involving preparation
of physical maps of BACs first, and then sequence the genome BAC-by
BAC, and the other involving whole genome shotgun (WGS) approach
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pioneered by James C. Venter, Rockville (USA) for the human genome
(Venter et al., 1998). Both these approaches have been utilized for whole
genome sequencing of rice genome. In Chapter 13, Yeisoo Yu and Rod Wing
from Tucson (USA) presents a detailed account on the methodology and the
progress made in this direction. After completion of sequencing of
Arabidopsis and rice genomes, efforts are underway to characterize and
annotate all the genes in these two genomes. Information generated from
these genomes will continue to prove very useful in different aspects of
genomics research in other cereals. Takuji Sasaki and Baltazar Antonio from
Tsukuba (Japan) have discussed the rice genome as a model system for
cereals in Chapter 18. Similarly, in Chapter 17, Klaus Mayer and his
colleagues from MIPS, Neuherberg (Germany) have discussed the
Arabidopsis genome and its use in cereal genomics. However, some cereals
like barley have a unique property of malting, which makes it different from
other cereals. This suggests that at least for this particular trait, barley
genome has genes, which are absent in Arabidopsis and rice genomes.
Similar unique genes for some other traits may be available in other cereals
also. Therefore, several large-scale EST sequencing projects were initiated in
barley, wheat, sorghum, maize, etc. and as a result large amount of data has
been generated (Table 1). Due to importance of maize as a cereal crop, the
Maize Genome Sequencing Project is also underway (Chandel and Brendel,
2002; http://www.maizegenome.org/). It is believed that the maize genome
sequence will be useful for annotation of rice genome in the same manner as
mouse genome proved useful for the human genomes (Gregory et al., 2002).
However, barley and wheat are also important cereals, but whole genome
sequencing has not been planned for these two cereals due to their large
genome size (Tablel). However, in an ITMI meeting (Winipeg, Canada, June
1-4, 2002) Bikram Gill and other cereal workers discussed the concept of
IGROW (International Genome Research on Wheat) to lead wheat genome
sequencing and improvement effort for the next 10 years. IGROW has the
following objectives: (i) identification of gene-rich regions by using BAC-
library and Cot-based procedures, and (ii) shotgun sequencing of the
identified gene-rich regions of the wheat genome (http://wheat.pw.usda.gov/
ggpages/awn/48/Textfiles/IGROW .html). In November 2003, another
meeting of IGROW sponsored by the National Science Foundation and the
United States Department of Agriculture was held to discuss the need and a
strategy for sequencing the wheat genome consisting of 16,000 Mbp. It was
argued that the wheat genome sequence would provide a model for structural
and functional changes that accompany polyploidy and that model species
cannot be used to study the unique traits in wheat (Gill and Appels, 2004).
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3.2 Bioinformatics and its Use in Development
and Use of Cereal Databases

Extensive data on all aspects of cereal genomics are now available at
GrainGenes (http://wheat.pw.usda.gov/). An independent database Gramene
(http://www.gramene.org/) has also been created, which has major emphasis
on rice genome and its relationship with other cereal genomes. Other
independent databases are also available for some individual cereal crops,
like rice (Oryzabase http://www.shigen.nig.ac.jp/rice/oryzabase/) and maize
(ZeaDB  http://www.zmdb.iastate.edu/; MaizeDB  http://www.agron.
missouri.edu/). Similar databases have yet to be developed for other cereals
like wheat, barley and oats. Tools of bioinformatics are already being used
for development and use of these databases for mining useful information.
Some efforts are also underway at the University of California, Berkley
(USA) to create a database (CereGenDB) for coding sequences that are
conserved not only between rice and other cereals, but also between cereals
and Arabidopsis. These aspects have been discussed in Chapter 14 by Dave
Matthews, Olin Anderson and their colleagues from Ithaca and Albany
(USA).

3.3. Functional Genomics and
its Utility for Crop Improvement

During the last 5 years, as mentioned above,a large amount of sequence data,
has been generated from many genome/EST sequencing projects in cereals
(Table 1). Available sequence data are being already utilized for a variety of
purposes, including annotation of these genomic sequences. An important
area of research in the field of functional genomics in cereals is the study of
expression patterns in time and space (see Schena, 1999; Kehoe et al., 1999).
These studies are being related with the whole genome sequences with and
without known functions and also with the information available about the
structure and function of proteins available in the databases. In this direction,
mainly cDNA clones corresponding to the ESTs, have been utilized to
prepare cDNA macro/micro-arrays (Richmond and Somerville, 2000).
Exploitation of microarray technology for gene expression studies in cereals
is still in its infancy (see Sreenivasulu et al., 2002b). Nevertheless some
progress has been made in identification of genes involved in embryo/seed
development, seed germination, grain filling, etc. in some cereals like maize
(Lee et al., 2002), barley (Sreenivasulu et al., 2002a; Potokina et al., 2002),
rice (Zhu T. et al., 2003). Studies have also been targeted towards genes that
are responsible for stress tolerance (Kawasaki et al., 2001; Bohnert ef al.,
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2001; Ozturk et al., 2003). These aspects are discussed in two chapters;
Chapter 15 by Peter Langridge and his colleagues from Adelaide (Australia);
and Chapter 16 by Nese Sreenivasulu and others from Gatersleben
(Germany) and Hyderabad (India). Recently, a new approach, called
‘genetical genomics’ has also been proposed, where expression profiling of
individual genes is combined with QTL mapping in a segregating (mapping)
population (Jansen and Nap, 2001; Jansen, 2003). We believe that
availability of large EST collections for genome-wide expression profiling
and analytical tools available for molecular marker analysis in different
cereals will accelerate the use of the 'genetical genomics' approach for
identification of genes for different agronomic traits to be used for crop
improvement programmes.

4. GENOMICS RESEARCH IN CROP IMPROVEMENT

The current investment on cereal genomics research eventually has to give
returns in the form of improved cereal crops. For this purpose, we need to
achieve success, both in using molecular marker aided selection (MAS) and
in the development of improved transgenic cereals, which would give not
only increased yield, but will also give value added cereals with improved
nutritional quality. According to most cereal workers, both these expectations
of cereal genomics research should be realized in the near future. Availability
of complete genome sequence of rice along with the EST-sequencing
projects in other cereals provides enough resources to utilize them in the wet
lab as well as for in silico mining, with an objective to improve crops.
Utilization of sequence data in post-genomic era is being discussed in
Chapter 19 by Mark Sorrells, Ithaca (USA). Wanlong Li and Bikram Gill
from Manhattan (USA) discuss the future role of genomics research for
cereal improvement in the concluding chapter of this book (Chapter 20).

5. SUMMARY AND OUTLOOK

Significant progress in the field of cereal genomics has already been made in
almost all cereals. For instance, availability of a variety of molecular markers
facilitated preparation of high-density maps in almost all cereals. This
activity proved useful in identification of molecular markers linked with
genes/QTLs for a variety of economic traits including those conferring
tolerance to biotic and abiotic stresses. In some cases, molecular markers
have also been used for MAS, and for map-based cloning (MBC) of genes.
However, in cereals other than rice and maize (eg., wheat and barley ), further
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research at an accelerated pace is required in both areas i.e. MAS and MBC.
Data on genomic and EST sequences from a variety of sources are also being
analysed to understand the genomes and the transcriptomes of different
cereals. For instance, in the field of functional genomics, availability of ESTs
from different parts of a plant in an individual cereal crop gave a momentum
to research involving identification and annotation of genes for different
biological processes. The genes, identified thus, now need to be integrated to
the genetic and physical maps including those based on BAC clones derived
from genomic and cDNA libraries. This will then allow effective use of DNA
markers in MAS as well as in MBC projects with an ultimate objective of
crop improvement in cereals. Additional work however is needed in the area
of association mapping and linkage disequilibrium (LD), which have proved
extremely fruitful in human genetics (Jannink and Walsh, 2002). Since in this
area, only a beginning has been made in cereals (Thornsberry ef al., 2002;
Remington ef al., 2002; see Rafalski and Morgante, 2004), and its impact is
yet to be realized, this aspect has not been covered in this book. Similarly,
not much work in the area of cereal proteomics is available so far to find a
place in this book. We hope that more work on cereals will be done in these
areas, by the time this book becomes available to the readers. In the next
decade, it will be a major challenge in each cereal crop to build integrated
databases, combining information on genome and proteome sequences and
their maps, mRNA and protein expression profiles, mutant phenotypes,
metabolism and allelic variation. This integrated information on
trancriptome(s)/genome(s) will then be accessible on-line. We believe that in
future, we will be talking of a ‘cereal gene’ rather than of a gene for a
particular cereal species in order to improve the quality as well as quantity of
cereal grain worldwide, which is a major challenge indeed, to be realized in
the next few years.
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MOLECULAR MARKER SYSTEMS AND
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1. INTRODUCTION

DNA-based molecular markers are the most powerful diagnostic tools to
detect DNA polymorphism both at the level of specific loci and at the whole
genome level. In the past, these DNA-based molecular markers were
developed either from genomic DNA libraries (RFLPs and microsatellites) or
from random PCR amplification of genomic DNA (RAPDs) or both (AFLP).
More recently, however, the availability of genomic DNA and cDNA
sequences (ESTs) in the public databases has made marker development
more direct and sometimes also cost effective. The primary application of
molecular markers is molecular characterization of germplasm or mapping of
whole genomes. Consequently, in addition to DNA fingerprinting that has
been done for germplasm of many crops, molecular genetic maps of whole
genomes, based on allelic variation at individual marker loci, have been
constructed in all major crops. This has been achieved through linkage
analysis, utilizing specially designed mapping populations, which allow
estimation of recombination between linked marker loci. Utilizing the data
recorded on the same mapping population for the molecular marker
genotypes and the phenotypic traits, linkage analysis also allows
identification of molecular markers that are linked to genes/QTLs controlling
important agronomic traits. This gene tagging is already being used for
marker-aided selection (MAS) in plant breeding programmes, sometimes
leading to desirable gene stacking or pyramiding. This is a common use of
molecular markers and has the potential to make an important impact on the
agriculture sector, at both the producer and consumer levels. Molecular

19

P.K. Gupta and R.K. Varshney (eds.), Cereal Genomics, 19-34.
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.



20 D. J. Somers

markers have also been used for estimating genetic diversity and for
fingerprinting the advanced lines, so that a plant breeder can design crosses,
which may release increased desirable variation. This has been shown to be
particularly useful in maize breeding, where lines from different heterotic
pools can be identified and crossed in an attempt to maximize yield.

In recent years, due to the emergence of genomics as an important area of
research, emphasis in many areas of molecular marker research and also in
the field of application of molecular markers has shifted from the traditional
concepts introduced above, to a broader field involving genomics research.
Genomics research makes use of new technologies that enable highly parallel
analyses of gene expression or allele characterization of whole genomes in
minimal time and with higher precision. Fairly dense molecular genetic maps
are available for most cereals, not only due to abundance of available
molecular markers, but also due to several coordinated international efforts
that are underway to generate these markers and to align maps based on these
markers within and across cereal species. The DNA sequence information
generated first via EST sequencing and then by whole genome sequencing,
has also led to a rapid increase in our knowledge of allelic sequence variation.
The ability to generate allelic DNA sequence variation or to mine these
sequences from existing databases (Somers et al., 2003a; Kanazin ef al.,
2002) quickly lead to the discovery of single nucleotide polymorphisms
(SNPs), which are clearly, the most abundant type of molecular markers that
are also amenable to high throughput analysis. Thus, the direct access to
enormous data on DNA sequences in cereal species has already accelerated
the pace, at which allelic variation is not only being detected ‘in silico’, but is
also being mapped in reference populations.

It is heartening to note, that the pioneering work that went into marker
development and accurate mapping subsequently proved wuseful for
constructing physical maps of several cereal genomes, thus enabling direct
gene discovery and map based cloning. Whole genome sequences, as well as
ESTs developed through partial sequencing of cDNAs, provide a rich
resource of molecular markers, but more importantly, they also provide direct
information about sequence diversity between alleles. Improvements in
cereal crop production and end use quality will perhaps come not simply
from cloning genes, but mainly from our understanding of allelic variation.
Molecular markers are already playing an important role in gene/allele
discovery, and are thus becoming an essential component of current cereal
genomics programs worldwide. This chapter will first deal with a variety of
historical aspects of cereal molecular marker research; it will then focus on
areas of newer genomics research and will finally deal with the applications
of molecular markers in cereal genomics.
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2. SOURCES AND TYPES OF MARKERS

In the initial phase of molecular marker research, genomic libraries were used
to isolate low copy DNA fragments to be used as DNA probes. These DNA
probes were hybridized back to restriction digests of genomic DNA to reveal
allelic length variation. This is referred to as restriction fragment length
polymorphism (RFLP). RFLP markers have been used in many species such
as wheat, to develop genetic linkage maps (Chao ef al., 1989; see Gupta et
al., 1999 for references). These markers proved useful in comparative
mapping studies because the DNA probes belonging to one species could be
readily hybridized to genomic DNA digests of related species (Devos ef al.,
1993). Gene probes, developed from cDNA are particularly useful for
comparative mapping since there is sufficient homology in gene sequences to
cross hybridize to related species. This line of research has led to alignments
of the chromosomes from rice, wheat, barley and maize. Even today, RFLPs
offer the best marker type to perform precise comparative genome mapping
experiments. The only drawbacks of using RFLPs include the high cost of
genotyping and the slow, low throughput nature of hybridization technology.
Both these factors discourage plant breeders from adopting Southern analysis
employed in RFLP as a molecular breeding tool.

Hybridization technique used for developing RFLP markers was later
followed by PCR, a faster and less expensive technique. PCR provided a
rapid development of many DNA amplification strategies that are all
fundamentally similar. PCR-based DNA markers rely on sequence variation
in annealing sites or DNA length differences between amplified products.
The simplest of these is random amplification of polymorphic DNA (RAPD)
(Williams et al., 1990). RAPD has been widely used in cereals to measure
and characterize genetic diversity, to create linkage maps and to tag genes
controlling important traits. The most prevalent difficulty with the RAPD
technique, however, is a lack of reproducibility and lack of locus specificity,
particularly in polyploid species such as wheat. Amplified fragment length
polymorphism (AFLP) (Vos et al., 1995), which combines the merits of the
both, the RFLP and the PCR techniques has been used widely in cereals for
many types of genetic analyses, including genetic map construction. A key
advantage of the AFLP technique is a higher degree of reproducibility.

A significant development in molecular marker technology during 1990s has
been the introduction of microsatellites, a form of variable number of tandem
repeats, in most cases containing two or three nucleotides repeated.
Microsatellites have several advantages; they are PCR-based, locus specific
(which is very important in polyploids) and are typically codominant. As a
result, microsatellites have been used extensively to develop genetic maps in
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a variety of cereal species including wheat, barley, rice and maize (Roder et
al., 1998; Macaulay, et al., 2001;, Temnykh et al., 2001; Sharopova et al.,
2002). Microsatellites are also a good molecular marker technology for plant
breeding, given their high throughput, locus specificity and the high level of
polymorphism which they detect. This is particularly important in crops such
as wheat, where most markers detect very low levels of polymorphism
(Bryan et al., 1999). A negative aspect of microsatellites, however, is the
cost of their development. DNA sequencing is required to discover the
microsatellite and to design the locus specific PCR primers to amplify the
alleles (Bryan et al., 1997; Song et al., 2002). DNA sequencing was not
needed for marker development in the other techniques described above.
Again, with the abundance of DNA sequences of cereals available either as
ESTs or as whole genome sequences, ‘in silico’ mining can be performed to
find microsatellites, to design primers and to develop the markers (Kantety et
al., 2002; Varshney et al., 2002). Where DNA sequences are available in the
public domain, marker development is far less expensive since the
sequencing has already been done (for a review, see Gupta and Varsheny,
2000). Therefore, EST-based SSR markers are being developed in some
cereal crops like barley (Thiel ef al., 2003), wheat (Holton et al., 2002), etc.

The latest of the DNA-based markers are the single nucleotide
polymorphisms (SNPs). Although SNPs provide for a newer marker
technology, they are not based on any new concept. Ever since DNA
sequencing became feasible, alleles of one locus could be aligned and
differences in a given sequence could be identified. Today, specialized
bioinformatics tools using EST sequences available in public databases, has
made SNP discovery more automated (Marth et al., 1999). Discovery of
SNPs in the Human genome is highly advanced with 1.8 million SNPs
documented by early 2003. While SNP discovery in cereals is most
advanced in maize (Tenaillon et al., 2001), the resources for wheat, barley
and rice are also now mature enough for large scale SNP discovery. SNPs
have the potential to provide for high throughput and automation, as new
detection platforms are developed. Currently, allele specific PCR, single
base extension and array hybridization are only some of the methods for
detecting SNPs, with varying input costs and levels of sophistication (Gupta
et. al., 2000). There are estimates in cereals that one SNP occurs every 100-
600 nucleotides in coding DNA (Somers et al., 2003a; Tenaillon et al.; 2001,
Kanazin et al., 2002).

Clearly, molecular marker technology over the past 20 years has evolved
quite rapidly, and has been extensively used in cereal genetic studies. It is
interesting to note that none of the early generation molecular marker
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technologies has become obsolete. There are just more creative ways to use
these techniques to understand cereal genetics.

3. NEED FOR MARKERS IN CEREAL GENOMICS

Cereal genomics can be split into two related fields namely, functional
genomics and structural genomics. Functional genomics deals primarily with
gene expression, transcriptional and translational control, comparative gene
expression and highly parallel analyses of expressed genes. Structural
genomics, on the other hand, deals with genetic mapping, comparative
mapping, physical mapping, gene location, and the studies dealing with gene
structure and allele variation. Molecular markers can be used for both
functional and structural genomics.

Gene expression in bread wheat involves homoeologous loci, which are not
easily distinguishable from each other by typical hybridization tests, since
there is a high degree of sequence similarity among homoeoloci. Therefore,
SNP markers are the most useful in distinguishing homoeologous transcripts
from each other, due to the abundance and sensitivity of assays to single base
changes. One of the prospects of EST sequencing and QTL analysis is to
map ESTs or candidate gene sequences to genetic maps where trait
information is available. This forms the basic linkage between plant form and
function. SNPs can be used as molecular markers to precisely position an
EST into a genetic map and thus gives the EST an added degree of relevance
to a particular functional genomics experiment (Somers et al., 2003a).

The application of molecular markers is more widespread in structural
genomics than in functional genomics. For instance, genetic mapping that
was discussed earlier in this chapter is the most basic form of structural
genomics. Similarly, physical mapping relates to large-scale sequencing,
production of large insert libraries using bacterial artificial chromosomes
(BACs), BAC contig assembly, map-based gene cloning and ‘in silico’
comparative mapping. In these studies, molecular markers that are already
mapped genetically are used to derive information about organization and
reference points to BAC clones and chromosome intervals. A BAC library is
a collection of clones averaging 80-120kbp in length that may cover the
genome 3-6 fold. Markers can be used to select clones, either by
hybridization or PCR, which enables small sets of BAC clones to be ordered
along the genetic map. In cases where there is a genetic interval densely
populated with markers (i.e. 0.1 cM/marker), the markers can be used to
select clones from the BAC library and used to assemble the BAC clones into
contigs across this chromosome interval.
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The other primary use of markers in structural genomics is to achieve
physical alignments of chromosome segments derived from related species,
such as rice, with wheat, barley or maize. Since the draft sequence of the rice
genome is now available (Goff et al, 2002; Yu et al., 2002), rice RFLP
markers can be assigned physical positions on the rice chromosomes. Rice
RFLP markers that are also mapped to wheat enable alignment of the wheat
chromosome map with the rice physical map. A remarkable resource
summarizing much of this is available at “Gramene” http://www.gramene.org
(Ware et al,, 2002). Wheat, barley and maize ESTs can also be used as
markers for further chromosome alignment by knowing the genetic locations
of ESTs and then working out their corresponding physical locations in the
rice genome, facilitated by BLAST analysis (Altschul et al., 1997). This
resource of ‘in silico’ mapping and genome alignment is still in the early
stages of development, but is beginning to reveal the collinearity of wheat,
barley and maize genomes with the rice genome. Recently, some laboratories
in the US have established orthologous relationship between wheat and rice
(Sorrells et al., 2003; see Chapter 19 by Sorrells in this book).

4. USE OF MARKERS IN CEREAL GENETICS

4.1 Gene Tagging

Gene tagging is a common application of molecular markers and is typically
achieved by bulked segregant analysis (BSA) (Michelmore ef al., 1991) or by
QTL analysis. In both cases, robust, reliable phenotypic data has a strong
bearing on the success of the efforts to tag a gene controlling a component of
a trait. BSA is very effective, where traits are Mendelian in nature and
where PCR-based marker systems such as RAPD and AFLP are used. QTL
analysis is, however, more appropriate, where the traits are quantitative in
nature. In this case, full genetic maps are needed to scan the genome for
associations of specific bins with the trait.

Most efforts on gene tagging in cereals, reported in the literature have been
focused on disease resistance (see Friedt er al., 2003 for references).
Examples include rice bacterial blight (Sanchez et al., 2000), wheat powdery
mildew (Huang et al.; 2000, Hartl et al., 1999), wheat leaf rust (Huang and
Gill 2001; Hussien et al, 1998), wheat stripe rust (Bariana et al, 2002),
wheat hessian fly (Dweikat et al., 1997), barley yellow mosaic virus (Saeki et
al., 1999), barley net blotch (Molnar et al., 2000) and barley scald (Penner et
al.,, 1996). Many disease resistance traits may be quantitative in nature. A
good example of this is resistance to Fusarium graminiarum in wheat which
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causes Fusarium head blight (FHB). QTLs for FHB have been located on
chromosomes 2D, 3B, 4B, 5A, 6B in wheat (Somers et al., 2003b; Anderson
et al., 2001; Buerstmayr ef al., 2002). Seed quality, stress resistance and other
agronomic traits are also typically quantitative traits, and as such gene
tagging experiments for these triats often need QTL analysis. In the cereal
species there are several examples of identifying chromosome intervals
controlling seed quality including barley malt (Iguartua et al., 2000), barley
salt tolerance (Forster 2001), wheat bread making quality and protein content
(Parker et al., 1999; Chee et al., 2001), and rice aluminum tolerance (Nguyen
et al., 2001). Once the molecular markers are available as gene tags, the
information and dignostic technology can be incorporated into a molecular
breeding strategy to accelerate variety production or to assemble complex
genotypes, which would be otherwise difficult with conventional crossing
involving usual selections.

4.2. Comparative Mapping

Comparative mapping also makes use of molecular markers and has been
successfully used for structural genomics research in many cereals. Now that
BAC libraries are available for wheat, rice, barley and maize, comparative
mapping has come to the forefront of cereal genomics because of its utility in
map-based cloning. Maps with high marker density and small chromosome
bins is a prerequisite for map-based cloning. In such dense maps, markers
from ancestrally related species known to map in the vicinity of a known
chromosome interval can be used to screen a BAC library to select clones,
which will facilitate in the assembly of BAC contigs. The subject of
comparative mapping in cereals is well reviewed (Bennetzen and
Ramakrishna 2002; Devos and Gale 2000; Devos and Gale 1997, Bennetzen
2002; Keller and Feuillet 2000), and relationships on the basis of comparative
mapping have been drawn between wheat, barley, rice, sorghum, maize, rye,
foxtail millet, sugar cane and oats. The ancestral and alien species of cereals
provide further templates from which collinear gene relationships can be
derived (Boyko et al.,, 1999). This list is extensive and gives researchers a
powerful resource to fine map genes in species using orthologous loci.

In cereals, initially, comparative mapping was performed with RFLP markers
that cross hybridized to phylogenetically related species such as foxtail millet
and rice (Devos et al., 1998), wheat, rye and barley (Devos et al., 1993), rice
and sorghum (Ventelon ef al., 2001), wheat and rice (Sarma et al., 1999),
barley and rice (Han et al., 1998) and barley and wheat (Salvo-Garrido et al.,
2001). More specific comparative mapping and fine scale mapping has been
carried out for traits such as vernalization requirement, plant height and
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photoperiod response. Since these traits have a significant impact on crop
yield, an understanding of their biochemical basis can have a large economic
impact. Comparative mapping can add to our knowledge of gene location
and accelerate fine mapping of genes for map-based cloning. Studies on
flowering time (Ppd genes) in wheat and barley suggest them to be in
homoeologous positions on group 2 chromosomes. Major genes for
vernalization requirement in barley (S42), wheat (Vrnl) and rye (Spl) are
also located in homoeologous regions (Laurie 1997). A barley dwarfing gene
(Dwf2) was mapped to 4HS in barley and is syntenic with dwarfing genes
(RAt-B1 and RAt-D1) in wheat (Ivandic ef al., 1999). In addition, the Vrn-Al
(vernalization) gene on wheat chromosome 5A was shown to be syntenic
with the Hd-6 gene (heading date / photoperiod response) on chromosome 3
of rice (Kato et al., 1998). Now that the rice genome sequence is available,
studies relating to various traits and genes of maize, wheat and barley to rice
bring researchers closer to gene discovery and also to an understanding of the
biochemical basis of traits (see Chapter 5 by Paterson and Chapter 19 by
Sorrells in this book).

The high throughput sequencing technologies of the genomics era have
enabled comparative mapping and gene collinearity to be studied at the DNA
sequence level. DNA probes can be hybridized to BAC libraries of different
species, and this allows clones to be selected, sequenced and compared.
Using a barley probe, this approach was used for selecting BAC clones from
chromosome 5H of barley and chromosome 3 of rice (Dubcovsky et al.,
2001). A similar comparative study was undertaken for S%2 locus in maize
and sorghum (Chen et al., 1997). Such studies demonstrated a great deal of
microcollinearity of gene sequences, gene spacer regions, gene structure
(exons — introns) and repetitive elements (Dubcovsky et al., 2001).

5. USE OF MARKERS IN MOLECULAR
BREEDING OF CEREALS

5.1. Gene Pyramiding

Gene pyramiding is one of the most important applications of molecular
markers since it is technically feasible using molecular markers and cannot be
achieved easily through conventional methods of plant breeding. Marker-
assisted selection can certainly help in achieving durable disease resistance
and/or high seed quality traits by assembling the required genes in one
accession. A few reports of pyramiding of genes for disease resistance are
also available in cereals. For instance, Tabien et al., (2000) mapped and
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achieved pyramiding of four genes (Pi-tq5, Pi-tq, Pi-tq6, Pi-Im2) for rice
blast (Pyricularia grisea) resistance located on chromosomes 2, 6,12 and 11
respectively. The lines carrying different combinations of these four genes
were evaluated for blast resistance. Although, the genes do not operate in an
additive fashion, the resistance to blast is more durable in three and four gene
combinations, so that if one gene is defeated by an evolving pathogen, there
are additional genes present to sustain blast resistance. A parallel study that
involved pyramiding of three genes (Pil, Piz-5, Pita) for blast resistance in
rice located on chromosomes 11, 6, and 12 respectively, was conducted by
Hittalmani ez al., (2000). In this case, additive effects for increased resistance
were noted for two and three gene combinations. Based on chromosome
locations, some of the genes in these two studies are likely to be the same.
Similarly, pyramiding of three genes (XaJ, Xal3, Xa2l) for bacterial blight
(Xanthomonas oryzae) of rice resulted in a noted increase in the level of
resistance and broadening of the resistance spectrum (Singh et al., 2001). In
this study, the bacterial blight resistance genes were brought together using
PCR-based STS (sequence tagged site) markers for each of these genes.

More complex traits such as protein content, oil content, yield and resistance
against diseases like FHB in wheat, may be the other targets for trait
improvement through marker-assisted gene pyramiding. Part of the difficulty
in these cases is the accurate phenotyping and precise genetic analysis of
genes in isolation. There is a need to correctly tag the genes and then use the
gene tags to select for the correct allele combinations in hybrid plants.

5.2. Recurrent Parent Recovery

In addition to the selection of desirable alleles that confer improved disease
resistance or seed quality characteristics, molecular markers can also be used
successfully to select for genomic constitution, and thus restore the recurrent
parent background in a backcross breeding programme. There are real
advantages in using markers to restore the background of the recurrent parent,
since this process can accelerate the process of transfer of a desirable gene
through backcross programme. Further, where two elite parents having
unique traits are used in crosses, progeny can be characterized and selected
for a desirable complex mixture of elite alleles. This establishes new
recombinant types that would normally be difficult to score via visual
selection during conventional plant breeding.

Basic genetics suggests that individuals in a BC1F1 population would possess
on average 50% fixed recurrent parent alleles and 50% of the genetic loci
would segregate. The individuals of a BC2F1 population similarly would
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exhibit 75% fixed recurrent parent alleles and the remaining 25% loci will
segregate. Experiments in our lab on bread wheat show that there are
individuals in the BCIF1 population with 68-70% fixed recurrent parent
alleles. Likewise, the BC2F1 population may contain individuals with 88-
91% fixed recurrent parent alleles. Thus in two backcrosses, a sufficient
amount of the recurrent parent alleles can be selected using molecular
markers, so that the progeny stemming from these elite plants will be highly
enriched for the recurrent parent plant type and quality. Examples of
advanced backcross QTL selection include Pillen et al. (2003), Huang et al.
(2003), Thomson et al. (2003).

Gene tagging, as above, requires two basic components that structural
genomics supplies. These include either a good genomic fingerprint or a
high-density genetic map of the crop (i.e. 1 marker / 2-3 ¢cM) and a high
throughput genotyping platform, such as capillary electrophoresis. The most
widely used markers in large-scale breeding are microsatellite markers.
Microsatellite-based maps are available in wheat (Roder et al., 1998), barley
(Ramsay et al., 2000; Macaulay et al, 2001; Thiel et al, 2003)), rice
(Temnykh et al., 2001; McCouch et al., 2002) and maize (Sharopova et al.,
2002) (for details, consult Chapter 3 in this book by Varshney et al.). The
marker density of the map determines the ability to select for a chromosome
interval using the markers flanking the interval. Reasonable genome
coverage is essential to ensure that selection across the genome for recurrent
parent alleles is complete. Capillary electrophoresis of microsatellites is a
well established technology, with its main benefit being speed and capacity to
collect thousands of data points/day. Genotyping and plant selection should
be done during the vegetative stage of growth, prior to flowering. This
means that informed crosses can be made and that the natural development or
biology of the plant is not delayed or interrupted. Although molecular
breeding may proceed at a similar pace with conventional breeding, there are
important genetic gains made with marker-assisted selection.

Combining gene pyramiding and the selection for the genome of recurrent
parent through genome fingerprinting are providing new opportunities in
cereal variety development. Plants can be selected to possess new
combinations of disease resistance genes, and populations from elite
selections can be enriched for disease resistance and high seed quality. The
genomics era has brought with it both the development of genotyping
equipment and large-scale marker developments. When combined, these
advances are providing suitable molecular breeding tools for the cereal crops
see Chapter 10 by Koebner in this book).
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6. SNP MARKERS AND CEREAL GENOMICS

Single nucleotide polymorphisms are basic to all types of DNA
poylmorphisms except the length polymorphism due to SSRs, rDNA repeat
units and similar other types of DNA sequences. They are discovered by
alignment of DNA sequences from alternate alleles whereby subtle DNA
sequence variations are observed. DNA polymorphism in other types of
markers such as RFLP, AFLP and RAPD are also derived from SNPs,
although the allelic DNA sequences of these other marker types were not
known at the time of their development. SNPs are thus not a new idea; only
the accumulation of EST and genomic sequences permits discovery of SNPs,
which behave genetically, like any other type of codominant markers.

SNPs in humans are now known to be abundant, due to the release of the
Human genome sequence. The SNP Consortium, (http://snp.cshl.org/), a
public and private sector funded group, has discovered over 1.8 million SNPs
in the Human genome for biomedical research. The research in plant species,
including cereals, is far behind this accomplishment. However it is
recognized that there is benefit from coordinating the efforts of several labs.
A public consortium (http://wheat.pw.usda.gov/ITMI1/2002/WheatSNP.html)
has been developed for wheat, whereby contributors who discover SNPs in
wheat will upload the information to a public database.

SNP discovery methods and estimation of SNP frequency have been
characterized in maize (Tenaillon et al., 2001; Bhattramakki et al., 2002),
wheat (Somers et al., 2003a) and barley (Kota et al., 2001; Kanazin et al.,
2002). The frequency of SNPs in the genome is calculated by the statistics, 6
= K/aLL where K=number of SNPs, L=length in base pairs and a = number of
genotypes examined. In maize, SNPs were reported at the rate of 6 = 0.0028
to 0.036 along chromosome 1 (Tenaillon et al., 2001), while in wheat 6 =
0.0069 was reported among 12 genotypes (Somers et al., 2003a). In a report
on five genotypes of barley, however, SNP frequency in terms of 6 was not
given (Kanazin et al., 2002), but the data when used to calculate SNP
frequency, gave a value of 6 = 0.0011. Therefore, SNPs in wheat appear to be
more abundant than in barley and less abundant than in maize. These
analyses are still preliminary and many more studies will be required to
completely understand the frequency and distribution of SNPs in cereal
genomes.

SNPs are codominant and typically biallelic. Currently, several PCR-based
methods are available for SNP detection, the most popular being the single
base extension followed by electrophoresis. SNPs discovered in ESTs can
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also be used to develop locus specific diagnostic tests. Markers such as these
can be used in genetic and physical mapping or to select BAC clones from a
library to study the full-length genes. However, the work on SNPs in cereals
is still in its early phase, but the future efforts for SNP work in cereals should
include the following: (i) discovery of allele mutations related to function, (ii)
development of non-PCR-based polymorphism detection methods such as
array platforms, (iii) high throughput genotyping on a miniature scale, and
(iv) lower genotyping costs.

7. SUMMARY AND OUTLOOK

Just as the human genome and Arabidopsis genome sequences are changing
biomedical and plant sciences at a rapid pace, soon the whole genome
sequence of rice (Goff ef al., 2002; Yu et al., 2002) will change the breeding
methods that will be used for improvement of cereal crops. A further
understanding of nitrogen and water use efficiency, and of the synthesis of
key biochemicals for food and feed uses, is certainly on the research horizon.
The rice genome sequence will aid researchers in discovering genes
controlling these traits listed above and many more. The manipulation and
engineering of these genes, provide exciting new prospects for cereal
research.

Molecular markers have already played an important role in the success
achieved in cereal genomics by identifying the genes or unique alleles
conferring desirable phenotypes. The marker-assisted selection can make use
of markers ranging from RFLPs to SNPs. Molecular markers also allow us
study the structure and organization of the cereal genome by aligning QTLs,
and through physical mapping of BAC clones. This relationship, which is
linked by molecular markers, will become stronger in the future, as more
genome sequences become available, more allele differences are discovered
and allele detection platforms are made more widely available.
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1. INTRODUCTION

Cereals provide for our major food crops, and therefore have been a subject
of detailed genetic and cytogenetic studies during major part of the last
century. These studies led to the preparation of linkage maps, which were
also assigned to individual chromosomes, thus leading to the construction of
chromosome maps in all major cereals. In some cases, the availability of
cytogenetic stocks (e.g. deletion stocks in bread wheat) also allowed
construction of physical maps. In the past, a major limitation in the
construction of genetic maps has been the non-availability of mutants for
majority of individual genes, so that only handful of genes could be mapped.
However, during 1980s, the availability of molecular markers and the high
level of DNA polymorphism, which they detect, led to renewed emphasis on
genetic and physical mapping of genomes in many plant/animal systems,
and cereals were no exception. Consequently, not only genetic and physical
maps were constructed for all major cereal genomes, but these maps were
also put to a variety of uses, so that crop improvement programmes are now
undergoing a paradigm shift, making use of genes and technologies, hitherto
not available to plant breeders. With the advent of genomics, the physical
maps have also been found useful for high quality whole genome sequencing
(Sasaki and Burr, 2000). For construction of these molecular maps, a variety
of molecular markers have been used, which have received detailed
treatment elsewhere (for molecular markers, consult in this book, Chapter 2
by Somers).
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The molecular markers that have been used for construction of molecular
maps in cereals can be broadly classified in three groups, the first generation
markers, the RFLPs (restriction fragment length polymorphisms) and
RAPDs (randomly amplified polymorphic DNA), the second generation
markers, the SSRs (simple sequence repeats or microsatellites) and AFLPs
(amplified fragment length polymorphisms) and the third generation
markers, the SNPs (single nucleotide polymorphisms) and InDels (insertion-
deletion) (for a reveiew see Gupta et al., 2002b). In addition to above, some
other classes of molecular markers (i.e. derivatives of RFLPs, SSRs, AFLPs)
such as STSs (sequence tagged sites), ISSRs (inter simple sequence repeats),
SAMPL (selective amplification of microsatellite polymorphic loci), etc.
have also been used. More recently, EST (expressed sequence tag)-based
markers (EST-SSRs and EST-SNPs) are also being developed in all major
cereals (see Sreenivasulu ef al., 2002). All these marker types except the
recently developed SNPs have been utilized for the construction of
molecular maps, and efforts are being made to construct SNP maps also in
all major cereals. In this chapter, we first briefly describe the methods
involved in the construction of these molecular maps, and then discuss the
present status of these maps (including transcript maps) and the future
prospects of developing high-density maps, which are needed both for map
based cloning and marker-assisted selection (MAS). In addition, towards the
end of this chapter, we also describe some special issues of applying
molecular techniques to genome analysis and molecular breeding of cereal
species. The various uses of these maps will be dealt with elsewhere in this
book.

2. MOLECULAR GENETIC MAPS

Molecular markers detect both sequence polymorphisms (e.g. SNPs,
resulting in RFLPs, RAPDs, AFLPs, etc.) and length polymorphisms
(polymorphisms due to length variation of a sequence, as in SSRs and
sometimes in RFLPs also), which are ubiquitous and abundant in all living
organisms. These polymorphisms would segregate, majority of times, in a
Mendelian manner, so that the conventional basis of linkage and
recombination can be used for constructing these maps like the classical
maps prepared during the middle of the last century. A major advantage of
molecular mapping is the possibility of analyzing a large numbers of DNA-
markers in a single mapping population. However, the systematic
construction of these maps requires a mapping population and software,
which facilitates the construction of map utilizing the large amount of data
that is generated using the molecular genotyping of the mapping population.
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2.1. Mapping Populations

Molecular markers are used for constructing genetic maps by recording co-
segregation of markers in defined populations. Several types of mapping
populations can be derived from crosses involving any two diverse parents.
For instance, an F, population or backcross population can be derived from
F, plants through selfing or backcrossing them to one of the parents;
recombinant inbred lines (RILs) can be derived by single seeds descent for
at least five or more generations, and doubled haploids (DHs) can be derived
from haploid obtained from F; plants through anther/egg cell/ovule culture
or distant hybridization. The simplest of these mapping populations are the
F, populations or the backcross (BC) populations. For the majority of cereal
species, populations such as these are easy to construct although sterility in
the F, hybrid may limit some combinations of parents, particularly in wide
crosses. A major drawback of using F, and BC populations is that they are
ephemeral, that is, seed derived from selfing these individuals will not breed
true (Young, 2001). The RILs and DHs, on the other hand, are immortal and
can be permanently maintained and evaluated in repeated experiments. RILs
have an additional advantage of being the product of several meioses, so that
each RIL contains a different combination of linkage blocks from the
original parents. However, generation of RILs is time-consuming, and some
regions of genome tend to stay heterozygous longer than expected from
theory (Burr and Burr, 1991). Therefore, in several mapping projects, DHs
were preferred, because they can be used for linkage mapping with many of
the same advantages of RILs and take less time in production (Heun et al.,
1991). In addition to the above, some other mapping populations such as
recombinant inbred substitution lines (RISLs), recurrent intermated
populations, etc. were also used for increasing the efficiency and genetic
resolution of genome mapping in cereals (Araki et al.,1999; Rousset ef al.,
2001;Sharopova et al,2002). For instance in maize, an intermated
population has been generated from a common population (B73 x Mol7)
after five generations of intermating. Genotyping of this population before
and after intermating with the same set of 190 RFLP loci resulted in nearly a
four-fold increase in the genetic map distance and increased the potential for
improved genetic resolution in 91% of the intervals evaluated (Lee ef al.,
2002).

In cereals, sometimes only a few markers could be mapped with a specific
segregating population (as described above) due to low levels of
polymorphism between the parents of the mapping population. In wheat, to
overcome this problem, either synthetics, created by combining tetraploids
(A and B genomes) with degilops tauschii (D genome) were used in crosses,
or else mapping of individual genomes was done at the diploid level, so that
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mapping populations were constructed using the diploid progenitors
Aegilops tauschii — (D genome) (Boyko et al., 1999) and Triticum
monococcum — (A genome) (Dubcovsky et al., 1996). In some cases, wild
species were included in crosses with cultivated species for preparing
mapping populations. For instance, in barley Hordeum spontaneum was
crossed with Hordeum vulgare (Ramsay et al., 2000; Chang et al., 2001)
and in case of rice, Oryza glaberrima or Oryza glumaepatula was crossed
with Oryza sativa (Lorieux et al., 2000; Brondani et al., 2001). Use of such
strategies enhanced the level of polymorphism of markers thus facilitating
the mapping of a much larger number of markers.

2.2. Computer Programmes

In principle, linkage mapping with DNA markers does not differ from
mapping with classical genetic markers, so that genetic distances between
DNA markers are based on frequencies of genetic crossing over, and are
represented on the genetic map in centiMorgans (cM). However, the number
of markers, to be analyzed in a single mapping population used for mapping,
can reach several thousands, thus necessitating the use of computer
programmes; many such programmes have been developed and used in the
past for constructing genetic maps in a variety of plant genomes.

The most widely used mapping software is 'Mapmaker' (Lander et al.,
1987), which is based on the concept of a LOD score, the "log of the odds-
ratio" (Morton, 1955). Mapmaker performs multipoint analysis of many
linked loci, which is essential to sort out the many different possible marker
orders. In the same species, several maps can be prepared using different
mapping populations. In such cases it is useful to relate the maps derived
from different mapping populations, to produce an integrated or consensus
map. The computer programme 'JoinMap' is often used for this purpose
(Stam, 1993). 'Map Manager' is another programme which helps to keep
track of markers data in a population of interest (Manly and Olson, 1999).

2.3. Whole Genome Genetic Maps in Cereals

Over the last two decades, using a variety of molecular markers high-density
molecular linkage maps have been developed for all major cereal species. A
summary of these maps 1is presented in Table 1. Phillips and
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Vasil (1994, 2001) also compiled details of many maps and this information
is available on-line at GrainGenes (http://wheat.pw.usda.gov
/ggpages/maps), which is regularly updated.

It is evident from Table 1, that genetic maps were prepared in the past
mainly by using co-dominant RFLP markers in different cereals like wheat
(see Gupta et al, 1999), barley (see Varshney et al, 2004), maize
(http://www.maizemap.org/) and rice (http://rgp.dna.affrc.go.jp/Public
data.html). RFLP analysis, however, is time consuming, labour intensive and
is too slow for rapid evaluation of large segregating populations used in
commercial breeding programmes (Gale et al.,, 1995). Subsequently, other
marker systems such as RAPDs, because of the ease of analysis, were also
used for mapping (Giese ef al., 1994; Harushima et al., 1998; Masoj¢ et al.,
2001). However, RAPDs were not found suitable for preparation of genome-
wide dense molecular map, since they exhibited low level of reproducibility
between laboratories due to variation in PCR conditions and/or due to the
use of different models of thermal cyclers (Devos and Gale, 1992; Penner et
al.,, 1993). Like RAPDs, AFLPs are also assumed to represent a dominant
marker system, but these were found to be superior, due to high multiplex
ratio (number of different genetic loci that may be analysed per primer pair
and per gel lane), so that they were included in genetic maps in many cereals
(Maheswaran et al., 1997; Qi et al., 1998; Castiglioni et al., 1998; Vuylsteke
et al., 1999). During 1990s, microsatellites became the markers of choice
due to a variety of attributes including their multiallelic nature, co-dominant
inheritance, relative abundance and extensive genome coverage (Powell et
al., 1996). In the past, it was expensive and cumbersome to generate
microsatellites, even though they were generated for many plant species
including cereals (see Gupta and Varshney 2000; Table 1). In cereals a large
number of microsatellites have been developed and mapped. For instance in
wheat, several microsatellite maps are already available (Roder ef al., 1998b;
Pestsova et al., 2000; Varshney et al., 2000; Gupta et al., 2002) and an
integrated map with ~1000 SSR loci will become available soon (D. Somers,
Canada, personal communication). Similarly more than 1800 mapped
microsatellite loci are available in maize (Sharopova ef al, 2002;
http://www.agron.missouri.edu/ssr.html). In rice, a set of >2700 SSRs are
available in public domain, as bioinformatics-based approach facilitated
mapping of 2240 SSR loci after utilizing the draft sequence of rice generated
by Monsanto (McCouch et al., 2002). However, in barley, only ~700 SSR
loci have been mapped (Ramsay et al.,, 2000; Pillen et al., 2000; Li et al.,
2003; Varshney et al., unpublished). Over the last five years, emphasis has
shifted to SNP markers, which are biallelic in nature and are abundant in any
genome. Efforts have been initiated to develop SNP maps in barley (Kota ef
al., 2001), maize (Batley et al, 2003), rice (Nasuetal, 2002), wheat
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(http://wheat.pw.usda.gov/ITMI/2002/WheatSNP.html). It is believed that
dense SNP maps will be available soon especially as the cost SNP assays
continues to come down.

Due to availability of different marker assays, ‘integrated’ or ‘composite’
maps involving more than one type of molecular marker (particularly the
SSRs, AFLPs, InDels) have been prepared (see Table 1). In some cases,
molecular marker maps have included mapped genes for economic traits
also. In most cereals especially barley, wheat, rice and maize, a large
number of markers have been mapped in different mapping populations.
Comparisons among certain regions of chromosomes mapped with common
markers in different populations indicate that the order of molecular markers
on the linkage maps is similar, although the distances may differ.
Consequently, the construction of ‘consensus maps’ becomes possible by
using common markers as anchors and extrapolating the positions of
markers mapped between the anchors. For instance, a consensus genetic
linkage map for rye chromosome 7R could be generated from seven
different genetic maps (Borner and Korzun, 1998; Fig. 1). Similarly in
barley, availability of common markers, mapped in different mapping
population, allowed several groups to construct consensus maps (see
Varshney et al, 2004; Table 1). These consensus maps display higher
marker densities than their individual components, which make them highly
useful resources. On the other hand, the reliability of consensus maps may
decrease over distances of a few centiMorgans, or where marker densities
are high and the number of common markers is low. To increase the genetic
resolution, Kleinhofs and Graner (2001) divided the barley genome in
approximately 10 cM intervals ("BINs"). Each BIN is defined by its two
flanking markers, which have been anchored in the Steptoe/Morex and the
Igri/Franka maps. Such BINs, each BIN encompassing a 20 ¢cM interval, are
already available in maize (Gardiner et al., 1993; Coe et al., 2001). BIN
maps readily allow the placement of markers mapped in different mapping
populations. Although their genetic resolution is limited, they accommodate
the information from a large number of maps. Thus availability of BIN maps
facilitates identification of a large number of markers for a given
chromosomal region.

2.4. Transcript Genetic Maps

Due to current emphasis on functional genomics in cereals, large-scale EST
sequencing projects have generated a large amount of sequence data
(Sreenivasulu ef al., 2002; Rudd, 2003). Since each EST corresponds to an
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Figure 1. Preparation of a consensus linkage map of chromosomes 7R. This map
was constructed (Borner and Korzun 1998) by using the following basic maps: (1) Korzun et al. (1998), (2) Devos et
al. 1993a, (3) Senft and Wricke (1996), (4) Loarce et al. (1996), (5) Wanous et al. 1995, (6) Plaschke et al. (1995), (7)
Korzun ef al. (1997a). Mapped loci are marked with a point. The horizontal lines connect common loci used as anchor
markers which are underlined. The map positions of unique loci were extrapolated. Genetic distances (roughly
estimated) are given in centimorgans (cM). The gene loci are boxed. ¢ = estimated centromere position, S = short arm, L
= long arm
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mRNA, these ESTs are being mapped, and will be integrated in genetic
maps. Such genetic maps are termed 'functional map'/‘transcript map’ or
‘gene map’ (Schuler et al., 1996). For placing ESTs (transcripts/genes) onto
genetic map, ESTs can be converted into different marker assays like
RFLPs, STSs, CAPSs (cleaved amplified polymorphic sequences), SSRs or
SNPs. For instance, an EST can be amplified by using genomic DNA as a
template with the help of PCR primers designed from this EST. The PCR
products obtained thus can either be used as RFLP probes in Southern
hybridization (Smilde et al., 2002) or may be directly tested for length or
sequence polymorphism in parents of a mapping population (Gilpin et al.,
1997). Sometimes, PCR products can also be digested with a set of
restriction enzymes to test restriction polymorphism in parents of mapping
populations for mapping ESTs as CAPS.

ESTs have also been used for developing EST-SSRs or even EST-SNPs, if
ESTs for the same region are available from two or more genotypes (see
Sreenivasulu et al, 2002). Many software packages or algorithms are
available for mining SSRs or SNPs in ESTs (Table 2) and corresponding
PCR primers may be designed from the EST sequences (Kota et al., 2001;
Varshney et al., 2002; Batley et al, 2003). Thus, EST-derived SSRs or
SNPs are a free by-product of EST sequencing projects. Mapping of ESTs
via these marker assays is important, since QTLs or genes for different
disease resistance or other agronomic traits associated with these ESTs may
provide the ‘candidate genes’ for the trait in question. Potential of these
‘candidate genes’ can be further assessed in RCSLs (recombinant
chromosome substitution lines) that carry variants of the ‘candidate gene’.
Thus direct gene markers for different traits may be generated which will be
of great value in marker-assisted breeding (see later), although it does not
conclusively prove function (Thomas, 2003). The above functional maps are
also very useful for comparative mapping studies (see Varshney et al,
2004).

'Functional maps' are already available in some cereals like rice (Harushima
et al., 1998) and maize (Davis et al., 1999). Recently, in barley more
than 1000 ESTs have been placed on the genetic map (A. Graner, Germany,
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Table 2. Some algorithms/ programmes for mining SSRs and SNPs in ESTs

Programme Source

SSR

MilcroSAtellite http://pgrc.ipk-gatersleben.de/misa

SSRIT http://www.gramene.org/gramene/searches/ssrtool
SPUTNIK http://espressosoftware.com:8080/esd/pages/sputnik.jsp
SNP

SniPpER http://mips.gsf.de/proj/sputnik

AutoSNP http://www.cerealsdb.uk.net/discover.htm

Jalview http://www.ebi.ac.uk/~michele/jalview/

personal communication) In wheat, though deletion-based physical mapping
by using ESTs is in progress (discussed later), some efforts have been
initiated for the genetic mapping of ESTs in the form of SSRs also (Holton
et al,, 2002; M. Sorrells, USA, personal communication). In other cereal
species also, ESTs have been screened for presence of SSRs (Hackauf and
Wehling, 2002; Kantety et al., 2002; Varshney et al., 2002; Gao et al., 2003;
Gupta et al., 2003). Mapping of SSR-ESTs (SSR containing ESTs) is also in
progress in rye (Khelestkina er al, 2004; B. Hackauf and P. Wehling,
Germany, personal communication).

3. PHYSICAL MAPS

Physical maps of whole genomes are based on physical distances between
genes or molecular markers measured either in terms of base pairs
(megabasepairs = 10° base pairs) or in terms of relative physical lengths of
chromosome segments. For instance, the distance of a gene/marker from the
centromere may be represented as a fraction of the whole arm. While genetic
maps are based on recombination frequencies, physical maps rely on direct
size estimates, whether measured at the chromosome level under the
microscope or else measured in terms of DNA sequence, if complete
sequence of the chromosome or a part thereof is available. Physical maps
provide virtually unlimited numbers of DNA markers from any
chromosomal region for gene tagging and manipulation. They provide an
framework for studies in genome molecular structure, organization and
evolution, gene regulation, and gene interaction. Physical maps, therefore,
are central tools to every type of genetic and molecular enquiry and
manipulation including genome analysis, gene isolation and eventually crop
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improvement. The following methods can be utilized for preparation of
physical maps.

3.1. Physical Maps based on FISH

Physical maps can be generated through in situ hybridization (ISH), where
chromosome sites that are homologous to a known labelled DNA probe can
be directly visualized under the microscope. The technique initially proved
useful for DNA probes that were at least a few kilobases in length. Several
improvements were made to make the technique suitable for smaller DNA
fragments (reviewed by Jiang and Gill, 1994; Maluszynska, 2002). For
instance, fluorescence in situ hybridization (FISH), including DNA fibre
FISH, was successfully utilized for physical mapping of centromeric and
other small DNA sequences in rice (Dong ef al., 1998; Cheng Z.K. et al.,
2002).

ISH was used in many studies in cereals with different objectives. A
comparison was made between the physical distances and genetic distances
(between adjacent markers) in hexaploid wheat using ISH with 21 RFLP
probes from linkage groups 5 and 6 (Zhang X.Q. et al., 2000). The linear
order and linkage relationships between DNA probes on these physical maps
were generally the same as those on the RFLP-based genetic maps, but there
was a significant difference between the genetic or recombinational
distances on a linkage map and the physical distances obtained using ISH.
The results also showed that the available linkage map did not completely
cover the physical length of all the chromosomes. Similarly FISH mapping
has been conducted in some other cereals using randomly selected or RFLP
marker-anchored BAC (bacterial artificial chromosome) clones (Jiang et al.,
1995; Zwick et al., 1998; Cheng et al, 2001a,b). In rice, for cytological
characterization of the genome and for identification of each chromosome
arm, a set of 24 chromosome arm-specific BACs was used (Cheng ef al.,
2001a). A standardized rice karyotype was also constructed which was
anchored by centromere-specific and chromosome arm-specific cytological
landmarks. This karyotype fully matched to the rice genetic map.

The potential of fibre FISH was successfully used to determine the size of
seven segmental physical gaps, measuring 30 to192kb, and two telomere
gaps on rice chromosome 10, measuring 80 and 30kb (The Rice
Chromosome 10 Sequencing Consortium, 2003). Some details of physical
mapping, using ISH/ FISH technology, are summarized in Table 3.
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Table 3. Some examples of physical mapping in cereals using ISH/FISH

Cereal Probes used for Target region Reference

specie ISH/FISH

Aegilops pSc119.2, pAsl, Wheat-alien breakpoints Biagetti et al. (1999)
PSR907 (BPs) along the 3 BS and

3 DS arms

Barley BAC clones Telomere Lapitan et al. (1997)

Barley Germin-like cDNAs Chromosomes 2H, 3H, Druka et al. (2002)
with 26 BAC clones 4H, 7H

Rice Telomeres and Chromosomes 9, 11 Wu and Tanksley
telomere- associated (1993)
satellites

Rice 14 RFLPs Chromosomes 7, 8, 11, 12 Song and Gustafson

(1995)
Rice 24 chromosomal arm  Cytological Cheng et al. (2001a)

specific BAC clones characterization of
(containing 24 RFLP  rice genome

markers)

Rice Chromosome 10 Chromosome 10 Cheng et al. (2001b)
specific 18 BAC clones

Maize 4 markers Chromosome 9 Sadder and Weber
(umc105a, csuld5a, (2002)

Cent C, pZm4-21)
Oats (6x) Lrkl10-like receptor Linkage groups 4, 12, 5, Cheng D. W. et al.

kinase sequences 6,13 (2002)

Sorghum BAC clones Chromosome 1 Islam-Faridi et al.
contatining markers (2002)

Sorghum 22 BAC clones Integrated karyotyping Kim et al. (2002)
(encompassing 10 of Sorghum
linkage groups)

Tritordium*  Glu-1 loci Chromosome arms 1AL, Cabrera et al. (2002)

1 BL, 1H(ch)L

Wheat 47 RFLPs In situ hybridization Chen and Gustafson
(1995)

Wheat Rice markers Homoeologous group 5 Sarma et al. (2000)
chromsomomes

Wheat Glu-1 loci Homoeologous group 1 long Cabrera et al. (2002)
arms (1 AL, 1 BL and 1 DL)

Wheat HSP70 gene Chromosome 1 B Francki et al. (2002)

homologue

*Tritordeum- an amphiploid between Triticum turgidum cv. durum and Hordeum chilense
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3.2. Physical Maps based on Deletion Stocks

Cytogenetic stocks can also be used for generating physical maps by
locating genetically mapped DNA markers to specific chromosomal
segments. Different types of cytogenetic stocks, are available for this
purpose, including B-A translocations in maize (Weber and Helentjaris,
1989) and maize chromosome additions to oat genome (Riera-Lizarazu et
al., 2000), deletion stocks in wheat (Endo and Gill, 1996) and chromosomal
translocation stocks in barley (Kiinzel et al, 2000). These stocks were
extensively used for physical mapping of the genomes of these cereals, in
particular wheat and barley, genomes.

In bread wheat availability of a set of more than 400 deletion stocks
facilitated preparation of physical maps for all the seven homoeologous
groups (reviewed by Gupta et al, 1999; P.K. Gupta, India, personal
communication). It was shown that the deletion lines from three
chromosomes of each of the seven homoeologous groups could be pooled
together, so that each of the seven consensus chromosomes representing
seven homoeologous groups can be divided into approximately 62 different
‘physical bins’, each bin with an average size of 40 Mb. By assuming a
uniform distribution of recombination, these bins each represents a segment
of 10 cM on the genetic map, so that the average ratio of physical to genetic
distance becomes 4 Mb/cM (Lagudah et al, 2001). A consortium of 13
laboratories in USA funded by National Science Foundation, USA, is
engaged in assigning 10,000 unique ESTs to physical locations on
chromosomes by using deletion lines  (http://wheat.pw.usda.
gov/NSF/progress_mapping.html, Qi ef al., 2003). When physical mapping
data were used to assess organizational and evolutionary aspects of the
wheat genome, it was found that recombination has played a central role in
the evolution of wheat genome structure. The gradients of recombination
rates along chromosome arms promoted more rapid rates of genome
evolution in distal, high-recombination regions (hot spots of recombination)
than in the low recombination proximal, regions (Akhunov et al., 2003). In
another project in France, a total of 725 microsatellite loci were assigned to
94 breakpoints in a homozygous (88 distal delitions, 6 interstitial) and 5 in a
heterozygous state representing 159 delition bins with an average of 4.97
SSR/bin (Sourdille et al, 2004). Assignment of ESTs and genetically
mapped SSRs to deltion bins in above studies will be useful not only for
deletion stock verifications but also for allocating associated QTLs to
deletion bins as numerous ESTs that could be potential candidate genes have
been assigned.
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Table 4. A summary of physical mapping in wheat and barley using various

cytogenetic stocks

Cereal species

Marker loci Cytogenetic

Reference

mapped stocks used
Barley (whole genome) 301 STSs 240 TLs Kiinzel ez al. (2000)
Barley (chromosome 7H) 28 STSs, 22 TLs Serizawa et al. (2001)
17 AFLPs
Barley (chromosome 3H) 24 SSRs 14 TLs Kiinzel and Waugh (2002)
Wheat (Homoeologous group 1) 19 RFLP 18 DLs Kota et al. (1993)
Wheat (Homoeologous group 1) 50 RFLPs 56 DLs Gill et al. (1996a)
Wheat (Homoeologous group 2) 30 RFLPs 21 DLs Delaney et al. (1995a)
Wheat (Homoeologous group 2) 43 SSRs 25 DLs Roder et al. (1998a)
Wheat (Homoeologous group 3) 29 RFLPs 25 DLs Delaney ef al. (1995b)
Wheat (Homoeologous group 4) 40 RFLPs 39 DLs Mickelson-Young et al.
(1995)
Wheat (Homoeologous group 5) 155 RFLPs 65 DLs Gill et al. (1996b)
Wheat (Homoelogous group 5) 245 RFLPs, 36 DLs Faris et al. (2000)
3 SSRs
Wheeat (short arm of 100 RFLPs 17 DLs Qi and Gill (2001)
homoeologous group 5)
Wheat (chromosome SA) 22 RFLPs 19 DLs Ogihara ef al. (1994)
Wheat (Homoeologous group 6) 24 RFLPs 26 DLs Gill et al. (1993)
Wheat (Homoeologous group 6) 210 RFLPs 45 DLs Weng et al. (2000)
Wheat (Homoeologous group 6- 82 RFLPs 14 DLs Weng and Lazar (2002)
short arm)
Wheat (Homoeologous group 7) 16 RFLPs 41 DLs Werner et al. (1992)
Wheat (Homoeologous group 7) 91 RFLPs, 54 DLs Hohmann ez al. (1995)
6 RAPDs
Wheat 16 SSRs 13 DLs Varshney et al. (2001)
(chromosomes 6B, 2D and 7D)
Wheat (1 BS) 24 AFLPs 8 DLs Zhang H.N. et al. (2000)
Wheat (chromosome 4DL) 61 AFLPs, 8 DLs Milla and Gustafson (2001)
2 SSRs,
2 RFLPs
Wheat (chromosome arm 1BS) 22 expressed DLs Sandhu et al. (2002)
sequences
Wheat (whole genome) 7,697 101 DLs http://wheat.pw.usda.gov/
unique ESTs NSF/progress_mapping.htir
; Qietal (2003)
Wheat (whole genome) 725 SSRs 159 DLs Sourdille et al. (2004)

TLs= translocation lines ; DLs= delition lines



Molecular maps in cereals 55

In barley, translocation breakpoints were used for the preparation of a
physical map for all the seven chromosomes (Kiinzel et a/., 2000). Deletion-
based physical mapping has also been conducted in barley for some
chromosomes including 7H (Serizawa et al., 2001). The status and future
prospects on physical mapping of the barley genome has been discussed in a
recent review (Varshney et al., 2004), and available information on physical
mapping in wheat and barley is summarized in Table 4. Based on physical
mapping of wheat and barley by using cytogenetic stocks, it has been
speculated that the Triticeae genomes contain gene-rich regions (Sandhu and
Gill 2002; for detail see Chapter 12 by K.S. Gill in this book).

3.3. Physical Maps Based on Contigs

The availability of genome wide DNA-contigs and their physical mapping
has been a prerequisite for high quality sequencing of the genomes of model
organisms, Arabidopsis and rice (TAGI 2000; Sasaki and Burr, 2000). DNA
contigs can be assembled and physical maps prepared (through fingerprints
of the BACs) using large insert DNA clones, such as yeast artificial
chromosomes (YACs) and bacterial artificial chromosomes (BACs). The
above contig assembly is dependent on a high density genetic map and/or
high-quality large insert DNA libraries. Physical maps generated through
contig assembly are then used to find the minimum tilling path for
sequencing.

As a prerequisite for whole genome sequencing (WGS), physical maps using
BACs, YACs and contigs have been prepared in several crops including
some of the cereals. Among cereals, YAC libraries were prepared initially in
maize (Edwards ef al., 1992), barley (Kleine ef al., 1993) and rice (Umehara
et al.,1995). These libraries were used for a number of studies but their
general use has been limited by the high frequency of chimeric and unstable
clones. Therefore, BAC libraries became popular due to ease of handling,
relative simplicity in their development and a low frequency of chimeric
clones. BAC libraries in many cereals have been constructed using Texas A
& M GENEfinder Genomic Resources (http://hbz.tamu.edu/bacindex.html)
and the BAC/EST Resource Centre at Clemson University Genomics
Institute (http://www.genome.clemson.edu/groups/bac/). A gene-enriched
BAC library has also been prepared in maize for cloning allele-specific
fragments (Fu and Dooner, 2000). In hexaploid wheat, a library in Chinese
Spring has been constructed using a newly developed transformation-
competent artificial chromosome (TAC) vector, pYLTACI17 (Liu et
al.,2000). These libraries are useful resources for physical mapping,
positional cloning, WGS, genomic structural analysis and comparisons of
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specific regions in different cereal species (for details see Chapter 11 by
Stein and Graner, Chapter 13 by Yu and Wing).

In an Chapter 13 of this book, the methodology for preparation of contig-
based physical map is described by Yu and Wing. The physical maps that
have been prepared using YAC and BAC clones are summarized in Table 5.
In some cases BAC libraries have been screened with genetically mapped
ESTs or EST-derived markers, so that the physical maps can be compared
with EST maps or transcript maps (discussed above). For example, for the
preparation of a physical map, the CUGI (Clemson University Genomics
Institute) collected the fingerprint data of two rice (Nipponbare) BAC
libraries (20 fold coverage) (Soderlund et al., 2000) and assembled contigs
from 127,459 BAC end sequences (Mao et al., 2000). With the availability
of Monsanto working draft of the rice genome (Barry, 2001) and
fingerprinted contig map from CUGI, a comprehensive physical map of the
entire rice genome was prepared (Chen et al., 2002). Using genetically
mapped markers, most of the rice genome (~90.6%) was anchored through
overgo hybridization, DNA gel blot hybridization and in silico anchoring.
This physical map consists of 66,384 fingerprinted BAC clones (including
2,278 singletons) representing 20 fold coverage of the genome
(http://www.genome.clemson.edu/projects/rice/fpc/integration). Simultane-
ously in an EST-project at RGRP (Rice Genome Research Programme),
Japan, specific primers were designed for 6,713 unique (non-redundant)
ESTs derived from 19 cDNA libraries. Subsequently, these primers were
screened against 4,387 YAC clones and a comprehensive YAC-based rice
transcript map was prepared. This map contains 6,591 EST sites and covers
80.8% of the genome (Wu et al., 2002). In another recent study, 28,000
cDNA clones were physically mapped onto a japonica rice (Kikuchi et al.,
2003). As part of the International Rice Genome Sequencing Project
(IRGSP), a fine physical map of the rice (Oryza sativa japonica Nipponbare)
chromosome 4 has been prepared using 114 BAC clones from a
taxonomically related subspecies Oryza sativa indica Guangluai 4 with 182
RFLP and 407 EST markers (Zhao et al., 2002). In another recent study, rice
sequence data from 2,251 ordered BAC/PAC clones was compared with
4,485 wheat ESTs. This study suggested that numerous translocations will
complicate the use of rice as a model for cross-species transfer of
information (Sorrells et al., 2003).

Physical mapping by anchoring BAC clones with markers in cereals other
than rice is also in progress. For instance, in maize 2,036 Mb of the 2500 Mb
has already been covered (release 1/27/03) (http://www.maizemap.org
/iMapDB/iMap.html; http://www.genome.arizona.edu/fpc/maize/; Coe et
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al., 2002; Cone et al., 2002; Yim et al., 2002). Efforts are also underway in
sorghum (http://www.genome.arizona.edu/fpc/sorghum/; Klein et al.,2000;
Draye et al, 2001), and in the D-genome of wheat (http://wheat.pw.
usda.gov/PhysicalMapping/). However, physical mapping of the complete
hexaploid wheat genome using large insert libraries has yet to be
undertaken. In barley some preliminary work has been conducted in this
direction after anchoring BAC clones by using EST-derived SSR markers
(Varshney et al., unpublished results). al., 2000). With the availability of
Monsanto working draft of the rice genome (Barry, 2001) and fingerprinted
contig map from CUGI, a comprehensive physical map of the entire rice
genome was prepared (Chen er al., 2002). Using genetically mapped
markers, most of the rice genome (~90.6%) was anchored through overgo
hybridization, DNA gel blot hybridization and in silico anchoring. This
physical map consists of 66,384 fingerprinted BAC clones (including 2,278
singletons)  representing 20 fold coverage of the genome
(http://www.genome.clemson.edu/projects/rice/fpc/integration). In parallel,
in an EST-project at RGRP (Rice Genome Research Programme), Japan,
specific primers were designed for 6,713 unique (non-redundant) ESTs
derived from 19 cDNA libraries. Subsequently, these primers were screened
against 4,387 YAC clones and a comprehensive YAC-based rice transcript
map was prepared. This map contains 6,591 EST sites and covers 80.8% of
the genome (Wu ef al., 2002). In another recent study, 28,000 cDNA clones
were physically mapped onto a japonica rice (Kikuchi et al., 2003). As part
of the International Rice Genome Sequencing Project (IRGSP), a fine
physical map of the rice (Oryza sativa japonica Nipponbare) chromosome 4
has been prepared using 114 BAC clones from a taxonomically related
subspecies Oryza sativa indica Guangluai 4 with 182 RFLP and 407 EST
markers (Zhao et al., 2002). In another recent study, rice sequence data from
2,251 ordered BAC/PAC clones was compared with 4,485 wheat ESTs. This
study suggested that numerous translocations will complicate the use of rice
as a model for cross-species transfer of information (Sorrells et al., 2003).

Physical mapping by anchoring BAC clones with markers in cereals other
than rice is also in progress. For instance, in maize 2,036 Mb of the 2500 Mb
has already been covered (release 1/27/03) (http://www.maizemap.org
/iMapDB/iMap.html; http://www.genome.arizona.edu/fpc/maize/; Coe et al.,
2002; Cone et al., 2002; Yim et al., 2002). Efforts are also underway in
sorghum (http://www.genome.arizona.edu/fpc/sorghum/; Klein et al.,2000;
Draye et al, 2001), and in the D-genome of wheat (http://wheat.pw.
usda.gov/PhysicalMapping/). However, physical mapping of the complete
hexaploid wheat genome using large insert libraries has yet to be
undertaken. In barley some preliminary work has been conducted in this
direction after anchoring BAC clones by using EST-derived SSR markers.
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Anchoring of genetically mapped SSR markers to BAC clones also gave a
clue about the presence of gene-rich regions in barley genome (Varshney et
al., unpublished results).

3.4. Novel Strategies

Although preparation of contig-based physical maps is underway in larger
genomes such as maize and diploid progenitors of hexaploid wheat, full
genome contig physical maps could not be developed in barley or hexaploid
wheat. As an alternative, efforts are underway to establish subgenomic
physical maps from radiation hybrid (RH) panels (Cox et al., 1990) or by
“HAPPY” mapping (Dear and Cook, 1989). These methods do not rely on
the availability of BAC-contigs or cloned DNA fragments and may be
suitable for the high throughput mapping of PCR-based markers even in the
absence of polymorphism (Waugh et al., 2002).

3.4.1. Radiation Hybrid (RH) Mapping

In human genetics, RH panels have been constructed by fusing irradiated
human cells containing highly fragmented chromosomes in their nuclei with
intact hamster cells. Hamster cells selected for the presence of a selectable
marker from the human genome, each contains random fragments from
human chromosomes. In this way a population of hamster cell lines can be
developed, which contain fragments of human chromosomes. The size of the
fragments determines the physical resolution, which is a function of the
intensity of irradiation used. Mapping is performed on the basis of the
presence or absence of PCR-amplicons (Cox et al, 1990). Similar efforts
have also been initiated in some cereals. For instance, transgenic barley
protoplasts harbouring the bar transgene as a selectable marker was fused
with tobacco protoplasts to produce radiation hybrid panels (Wardrop et al.,
2002). In maize, individual chromosome additions to hexaploid oat (M9,
maize chromosome 9 addition line) were irradiated and a panel of 100
informative M9RHs (maize chromosome 9 radiation hybrids), with an
average of 3 breaks per chromosome were prepared (Riera-Lizarazu et al.,
2000). This allowed mapping with a resolution of 0.5 to 1.0 Mb. RH
mapping of one scs™ (species cytoplasm specific) gene in durum wheat is
also in progress (Hossain et al, 2002; http://cropandsoil.oregonstate.
edu/cgb/projects.html).
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3.4.2. HAPPY Mapping

An in vitro version of RH mapping is popularly described as HAPPY
mapping. In contrast to RH mapping, HAPPY mapping does not require any
cell fusion. It is based on the preparation of a series of small aliquots from
genomic DNA. Each aliquot contains less than the amount of the haploid
genome, hence the term HAPPY (Haploid genome; polymerase chain
reaction) mapping. The DNA is sheared either in solution or by irradiation
and size fractionated. Presence of physically linked DNA segments can be
identified by their co-amplification in a given aliquot. The resolution of the
procedure depends on the size of the DNA fragments that are used to prepare
the aliquots (Dear and Cook, 1989; for a review see Waugh et al., 2002).
HAPPY mapping may be superior to RH mapping, as it does not suffer from
problems due to cloning artefacts, or effects of chromosome structure. Using
this approach, Thangavelu er al. (2003) successfully constructed a high
resolution physical map of 1.9 Mbp region around the FCA locus within the
genome of of Arabidopsis thaliana, and concluded that even in large
genomes like that of barley, HAPPY mapping can facilitate the construction
of high resolution local physical gene maps, if not the complete genome
maps.

4. USES OF MOLECULAR MAPS

Both genetic and physical maps find a variety of uses not only in breeding
but also in genomics research. Since several of these uses are discussed in
other chapters of this book, only a very brief account will be included in this
chapter. Molecular genetic maps have been extensively used for comparative
genomic studies, throwing light on genome organization in grasses in
general and in cereal crops in particular. The molecular genetic maps are
also used for the identification of quantitative trait loci (QTLs) for a number
of morphological, physiological and economic traits in several cereals. The
QTLs not only help in marker-assisted selection for cereal breeding, but also
facilitate the study of changes that the cereal genomes have undergone
during breeding and selection. QTL analysis along with transcript maps
may also be used for the identification of candidate genes for specific QTLs.
Physical maps provide a large number of DNA markers from any
chromosomal region for gene isolation. They also provide a framework not
only for studies on structure, organization and evolution of the genome, but
also for studies on gene regulation and gene interaction (Akhunov et al.,
2003; Sorrells et al., 2003). Thus, physical and genetic maps are central to
research involving genome sequencing and analysis, gene isolation, and crop
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Figure 2: Comparative location of genes determining vernalisation response on
chromosomes 5A, SB and 5D of wheat, SR of rye and SH of barley as published

by Borner et al. (1999). The following basic maps were used: (1) Galiba et al. (1995), (2) Korzun et al.
(1997b), (3, 4) Mclntosh ez al. (1998), (5) Plaschke et al. (1993), (6) Laurie et al. (1995), (7) Bezant et al. (1996).
Mapped loci are marked with a point. The connecting lines between chromosomes indicate common loci which are
underlined. Genetic distances (roughly estimated) are given in centimorgans (cM). The gene loci are boxed. ¢ =
estimated centromere position, S = short arm, L = long arm, TPB = translocation break point.

improvement. 'Functional maps' will also prove very useful for comparative
mapping and genomics (see Varshney et al., 2004).

4.1. Collinearity and Synteny

RFLP probes allowed cross-species hybridization within the tribe Triticeae,
and allowed comparisons among specific regions of homoeologous
chromosomes (Devos et al., 1992). Cross-hybridization resolved substantial
conservation of the linear order of not only molecular marker loci, but also
of gene loci. In these comparisons, although extensive interchromosomal
translocations were detected between species, colinearity was retained
within the translocated chromosome segments (Devos ef al, 1993a). For
instance, genes determining vernalization response have not only
been identified in linkage groups belonging to all the three homoeologous
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Figure 3. Comparative location of genes determining absence of ligules on
chromosomes 2R of rye, 2H of barley, 2B and 2D of wheat, 4 of rice and 2 of

maize as published by Borner et al. (1999). The following basic maps were used: (1) Korzun et al.
(1997a), (2) Laurie et al. (1993), (3) Pratchett and Laurie (1994), (4) Heun ef al. (1991), (5,6) MclIntosh e7 al. (1998), (7)
Causse ef al. (1994), (8,9) Ahn and Tanksley (1993). Mapped loci are marked with a point. The connecting lines
between chromosomes indicate common loci which are underlined. Genetic distances (roughly estimated) are given in
centimorgans (cM). The gene loci are boxed. ¢ = estimated centromere position, S = short arm, L = long arm.

chromosomes of group 5 of wheat (all the 3 genomes) ,but were also
identified in the syntenous segments of the corresponding barley and rye
chromosomes (Fig. 2). Colinearity was also described between genomes of
species belonging to different tribes within the Poaceae (Gale and Devos,
1998). For instance, linkage groups 2R of rye, 2H of barley, 2B and 2D of
wheat, 4 of rice and 2 of maize are synteneous, so that the genes determining
absence of ligules are located in corresponding chromosome segments in all
these species (Fig. 3). This suggested that the information available in maps
of one cereal species could be transferred to the map of other species. For
instance molecular markers mapped in wheat and barley can be integrated to
genetic map of rye. Furthermore, detailed information available for the
relatively small genome of rice, can be applied to larger genomes of wheat,
barley and rye (Gale and Devos, 1998), although a recent study suggested
that the presence of numerous translocations between wheat and rice
genomes may complicate the use of rice as a model (Sorrells et al., 2003).
More details on synteny and comparative mapping have been described
elsewhere in this book (Chapter 5 by Paterson).
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4.2. Linkage Disequilibrium and
Association Mapping

The above technique of molecular mapping requires a mapping population.
The mapping population used for this purpose is the products of just a few
cycles of recombinations, limiting the resolution of genetic maps, and often
is not representative of germplasm that is being actively used in breeding
programs. To oversome these problems, association mapping, based on
linkage disequilibrium (LD) is being used for cereal genomics research. LD
is the non-random association of markers in a populationand can provide
high resolution maps of markers and genes. Association mapping based on
LD may also help to resolve QTLs for specific traits (Lai et al, 1994;
Buckler and Thornsberry, 2002). LD depends on the evolutionary or
selection history, and as a result only gene/marker with tight linkage will be
detected (see Wall and Pritchard, 2003). However it is not the case in inbred
species, such as wheat or barley, where large linkage blocks (often almost
entire chromosome arms) have been maintained over long histories of
selection Because of the narrow population structure in many crop plants
due to the breeding history, association mapping has not been conducted in
many plant systems (for review see Jannick and Walsh, 2002; Flint-Garcia et
al., 2003). In cereals so far reports on LD are available only in maize
(Remington et al., 2002; Ching et al., 2002), wheat (Paull ez al., 1994; 1998)
and rice (Garris ef al., 2003). Association mapping based on LD has also
been demonstrated in maize for DwarfS gene involved in flowering time
(Thornsberry et al., 2002) and yellow endosperm colour (Palaisa et al.,
2003). Efforts are underway in other cereals like barley (A. Graner,
Germany, personal communication), wheat (P. Langridge, Australia,
personal communication). Such high resolution mapping of traits/QTLs to
the level of individual genes will provide a new possibility for studying the
molecular and biochemical basis of quantitative traits variation and will help
to identify specific targets for crop improvement. Though LD-based
approaches hold great promise for speeding up the fine mapping,
conventional linkage mapping will continue to be useful particularly when
trying to mendelize QTLs and assessing the effect of a QTL in isolation
(Rafalski and Morgante, 2004). In some studies, the utility of an approach
involving the use of conventional linkage mapping along with LD has also
been recommended for the construction of molecular maps, and for QTL
analysis (Nordborg et al., 2002; Zhu et al, 2003). Keeping in view the
importance of LD in crop plants in particular cereals, SCRI, Dundee (UK)
has organized a workshop on Gametic Phase Disequilibrium Mapping in
Crop Plants (http://wheat.pw.usda.gov/ggpages/calendar/ SCRI 2004.html)
in Australia, recently.
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4.3. Marker- Assisted Selection (MAS)
for Crop Improvement

In a large number of studies, molecular markers have been used as tools to
identify molecular markers associated with major genes and QTLs for
agronomically important genes. Among cereals, in wheat alone, molecular
markers have been identified for as many as ~40 traits of economic
importance (see Gupta et al., 1999 for a review). Similarly in barley, a large
number of QTLs and genes for disease resistance, grain quality and
physiological traits have been identified; these were compiled by Pat Hayes
(Canada) and  colleagues  (http://www.barleyworld.org/NABGMP/
qtlsum.htm). Details on identification of genes and QTLs for biotic and
abiotic stresses in cereals are available in Chapter 8 by Jahoor et al. and
Chapter 9 by Tuberosa and Salvi, respectively in this book.

As an example, some important studies on identification of genes and QTLs
with molecular markers in rye are shown in Table 6. Availability of markers
associated with these genes offers the possibility to apply marker-assisted
selection (MAS) of desirable plants at the juvenile stage from an early
generation. For simply inherited traits, PCR-based markers, which require
each a small amount of DNA, is becoming very popular for screening large
segregating populations. Unfavourable alleles can be eliminated or greatly
reduced during the early stages of plant development through marker-
assisted selection, focusing the selection in the field on reduced numbers of
plants.

Although some examples of utilization of MAS are available in cereals like
maize and barley, the promise of MAS at large scale in crop breeding still
remains to be realized. The main reasons for this delay are the insufficient
number of quality markers (with respect to their predictive and diagnostic
value), inadequate experimental design, high costs and complexity of
quantitative traits (Koebner and Summers, 2003; Chapter 10 by Koebner in
this book). Only close interactions between breeders and biotechnologists
will accelerate the effective implementation of MAS in cereal breeding
programmes.

6. SUMMARY AND OUTLOOK

Molecular maps are now available for all cereals, and for some cereals such
as rice and maize, high density maps are also available. The availability
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Table 6. Utilization of molecular markers and genetic maps in identification of
gene and QTLs in rye

Traits Gene/ Marker Location Reference
QTL type(s) (chromo-
some)
Morphological/Physiological traits
Reduced plant height ¢t/ RFLP 7R Plaschke et al. (1995)
(Compactum)
ct2 RFLP SR Plaschke et al. (1993)
Reduced plant height  Ddwl RFLP SR Korzun et al. (1996)
Spring growth habit Spl RFLP 5R Plaschke et al. (1993)
(Vernalisation
response)
Flowering time QTL RFLP 2R,5R, 7R Borner et al. (2000)
Florets per spike oTL RFLP 6R Borner et al. (2000)
Self fertility S RFLP, 1R Senft and Wricke (1996)
Voylokov ef al. (1998)
RAPD
Z RFLP, 2R Senft and Wricke (1996)
Voylokov ef al. (1998)
RAPD
S5 RFLP SR Voylokov et al. (1998)
Fertility restoration Rfgl RFLP, 4R Borner et al. (1998)
RAPD, 4R Miedaner et al. (2000)
RAPD, CAPS 4R Stracke et al. (2003)
AFLP, SCAR
Biotic/Abiotic stress response
Reaction to leaf rust Lr-a RFLP 6R Ruge et al. (1999)
Lr-c RFLP, SSR 1R Ruge et al. (1999)
Lr-g RFLP 1R Ruge et al. (1999)
Reaction to powdery ~ Pm RFLP 1R Wricke et al. (1996)
mildew
Resistance against CreR RFLP, 6R Taylor et al. (1998)
cereal cyst nematode RAPD
Aluminium tolerance  Alt] RAPD, SCAR 6R Gallego et al. (1998)
Alt3 AFLP 4R Miftahudin and
Gustafson (2001)
Quality
Secalins Sec2 RFLP 2R Malyshev et al. (1998)
Secs RFLP 2R Malyshev et al. (1998)
Waxy endosperm Wx RFLP 4R Korzun et al. (1997a)

of efficient and cost effective markers will certainly be used in future for
improving the available maps of other cereals also. Availability of transcript
and functional maps in cereals and comparative genomics of grasses as a
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whole will also facilitate transfer of markers from the major cereals to minor
species including rye, sorghum, oats and millets. Similarly, physical maps
of wheat and barley based on cytogenetic stocks, and thoseof rice, maize and
sorghum based on BACs, will be used as a resource for future cereal
breeding. Although progress in the construction of contig-based physical
maps in wheat and barley is slow due to their large genomes, deletion stocks
in wheat and novel approaches such as HAPPY mapping in barley (for local
physical maps) are already being used for high resolution mapping in these
crops. All these maps offer an opportunity both for understanding the
genome organization leading to their use for crop improvement programmes.
Advances in bioinformatics will also facilitate integration of information
from these maps into genome sequences and gene expression profiles. In the
not too distant a future, all this information should be ready on-line to
address issues of plant breeding with an ultimate objective of crop
improvement.
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1. INTRODUCTION

Our understanding of genome organization has its roots in postwar interest in
the effects of radiation. Observations on the relationship between doses of
ionizing radiation and the frequency of mutations (Abrahamson et al., 1973;
Trujillo and Dugan, 1975) indicated that the size of the genetic target
receiving the radiation dose varied considerably between organisms. By the
beginning of the 1970s, this phenomenon had come to be known as the “C-
value paradox” (Thomas, 1971). The paradox was that the total genome size,
or C-value, varied widely within a given clade of organisms and bore no
relationship to organismal complexity. For example, two legumes within the
same genus, Vicia faba and Vicia sativa, have haploid genomes of 13.1 x 10’
and 2.2 x10° respectively, but differ very little morphologically. This
observation has been fully confirmed by the large-scale determination of
genome sizes of many plants (http://www.rbgkew.org.uk/cvalues), within
which genome size varies from about 10’ bp in Cardamine and Arabidopsis
among the Crucifereae to nearly 10" bp in Fritillaria among the Lilliaceae.
Within the cereals, rice (Oryza sativa) has a compact genome of 4.8 x 10° bp,
ranging upwards through sorghum (7.35 x 10°), maize (26.7 x 10%), and
barley (54.4 x 10° bp).
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Resolution of the C-value paradox began with experiments carried out in the
1970s and early 1980s (e.g., Flavell et al., 1974; Hake and Walbot, 1980).
Sheared DNA was melted and then allowed to reanneal over protracted
periods of time to various C,t (combinations of concentration and time)
levels. The experiments showed that genomes of higher organisms are
comprised of single-copy DNA regions interspersed between repetitive DNA
of various degrees of redundancy. These and later studies have led to the
view that, in general, larger eukaryotic genomes have a high proportion of
repetitive DNA. The maize nuclear genome for instance, contains about 60 to
80% repetitive DNA (Flavell et al., 1974; Bennetzen et al., 1994; Springer et
al., 1994; Heslop-Harrison, 2000; Meyers et al., 2001) and the wheat nuclear
genome contains 83 % repetitive DNA (Wicker et al., 2001). These studies
were, however, essentially static views of the genome lacking details of
structure and function, and left unexplained why, within narrow clades of
plants, genome sizes should show such variation.

A final resolution of the question of why eukaryotic genomes might vary in
size derives from several fields of research. First, large-scale sequencing of
ESTs from many plants and of the entire genomes of mouse, human,
Arabidopsis, and rice indicates that the number of cellular genes is relatively
constant, some 30,000 to 50,000 (TAGI, 2000; Goff et al., 2002; Kurata et
al., 2002; Yu et al., 2002). Given 30,000 genes with 4800 bp, 60 % of the
rice genome but only 2.7 % of the barley genome encodes cellular functions.

Second, sequencing of long contiguous segments (“contigs”) of the genome,
such as in assembled BAC and YAC clones (respectively, Bacterial Artificial
Chromosome and Yeast Artificial Chromosome), confirmed the hybridizaton
results that much of the intervening DNA between cellular genes consists of
repetitive DNA. Repetitive sequences can be found in the genome either in
tandem arrays or in a dispersed fashion and can be classified into 3
categories: (a) transposable elements, which are mobile genetic elements,
largely consisting of retrotransposons, in many plant species; (b)
microsatellite sequences, which are tandemly repeated DNA sequences (also
called simple sequence repeats); and (c¢) a special class of repetitive
sequences including telomeric and centromeric sequences as well as tandem
arrays of rDNA units.

Microsatellites and particularly retrotransposons are dynamic components of
the genome whose abundance can change over time. As detailed below, the
dynamics of retrotransposon replication and insertion between cellular genes
can explain much of the size differences between otherwise similar plant
genomes. Furthermore, cereal genomes are largely syntenic and colinear,
having largely the same genes on homeologous chromosomes in mostly the



Retrotransposons and microsatellites in cereals 85

same order (Smilde ef al., 2001). The major part of cereal genomes is
comprised of retrotransposons and microsatellites, and the major factor in the
differences between their genome sizes is the varying proportions of these
elements. Therefore, in the present chapter, we discuss the distribution and
organization of retrotransposons and microsatellites and their impact on
genome size in cereals.

2. RETROTRANSPOSONS AND THEIR
ORGANIZATION WITHIN THE GENOME

Although the study of retroelements can be dated to about 1910 with the
discoveries of avian leucosis virus (alv) and Rous sarcoma virus (Rous,
1911), their true nature was mysterious before the provirus hypothesis of
Temin (Temin, 1964) was confirmed with the discovery of reverse
transcriptase (Baltimore, 1970; Temin and Mizutani, 1970). The mode of
retroviral replication was worked out during the 1970s, culminating in the
first sequence of a retrovirus (Shinnick et al., 1981). The presence of
retroelements in vertebrate genomes, termed endogenous retroviruses, was
subsequently established (Lower et al., 1996). By 1985, yeast was
demonstrated to have endogenous elements, which were named 7y,
transposing, as do the retroviruses, through an RNA intermediate (Boeke et
al., 1985; Kingsman and Kingsman, 1988). The presence and activity of
similar elements in insects (Flavell ef al., 1980; Levis et al., 1980; Shiba and
Saigo, 1983) and in the plants (Shepherd ez al., 1984; Grandbastien et al.,
1989) was shown in the same period. The organization of retrotransposons in
plant genomes has been investigated on four levels of increasing precision:
Southern- and dot-blot hybridization studies giving a general view of copy
number; in situ hybridization of chromosomes, yielding a picture of the
distribution by chromosome region; mapping and sequencing of large
contiguous segments of the genome, such as are present in BACs and YACs,
detailing local organization; large-scale sequencing extending over whole
genomes, making possible both a detailed local and global view.

2.1. Retrotransposon Structure

Retrotransposons are transposable elements that replicate via an RNA
intermediate in a process involving transcription and reverse transcription,
and are labeled Class I. Class II transposable elements are DNA transposons,
which replicate only as part of the chromosome and move by a cut-and-paste
mechanism. The Class I elements fall into three distinct groups. These are:



86 A. H. Schulman, P. K. Gupta and R.K.Varshney

LINEs, or long-interspersed elements; SINEs, or short interspersed elements;
LTR retrotransposons, which are bounded by long terminal repeats (LTRs).
The LTR retrotransposons can be further divided into two categories, the
copia-like and the gypsy-like elements. Members of each class display a
greater similarity to members of the same class from different species and
Kingdoms than to elements from the same species, supporting their ancient
origin (Xiong and Eickbush, 1990). The three retrotransposon groups found
in plants each occur in the animals and fungi as well, and therefore represent
ancient genomic components that predate the divergence of these three major
groups of eukaryotes.

The structure and life cycle of the plant LTR retrotransposons (reviewed in
Kumar and Bennetzen, 1999) most resembles that of the mammalian
retroviruses. The bounding LTRs contain the signals needed for RNA
expression and processing. The 5’ LTR serves as the promoter, whereas the
3’ LTR functions as the terminator and polyadenylation signal. The LTRs can
vary in length from several 100 bp (Tosi7; Hirochika et al., 1992) to over 5
kb (Sukkula;, Shirasu et al., 2000) and are themselves terminated by small
inverted repeats giving the LTRs a universal 5° TG....CA 3’ structure.
Adjacent, respectively, to the 5’ and 3 LTRs are the priming sites for the (-)-
strand and (+)-strands of the cDNA that are recognized by the reverse
transcriptase (RT) encoded by the retrotransposon. In addition to RT, LTR
retrotransposons encode the same basic proteins, generally excepting the
envelope protein, as do retroviruses: capsid protein (GAG), which forms the
virus-like particle (VLP), aspartic proteinase (AP), which cleaves the
expressed polyprotein into functional components, integrase (IN), which
carries out the insertion of the cDNA into the genome, and RNase H (RH),
which is required in replication (Turner and Summers, 1999). In the copia-
like retrotransposons, the domains are organized 5° LTR-GAG-AP-IN-RT-
RH-LTR 3°, whereas gypsy-like elements are arranged as 5° LTR-GAG-AP-
RT-RH-IN-LTR 3°. The GAG is often, though not necessarily, in a different
reading frame than the other domains, which are expressed as single
polyprotein referred to as POL. A newly recognized subset of the plant gypsy-
like retrotransposons contains a coding domain (env), internal to the 3> LTR,
specifying a putative envelope protein (Vicient, et al., 2001a). Similar
domains have been found in copia-like elements as well (Laten ef al., 1998;
Wright and Voytas, 2002). The env-bearing plant elements of the gypsy-like
class are organized in a manner identical to the mammalian retroviruses,
raising the still-unanswered question of their function as viruses. A new class
of non-autonomous elements derived from retrotransposons but lacking
protein-coding domains has been reported (Witte ez al., 2001).
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The LTR retrotransposons are the most abundant and best-studied class of
plant retroelements, but the LINEs and SINEs are important genomic
components as well (Noma et al., 1999; Schmidt, 1999; Vershinin et al.,
2002). The LINE elements are viewed as progenitors of the LTR
retrotransposons, although the two groups replicate by different mechanisms
(Eickbush, 1992). The LINE elements lack both LTRs and IN, and at least in
mammals replicate via transcription from an internal promoter, followed by
reverse transcription primed by genomic DNA at a cleaved target site (Luan
et al., 1993; Weiner, 2002). Integration likely takes place via a break repair
mechanism (Moore and Haber, 1996). In humans, the L1 family of LINE
elements is a major mutagenic agent and responsive for genome remodeling
via extensive deletions, at least in transformed cells (Kazazian and Goodier,
2002). Although few plant LINEs appear functional (Schmidt, 1999), the
recently reported Karma element in rice can be activated by induced
hypomethylation in tissue culture, leading to copy number increases in
subsequent generations (Komatsu ef al., 2003).

The SINEs, in contrast to LINEs, encode no enzymatic functions, and appear
to rely on those of LINEs for their propagation (Boeke, 1997; Lenoir ef al.,
2001). The SINEs are reverse-transcribed from RNA polymerase 111 products
and, with the exception of some mammalian elements, are derived from
tRNA; as such, they contain internal promoters that can render them
transcriptionally active elements (Deragon and Capy, 2000). The SINE
elements are mobile within the plants, and have been well studied in the
genus Brassica (Gilbert ef al., 1997; Arnaud et al. 2000; Tikhonov et al.,
2001). They have been used for phylogenetic markers in both Brassica and
Oryza, in humans, and in many animals (Cheng ef al., 2002).

Since the discovery of the first active plant retrotransposon (Grandbastien et
al., 1989), considerable progress has been made in demonstrating that the
various steps of the life cycle of LTR retrotransposons previously established
for yeast and flies are carried out in the plants (Kumar and Bennetzen, 1999;
Vicient et al., 1999a). Among the cereals, transcription of retrotransposons
appears to be a common phenomenon, corresponding to about 0.1% of total
transcripts in EST databases (Vicient et al., 2001b; Echenique, ef al., 2002).
In the cereals, transcription has been directly demonstrated in rice (Hirochika,
1993; Hirochika et al., 1996), maize (Turcich et al., 1996), and barley
(Suoniemi et al, 1996a; Vicient et al., 200la). Translation, polyprotein
processing, and formation of virus-like particles have been explicitly
demonstrated in barley and other cereals (Jadskeldinen ef al., 1999; Vicient et
al. 2001b) for the abundant BARE-1 retrotransposon family (Manninen and
Schulman, 1993; Vicient et al., 1999a) and transcriptional splicing has been
for the retroviral-like Bagy? element (Vicient ef al., 2001a). Stress and tissue
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culture activation of retrotransposons appears to be a general phenomenon
(Wessler, 1996; Grandbastien, 1998), and has been well analyzed in tobacco
and rice (Hirochika et al., 1992; Hirochika et al., 1996; Takeda et al., 1998;
Beguiristain et al., 2001). In barley, although stress activation has not been
directly demonstrated, both retrotransposon BARE-1 copy number and
genome size is correlated with environmental factors associated with drought
and temperature stress (Kalendar et al., 2000).

2.2. Retrotransposon Copy Number Variation
and its Relationship to Genome Size

Given actively replicating families of retrotransposons in plant genomes and
gene numbers varying over a relatively small range, much of the
considerably greater variation observed in genome size among the flowering
plants can be attributed to variation in the bulk contribution of
retrotransposons to the total genome. This appears true for eukaryotes
generally; the compact genome of the yeast Saccharomyces cerevisiae,
comprising 13 x 10° bp, contains 331 retroelements, of which only 51 are
full-length retrotransposons (Kim et al., 1998). The great majority of the
elements in yeast are, instead, solo LTRs, the remnant of recombinational
loss of a retrotransposon. Occurrence of solo LTRs shall be revisited below
with respect to the cereals. Taken together, the full-length and solo LTRs
comprise 3.1 % of the yeast genome.

The genome of Arabidopsis thaliana, at 10° bp, is the smallest described in
the plants (Goodman et al., 1995). A careful survey of 1.7 x 10" bp (Le et al.,
2000) revealed the presence of 50 groups of LTR retrotransposons, divided
about equally between gypsy-like and copia-like elements, each with about
two members on average. In addition, three groups, or more correctly two
groups (Lenoir ef al., 2001), of SINEs and 28 groups of LINEs were found,
the latter with about one member per group. Extrapolating from the 134
Class I elements identified to the whole genome yields an estimated total of
779 elements in A. thaliana, comprising about 2 % of the DNA.

The cereals tend to have large genomes, and commensurately more
retrotransposons. Cultivated rice has one of the smallest genomes among the
cereals, containing 4.3 x 10® bp (Kurata et al., 1997). Dispersed within the
rice genome is about 10’ retrotransposons when estimated by hybridization
with a conserved probe (Hirochika et al., 1992). The rice genome project has
recently completed three chromosomes representing 100.18 Mb to date,
about 23% of the total (Sasaki et al., 2002; Feng et al., 2002; The Rice
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Chromosome 10 Sequencing Consortium, 2003). Annotation of the amassed
sequence (supplementary material at http://sciencemag.org/cgi/data/300/
5625/1566/DC1/1) reveals 11,423 retrotransposons covering 8.27 Mb.
Extrapolating to the whole genome, this indicates a total of 4.9 x 10*
retrotransposons covering 35 Mb, or 8.3% of the entire genome. The
discrepancy with earlier estimates may be due in part to the annotation being
based on scoring of LTRs rather than coding domains, and on the limitations
of hybridization for detecting highly degenerate retroelements. An analysis of
the genome size and retrotransposon content of barley, wild barley, and other
species within the genus Hordeum confirmed the broad correlation of
genome size with retrotransposon copy number (Vicient et al., 1999b).

2.3. Chromosomal Distribution of Retrotransposons

The high copy number of retrotransposons in cereal and other genomes raises
the question of how their bulk is distributed within the genome. The method
of fluorescent in situ hybridization (FISH) offers an efficient strategy for
acquiring a broad overview of genome organization, and has been applied to
many retrotransposon systems. The 1 — 2 x 10" copies of the BARE-1
retrotransposon, for example, are dispersed along all seven haploid
chromosomes of barley and related species, except in the centromeres,
telomeres, and nucleolar organizing regions (Suoniemi et al., 1996b; Vicient
et al., 1999b). The distribution of the wheat retrotransposon WIS 2-1A,
which is sufficiently similar to BARE-1 to consider it a member of the BARE-
1 family (Manninen and Schulman, 1993), was examined in the
chromosomes of wheat and rye that are present in the allopolyploid triticale
(xTriticosecale) by FISH (Muiiiz et al., 2001). The elements were dispersed
on all chromosomes of both constituent genomes in a manner similar to
BARE-1 in barley. Likewise, a retroelement fragment from the oat genus
Avena, 67 % and 70 % similar to BARE-1 and WIS-2-1A LTRs respectively,
is dispersed along all chromosomes of diploid, tetraploid, and hexaploid
species except in the centromeric and nucleolar organizer regions (Katsiotis
et al., 1996; Linares et al., 1999). Other copia-like (Moore et al., 1991;
Svitashev et al., 1994) and gypsy-like (Vershinin et al., 2002) elements show
a distribution in barley broadly similar to that of BARE-1.

Few studies have been carried out on the distribution of the non-LTR
retrotransposons, the LINEs and SINEs, in cereal genomes. A comparison of
the distribution of copia-like, gypsy-like, and LINE elements in the wild
barley Hordeum spontaneum, and in Aegilops speltoides, another member of
the tribe Triticeaec was made (Belyayev et al., 2001). A clustered distribution



90 A. H. Schulman, P. K. Gupta and R.K.Varshney

of copia-like elements was observed in Ae. speltoides and two main clusters
on different chromosomes found in H. spontaneum. The gypsy-like elements
were present as clusters in both species, whereas LINE elements showed a
broader, but nevertheless clustered, distribution. Vershinin and coworkers
(2002) reported on LINE distribution in several Hordeum species. They
observed dispersion along most chromosomes, limited by the low copy
numbers in cultivated barley, H. vulgare.

Although most families of retrotransposons in the cereals are excluded from
the centromere and the nucleolar organizing regions, or are at least rare
enough there to give weak FISH signals, some families show converse
distributions. One of these, a gypsy-like element named CEREBA, is highly
localized, but not exclusive, to cereal centromeric regions (Presting et al.,
1998; Hudakova et al., 2001). The gypsy-like RIRE7 element of rice also has
reported centromeric association (Kumekawa et al., 1999, 2001a; Nomomura
et al., 2001). In maize, the CentA retroelement is confined to centromeric
regions, whereas the Huck and Prem2 retrotransposons with which it is
associated were found not only in the centromeres but also elsewhere on the
chromosomes (Ananiev et al., 1998a). In addition, there are a number of
other partially characterized retroelements that have been found within cereal
centromeres (Dong et al. 1998; Miller et al. 1998; Nomomura and Kurata,
1999; Langdon et al., 2000; Fukui et al., 2001). A parallel situation occurs in
Arabidopsis, where sequenced contigs for the centromeres of chromosomes 4
and 5 reveal a core of 180 bp repeats interrupted by the insertion of gypsy-
like Athila retrotransposons (Kumekawa ef al., 2000,2001b). It is tempting to
speculate that a single ancient family of gypsy-like elements is found in the
centromeres of diverse plants, given that such elements can interact directly
with conserved kinetochore proteins (Zhong et al., 2002). As the sequences
of more centromeres are determined through improved methods and our
understanding of centromere function increases (Lamb and Birchler, 2003), a
clearer picture will no doubt emerge.

Centromeres, telomeres, and nucleolar organizers have specific functions
associated with particular classes of repetitive DNA (Pardue et al., 1996).
The absence of all but a few specific families of retrotransposons from these
regions may be evidence for strong selective pressure to maintain structural
integrity. The telomeres, in particular, appear retrotransposon-poor.
However, there are the startling cases of HeT-A and TART in Drosophila.
These non-LTR retrotransposons are exclusively found at telomeres as long
head-to-tail arrays, where they deliver the essential replicative functions
needed to maintain the chromosomal ends (Danilevskaya et al, 1998;
Casacuberta and Pardue, 2003). Integration at the correct site is orchestrated
by the targeting of Gag to the telomeric regions (Rashkova et al., 2003).
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Whether similar roles are played by the retrotransposons that are present in
structurally critical parts of plant chromosomes, or whether instead those
families of retrotransposons are merely not sufficiently deleterious to be
excluded, remains to be established.

2.4. Local Organization of Retrotransposons and Genes

Although in situ hybridization gives a general view of which compartments
in the genome are favored insertion sites for particular classes of
retrotransposons, its resolution is too low to reveal detail on how
retrotransposons are situated with respect to genes. The advent of large-scale
sequencing has now provided an opportunity to carry out in-depth
organizational analyses of genes and retrotransposons on contiguous
chromosomal segments extending over tens or hundreds of kilobases. The
general view has emerged, consistent with earlier data derived from
analytical centrifugation, that the genomes of cereals, and grasses more
generally, are segmented into compact islands of genes, “gene space,”
surrounded by large expanses of repetitive DNA “seas” largely comprised of
retrotransposons (Barakat et al., 1997; Sandhu and Gill, 2002; see Chapter 12
of this volume also). These gene blocks appear to vary widely in size. The
analysis of a 280 kb segment of the maize genome containing the AdhlF
allele revealed long stretches of retrotransposons flanking two individual
genes and amounting to 60% of the region (SanMiguel et al., 1996). The
retrotransposons, furthermore, were present as nests several elements deep,
rather than as concatenated blocks. A later analysis of a 225 kb segment in
the Adh region revealed retrotransposon stretches from 14 to 70 kb
surrounding five single genes and a 39 kb block containing four putative
genes and no retroelements (Tikhonov et al., 1999). The bz locus of maize,
which has a very high rate of recombination, is present on a unusually long
retrotransposon-free expanse, 32 kb, containing ten genes (Fu ef al., 2001).

Detailed analyses of chromosome segments in cereals other than maize have
extended and confirmed the model of cereal genomes as consisting of gene
islands surrounded by retrotransposon seas. In a 60 kb stretch of the barley
genome from chromosome 4HL that contains the Mlo locus, the Schulze-
Lefert group found three genes clustered in a block of 18 kb (Panstruga et al.,
1998). An almost identical arrangement was found on a 66 kb contig from
chromosome 2HL, which contains three genes in an interval of 18 kb flanked
by a region that has undergone at least 15 retrotransposon integrations
(Shirasu et al., 2000). A contig of 261 kb was sequenced from the barley Mia
locus specifying resistance to powdery mildew (Wei et al., 2002). This
segment contains 32 predicted genes organized into three gene islands
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separated by two complexes of nested retrotransposons. The BARE-1
retrotransposon alone accounts for 17.5 % of the total contig. Analysis of
four BACs, covering 417.5 kb, confirmed the gene island model of the barley
genome (Rostoks et al., 2002). The finishing and full annotation of the rice
genome will give the first complete view of the organization of a cereal
genome (Goff ef al., 2002). Initial glimpses, reconstructions, and annotation
of sequenced regions (Nagano et al., 1999; Yu et al, 2002; The Rice
Chromosome 10 Sequencing Consortium, 2003) indicate that the
organization described for the few contigs of other cereals largely holds for
the rice genome as a whole.

Most long segments of DNA that have been analyzed in detail are derived
from genic regions. The cloning and sequence assembly of centromeres and
other non-genic structures has been generally difficult, and these are under-
represented both in general databases and in genome projects. As discussed
above, the centromeres of maize contain tandem arrays of CentC elements,
interrupted by variable numbers of centromere-specific CentA
retrotransposons (Ananiev et al., 1998a). Maize chromosomes possess as
well, depending on the variety, unusual heterochromatic elements
descriptively called knobs. An analysis of knob sequences revealed that
retrotransposons interrupt tandem arrays of diagnostic 180 bp repeats
(Ananiev ef al., 1998b). Huck elements were not found in any knob segments
examined, although other elements such as Prem2 and Zeon were present and
Grande seemed particularly abundant.

2.5. Retrotransposons and the Evolution
of Genome Organization

Variations in the copy number of retrotransposon families within a species
and between related species demonstrate that these elements dynamically
contribute to genome evolution over time. To understand these changes,
several aspects must be considered: integration site preference; the balance
between gain and loss of integrated elements; selective forces acting on both
copy number and integration pattern. One approach to reconstructing the
evolutionary role of retrotransposons is to compare the sequences of
equivalent regions of the genome from different cereals. This is aided by the
twin phenomena of colinearity and synteny within the cereals, meaning that
the order and content of genes is generally conserved over distances
extending to the length of full chromosomes (Moore et al., 1993; Bennetzen
and Freeling, 1997). Sorghum and maize are ideal for comparison because of
the fine-scale colinearity of their genes despite the maize genome being 3.5-
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fold larger (Chen et al., 1997). Sequencing and comparison of the adhl
region in sorghum and maize showed that the retrotransposon nests
comprising over 70% of the contig in maize are all missing from the
orthologous region in sorghum (SanMiguel and Bennetzen, 1998; Gaut et al.,
2000). Similarly, the al and s/h2 loci are separated by 140 kb in maize, but by
only about 20 kb in sorghum and rice; most of the difference appears due to
retrotransposon nests in maize (Chen et al., 1998). Comparison of the LTR
sequences indicated that the retrotransposons that expanded the adhl region
in maize integrated between two and six million years ago, following the
divergence of maize and sorghum 15 to 20 million years ago (SanMiguel et
al., 1998). Using similar estimation methods, Wei ef al. (2002) estimated that
the Mia locus of barley was invaded by five BARE-1 elements over the last 2
million years.

A major issue raised by evidence of massive genome expansion through
integration of retrotransposons is the unidirectionality of the process: do
genomes expand without end (Bennetzen and Kellogg, 1997a,b) Processes
such as unequal crossing-over and deletion may remove retrotransposons, but
do not appear sufficient alone to reverse the process of expansion. A third
mechanism, LTR — LTR recombination, may play a major role. This removes
one LTR and the internal domain of a retrotransposon from the genome and
leaves behind a solo LTR. The genomes of Hordeum species, but apparently
not that of maize, has 7 to 42 —fold more LTRs than full-length
retrotransposons, corresponding in one barley cultivar to a total of 6 x 10*
solo LTRs (Vicient et al., 1999b). A striking contrast between the nests of
retrotransposons observed in maize (SanMiguel et al., 1996) and barley
(Shirasu et al., 2000) is that those in barley are comprised of solo LTRs but
the nests in maize consist of full-length elements. In the compact yeast
genome, likewise, 85% of the retroelements are present as solo LTRs (Kim et
al., 1998). The capacity of LTRs to recombine not only within a single
retrotransposon, but also between elements along a chromosome arm, may
well be a selective force for the gene island, repeat sea organization of cereal
genomes. When LTRs from different elements recombine, the intervening
DNA segment is lost. Selection would be unlikely to favor loss of genes by
such a process, leading to segregation of retrotransposons and genes into
different genomic compartments.

The dynamics of retrotransposon gain and loss in various regions of the
genome has produced, much as for natural archipelagos, an array of both
small and large gene islands separated by expanses of retrotransposons of
varying sizes. These variations are reflected in differences in gene density
observed in various contigs. For barley, Panstruga et al. (1998) and Shirasu
and colleagues (2000) found a density of one gene per 20 kb overall, with
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gene islands reaching one gene per 6 kb, Wei and coworkers (2002) observed
average and island densities respectively of one gene per 8.1 kb and 4.6 kb,
whereas Rostocks er al. (2002) reported an average of one gene per 21 kb,
with variation from one gene per 12 kb to one gene per 103 kb. In maize,
average densities of one gene per 50 kb, derived from islands of one per 9.8
kb surrounded by retrotransposon expanses of 14 to 70 kb, have been
reported (Tikhonov ef al., 1999), though the bz locus and zein cluster reach
densities as high as one gene per 3.2 kb and 5.2 kb respectively (Llaca and
Messing, 1998; Fu ef al., 2001). Small gene islands of densities higher than
one gene per 6 kb have been reported for barley, wheat, and rice as well
(Feuillet and Keller, 1999), approaching the density of one gene per 4.5 kb
found in the retrotransposon-poor Arabidopsis thaliana. The variability
between different maize cultivars in the number of CentA elements in
centromeres and retrotransposons in chromosomal knobs indicates that these
regions, too, are subject to retrotransposon invasion and dynamic change
over time (Ananiev et al., 1998a,b). Currently, we do not know if these
widely varying densities represent a snapshot of a process of ongoing
division of gene islands by newly forming retrotransposon nests, or if
accumulation of retrotransposons is selected against at some loci in cereal
genomes.

Retrotransposons depend, for their evolutionary survival, on being active
enough transcriptionally that sufficiently many functional copies will be
inherited to insure against loss and mutational inactivation. Insertion in silent
heterochromatin does not favor this goal, but reducing host fitness through
integrating into genes seems counterproductive as well. Integrating into nests
near functional genes, however, may offer retrotransposons a solution. The
specific means, if they exist, in cereal or other plant genomes to target many
retrotransposons into nests of other retrotransposons remain to be defined.
However, in the compact yeast genome, mechanisms have evolved to target
integration into narrowly defined regions (Zhou et al., 1996; Boeke and
Divine, 1998). The Ty3 retrotransposon, for example, is directed to its
insertion site near tRNA genes by the affinity of its integrase to transcription
factors of RNA polymerase III, which transcribes tRNA (Kirchner ez al.,
1995). The general model of nests of retrotransposons built up over
evolutionary time either through insertional preference or post-integration
selection appears, however, to concern mainly the families of prevalent
elements, present in thousands of copies. The Tnt/ element is present in
several hundred copies in the tobacco genome, and was originally isolated
because of its ability to be active in tissue culture and mutate genes
(Grandbastien et al., 1989). The TosI7 element is present in only one to four
copies in the rice genome, but it is sufficiently activated by tissue culture
where it is highly mutagenic to make it an excellent tool for gene tagging
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(Hirochika et al., 1996; Yamazaki et al., 2001). Recent data for 20,000
integration sites show that Tos/7 inserts three time more frequently into
genic regions than into intergenic regions, preferring as its insertion site the
palindrome ANGTT — AACNT surrounding the target duplication, and that
76% of these motifs are found in genic regions in the rice genome (Miyao et
al., 2003). The Tos17 element is also transiently activated by the crossing of
wild rice (Zamia latifolia) with cultivated rice, leading to a stable increase in
copy number in the succeeding introgression lines (Liu and Wendel, 2000).

Little or no information exists on the target site specificities of the non-LTR
retrotransposons, the SINEs and LINES, in cereals. Intriguingly, SINE
elements in Brassica show a preference for integrating into matrix attachment
regions (MARs) although not strict sequence specificity (Tikhonov et al.,
2001). The authors propose two possible explanations: MARs are cleavage
targets for the LINE endonucleases likely involved in SINE integration;
insertion into MARs may lead to changes in chromatin organization,
affecting gene expression and generating useful variation.

A general view has developed that abundant elements, which may be, as is
BARE-1, active in many tissues of the plant (Suoniemi e al., 1996a;
Jadskeldinen et al., 1999; Vicient et al., 2000b), have been able to achieve
high copy number because they generally do not disrupt genes, whereas other
elements such as Tos/7 are under tight regulation and consequently rare
because of their mutagenic potential. In this regard, the MITE elements,
which are not retrotransposons but rather are derivatives of nonautonomous
Type II transposons (Jiang et al., 2003), offer a contrasting model. The MITE
elements are also present in high copy numbers in the genome, but show a
strong propensity for inserting in or near genes (Bureau et al., 1996; Casa et
al., 2000). One of the obvious differences between MITEs and
retrotransposons is their size, 100 to 300 bp for MITEs and up to 10 kb for
retrotransposons. It is tempting to speculate that MITEs are tolerated within
genes because of their low disruptive potential (Walbot and Petrov, 2001).

Both MITEs and prevalent retrotransposons have been shown, however, to
affect gene activity (Wessler et al., 1995). The simplest cases are loss of
function mutations caused by integration into individual genes (e.g., Weil
and Wessler, 1990; Varagona et al., 1992). Larger-scale changes in gene
expression may be possible through SINE insertions at MARs (Tikhonov et
al., 2001). Transposable elements may also insert into or near promoters,
contributing novel regulatory functions (Bureau et al., 1994; White et al.,
1994; Kloeckener-Gruissem and Freeling, 1995). A spectacular example of
global effects on gene expression is the transcriptional activation of the Wis-2
retrotransposons in wheat following a wide cross, and subsequent silencing
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of hundreds of nearby genes by chimeric transcripts originating from the
LTRs (Kashkush et al., 2003). If phenotypic variability provides a basis for
selection, then retrotransposons that integrate into genes and affect their
expression, rather than those that insertions solely into silent seas of
repetitive DNA, will at times have a selective advantage.

2.6. Retrotransposon-Based Molecular Markers:
A Practical Use of Genome Organization

Retrotransposons, as major agents of genome change and also as major,
dispersed components of the genome, are appealing candidates for the
development of molecular marker systems designed to track such changes.
The transposition of retrotransposons is not linked, as it is with DNA
transposons, with removal of the mother element from its locus; although
LTR-LTR recombination may delete an element, the remaining LTR leaves
many such losses transparent for marker systems based on LTRs. The greater
unidirectionality of retrotransposon integration compared to that of point
mutations, or to microsatellite expansion and contraction, confers great
advantages in reconstructing pedigrees and phylogenies. Furthermore, the
ancestral state of a retrotransposon insertion is obvious — it is the empty site,
whereas for most genetic polymorphisms on which markers are built it
cannot be inferred. In this way, SINE elements have been used to trace
human roots to Africa (Batzer et al., 1994), to establish the relationship of
whales to even-toed ungulates (Shimamura ef al., 1997), and to infer the
evolutionary relationships between wild rice species (Cheng et al., 2002).

Most retrotransposon-based methods employ PCR primed on conserved
motifs in the element and on some other widespread and conserved motif in
the surrounding DNA. Waugh and colleagues (1997) exploited the dispersion
and prevalence of BARE-1 in barley through modification of the AFLP
(amplified fragment length polymorphism) technique. In their approach,
coined S-SAP (sequence-specific amplified polymorphism), a primer
anchored in the LTR replaces one of the adapter primers of AFLP. As
discussed above, although retrotransposons are dispersed, they are also
clustered in the genome. It is this phenomenon that makes possible the IRAP
(inter-retrotransposon  amplified polymorphism) method, in which
amplifications are carried out between primers for two retroelements in the
genome (Kalendar et. al., 1999). If BARE-1 elements were fully dispersed in
the barley genome, amplification templates would be a minimum of 50 kb
long. Likewise, the proximity of microsatellites to retrotransposons in cereal
genomes (see below) makes the REMAP method (Kalendar et al., 1999)
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function. In addition to S-SAP, IRAP, and REMAP, a fourth based method
based on the polymorphic integration pattern of retrotransposons, RBIP
(retrotransposon-based insertional polymorphism), has been developed
(Flavell et al., 1998). The RBIP method uses primers flanking
retrotransposon insertions and scores the presence or absence of insertions at
individual sites. Over the last five years, retrotransposon-based marker
systems have proven their utility in phylogenetic, genetic diversity, breeding,
and mapping projects not only in cereals including barley, wheat, rye, and
oat, but also in other crop plants and tree species (e.g., Ellis et al., 1998;
Gribbon et al., 1999; Manninen et al., 2000; Yu and Wise, 2000; Boyko et
al., 2000; Porceddu et al., 2002; Leigh ef al., 2003; also see the chapter no. 3
of this volume).

3. ORGANIZATION OF MICROSATELLITES

Microsatellites are tandem repeats of DNA sequences, each repeat only a few
base pairs (1-6 bp) long (Tautz and Renz, 1984). These are more popularly
described as simple sequence repeats (SSRs) in plant systems (Morgante and
Oliveri, 1993) and as short tandem repeats (STRs) in animal systems
(Edwards et al., 1991). These motifs consist of a single base pair or a
small number of bases (usually ranging from 1 to 6) which are
repeated several times and known as di-, tri-, tetra-nucleotide repeats,
etc., accordingly. Microsatellites are abundant and occur frequently and
randomly in all eukaryotic DNAs examined so far (see Gupta et al., 1996;
Gupta and Varshney, 2000). In the past, on an average, microsatellites in
plant genomes were shown to be 10 fold less frequent than in the human
genome (Powell ef al., 1996), although more recently, the frequencies were
shown to be comparable in plants and animal systems. For instance,
according to an earlier estimate on the basis of database search at that time,
on an average, in monocots one SSR was observed every 64 kb, while in
dicots one SSR occurred every 21kb (Wang er al., 1984). However,
according to recent reports based on searching of large genomic and EST
(expressed sequence tags) sequences in different species, the frequencies of
SSRs in plant genomes were observed to be much higher (1 SSR every 6-7
kb) than those reported earlier (Cardle et al., 2000; Varshney et al., 2002;
Morgante et al., 2002), and were comparable to those described for mammals
(Beckmann and Weber, 1992). Also, in the rice genome sequences released
as rough draft by Syngenta, one SSR (only di-, tri- and tetra-nucleotide
repeats) was found to occur every 8 kb (Goff et al., 2002).
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Variation was also observed in the frequencies of individual microsatellite
motifs among different organisms (Lagercrantz et al., 1993; Morgante and
Oliveri, 1993; Wang et al., 1994; Gupta et al., 1996). For instance, (CA),
motif is one of the most frequently occurring microsatellite in humans and
several other mammals, but is comparatively less frequent in plants
(Lagercrantz et al., 1993; Morgante et al., 2002). In plants, however, (AT),
microsatellite is the most abundant and the (GA), is relatively more abundant
than (CA), repeats (Wang ef al. 1994; Gupta ef al., 1996; Morgante ef al.,
2002).

3.1. Densities/ Frequencies and Organization
of Microsatellites in the Whole Genome

During the last decade and the early years of the present decade,
microsatellite markers were developed in a large number of plant systems
including major cereal species such as barley (Ramsay et al., 2000; Thiel et
al., 2003), maize (Chin, 1996; Yu et al., 2001), oats (Li et al., 2000), rice
(Akagi et al., 1996; Temnykh et al., 2000, 2001; McCouch et al., 2002; Gao
et al., 2003), rye (Saal and Wricke, 1999), sorghum (Bhattramakki et al.,
2000) and wheat (Roder et al., 1998b; Varshney et al., 2000; Gupta et al.,
2002). In the majority of these studies involving several plant species, the two
most common SSRs, whose densities in the genome were determined while
screening genomic libraries for SSRs, included GA/CT and GT/CA (Table 1).
The densities of (AT), or (GC), motifs could not be worked out, because of
the difficulty in hybridization, due to self annealing. The densities of GA/CT
and GT/CA in different plant species, determined as above, ranged from one
SSR every 212 kb to 704 kb. These results differ from those for humans, with
an estimated average density of one SSR every 6 kb (Beckmann and Weber,
1992). Estimates of the total number of SSRs at the genome level have also
been made in several crops. For instance, the frequencies per haploid genome
were found to be 3.6 x 10* (GA), and 2.3 x 10* (GT), in bread wheat (Roder
et al., 1995), and were estimated to be 1.36 x 10° (GA), and 1.23 x 10° (GT),
in rice (Panaud et al., 1995).

The organization of microsatellites in plant genomes has been studied in the
past using both hybridization-based and PCR-based approaches. In
hybridization-based approaches, synthetic oligonucleotides are used as
probes either for hybridizing the gels or filters containing genomic DNA
digested with a restriction enzyme, or for in situ hybridization of
chromosomes. In PCR approaches, on the other hand, the primers flanking
the microsatellites are designed and used in mapping/tagging experiments.
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Table 1. Density of microsatellites in different portions of cereal genomes

Crop and Density Reference

source of SSRs (kb of DNA
per SSR)

Barley

Genomic DNA 7.4 Cardle et al. (2000)

ESTs 7.5 Varshney et al. (2002)
34 Kantety et al. (2002)

Maize

Genomic DNA 4.5/5.71 Morgante et al. (2002)"

ESTs 8.1 Cardle et al. (2000)
1.63/2.12 Morgante et al. (2002)"
1.5 Kantety ef al. (2002)
7.5 Varshney et al. (2002)
28.32 Gao et al. (2003)

Rice

Genomic DNA 225-240 Wu and Tanksley (1993)°
330-365 Panaud ef al. (1995)"
7.4 Cardle et al. (2000)
16/1.9 Temnykh et al. (2001)
2.64/3.52 Morgante et al. (2002)"

BAC end sequences 40/3.7 Temnykh et al. (2001)

ESTs 34 Cardle et al. (2000)
19 Temnykh et al. (2001)
0.86/1.06 Morgante ef al. (2002)"
3.9 Varshney et al. (2002)
4.7 Kantety ef al. (2002)
11.81 Gao et al. (2003)

Rye

ESTs 5.5 Varshney et al. (2002)

Sorghum

ESTs 5.5 Varshney et al. (2002)

3.6 Kantety et al. (2002)
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Table 1. Continued

Wheat

Genomic DNA 440-704 Roder ef al. (1995)°
212-292 Ma et al. (1996)°
3.35/5.16 Morgante et al. (2002)°

ESTs 1.33/1.67 Morgante ef al. (2002)"
6.2 Varshney et al. (2002)
32 Kantety et al. (2002)
17.2 Gao et al. (2003)
9.2 Gupta et al. (2003)

“analysed frequency of imperfect and perfect SSRs separately. In each case frequency of imperfect SSRs is
given first and followed by that of perfect SSRs; ‘studied the frequency of two DNR SSRs (GA/CT,
GT/CA); Iclassified SSRs in two categories- Class I SSRs >20 bp and ClassIT SSRs >12 bp <20 bp. In each
case the frequency of class I SSR is followed by that of class II.

Based on studies using the above approaches, conclusions have been drawn
about the organization of microsatellites within a genome, although one
should recognize the limitation of the hybridization approaches, which
generally detect only high-density fragments representing the repetitive
DNA.

3.1.1. In-Gel Hybridization (Oligonucleotide Fingerprinting)

The synthetic oligonucleotide probes complementary to SSR motifs have
been successfully utilized for in-gel hybridization (and sometimes for
Southern hybridization) with genomic DNA that was digested with
individual restriction enzymes and electrophoresed on agarose gels (Ali et
al., 1986). The fragments that hybridize with synthetic oligonucleotides
through in-gel hybridization are generally many, and the size of the
hybridizing fragments range from a few hundred base pairs to more than
20kb, thus making the technique suitable for DNA fingerprinting
(Beyermann et al., 1992; Schmidt and Heslop-Harrison, 1996; Arens et
al.,1995; Weising et al., 1995, 1998). In crops like wheat, however,
multilocus fingerprints due to SSR probes that are characteristic of this
technique were not obtained during in-gel hybridization. Instead, a prominent
solitary high molecular weight fragment (>23 kb), sometimes associated with
a few low molecular weight bands, was obtained with a number of SSR
probes (Varshney et al., 1998). Similar type of high high molecular weight
fragments (>23 kb) were observed in 14 individual species of Triticum-
Aegilops group after in-gel hybridization (Sharma et al., 2002). The presence
of high molecular weight fragments measuring up to 30 kb and containing



Retrotransposons and microsatellites in cereals 101

(GATA), and (GTG), stretches were also earlier reported in barley
(Beyermann et al., 1992). In sugar-beet, also, fragments of >21.2 kb were
obtained after hybridization with (CA)g probes; suggesting that tandem
repeats harboring (CA), occur in genomic regions, and that the organization
of (CA), differs from all the other microsatellites used in this study (Schmidt
and Heslop-Harrison, 1996). It is also known that stretches carrying (CA),
form the subrepeats of a centromeric satellite (Schmidt and Metzlaff, 1991).
In our opinion, the presence of high molecular weight bands (>20 kb)
hybridizing with SSRs indicates the occurrence of microsatellites either
within or in close association with the long tandem repeat units, e.g.
retrotransposons, etc. Since the technique of in-gel hybridization is suitable
for detection of only those sequences, which are relatively long and
repetitive, the fragments that hybridized with synthetic oligonucleotides
during in-gel hybridization may actually represent only those DNA
fragments associated with SSRs, which are generally repetitive rather than
representing both the repetitive and the unique sequences (Varshney et al.,
1998).

3.1.2. Association of Microsatellites with
Retrotransposons

SSRs have been shown to be associated with ‘short interspersed elements’
(SINEs) in rice (Motohashi et al., 1997). In barley also, association of
microsatellites was observed with retrotransposons and other dispersed
repetitive elements like BARE-1, WIS2-1A4, R-173, Pgr-1/PREM-1 (Ramsay
et al., 1999). In another study in rice, about 45% of (AT), SSRs (harbored in
BAC-ends) showed significant homology to ‘Micropan’ sequences, a new
family of ‘miniature inverted-repeat transposable elements’ (MITEs)
(Temnykh et al., 2001). On the basis of the relative position of SSR and
retrotransposons in barley, Ramsay et al. (1999) has drawn inferences about
the origin of this association. They postulated that while some SSRs (proto-
SSR; A- rich sequence) might have acted as ‘landing pads’ for insertion of
transposable elements, there may be other SSRs that must have evolved as
components of active transposable elements that are spread throughout the
genome. It is also possible that, in some cases, expansion of SSRs in
retroelements might have led to multiple SSR loci, which may also account
for the difficulty in locus specific amplification, while using locus specific
STMS primers. This may be true of the genomes like that of wheat, which
contains a higher proportion of repetitive DNA (Varshney, 2001). The
association between SSRs and mobile elements, as above, has also facilitated
the development of the novel marker system REMAP (Kalender ef al., 1999;
see section 2.6 earlier).
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3.1.3. In Situ Hybridization with SSR Probes

In situ hybridization (ISH) was initially used to assess the chromosomal
localization of various SSRs in humans and animals (Pardue et al., 1987;
Lohe et al., 1993). This gave some useful information regarding physical
organization of microsatellites in plant chromosomes, including those from
cereals. For instance, a (GAA); probe, when hybridized to barley
chromosomes, gave a pattern conforming to the distribution of
heterochromatin and the C-banding pattern (Pederson and Linde-Laursen,
1994). This distribution of the so-called (GAA) satellite in heterochromatic
regions was later confirmed in some other cereal species also (Pederson et
al., 1996). In bread wheat, rye, and hexaploid triticale, ten different SSRs
gave dispersed hybridization signals of varying strength on all chromosomes
when used for ISH (Cuadrado and Schwaracher 1998). However, in wheat,
microsatellite motifs (AG);y, (CAT)s, (AAG)s, (GCC)s, and in particular,
(GACA), hybridized strongly to pericentromeric and multiple intercalary
sites on the B genome chromosomes and on chromosome 4A, resembling the
N-banding pattern. In contrast to this, in rye, (GACA),; gave strong
hybridization signals at many intercalary sites in all the chromosomes, which
largely differed from the known banding pattern. Earlier in sugar beet also,
when CA, GA, TA, CAC, GATA, GACA and GGAT repeats were used for
ISH, it was noticed that each microsatellite had a characteristic genomic
distribution and motif-dependent dispersion with site-specific enrichment or
depletion of some motifs at centromeric or intercalary positions (Schmidt and
Heslop-Harrison, 1996). From several ISH studies, as above, it has been
inferred that the tandemly repeated sequences are located around all
centromeres in blocks, more than 80 kb long, and that their homology in the
microsatellite domain perhaps is responsible for some of the hybridization
signals. Thus, ISH studies support the hypothesis of association of at least
some SSRs with highly repetitive DNA that may sometimes involve
retrotransposons.

3.1.4. Genome Mapping and Physical Mapping
using STMS Primer Pairs

The sequences flanking specific microsatellite loci in the genome are
believed to be conserved and, therefore, have been used for designing
primers to amplify individual microsatellite loci: the technique was described
as sequence tagged microsatellite site (STMS) analysis (Beckmann and
Soller, 1990). STMS primers have come to be used extensively for genome
mapping in a number of plant species including wheat, barley, rice, maize,
etc. (for references see Gupta and Varshney, 2000). In almost all plant
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species, the genome mapping suggested that microsatellites are dispersed
throughout the genome and not clustered (Gupta and Varshney, 2000) except
some reports in barley (Ramsay et al., 2000; Li et al, 2003), where
centromeric clustering of genomic SSRs was observed. No clustering in
barley genome was, however, observed, when EST-derived microsatellite
loci were mapped later (Thiel ef al., 2003, Varshney et al., unpublished). In
rice, microsatellite markers with different SSR motifs, regardless of whether
they belonged to genomic DNA or cDNA, were also found to be rather
uniformly distributed along all the rice chromosomes (Panaud et al., 1996;
Temynkh et al., 2000; McCouch et al., 2002). Similarly, in bread wheat,
physical mapping of microsatellite markers on chromosomes of
homoeologous group 2 showed an absence of microsatellite clustering
(Roder et al., 1998a).

3.1.5. Frequencies of Microsatellites in Whole Rice Genome

The distribution of SSRs in the rice genome has also been studied on the
basis of the two whole genome draft sequences released, respectively, by
Syngenta and by the Beijing Genome Institute (BGI). In the draft sequence
released by Syngenta (Goff et al., 2002), for instance, 48,351 SSRs
(including di-, tri- and tetra-nucleotide repeats) were available, giving a
density of 8 kb per SSR in the whole genome; SSRs represented by di-, tri-,
and tetra-nucleotide repeats accounted respectively for 24%, 59% and 17%
of the total SSRs. The most frequent dinucleotide repeats (DNRs) were
AG/CT repeats, which accounted for 58% of all DNRs, and the most frequent
trinucleotide repeats (TNRs) were CGG/CCG repeats, which accounted for
44% of all TNRs. In the predicted genes, among the 7000 SSRs that were
available, SSRs were mainly TNRs (92%). This abundance of TNRs may be
attributed to a lack of selection against length variation in these SSRs, since it
will not cause any frameshift mutations. SSRs were also studied in the rough
draft of rice genome sequences released by BGI (Yu et al., 2002), and
accounted for 1.7% of the genome, as against 3% of the human genome
represented by SSRs. Interestingly, majority of rice SSRs were
mononucleotides, primarily (A), or (T),.

3.2. Density and Distribution of Microsatellites
based on in silico Mining

During the last five years, in the genomics era, large-scale genome/EST
sequencing projects were initiated in several plant species including cereals.
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The data generated from these projects was utilized for studying the
frequency, distribution and organization of microsatellites in the expressed
portion of the genome, and in some cases also in the whole genome (Table
1). For development of EST-SSRs, ESTs have been scanned in different
plant species, including cereals such as rice (Temnykh ez al., 2000, 2001),
barley (Kota et al., 2001; Thiel et al., 2003), wheat (Eujayl et al., 2002; Gao
et al., 2003; Gupta et al., 2003), and rye (Hackauf and Wehling, 2002). These
efforts also allowed estimation of the density of SSRs in expressed regions of
the genomes. For instance, on the basis of a number of contiguous genomic
sequences, the density of SSRs was found to be 7.4 kb per SSR in barley and
7.4 kb per SSR in rice. Similarly, on the basis of EST sequences, the density
of SSRs was 3.4 kb per SSR in rice and 8.1 kb per SSR in maize (Cardle et
al., 2000). Another study was conducted, which involved survey of EST
sequences amounting to 75.2 Mb in barley, 54.7 Mb in maize, 43.9 Mb in
rice, 3.7 Mb in rye, 41.6 Mb in sorghum and 37.5 Mb in wheat; the overall
average density of SSR in these species was found to be 6.0 kb per SSR
(Varshney et al., 2002). However in another study, the frequency of SSR was
one every 11.81 kb in rice, 17.42 kb in wheat and 28.32 kb in maize (Gao et
al., 2003). Difference in the frequency of SSRs in the ESTs of a particular
species in different studies may be attributed to criteria of SSR search and
data quantity used to identify SSRs in the database mining approaches.

In the comprehensive study of Varshney et al. (2002), almost in every cereal
species, the TNRs were the most frequent (54% to 78%) followed by the
DNRs (17.1% to 40.4%). As mentioned earlier, the abundance of trimeric
SSRs was attributed to the absence of frameshift mutations due to length
variation in these SSRs (Metzgar et al., 2000). Among the trinucleotide
repeats also, codon repeats corresponding to small hydrophilic amino acids
are perhaps easily tolerated, but strong selection pressures probably eliminate
codon repeats encoding hydrophobic and basic amino acids. Such an
inference was drawn from an analysis of coding DNA sequences in the whole
genomes of fruitfly, the nematode C. elegans and the budding yeast (Katti ez
al., 2001). Furthermore, in various cereal genomes, among the DNRs, the
motif AG is the most frequent (38% to 59%) followed by the motif AC (20%
to 34%) in all the species except rye, where these frequencies are 50% for
AC and 37.9% for AG (Varshney et al., 2002). The most infrequent motif is
CG in all species (1.7% to 9.0%) except in barley, where AT is the least
frequent (8.4%). Among the TNRs, the motif CCG is the most frequent,
ranging from 32% in wheat, to 49% in sorghum followed by AGC (13% to
30%) in barley, maize, rice and sorghum, and AAC in wheat (27%) and rye
(16%). The third most frequent motif is AGG in barley, rice, rye, sorghum,
AGC in wheat, and AAC in maize.
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In another study of SSRs in rice genome, a total of 57.8 Mb DNA sequences
were used, which included the following: (i) 12,532 ESTs (6.3 Mb), (ii) a
large set (74,127) of short BAC-end sequences (500 bp on average), and (iii)
27 fully sequenced large-insert (BAC/PAC) clones (150 kb on average)
(Temynkh et al. 2000, 2001). In this study, SSRs were classified in two
categories: class I SSRs, each with 220 bp, and class I SSRs, each with =12
bp to <20 bp. The density of class I SSRs was one SSR every 40 kb in BAC-
end sequences, one SSR every 16 kb in fully sequenced BAC/PAC clones
and one SSR every 19 kb in ESTs. Class II SSRs, similarly, occurred every
3.7 kb in BAC-ends and every 1.9 kb in BAC/PAC clones (Table 1). The
proportion of GC-rich TNRs among the total SSRs also differed in each of
the three classes of DNA sequences used, from a low of 10.5% of all SSRs in
BAC-ends to a high of 59% of all SSRs in ESTs with intermediate
frequencies (~27%) in fully sequenced BAC and PAC clones. The densities
of (AT), DNRs were in the reverse order to that of GC-rich TNR e.g. 38.2%
in BAC ends, 27% in BAC/ PAC clones, and only 2.9% in ESTs. The pattern
of the frequencies of tetra-nucleotide SSRs and (CA)n DNRs were similar to
that of (AT)n.

The above pattern of variation demonstrated that different SSR motifs are not
randomly distributed in the rice genome. Since the frequencies of GC-rich
TNRs and (AT)n DNRs were identical in BAC/PAC clones and varied
greatly and inversely in BAC-ends and ESTs, we may conclude that the
BAC-ends and the ESTs represented different genomic domains, neither of
which would have the SSR composition representative of the whole genome.
However, the frequencies of different SSRs in the fully sequenced
BACs/PACs perhaps represent more faithfully the frequencies of
microsatellites in the whole genome. As a result, it can be concluded that
regions of relatively high gene-density (e.g. BAC/PAC clones) have
prevalence of GC-rich TNRs (known to be associated with genes) and the
regions of lower gene density (e.g. BAC ends) has prevalence of (AT)n,
(AC)n and tetra-nucleotide SSRs (which are abundant in non-coding,
intergenic regions).

3.3. Comparative Distribution of Microsatellites in
Transcribed and Non-transcribed Portions of the Genome

Recently, the abundance and relative distribution of microsatellites among
transcribed and non-transcribed regions have been more critically assessed in
some plant species including rice, maize and wheat, after examining a large
data set of genomic sequences and ESTs (Morgante e al., 2002). In general,
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the frequency of microsatellites was significantly higher in ESTs than in
genomic DNA across all species (Table 1). In the maize genome as well, the
frequency of microsatellites in the non-repetitive fraction was actually found
to be significantly higher (more than double) than that in the repetitive
fraction. Furthermore, the average density of microsatellites in rice BAC
clones that were representative of gene rich regions was almost double that of
the reference rice genomic DNA, which again supports the hypothesis of
higher frequencies of microsatellites in the non-repetitive regions. A highly
significant and positive linear relationship was also observed between
frequencies of microsatellites (including both, the perfect and the imperfect
SSRs) and the proportion of single copy DNA in a genome. Thus
microsatellite frequency is a function of not only the overall genome size, but
also of the relative proportion of single-copy DNA.

The above results are in sharp contrast to the earlier observations, which
assumed an occurrence of SSRs mainly in the repetitive DNA, and therefore,
were used to suggest preferential origin of microsatellites from repetitive
DNA in both animals (Arcot et al, 1995; Nadir et al., 1996) and plants
(Ramsay et al., 1999). However, these earlier results can now be explained on
the basis of the limitation of the techniques, which perhaps failed to score
SSRs in the unique sequences. Frequencies of individual SSRs also varied
both within and between genomic and transcribed sequences. For instance, in
ESTs there was a higher frequency of AG/CT repeats and lower frequency of
AT repeats. Similarly, TNRs were significantly more abundant in ESTs and
the CCG/CGG repeat motifs alone accounted for half of the TNRs in rice
ESTs. In contrast to this, they were rare in dicots (e.g. Arabidopsis and
soybean) and moderately abundant in monocots other than rice (e.g. maize
and wheat). This difference was attributed to higher G+C content and
consequent usage bias in monocot ESTs. Overall, on an average,
microsatellites were also shorter in the transcribed regions.

On the basis of the in silico analysis of a large data set in various species and
the rough drafts of rice genome that were released, the SSR frequency in
plant, or at least in cereal, genomes is in the range of one SSR every 2- 10 kb,
which is comparable with those for humans and mammals (Beckmann and
Weber, 1992). Further, it can be concluded clearly that TNRs comprise the
highest proportion of the total SSRs followed by the DNRs. The most
frequent motifs are CCG, AGC, AAC among TNRs, and AG and AC among
the DNRs. However, there are discrepancies in the frequencies of SSRs in a
particular class within a given species (Table 1). These discrepancies may be
explained by the varying search criteria for SSRs or by the different bias to 5’
or 3’ regions in the ESTs or by varying dataset, used by different groups.
Among different species, the overall frequency of microsatellites is inversely
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related to genome size and to the proportion of repetitive DNA but remained
constant in the transcribed portion of the genome. This indicates that the
distribution of microsatellites is a function of the dynamics and history of
genome evolution and of selective constraints, because these microsatellites
resided in different regions of the genome of a species pre-dating the recent
genome expansions in the plants (Morgante et al., 2002).

4. SUMMARY AND OUTLOOK

The wide variations in genome size, independent of biological complexity,
phylogenetic relationship, or ploidy level, that were described as the C-value
paradox in the early 1970s are now know to be due to the variations in
abundance of the retrotransposons, DNA transposons, simple sequence
repeats, and other repeats that constitute the greater portion of most plant
genomes. The genome, rather than being a static association of genes
recombining with a frequency based on their physical distance and
accumulating point mutations, is a complex and dynamic landscape in which
these various elements create both local and large-scale structures that change
over time. The presence in cereals of simple sequence repeats in and near
retrotransposons and genes, and the insertion of retrotransposon into the
blocks of repetitive elements present in cereal centromeres, represent just a
part of the landscape that genome sequencing is now revealing.

The retrotransposons, far from being the “junk DNA” they were initially in
ignorance referred to as, function as self-replicating genomic viruses. They
are able to effect vast changes in genome size over evolutionary time as well
as alter gene expression patterns and gene products in single generations.
Ultimately, the balance between gain and loss of retrotransposons, within the
context of their integrational preferences and selective forces, shapes the
genome. LTR-LTR recombination, gene conversion mechanisms, and the
effects of repeated small deletions can offset gain through integration. At
individual loci, reconstruction by means of the direct repeats generated by
integrase reveals cycles of gain by integration and loss through LTR-LTR
recombination (Shirasu et al., 2000). Hot, dry conditions appear to favor gain
but decrease loss of retrotransposons (Kalendar et al., 2000). Loss of
retrotransposons may in itself provide a purifying selection for functionality
both of coding domains (Suoniemi et al, 1998; Navarro-Quezada and
Schoen, 2002) and of the promoter.

For the retrotransposons, successive cycles of nested integration, LTR-LTR
recombination, and accumulation of point mutations and small deletions
ultimately obliterates the historical record of events in the genome, limiting
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our historical reach. The bidirectionality and rapidity with which
microsatellites can change in size likewise obscures their origins. Although a
small genome with few retrotransposons is generally seen as the ancestral
state, proving this is difficult. Nevertheless, over the time scale represented
by agriculture, 10 to 20 thousand years, retrotransposon insertions and
microsatellite allelic variations are highly useful as molecular markers in a
wide variety of applications. Mapping, phylogeny reconstruction, genetic
diversity studies, pedigree analysis, and targeted breeding is proving the
practical value of the “junk” and has reunited it with genetics.
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1. INTRODUCTION

The cereal crops represent a well-studied group of plants, which have a
relatively recent history. While the angiosperm (flowering plant) lineage is
thought to be about 200 million years (MY) old, cereals such as maize (Zea),
rice (Oryza), sorghum (Sorghum), and wheat (Triticum) diverged from a
common ancestor only about 50-70 MYA (Kellogg, 2000). The cereals
provide about half of calories consumed by humans and (together with
closely-related forage grasses) an even larger share of calories consumed by
livestock. Parallel and independent domestications of many cereals that are
reproductively isolated from one another have provided humanity with a
diverse set of crops cultivated for production of carbohydrate-rich seeds
(grains) and/or biomass. These cereals are collectively also adapted to a very
wide range of environments. Research on these diverse crops largely
proceeded independently until the realization that DNA-level similarities
offered a means for comparative studies.

Many structural and functional parallels appear to have persisted since
divergence of the cereals from a common ancestor — indeed, domestication of
diverse cereals may have involved mutations in genes for same traits (e.g. Hu
et al., 2003; Paterson et al., 1995), thus providing one important motivation
for comparative genomics studies. Equally important, however, are the many
differences in gene sequences, arrangement, and expression pattern, which
collectively contribute to much of the diversity that permitted cereals to adapt
(both by natural and human selection) to such a wide range of environments.
The relative importance of these factors in genetic determination of
phenotypic variation remains to be elucidated, although early data suggest
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strongly the importance of transcriptional regulation of expression (Doebley
and Lukens, 1998).

The 35-fold variation in genome size among major cereals, from about 0.5 pg
(~490 Mb) per 1C for Oryza sativa (rice) to 17.33 pg (~16979 Mb) per 1C
for Triticum aestivum (bread wheat) (Bennett and Leitch, 2003), is a second
important motivation for comparative genomics research in the cereals. This
variation appears to be largely the result of a dynamic and lineage-specific
balance between origin and elimination of mobile dispersed repetitive DNA
elements (Bennetzen, 2002). The complete sequence of the rice
chromosomes (TRSC, 2003; Feng et al., 2002; Sasaki et al., 2002), generated
by the integration of ‘genomic shotgun’ data (Goff et al., 2002; Yu et al.,
2002) with extensive genetic and physical mapping efforts (Chen et al., 2002;
Wu et al., 2002; Zhao et al., 2002), provides a foundation for organizing
information about diverse cereals. During the past five years, DNA sequence
data for the cereals expanded much more rapidly than for the other taxa. For
instance, while in January of 1998, the total of 4 million bases (Mb) of cereal
sequence represented about 1% of the contents of GenBank, by the end of
May of 2003, the total of 2,038-Mb of cereal sequences comprised about 6%
of GenBank (Paterson et al., 2003). Despite this rapid ramp-up, the total set
of DNA sequence data for all cereals still remains smaller than the 1C-values
of many individual cereal genomes, so that far more sequences will be
worked out in future than those made available so far.

In view of the large size and complexity of cereal genomes, genetic maps
remain the central tool used for comparative genomics. Detailed molecular
genetic maps are now available for all major cereals, e.g. (Devos et al., 2000;
Lee et al., 2002; McCouch et al., 2002; Ming et al., 1998; Qi et al., 1996;
Roder et al., 1998; Sharopova et al., 2002; Sorrells et al., 2003; Wight et al.,
2003; Wu et al., 2002). These maps are suitable both for studies on
comparative biology, and for crop improvement. While these so called STS-
maps have been successfully used for many applications using RFLP or SSR-
based methods, mapped STS markers can also be readily used to discover
SNPs or InDels (Nasu et al., 2002), which can be used for genotyping
through many new high-throughput and low-cost technologies. The ability to
acquire such information on polymorphism for corresponding loci in many
crops increases the value of STS-based genetic maps, reduces the costs
associated with their wider utilization, and leverages the benefits of a wealth
of prior results already attached to the loci comprising these maps.

Large-insert DNA libraries, made using cloning vectors such as bacterial
artificial chromosomes (BACs), are an important complement to genetic
maps in cereal comparative genomics. BAC clone libraries have now been
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made for most major cereals. STS-based genetic maps provide an excellent
means by which physical maps based upon large-insert clones can be
integrated with genetic maps (Coe et al., 2002; Draye et al., 2001). ‘Gene
mapping’, by hybridization of cloned or synthetic DNA probes (Cai et al.,
1998) to large-insert libraries, offers many of the advantages of somatic cell
genetics, in particular obviating the need of the detectable DNA
polymorphism which may impose a bias on the subsets of DNA probes that
can be ‘mapped.” Similarly, mapping based either upon radiation hybrids
(Kynast et al., 2001) or on genetic stocks containing partial deletions of
individual chromosomes (Sorrells et al., 2003; also Chapter 19 in this book)
has accelerated progress in genomics research involving cereal taxa, for
which detectable DNA polymorphism is relatively poor. The amenability of
BAC clones to complete sequencing has also permitted insights into
molecular evolution at a much finer scale than was possible with genetic
maps (eg. llic et al., 2003), albeit for a very small and biased sample of a
genome.

2. MACROCOLLINEARITY, MICROCOLLINEARITY,
AND THEIR EXCEPTIONS

In diverse cereals, gene repertoires available with individual chromosomes
and the arrangement of these genes along the chromosomes has evolved
much more slowly than overall genome size and organization (Feuillet and
Keller, 2002). In fact, cereal lineages generally seem to show somewhat
slower rates of chromosome structural divergence than what is shown by
many other taxa (Paterson et al., 1996). It has been possible to align mapped
molecular markers and genes among and within most cereal genomes using
early examples (Ahn et al., 1993; Hulbert et al., 1990), and based largely
upon mapping of common sets of DNA probes as RFLPs in different taxa.

A positive correlation, though not perfect, generally exists between the
antiquity of divergence of taxa from common ancestors, and the degree of
major structural rearrangements that are found among their chromosomes.
For example, Sorghum and Saccharum (sugarcane), which are believed to
have diverged from a common ancestor perhaps as recently as 5 million years
ago, show only one major structural rearrangement that clearly differentiates
the two genera (although there appears to be additional structural
polymorphism within highly-polyploid Saccharum) (Ming et al., 1998). By
contrast, sorghum and maize, which are believed to have diverged from a
common ancestor more than 20 million years ago, differ by at least a dozen
chromosome structural rearrangements that are large enough to be discerned
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by alignment of genetic maps (Bowers ef al., 2003a). Curiously, sorghum
and rice differ by a similar number of rearrangements as sorghum and maize
despite more than twice as long a period of divergence from common
ancestors. Recent genome-wide duplication in the maize lineage may be one
factor that accelerated rearrangement in some lineages.

The availability of molecular genetic maps for a large and growing set of
cereal taxa has identified several important exceptions to the generalizations
of ‘slow structural change correlated to taxonomic divergence’. For example,
rapid chromosomal restructuring appears to have occurred in Secale cereale
(rye) since its divergence from a common ancestor shared with wheat (Devos
et al., 1993), and in Pennisetum glaucum (pearl millet) since its divergence
from closely-related foxtail millet (Devos et al, 2000). The molecular
mechanism causing these rapid rearrangements may be studied through fine-
mapping and sequencing of rearrangement breakpoints (presumably
contained within BACs), and their comparison to homologous regions in
close relatives. The details of cereal genetic maps also reveal a large number
of loci that deviate from synteny and/or collinearity, providing still additional
evidence that genomes are far more fluid than would have been imagined
even a few years ago. The comparative distributions of loci across most pairs
of cereal taxa show parallels that can not be explained by chance — however
the ‘signal’ from these parallels is accompanied by a substantial level of
‘noise’ that implicates many other factors in cereal genome evolution. For
example, in detailed genetic maps of maize (>3400 loci; Lee ef al., 2002
http://www.maizegdb.org/map.php) and sorghum (>2500 loci; Bowers ef al.,
2003a; http://www.plantgenome.uga.edu/) that include 952 comparative loci,
only about 55% of loci show corresponding arrangement (Bowers et al.,
2003a).

Micro-synteny studies comparing the sequences of orthologous BACs offer
new opportunities for the study of deviations from collinearity. In some
cases, the arrangements of genes are similar or identical in diverse cereals
such as rice, maize, and sorghum. Nonetheless, cases of gene gain/loss,
inversion, and tandem duplication are by no means rare (e.g. Bennetzen
2000; Ramakrishna et al 2002; Feuillet and Keller 2002; Song et al., 2002;
Brunner et al., 2003), and may result from a variety of mechanisms including
transposition and illegitimate recombination (eg. Ilic et al, 2003; Bennetzen,
2002; Song et al., 2002; Wicker et al., 2003).

The overall distance between genes appears to be generally correlated with
differences in genome size in different taxa. However, there are noteworthy
exceptions in the form of ‘gene-rich’ regions that largely lack repetitive
DNA, even in taxa with large amounts of repetitive DNA (Feuillet and Keller
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1999). The spacing between genes has been profoundly altered by acquisition
of both low-copy and repetitive DNA, most of which are rapidly-evolving
and do not hybridize (at least to a specific locus) across species (Chen et al
1997; Brunner et al., 2003). Recent-classical studies (San Miguel et al 1996)
have shown that in maize, this DNA acquisition was largely a result of
successive bursts of transposable element amplification and activity, often
‘jumping’ into transposable elements resulting from previous cycles of
amplification. This model for fluidity and associated rapid divergence of
intergenic regions is gaining support from additional taxa (Wicker et al,
2003). Early notions that such activity may result in rapid growth in genome
size (Bennetzen and Kellogg 1997) have recently been modified into models
that invoke a dynamic and lineage-specific balance between origin and
elimination of mobile dispersed repetitive DNA elements (Bennetzen, 2002;
Wicker et al., 2003).

3. GENOME DUPLICATION AND
ITS CONSEQUENCES

The cereals closely resemble other angiosperms in the relative abundance of
polyploid taxa. While the potential role of polyploidy and gene duplication in
evolution has long been recognized (e.g. Ohno, 1970), the question of “Why
are so many plants polyploid?” remains inadequately understood. The rarity
of polyploidy in dioecious organisms (such as most animals and a few plants)
is thought to be related generally to sex determination, and perhaps
specifically to a need for balanced gene dosage between autosomes and sex
chromosomes (Orr 1990). However, a growing body of data suggests that
the rarity of such ‘roadblocks’ (heteromorphic sex chromosomes) is not
sufficient to explain the prevalence of polyploids among angiosperms.

Many cases of polyploidy in the cereals are well known. Tetraploid and
hexaploid wheats are central to world agriculture, and the latter are of very
recent origin. Triticale, a synthetic polyploid made by joining the wheat and
rye genomes, is one of only a few examples of major crop species that were
intentionally produced by humans (i.e. that do not occur naturally). The
Saccharum (sugarcane) species complex is one of the more striking polyploid
series known. In the genus Saccharum the chromosome numbers are known
to range from 2n = 36 to 170, but despite their ploidy differences, most of
these can be freely intercrossed to produce viable and fertile progeny. By
contrast, chromosome numbers in the genus Sorghum, which is believed to
have shared a common ancestor with Saccharum as recently as 5 million
years ago (Ming et al., 1998), include only 2» = 10, 20, or 40 -- and little if
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any genetic exchange is possible between the taxa with 2»# = 10 and those
with 2n = 20.

Molecular data also revealed that many cereals thought to be diploid were, in
fact, ancient polyploids. As early as 1986, non-random patterns of
duplication of isozyme loci were predicted to be a result of ancient
chromosomal duplication of maize (Wendel et al., 1986) — a prediction that is
now generally accepted. Early suggestions of ancient polyploidy in rice
(Kishimoto et al., 1994; Nagamura ef al., 1995; Wang et al., 2000) were also
strongly supported by analysis of genomic shotgun sequence (Goff et al.,
2002). This has received further support from analysis of preliminary
genome-wide sequence assemblies, although there remains some controversy
about whether such duplication was genome-wide (Paterson et al., 2003) or
limited to a subset of chromosomes (Vandepoele ef al., 2003). Genomic
duplication in sorghum appears similar to the pattern observed in rice
(Bowers et al., 2003a; Chittenden ef al., 1994).

Recent polyploidy and ancient duplication both have important consequences
for comparative genomics. In early cereal genomics studies, it quickly
became obvious that only a subset of duplicated (‘homoeologous’) genes
could be genetically mapped due to availability of limited polymorphism.
The likelihood of being able to map each of two homoeologues was
approximately the square of the likelihood of being able to map one — for
taxa such as wheat with very little polymorphism, this was prohibitive. Even
in rice, where intersubspecific crosses are common, this factor obscured the
clear delineation of most duplicated chromatin until the genomic sequence
became available. In maize and sorghum with high level of polymorphism, it
is often possible to map duplicate loci. However, duplicate loci are far more
abundant in maize than in sorghum, consistent with the occurrence of a
genome-wide duplication in maize following divergence of these taxa.

Ancient duplication also appears to be followed by ‘diploidization’, or loss of
many single members of homoeologous pairs, obscuring and complicating
analysis of collinearity on both a macro- and a micro-scale. DNA sequence
elimination appears to begin very soon after polyploid formation in some
cereals (Eckhardt, 2001), and in polyploids as ancient as maize, many genes
have been ‘diploidized’. This process of loss of duplicate genes appears to
be continuous. A detailed analysis of episodic duplication in the Arabidopsis
lineage reveals that progressively more ancient chromatin duplications
contain progressively lower percentages of genes for which both duplicated
copies still exist (Bowers et al., 2003b).
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A sound understanding of the timing of duplication events relative to
divergence of taxa from a common ancestor, is also necessary for
understanding the effects of duplications on genomes having a common
ancestor (Bowers ef al., 2003b; Kellogg, 2003). If taxon divergence postdates
duplication only then the traditional ‘one-to-one’ comparisons commonly
performed among many cereals could be truly appropriate. If duplication in
one or both lineages postdates taxon divergence, more complex approaches
are needed to deconvolute the consequences of ‘diploidization’ from the
effects of chromosome structural rearrangement. Recent progress in
revealing the history of ancient duplication events in dicots (Bowers et al.,
2003b) suggested that parallel studies are needed (and are in progress —
Paterson et al., 2003) in the cereals and related monocots.

4. EXTRAPOLATING INFORMATION FROM
BOTANICAL MODELS ACROSS THE CEREALS

The utilization of molecular tools across diverse cereals is at least 15 years
old (Hulbert et al., 1990) and hardly needs to be revisited. The primary
challenge associated with this approach is that cross-utilization of genomic
tools to study genetic diversity requires one to identify the genomic
sequences that are conserved (largely or wholly) across diverse taxa. The
taxa that are compared should also each exhibit detectable polymorphisms
that can serve as DNA markers. RFLPs have been used in most such studies
to date, visualizing signal using a cDNA or other conserved sequence, but
usually based on polymorphisms that occur in less-conserved flanking
sequence. The availability of the rice genomic sequence, together with the
finding that intron positions are often conserved across considerable
taxonomic distances (Fedorov et al., 2002), suggests the possibility of using
PCR-based approaches, designing primers from conserved exons and
detecting polymorphisms in intervening introns (Iwata et al., 2001; Schneider
et al., 1999). Such approaches are readily compatible with single-stranded
conformational polymorphism (SSCP)-based detection (McCallum et al.,
2001; Schneider et al., 2002) or high-throughput methods that are sufficiently
sensitive to detect single-nucleotide polymorphisms (SNPs).

The similarity of genes and inferred protein sequences across diverse taxa
reflects functional conservation that has been highlighted by discoveries of
independent mutations in corresponding genes in taxa as diverse as the
cereals and Arabidopsis (Spielmeyer ef al., 2002; Yano et al., 2000). A large
number of genes are now known, which control agriculturally-important
phenotypes in rice and analogous phenotypes in Arabidopsis. Through
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association approaches, many of the genes were found to be the determinants
of key traits not only in some major crops like maize (Thornsberry et al.,
2001), but also in less-well studied taxa such as many ‘orphan crops’
(Goodman et al., 2002) for which genomic information is presently lacking.
These ‘orphan crops’ are essential to sustain low-income human populations
in harsh climates where inputs such as fertilizer and water are limited.

A more complex situation is available in cases, where information about
positional similarities is limited. For example, in diverse cereals, several
relatively complex traits such as mass per seed (Paterson ef al., 1995) and
rhizomatous habit (Hu ef al., 2003) are controlled by sets of QTLs that occur
at corresponding locations more often than can be explained by chance. This
finding is important, since such convergence would only be likely if there
exists only a few genes in which mutation frequently modifies the target
phenotype. This is though in sharp contrast to the classical quantitative
inheritance models that invoke infinitely large numbers of genes, but allows
positional cloning of genes/QTLs for such traits (Paterson et al, 1995).
More specifically, such correspondence of QTLs suggests that one can use
whole genome sequences of models such as rice, to identify genes/QTLs
controlling traits for which no candidate genes are available. Even in the
absence of corresponding QTLs, clues to the identities of single QTLs in (for
example) sugarcane, might be derived from analysis of the rice sequence.

5. METHYL-FILTRATION AND Cot ANALYSIS FOR
DNA SEQUENCE DIVERSITY IN CEREALS WITH
LARGE-GENOMES

While comparative genomics can help us identify features shared by different
cereal genomes, enhanced knowledge of diversity is key to understanding the
evolution of cereal genes and genomes. A major obstacle in obtaining
information about cereal DNA sequence diversity is repetitive DNA, which
accounts for a major part of most cereal genomes. This repetitive DNA also
largely determines the cost of sequencing these genomes by shotgun
approaches. EST sequencing is an economical first step in gene discovery,
but only a fraction of the transcriptome is expressed in any single source
tissue. Even by studying cDNA libraries from multiple tissues, diminishing
returns typically accrue after about 10° sequences, since many genes that are
expressed only rarely or at low levels are likely to be missed, and no
information is obtained on regulatory sequences or other important low-copy
elements.
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Two approaches have recently been suggested by which one might efficiently
continue to capture low-copy DNA sequence diversity well beyond the point
of diminishing returns for EST sequencing. These two approaches include
methyl-filtration and Cot analysis. Methyl-filtration (Rabinowicz et al., 2003)
involves the production of genomic libraries enriched in hypomethylated
sequences, which are rich in unique gene sequences. Although such libraries
have been used for more than a decade as a source of DNA probes for RFLP
mapping of single-copy loci, but this hypomethylated fraction has rarely been
used for sequencing. While methyl-filtration clearly enriches the genomic
DNA for genic sequences, a complication arises, since the pattern and
significance of DNA methylation differs markedly between species,
developmental stages, genes within an organism, and regions of a gene
(Peterson et al., 2002b). Consequently, exclusion of hypermethylated DNA
(silenced genes) may result in the loss of important/interesting genes. Early
comparisons of genomic sequences from BAC clones with sequences from
libraries enriched in hypomethylated sequences suggest that as few as 50% of
genes are recovered by methylation-based gene enrichment techniques (see
abstract of M. Vaudin et al., 44™ Maize Genetics Conference, 2002,
Kissimmee, FL; www.agron.missouri. edu).

The second approach of Cot analysis is based strictly on separation of DNA
elements based upon their relative iteration frequency in the genome. This
old approach is a powerful biochemical technique, to ‘fractionate’ large,
repetitive DNA fractions of the genomes. Developed by Roy Britten and
colleagues nearly 35 years ago, Cot analysis is based on the observation that
in a solution of heat-denatured sheared genomic DNA, a specific sequence
reassociates at a rate proportional to the number of times it occurs in the
genome. Cot-based cloning and sequencing (CBCS: Peterson et al., 2002a;
Peterson et al., 2001) involves fractionation of a genome into ‘components’
based on reassociation rates. The components of Cot-based fractionation are
cloned and the number of clones sequenced from each fraction is
proportional to the kinetic complexity of the corresponding fraction. By this
means, the cost of capturing the unique sequence information from a large
repetitive genome (such as those of most cereals) can be reduced by 50-90%
(Peterson et al., 2002b).

CBCS also provides for sampling of representative sequences from most
repetitive element families in a genome. For example, Peterson et al (2002a)
identified highly-repetitive elements that collectively accounted for 15% of
the sorghum genome, in only 253 sequence reads of clones randomly-chosen
from a ‘HRCot’ (highly-repetitive Cot fraction) library. A single element,
Retrosor-6, accounted for about 13% of the highly-repetitive clones, and 6%
of the total genomic DNA of sorghum. While repetitive DNA is an enormous
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impediment to cereal gene and genome research, knowledge of the sequences
and distribution of repeats may circumvent many problems, and indeed create
new research opportunities. For example, methods based on use of the ‘Alw’
element family permitted many advances in human genome research (Batzer
and Deininger, 2002) much before the complete sequence became available.
Similar methods for ‘transposon display’ (Lam et al., 1996) have been
recently applied to rice and maize (Casa et al., 2002; Jiang et al., 2003).
Better understanding of the physical distributions of repetitive DNA families
at a resolution compatible with cloning technologies (such as over different
BAC clones) may provide the means to identify ‘gene-rich’ genomic
domains that are priorities for early sequencing. Complete physical mapping
of large genomes will benefit substantially from a comprehensive knowledge
of the sequences and distributions of repetitive DNA families. Identification
of repetitive DNA is also valuable for masking repeats out of EST databases,
significantly improving the quality of unigene sets.

6. SUMMARY AND OUTLOOK

Detailed structural, functional, and comparative analyses of cereal genes and
genomes, anchored to the rice genome sequence promise to shed much light
on the early events that shaped the cereal lineage. This information will be
invaluable as a framework for organizing comparative information for both
major and ‘orphan’ (Goodman et al., 2002) cereals. The value of cross-
utilizing genomic tools in other cereals is well known, and the finished rice
sequence will offer further opportunities (such as efficient identification of
large numbers of ‘intron scanning’ primer pairs).

However, the rice sequence is only a beginning. Comparative phenotypic,
genomic and sequence information from many additional taxa will be needed
to elucidate the specific events responsible for the morphological and
physiological diversity that adapts different cereals to different climates,
production regimes, and human needs. Such information promises to grow at
an accelerating rate by virtue of efficient new methods, and will help to
reveal the relative roles of different genes, and different types of genomic
changes, in the evolution of phenotypic diversity among and within cereal
lineages. As the identities of growing numbers of key cereal genes become
known in individual taxa (e.g. Spielmeyer et al., 2002), growing attention to
comparative biology (e.g. Lukens and Doebley, 2001) promises to facilitate
understanding of the relationship between DNA polymorphism and
biological diversity.
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The relationship between extensive sequence data for diverse cereals and
phenotypic variation, will allow careful selection of germplasm, which has
been precisely characterized for a suite of phenotypes in many diverse
environments. Reliable phenotypic information, together with efficient re-
sequencing approaches, applied using detailed knowledge of population
structure and genetic relationships, is a promising means by which to
implicate small subsets of sequences in the control of key traits (Thornsberry
et al, 2001). Such ‘association approaches’ benefit from a good
understanding of the extent of linkage disequilibrium (LD) in plant
populations; this information has only recently been assembled, and only for
a few selected taxa to date. In outcrossing species such as maize, LD often
decays to virtually undetectable levels even at opposite ends of a single gene,
although rates of decay vary widely for different genes (Tenaillon et al.,
2002). Further, the LD is moderately stronger in low-copy regions of
predominantly-selfing taxa (M. Hamblin, A. H. Paterson, S. Kresovich,
unpubl. data; P. Morrell, J. M. Chandler, A.H. Paterson, unpubl. data) but
still much less than might have been anticipated after the relatively short time
since the domestication of many plants.  Fine-scale taxon-specific
information will be needed in order to comprehensively scan transcriptomes
for specific genes under selection in crop gene pools. Rapid growth in
information about the cereals, and continuing technological improvements,
will make such goals possible sooner than we might anticipate.
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1. INTRODUCTION

Wheat and barley are the two principal grain crops domesticated some
10,000 years ago in the Pre-pottery Neolithic Near East (Zohary and Hopf,
2000; Badr ef al., 2000; Lev Yadun ef al., 2000; Salamini et al., 2002;).
Spectacular progress has been made during the last few decades in genomics
enabling the tracking of major milestones in their domestication evolution
(Peng et al., 2003; Chen et al., 2004) and, most importantly, in their
spatiotemporally adaptive genomic diversity patterns and genetic structure of
populations (Nevo, 1992; Nevo et al., 2002). The wild cereal research
program at the Institute of Evolution, Haifa, Israel, was part of a general
research program on the evolution of genic and genomic diversity in natural
populations of diverse organisms from bacteria through plants, animals and
humans (Nevo, 2001a) including global, regional, and local scales (Nevo,
1978, 1988, 1998a, 2001a; Nevo and Beiles, 1988; Nevo ef al., 1984, 2002)
(see detailed list of publications in http://evolution.haifa.ac.il). Major
problems addressed were to estimate genetic diversity in nature (Nevo,
2001b) and the relative importance of the driving forces of biological
evolution in an attempt to rank their importance and assess their universality.
Generally, these forces can be categorized as largely stochastic (i.e.,
mutation, recombination, migration, and genetic drift; see Maruyama 1970,
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1977) as opposed to deterministic (i.e., natural selection). We explored the
following questions. (i) How much of the genomic and phenomic diversity in
nature is adaptive and processed by natural selection? (ii) What is the origin
and evolution of adaptation and speciation processes under spatiotemporal
variables and stressful macrogeographic and microgeographic environments?

We advanced ecological genetics into ecological genomics and globally
analyzed ecological, demographic, and life history variables in 1,200 diverse
species across life (Nevo et al., 1984), thousands of populations, and tens of
thousands of individuals tested mostly for allozyme and partly for DNA
diversity (Nevo, 2001b; Nevo and Beiles, 1988). Likewise, we tested
thermal, chemical, climatic, and biotic stresses in several model organisms.
Our results indicate abundant genotypic and phenotypic diversity in natural
populations. The organization and evolution of molecular and organismal
diversity in nature at global, regional, and local scales are generally
nonrandom and structured; display regularities across life; and are positively
correlated with, and partly predictable by, abiotic and biotic environmental
heterogeneity and stress. Biodiversity evolution, even in small isolated
populations, is primarily driven by natural selection including diversifying,
balancing, cyclical, and purifying selective regimes, interacting with, but
ultimately overriding, the effects of mutation, migration, and stochasticity.
More specifically, an attempt has been made to study the population genetic
structure (Nei, 1973, 1977; Crow, 2003) generally and specifically of wild
cereals, as biologically and economically important model organisms that
underline human civilization, and to find out if the population subdivision is
an indicator of the driving forces involved in evolution (Nevo, 2001a).

Our research program at the Institute of Evolution on genetic diversity,
devoted to wild cereals [mainly wild barley (Nevo, 1992) and wild emmer
wheat (Nevo et al., 2002)], derived from the following reasons: (i) The Near
East Fertile Crescent (including Israel) is the center of origin and diversity of
Old World plants (Zohary and Hopf, 2000) including the progenitors of some
of the most important plants of human nutrition (e.g., wheat) and feed (e.g.,
barley). (ii) Israel, in particular, is a rich natural laboratory of the progenitors
of cultivated plants including cereals (Nevo, 1986). (iii) Israel’s high
biodiversity is derived from its location at the junction of three continents,
each contributing to its extraordinary biodiversity. (iv) The geological
history, climatic diversity, paleoecological, and topographical diversities of
Israel all contribute to its remarkable biodiversity. (v) The sharp climatic
division between the northern mesic Mediterranean and southern xeric Negev
Desert generates a gradient of increasing aridity, primarily southwards and
secondarily eastwards toward the surrounding deserts, thereby singling out
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Figure 1. Multidisciplinary long-term research program of wild cereals at the
Institute of Evolution, University of Haifa, Israel.

aridity stress as a major evolutionary driving force affecting genetic diversity
and population genetic structure.

The above research project involved both regional and local microsites
(macroevolution and microevolution within the Near East Fertile Crescent
and Israel, respectively). These microsites represent sharply contrasting
patterns of temperatures, aridity stress, lithology, soil types, topography, etc.,
i.e., climatic and edaphic stresses (Nevo, 2001a; http://evolution.haifa.ac.il)
(Figs. 1 and 2a,b). Particularly, the studies of populations collected from the
microsites, exhibiting contrasting ecological conditions, provide excellent
critical tests for evaluating the dynamics of genome and phenome evolution.
Microsite studies highlight and sharpen the study of population subdivisions
while contrasting and accentuating the relative importance of evolutionary
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Figure 2a. Distribution of known and reasonably certain sites of wild barley.
Massive stands in fairly primary habitats may occur within the shaded area. Elsewhere, wild barley may be abundant, but
confined to highly disturbed habitats. The shaded area also includes the distribution of wild emmer wheat. (From Harlan
and Zohary, 1966).
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Figure 2b. The three microsites of wild emmer wheat located north of the Sea of Galilee.
These sites were studied for protein and DNA diversities across divergent microclimates, soils, and topographies (Li ez al.,
2000a-d, 2001, 2002a,b, 2003).
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Table 1. Gene Bank collections of wild cereals at the Institute of Evolution,
University of Haifa, Israel, used for genetic and agronomic research
programmes

Species Countries Populations Genotypes
Hordeum spontaneum 5 1337 3390

(wild barley)

Triticum dicoccoides 6" 32" 1659

(wild emmer wheat)

Aegilops species 3 220 6600
Avena 1 38 985

(wild hexaploid oats)

Total 6 423 12634

*including Iran, Syria, and Iraq, which are represented by a few genotypes each; **excluding Iran, Syria, and Iraq;
***Including 3 populations of Tabigha, 4 populations of Newe Ya'ar and 7 populations of “Evolution Canyon” (see
Nevo, 2001a, c); ****countries involved in the overall count

forces that cause differentiation leading to adaptation and speciation (Nevo,
2001a).

The aforementioned regional and local studies demonstrated differential
viability of allozyme and DNA genotypes, where diversity and divergence
were selected at either macro- and microscales contrasting conditions and
ecologies or under critical empirically controlled lab conditions. In particular,
dramatic population subdivisions were found in wild barley and emmer
wheat populations in several microsites climaxing in the “Evolution Canyon”
model (Nevo, 1995, 1997, 2001a) (Fig. 3). The global, regional, and local
studies suggested that environmental stresses (climatic, thermal, chemical,
and biotic) played a major role in driving evolution. In this chapter, an
attempt has been made to review the results of population genetic structure of
a long-term multidisciplinary research program undertaken on wild barley,
H. spontaneum (Nevo, 1992), and wild emmer wheat, T. dicoccoides (Nevo
et al., 2002), which are the progenitors of barley and wheat, respectively. The
review describes genetic diversity coupled with population subdivisions
within and between populations across the Near East Fertile Crescent of these
wild cereals at their center of origin and diversity and periphery representing
the whole ecogeographical range of the progenitors. The review will also
highlight the adaptive evolutionary processes operating in these populations
and the utility of these populations as potential genetic resources for crop
improvement. The framework of the wild cereal research program appears in
Fig. 1, and the Gene Bank collections on which the studies were based
appear in Table 1.
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2. SAMPLING LOCALITIES

The molecular diversity and divergence of wild barley and wild emmer
wheat were examined, regionally in the Near East Fertile Crescent (including
the countries Israel, Turkey, Iran, Syria, and Jordan) (Fig. 2a), and /locally in
five microsites in northern Israel including Ammiad, Tabigha, Yehudiyya,
Newe Ya'ar, and “Evolution Canyon” (Nevo, 2001a). The five microsites in
Israel (three of them shown in Figure 2b and a fourth in Fig. 3), used for the
collection of wild barley and wild emmer wheat material, have the following
features:(1) Ammiad, north of the Sea of Galilee, Isracl (Nevo et al., 1991
and tables/figures therein) is a wild emmer microsite study area represented
by the following habitats and subhabitats: (i) four habitats including the
North-facing slope, valley, Ridge, and Karst, which display topographical
and ecological heterogeneity, subdivided into (ii) 11 subhabitats that were
found primarily in space over very short distances (four transects totaling 800
m and ranging in altitude from 240 to 340 m above sea level), and
secondarily over time. (2) Yehudiyya, also north of the lake of Galilee,
involved two sharply divergent climatic microniches in the open Tabor oak
forest (i) sunny between trees and (ii) shady under trees’ canopies in an area
of less than 1000 m® involving 12 paired plots (12 trees) distributed in a
mosaic pattern. (3) Tabigha, also north of the Sea of Galilee, is a microsite
involving both wild emmer and wild barley, which is divided into mesic
‘basalt’ and xeric ‘terra rossa’ soil types. The terra rossa soil niche is drier
and more stressful and narrow-niched than the basalt throughout the growing
season (November to May); (4) Newe Ya’ar, a microsite in the lower Galilee
involving only wild barley, is represented by the following four microniches:
(1) sun-soil, (ii) sun-rock, (iii) shade-soil, (iv) shade-rock, and the following
two contact zones: (i) soil periphery of the sun-rock microniche, and (ii) soil
periphery of the shade-rock microniche; (5) “Evolution Canyon” represented
by the xeric “African” and mesic “European” opposite slopes separated by
50-100 m at the bottom; the former is described as the south-facing slope or
SFS, and the latter as the north-facing slope or NFS (Fig. 3). In this
microsite, 2500 species have been identified, including wild barley on the
opposite slopes.

3. GENETIC DIVERSITY AND ADAPTIVE
SUBDIVISION OF WILD BARLEY, HORDEUM
SPONTANEUM, IN THE NEAR EAST AND ISRAEL

Proteins (allozymes) as well as DNA markers (RAPDs, SSRs, AFLPs,
rDNA) were used to study the genetic diversity among wild barley
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Figure 3. "Evolution Canyon" I, Lower Nahal Oren, Mount Carmel, Israel.
Note the plant formation on the opposite slopes. The green, lush, “European”, temperate, cool-mesic north-facing slope
(NFS) sharply contrasts with the open park forest of warm-xeric, tropical, “African-Asian” savanna on the south-facing
slope (SFS) (from Nevo, 2001a).

populations collected not only from the different regions in the Near East
Fertile Crescent, but also from different microsites in Israel, each
representing a contrast of edaphic, topographical, and climatic variables. The
material and the markers used for the study of genetic diversity included the
following (see references below). (a) Regional analyses: (i) allozymic
variation in proteins encoded by 27-shared loci examined in 2125 individuals
representing 52 populations of wild barley from three countries (Israel,
Turkey, and Iran); (ii) genetic variability in RAPDs examined in 21
populations, seven from each of the three countries (Israel, Turkey, and Iran);
(iii) DNA variation at 204 polymorphic loci out of the 268 AFLP loci
examined in 39 genotypes from the Fertile Crescent; (iv) DNA variation at
18 SSR loci examined in 94 individual plants of 10 wild barley populations
from Israel and in 306 individuals of 16 populations from Jordan. (b) Local
analyses: Wild barley from several microsites from Isracl was also examined
for genetic differentiation due to edaphic and microclimatic contrasts. The
barley material collected from different microsites and the markers used
included the following: (i) from Newe Ya’ar representing six microniches,
356 individuals from a dense population in an area of 3182m” was examined
for 25 allozyme loci; (ii) from Tabigha, 278 individual plants were examined
for allozymes, 88 plants were examined for RAPDs and 63 plants were
examined for ribosomal DNA; (iii) from “Evolution Canyon”, wild barley
accessions from each of the two slopes were examined for 28 allozyme loci,
51 RAPD loci, 19 SSRs, and 16 rDNA space length variants (slvs).




142 E. Nevo

3.1. Allozymes: Regional and Local Studies

3.1.1. Regional Studies

The results of allozyme analysis in populations of wild barley collected from
three countries (Israel, Turkey, and Iran) in the Fertile Crescent (Nevo et al.,
1986a and Fig. 2a) indicated that:(a) H. spontaneum in the Near East Fertile
Crescent is very variable genetically; (b) genetic differentiation of
populations includes some clinal, but primarily regional and local patterns,
often displaying sharp geographic differentiation over short distances at both
single- and multilocigenome organization structures (following Brown et al.,
1980, which explains the concept and analysis of genome organization); (c)
the average relative genetic differentiation (GST) was 54% within
populations, 39% among populations (range 29-48%) within countries, and
8% among the three countries (Table 7 in Nevo et al., 1986a); (d) allele
distribution is characterized by a high proportion of unique alleles (51%) and
a high proportion of common alleles that are distributed either /ocally or
sporadically, as well as displaying an "archipelago" genetic structure; (e)
discriminant analysis by allele frequencies successfully clustered wild barley
of each of the three countries (96% correct classification); (f) a substantial
portion of the patterns of allozyme variation in the wild gene pool is
significantly correlated with the environment and is predictable ecologically,
chiefly by a combination of humidity and temperature variables; (g) natural
populations of wild barley are, on the average, more variable than two
composite crosses and landraces of cultivated barley (see detailed analysis in
Nevo, 2004). The spatial patterns and environmental correlates and
predictors of genetic variation of H. spontaneum in the Fertile Crescent
indicate that genetic variation in wild barley populations is not only rich, but,
at least partly, adaptive and predictable by ecology and allozyme markers
(Nevo, 1987; Nevo and Payne, 1987; Nevo et al, 1993). Consequently,
conservation and utilization programs should optimize sampling strategies by
following the ecological-genetic factors and molecular markers as effectively
predictive guidelines (see Tables 1-10 and Figs. 1, 2 in Nevo et al., 1986a;
Likewise, Chalmers ef al., 1992; Volis et al., 2001, 2002).

3.1.2. Local Studies

As mentioed above, allozymic variation in proteins of wild barley was also
examined at three different microsites in Israel, Newe Ya'ar with six
microniches (Nevo et al., 1986¢), Tabigha with two soil types (Nevo et al.,
1981), and “Evolution Canyon” with contrasting microclimates on the
opposite slopes (Nevo et al., 1997). Aegilops peregrinus also show intersoil
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allozymic differences in Tabigha (Nevo et al., 1994). Discriminant analysis
indicated significant multilocus allozymic differentiation between the
climatic, edaphic, and topographic contrasts of the microniches. The results
also suggested that allozyme polymorphisms in wild barley are at least partly
adaptive and differentiate predominantly by microniche ecological selection
(including soil and microclimatic types), rather than by stochastic processes
and/or neutrality of allozymic variants.

3.2. DNA-Based Molecular Markers:
Regional and Local studies

A variety of DNA markers were used for the study of genetic diversity in
different wild barley populations listed above.

3.2.1. RAPDs: Regional and Local studies

3.2.1.1. Regional studies

Genetic variability in RAPDs (Randomly Amplified Polymorphic DNA) was
studied in wild barley studied from Israel, Turkey, and Iran (Baum et al.,
1997; Nevo et al., 1998). In general, high RAPD genetic diversity indices
were associated with stressful environments, either with hot or cold steppes
and deserts. Interpopulational genetic distances showed no association with
the geographic distance between the populations’ provenance. In contrast,
significant Spearman rank correlations were observed between RAPD band
frequencies and ecogeographical parameters of the provenance used in the
study. The genetic distances within and between the three countries did not
support the isolation by distance model because populations of the three
countries are intermixed (see Fig. 2 in Nevo et al., 1998). Thus, ecological
rather than geographical factors played a major role in genetic patterning of
RAPD diversity. The correlation data indirectly suggested that natural
selection appears to be the major determinant of both RAPD and allozyme
diversities both of which are correlated with environmental stress (For
regional adaptive RAPD variation in H. spontaneum, see also Volis et al.,
2001, 2002)

3.2.1.2. Local studies

(i) Newe Ya’ar. A parallel study in wild barley from the aforementioned
microsite Newe Ya'ar (Fig. 2b) examined variation of 75 RAPD loci (Owuor
et al., 2003 and tables/figures therein). Significantly higher polymorphism
and gene diversity (Poos = 0.920; H, = 0.411) were observed on the more
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stressful sun-rock microniche, compared to the least stressful shade-soil
microniche (Pyos = 0.653; H, = 0.188). Fifty-six loci (74.7%) out of the 75
loci varied significantly in allele frequencies between the microniches. Gst
analysis revealed that on an average, 75.7% of the total genetic diversity
exists within the four microniches, while 24.3% exists between the
microniches. The highest genetic distance was between shade-soil and sun-
rock (D = 0.220), which confirmed their sharp microecological contrasts.
Genetic classification of individual genotypes into their respective
microniches, based on the presence/absence of bands of the 2, 3, 4, 5, and 7
best differentiation loci, obtained by stepwise discriminant analysis, were 79,
84, 89, 95, and 100%, respectively. We concluded that ecological contrasts at
the Newe Ya'ar microsite caused molecular diversifying selection
(presumably at both coding and noncoding genomic regions of wild barley)
overriding gene flow effects. (ii) Tabigha. RAPD-PCR was also used to
examine populations from the two soil types at Tabigha near the Sea of
Galilee, Israel (Owuor et al., 1999). Analysis of 118 putative loci revealed
significant (p < 0.05) genetic differentiation in polymorphism (P s) between
the two soils, basalt and terra rossa, across transects with P being higher in
the more heterogeneous basalt (mean Pgos = 0.902) than in terra rossa (mean
Pyos = 0.820). Gene diversity (H,) was higher in basalt (mean H, = 0.371)
than in terra rossa (mean H, = 0.259). Furthermore, unique alleles were
confined to one soil transect II only. Gametic phase disequilibria showed a
larger multilocus association of alleles in basalt than terra rossa and in
transect I than in transect II. Spearman rank correlation (rs) revealed a strong
association between specific loci, soil types, and transects. Also, analysis of
multilocus  organization revealed soil-specific ~multilocus-genotypes.
Therefore, our results suggest an edaphically differentiated genetic structure,
which corroborate the niche width-variation hypothesis, and can be
explained, in part, by natural selection on RAPDs covering both coding and
noncoding regions of the genomes or linked blocks of genes. This pattern of
RAPD diversity is in agreement with allozyme (Nevo et al., 1981) and
hordein protein (Nevo et al., 1983) diversities in the same subpopulations
studied previously.

3.2.2. Microsatellites or Simple Sequence Repeats (SSR):
Regional and Local Studies

Microsatellite (SSR) diversity was examined regionally in wild barley
populations from Israel across a southward transect of increasing aridity
(Turpeinen et al., 2001 and tables/figures therein), from Jordan across a
southward transect of increasing aridity (Baek et al., 2003 and tables/figures
therein), and from the Fertile Crescent (Ivandic et al., 2002), and locally from
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Newe Ya'ar microsite in Israel (Huang er al.,, 2002 and tables/figures
therein). Allelic distribution in populations was rnonrandom. Estimates of
mean gene diversity were highest in stressful, arid-hot environments. Based
on these observations, it was suggested that SSRs are at least partly adaptive
in nature and are subjected to natural selection either within or between genes
(Li et al., 2002a, 2004; Ivandic et al., 2002) and at least partly involved in
regulatory processes.

3.2.3. AFLP: Regional Studies

In wild barley (H. spontaneum) populations from Israel, adaptive patterns
similar to those for SSRs, were also obtained by AFLP (Amplified Fragment
Length Polymorphisms) analysis (Turpeinen et al., 2003). AFLP diversity in
H. spontaneum in the Fertile Crescent was based on 39 genotypes (Pakniyat
et al., 1997). There were 268 AFLP loci of which 204 proved to be
polymorphic. Genotypes were grouped according to the area of origin. Shoot
Na' content and carbon isotope (8') reflecting drought resistance were
associated with site of origin of the ecogeographic data. In Israel
(Turpeneinin et al., 2003) 204 AFLP loci were tested out of which 189 (93%)
were polymorphic. Genetic diversity was 31% between populations and 69%
within populations. Associations between ecogeographical variables and the
mean gene diversity were found at one primer pair.

3.2.4. Ribosomal DNA (rDNA):
Regional and Local Studies

Microecological divergence in H. spontaneum was also estimated through
ribosomal DNA in (i) the study of sixty-three genotypes from: “Evolution
Canyon” (Fig. 3) representing 36 genotypes from the contrasting
microclimates on the opposite slopes and 27 genotypes from Tabigha (Gupta
et al., 2002), (ii) 42 genotypes from Newe Ya'ar in Israel (Gupta et al.,
2004), and in (iii) 285 genotypes of H. spontaneum across Jordan (Sharma et
al., 2004). Spacer length variants (slvs) and the slv phenotypes largely
correlated with environmental conditions. These studies suggested that
ecogeographical factors, rather than geographical factors per se, seem to
affect the distribution of rDNA alleles. Overall, it can be concluded that
rDNA repeat unit length polymorphism (rDNA diversity) in wild barley is
distributed non-randomly and adaptively in different microniches. A novel
feature i.e. homogenization of intergenic speacer (IGS) length at two rDNA
loci located at two nonhomologous chromosomes was also demonstrated in
one study (Gupta et al., 2004).
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4. GENETIC DIVERSITY AND ADAPTIVE
SUBDIVISIONS OF WILD EMMER WHEAT
IN ISRAEL AND TURKEY

In wild emmer wheat, the following populations from Israel and Turkey were
examined utilizing allozymes and DNA markers. (i) 1815 plants representing
37 populations (33 from Israel and 4 from Turkey) for allozymes; (ii) 135
genotypes representing 15 populations from Israel and Turkey for DNA
markers involving a wide range of ecological conditions of soil, temperature
and water availability.

Microscale analysis was also conducted in wild emmer wheats from several
microsites using the following markers and material: (i) from Ammiad, 812
individual plants were examined over 6 years for allozyme variation at 43
loci; this study was extended to examine spatiotemporal variation at 35
allozyme loci in 1207 individuals representing 4 populations (see references
below); (ii) in another study, 75-175 individuals from Ammiad were
examined for variation at 35 allozymes, 60 RAPDs and 25 SSRs, in four
habitats that differed in aridity stress; (iii) from Yehudiyya, 137 individuals
were examined for 48 allozyme loci and 105 individuals were examined for
28 SSR loci; (iv) from Tabigha, representing two soil types (mesic basalt and
xeric terra rosa), 356 individuals were examined for 47 allozyme loci and 28
SSRs.

4.1. Allozyme Variation:
Regional and Local Studies

4.1.1. Variation in Populations from Israel and Turkey

Allozyme variation in the tetraploid wild emmer wheat, Triticum
dicoccoides, the progenitor of all cultivated wheats, was studied for proteins
encoded by 42 gene loci in 1815 plants representing 37 populations (33 from
Israel and 4 from Turkey) sampled from 33 localities during 1979 to 1987
(Nevo and Beiles, 1989 and tables/figures therein). The results showed that:
(a) 6 loci (14%) were monomorphic in all populations, 15 loci (36%) were
locally polymorphic, and 21 loci (50%) were regionally polymorphic. These
results are similar to those obtained earlier for 12 Israeli populations (Nevo et
al., 1982). All polymorphic loci (except 4) displayed high levels of
polymorphism (10%) locally. (b) The proportion of polymorphic loci per
population averaged 0.220 (range, 0.050 - 0.415), and the mean number of
alleles per locus was 1.252 (range: 1.050-1.634); genic diversity, H.,
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averaged 0.059 (range: 0.002 - 0.119). (c) Altogether there were 119 alleles
at the 42 putative loci tested, 114 (96%) of these in Israel. (d) Genetic
differentiation was primarily regional and and local, not clinal; 70% of the
variant alleles were common (>10%) and not widespread, but rather localized
or sporadic (see classification in Marshall and Brown, 1975) displaying an
“archipelago” population genetics and ecology structure. “Archipelago”
genetic structure alleles are built up locally in high frequency, but are often
missing in neighboring localities. This phenomenon may even occur in the
central continuous populations in which alternative fixation of up to eight
alleles was described over ten to hundreds of meters in the Golan Heights
between Qazrin and Yehudiyya (Nevo ef al., 2002, pp. 75-77). The
coefficients of genetic distance between populations were high and averaged
D =0.134; range, 0.018 — 0.297, an indication of sharp genetic differentiation
over short distances. (¢) Discriminant analyses differentiated Israel, between
central and 3 marginal regions as well as those having different soil-type
populations (Fig. 2a-f in Nevo and Beiles, 1989). (f) In Ggr analysis,
allozymic variation comprised 40% within and 60% between populations
(Table 8 in Nevo and Beiles, 1989) indicating dramatic interpopulation
divergence. (g) Gametic phase disequilibria were abundant, their number
being positively correlated (r; =0.60, P<0.01) with the humidity. (h)
Multilocus organization (Brown et al., 1980) was substantive, also positively
correlated with humidity. (i) Allozyme diversity, overall and at single loci,
was significantly correlated with, and partly predictable by, climatic and
edaphic factors. (j) The distribution of the significant positive and negative
values and the absence of autocorrelations in the correlogram revealed no
similar geographic patterns across loci eliminating migration as a prime
factor of population genetic differentiation.

The above results suggested the following. (i) During the evolutionary history
of wild emmer, diversifying natural selection, through climatic and edaphic
factors, was a major agent of genetic population structure and differentiation
at both single and multilocus levels; and (ii) wild emmer wheat harbors large
amounts of genetic diversity exploitable as genetic markers in sampling and
as abundant adaptive genetic resources for wheat improvement (see also
Nevo, 2001c; Nevo et al., 2002; and Peng et al., 2000, 2003).

4.1.2. Allozyme Loci Exhibiting Spatiotemporal
Ecological Differentiation at Ammiad

In wild emmer wheat, Triticum dicoccoides from microsites at Ammiad,
allozymic variation in proteins encoded by 43 loci was analyzed during four
consecutive growing seasons during 1983-1984 to 1986-1987 (Nevo et al.,
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1991 and tables/figures therein). In four vegetationally and topographically
defined habitats, and 11 subhabitats (see above), significant genetic
differentiation was found primarily in space over very short distances (four
transects totaling 800 m, and ranging in altitude from 240 to 340 m above sea
level), and secondarily over time. The highest gene diversity occurred in the
Karst formation where soil moisture was most variable, i.e., in the habitat
displaying the broadest niche. Genetic distance, D averaged 0.049 (range
0.005-0.134). Genetic differentiation among populations for 24 polymorphic
allozyme loci across 4 years of study was Gsy=0.12 (range 0.002 to 0.34). In
other words, 87.8% of the allozymic variation was within and 12.2% was
between the 4 major habitats. This is an extraordinarily high Gsr estimate for
a microsite whose largest distance between the habitats is only 0.5 km. The
results suggest that allozyme polymorphisms in wild emmer wheat are
partially adaptive. Genetic differentiation appears to be primarily affected by
environmental factors related to topography and temporal microclimatic
changes, probably through drought, i.e., aridity stress because the geological
background (Middle Eocene Limestone) is similar in all habitats, except the
Karst.

4.1.3. Allozyme Variation Related to
Aridity Stress at Ammiad

Another spatiotemporal allozyme study of wild emmer, 7. dicoccoides at
Ammiad examined 35 allozyme loci over 6 years (Li ef al., 2001). This
analysis used new methods and two additional sample sets (1988 and 1993)
and previous allozymic data (1984-1987, analyzed by Nevo et al., 1991).
Significant temporal and spatial variations in allele frequencies and levels of
genetic diversity were detected in 11 subpopulations from 11 subhabitats and
in four populations with a mean Gsr of 0.152 between habitats and 0.173
between years (Figs. 4, 5). Significant associations were observed among
allele frequencies and gene diversities at different loci, indicating that many
allele frequencies change over time in the same or opposite directions.
Multiple regression analysis showed that variation in soil-water content and
rainfall distribution in the growing season significantly affected frequencies
of ten alleles, numbers of alleles at eight loci, and gene diversity at four loci.
Random genetic drift and hitchhiking models may not explain such locus-
specific spatiotemporal divergence and strong allelic correlation or locus
correlation as well as the functional importance of allozymes. Natural
ecological selection, presumably through water stress, might be an important
force adaptively directing spatiotemporal allozyme and DNA diversity in
wild wheat both regionally and locally.
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Figure 4. Histogram of average gene diversity (H,) in the 11 subpopulations of
T. dicoccoides from the 11 subhabitats in Ammiad revealed by 35 allozymes, 25

SSRs, and 60 RAPDs loci. N7 Upper North, N2 Middle North, Vi Narrow Valley, Ve Main Valley center,

Vm Main Valley margins, Rs Ridge south, Re Ridge east, RpI Ridge shoulder, Rp2 Ridge top, K7 Upper Karst, K2 Lower
Karst (from Nevo et al., 2002a, based on Li et al., 2000c).
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Figure 5. Histogram showing the proportional distribution of GST values
among the four subpopulations of 7. dicoccoides at 35 allozymes, 60 RAPDs,
and 25 microsatellite loci in Ammiad (based on Li et al., 2000c¢) '0' — no GST
value, i.e., monomorphic loci (from Nevo er ar., 2002).
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4.2. DNA-Based Molecular Markers (SSRs)

In 15 populations (135 genotypes) of wild emmer wheat, Triticum
dicoccoides, representing a wide range of ecological conditions of soil,
temperature, and water availability in Israel and Turkey, diversity was
examined at 20 microsatellite loci (Fahima et al., 2002). Extensive diversity
at these SSR loci was observed despite the predominantly selfing nature of
this plant species. The 20 Gatersleben wheat microsatellites (gwm), located
on 13 chromosomes of the genomes A and B of wheat, revealed a total of
364 alleles with an average of 18 alleles per gwm marker (range: 5-26),
which is comparable to an average frequency of 18.1 alleles per locus,
registered in 998 accessions of hexaploid cultivated bread wheat (Triticum
aestivum) originating in 68 countries (Huang, X. Q. et al., 2002). The
proportion of polymorphic loci per population of the wild emmer averaged
0.90 (range: 0.45-1.00); genic diversity, H,., averaged 0.50 (range 0.094-
0.736); and Shannon’s information index averaged 0.84 (range 0.166-1.307).
The coefficients of genetic distance between populations were high and
averaged D = 1.862 (range 0.876-3.320), an indication of sharp genetic
divergence over short distances. Interpopulation genetic distances showed no
association with geographic distances between the population sites of origin,
which ruled out a simple isolation by distance model. Genetic dissimilarity
values between genotypes were used to produce a dendrogram of the
relationships among wild wheat populations by the unweighted pair-group
method with arithmetic averages (UPGMA). Microsatellite analysis was
found to be highly effective in distinguishing genotypes of 7. dicoccoides,
originating from diverse ecogeographical sites in Israel and Turkey, with
88% of the 135 genotypes correctly classified into sites of origin by
discriminant analysis. The patterns of microsatellite distribution were
nonrandom and were in agreement with the previously obtained allozyme
(Nevo et al., 1982; Nevo and Beiles, 1989) and RAPD (Fahima et al., 1999)
patterns although the genetic-diversity values obtained with microsatellites
are much higher. Significant correlates of microsatellite markers with various
climatic and soil factors suggest that, as in allozymes and RAPDs, natural
selection causes adaptive microsatellite ecogeographical differentiation, not
only in coding, but, most importantly, in noncoding genomic regions. Hence,
the concept of “junk DNA” needs to be replaced, at least partly, by that of
regulatory DNA. The results suggest that microsatellite markers are useful
for the estimation of genetic diversity within and between natural populations
of T. dicoccoides displaying the unique “archipelago” shown earlier by
allozymes (Nevo and Beiles, 1989) (see below for “archipelago” genetic
structure).
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4.3. Parallel Protein and DNA Genetic Differentiation
at Ammiad and Yehudiyya Microsites

A parallel analysis of proteins (isozymes) and DNA polymorphism in wild
emmer wheat populations from the microsites of Ammiad and Yehudiyya in
Israel, suggested that relatively higher genetic differentiation (Gsy) existed
between populations in the microsites-similar to the regional pattern, and that
the genetic diversity increased with increasing aridity.

4.3.1. Populations from Ammiad

At Ammiad, larger genetic distance was found at SSR loci, followed by
RAPDs and allozyme loci (Fig. 4). The populations in drier habitats tend to
have higher allozyme, RAPD, and SSR diversities (H,). Allele distributions
at microsatellite loci were nonrandom and associated with habitats.
Significant genetic differentiation and variation in repeat numbers were
found among subpopulations in the four major habitats and nine subhabitats.
Habitat-specific and —unique alleles and linkage disequilibria were observed
in the Karst population. The populations dwelling in drier habitats and
subhabitats showed higher genetic diversities at microsatellite loci. These
results suggest that natural selection, presumably through aridity stress, acts
upon microsatelllite divergence in coding and noncoding sequences, thereby
contributing to differences in fitness. These results have profound
implications for genetic conservation both in situ and ex situ (Nevo, 1998b).

4.3.2. Populations from Yehudiyya

At Yehudiyya, significant genetic differentiation in allozymes (Nevo et al.,
1988a) and SSRs (Li et al., 2002b, 2003), at single-, two- and multilocus
structures were found between neighboring climatic niches, sunny and shady,
which were only separated by a few meters compared across a series of trees
whose canopies shade the wheat plants that are exposed to sun between the
trees. The results suggested that in wild emmer wheat, allozyme and SSR
polymorphism, both in coding and noncoding regions of the genome, are
partly adaptive and differentiate primarily at the multilocus level by climatic
factors presumably related to aridity stress. The average allozyme genetic
differentiation between the two climatic sunny and shady microniches was
remarkably high for a microsite Gsr = 0.22 (see Table 4 in Nevo et al.,
1988a). Significant microclimatic divergence characterized many SSR loci
displaying asymmetric and nonrandom distribution of repeat numbers.
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Niche-specific and niche-unique alleles and linkage disequilibria diversified
the sunny and shady populations, separated by a few meters. At both single-
and two-locus levels, the microclimatic environment clearly affects
microsatellite diversity. Allele distribution at SSR loci is clustered and
constrained with lower or higher boundary. This may imply that SSRs have
functional significance and natural constraints (Li ef al., 2003). Genetic
factors involving genome, chromosome, motif, and locus significantly
affected SSR diversity. Genome B appeared to have a larger average repeat
number (ARN), but lower variance in repeat number (6°ry), and smaller
number of alleles per locus than genome A. SSRs with compound motifs
showed larger ARN than those with perfect motifs. The effects of replication
slippage and recombinational effects (e.g., unequal crossing over) on SSR
diversity varied with SSR motifs. Ecological stresses (sun vs. shade) may
affect mutational mechanisms influencing the level of SSR diversity by both
processes. The evidence reflects effects of ecological stresses and genetic
constraints on diversifying natural selection on SSR diversity resulting
presumably in adaptive structures.

4.4. Edaphic Adaptive Population Subdivision
at the Tabigha Microsite

Allozymic variation in proteins encoded by 47 loci was analyzed during
1983-84 and 1984-85 in 356 individual plants of wild emmer wheat, Triticum
dicoccoides, from Tabigha (Nevo et al., 1988b). Each year the test involved
two 100-meter transects, each equally subdivided into mesic basalt and xeric
terra rossa soil types. Comparisons were based on 16 common polymorphic
allozyme loci. Significant genetic differentiation, genetic phase disequilibria,
and genome organization according to soil type differentiated the populations
from the two soil types. We also examined 28 SSRs, in emmer wheat
populations from the same microsite (Li et al., 2000b,d). The SSRs also
significantly diverged in allele distribution repeat length, genetic diversity,
and linkage disequilibria between the two soil types. Soil-specific and -
unique SSR alleles and linkage disequilibria were observed in the terra rossa
and basalt populations. A permutation test showed that the effects of random
genetic drift were very low for the significant genetic diversity at
microsatellite loci between the two populations, suggesting that an adaptive
molecular pattern derived by edaphic selection may act upon variation of the
microsatellites that represent both coding and noncoding genomic regions
(Morgante et al., 2002; Li et al., 2004). The results suggest that allozyme and
SSR polymorphisms in wild emmer wheat are partly adaptive and that they
differentiate at both single and multilocus structures primarily caused by
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environmental stress of ecological factors, such as soil type, topography, and
temporal changes probably through aridity stress. The functional significance
of microsatellites in genes across plants and animals was reviewed by Li et
al. (2004).

In a more comprehensive study of 27-dinucleotide SSR loci diversity,
correlation was found between SSR diversity and soil variation in the three
microsites (Yehudiyya, Tabigha, and Ammiad) in northern Israel (Li et al.,
2000b). The results demonstrated that SSR diversity is correlated with the
interaction of ecological and genetic factors. Genetic factors including
genome (A vs. B), chromosome, motif, and locus affected average repeat
number (ARN), variance in repeat number (¢°), and number of alleles (NA)
of SSRs, but the significance of some factors varied among populations.
Genome effect on SSR variation may result from different motif types,
particularly compound (or imperfect) versus perfect motifs, affected SSR
variation. Soil-unique and soil-specific alleles were found in two edaphic
groups dwelling on terra rossa and basalt soils across macro- and
microgeographical scales. The largest contributions of genetic and ecological
effects were found for diversity for ARN and NA, respectively. Multiple
regressions indicated that replication slippage and unequal crossing over
could be important mutational mechanisms, but their significance varied
among motifs. Edaphic stresses may affect the probability of replication
errors and recombination intermediates and thus control diversity level and
divergence of SSRs. The results may indicate that SSR diversity is adaptive,
channeled by natural selection, and influenced by both internal genetic and
ecological external factors and their interactions.

5. “EVOLUTION CANYON”

The “Evolution Canyon” model is a research program examining canyon
biodiversity evolution from bacteria to mammals (Nevo 1995, 1997, 2001a).
To date, 2500 species have been identified in an area of 7000 m’ (Fig. 3).
Collections of wild barley, H. spontaneum, were compared on the
“European” NFS and “African” SFS for 28 allozyme loci, (Nevo et al.,
1997), 51 RAPD loci (Owuor et al., 1997), 19 nuclear SSR loci (Meyer et
al., 2004; Nevo et al., 2004), and 2 rDNA loci (Gupta et al., 2002). Intra- and
inter-slope nonrandom differences were observed in all molecular markers
(allozymes, RAPDs, AFLP, SSRs, and rDNAs). The interslope differences
include polymorphism, genic diversity, slope specific and unique alleles,
linkage disequilibria, Gsr, and genetic distances (D), e.g., the interslope SSR
D, = 0.481 between midstations on the opposite slopes. This D, found
between populations separated by 200 m, is as large as that found between
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Talpiyyot near Jerusalem and Sede Boger in the northern Negev Desert
separated by 100 km. Genetic distance due to allozyme loci even between up
and midslope stations separated by 30 m on the “African” slope, sharply
differed microclimatically (Pavlicek et al., 2003); D = 0.113, as large as
between the Afiq Golan population and Wadi Qilt Judean Desert population,
separated by 100 km, i.e., 3000-fold larger (Nevo et al., 1997). The largest
genetic distance due to RAPD (D = 0.402), was between the “European” low
and “African” mid-station (Owuor et al., 1997).

6. “ARCHIPELAGO” POPULATION:
GENETIC STRUCTURE OF WILD
EMMER WHEAT AND WILD BARLEY

Wild emmer grows in lush and extensive stands in the center of its origin and
diversity in the catchment area of the Upper Jordan Valley (in northern
Israel, in the eastern Upper Galilee Mountains, and the Golan Heights).
However, elsewhere in the Fertile Crescent (Fig. 2.4 in Nevo et al., 2002),
populations of wild emmer are semi-isolated or isolated, mostly displaying a
patchy structure. At least in Israel, but possibly also elsewhere across the
range of wild emmer in the Fertile Crescent, populations are subdivided into
demes or clumps of varying sizes including large, medium, and small patches
(see Fig. 2b in Nevo and Beiles, 1989). This “archipelago structure” (Table
4.4 in Nevo et al., 2002, and Fig. 5 here) was originally described for a
smaller sample of wild emmer in Israel (Nevo et al., 1982) and Turkey (Nevo
et al., 1986b), and for wild barley, H. spontaneum, in the Near East (Nevo
1992; Nevo et al., 1986a). The main characteristics of the “archipelago”
genetic structure relate to allele distributions and are described below.

The highly subdivided, “archipelago”-type ecological population structure of
wild emmer is even more distinct than that of wild barley and is matched by
its genetic population structure. Gene differentiation within and between
populations, which were sometimes geographically very close, was more
pronounced than those between wild emmer wheat populations from Israel
and Turkey (Table 3 in Nevo and Beiles, 1989). Of the total genetic diversity
of T. dicoccoides, 40% was within populations and 60% was between
populations whereas only 5% was found between Israel and Turkey as
metapopulations (Table 8 in Nevo and Beiles, 1989 - presents Ggr ranges
0.05-0.91 for different loci and 0.44-0.83 for central, marginal, and isolated
populations). This conclusion is reinforced by the microgeographic allozyme
analysis based on edaphic, topographic, and temporal differentiation (Nevo et
al., 1988b), and on microclimatic spatial differentiation (Nevo et al., 1982;
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Golenberg and Nevo, 1987). Similar patterns to those of the allozyme
analysis were obtained with DNA analyses at macro- (Fahima et al., 1999,
2002) and micro-levels (Li et al., 1999, 2000a-d, 2001, 2002a,b, 2003).

The high genetic differentiation within and between populations of T.
dicoccoides is primarily reflected by the analysis of allele distribution. The
latter revealed sharp local and regional differentiation in overall genetic
indices (Table 4.1 in Nevo et al., 2002) as well as in individual allele
frequencies (Appendix in Nevo and Beiles, 1989). Out of the 119 alleles at
42-shared allozyme loci across Israel and Turkey, five alleles (8.2%) were
unique for Turkey. In Israel, allele uniqueness was also found for the
ecogeographic subdivisions as follows. (1) Out of 93 alleles occurring in
central populations, 17 alleles (18.3%) were unique in marginal populations:
(2) The southeastern margins had 84 alleles of which six were unique (7.1%).
(3) The western margins had 79 alleles, 6 were unique (7.6%) (4) The
northeast (Mt. Hermon) had 53 alleles of which one was unigue (1.9%). (5)
Based on soil fypes: basalt had 89 alleles, of which 11 were unique (12.4%).
And finally, (6) regarding population size: “large” populations had 93 alleles
of which 17 were unique (18.3%); “medium” populations had 78 alleles, 11
were unique (14.1%); and “small” populations had 82 alleles, 10 were unique
(12.2%) (See discriminant analysis in Fig. 4.2 in Nevo ef al. 2002 and Table
3 and 8 in Nevo and Beiles, 1989).

It was also shown that 70% of all variant isozyme alleles were not
widespread, but revealed localized and sporadic distribution (Following the
method of Marshall and Brown, 1975). Likewise, the analysis of genetic
distances between populations supports the conclusion based on genetic
differentiation and allele distribution that sharp local differentiation over
short geographic distances is the rule, and the frequency of some common
alleles (>10%) is localized and high (a high frequency of an allele may be
neighbored by a low or zero frequency). The population genetic structure of
wild emmer is mosaic. This genetic mosaicism appears to reflect the
underlying ecological heterogeneity, which derives from local and regional
geological, edaphic, climatic, and biotic differentiations. The resulting
structure, as in wild barley, is an ecological genetic “archipelago”, where the
genetic structures are in accordance with the ecological patterns, defying the
geographical isolation by distance model.

7. THE ADAPTIVE NATURE OF GENIC DIVERSITY

The molecular diversity and divergence of wild emmer wheat and
wild barley, regionally in the Near East Fertile Crescent, and locally in five
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natural populations at Ammiad, Tabigha, Yehudiyya, Newe Ya'ar, and
“Evolution Canyon” microsites in northern Israel display parallel ecological-
genetic patterning (Nevo, 200la). The regional and local results
demonstrated significant spatial and temporal molecular divergence at the
DNA and protein levels in T. dicoccoides and H. spontaneum subdivided
populations. Specifically, these patterns revealed the following: (1)
significant genetic diversity exists at single-, two-, and multilocus structures
of allozymes, RAPDs, AFLPs, and SSRs diverging over very short distances
of several to a few dozen meters. (2) Largely noncoding (RAPDs and SSRs,
but see Morgante ef al., 2002) genomic regions are correlated with, and
predictable by, environmental stress (climatic, edaphic, and biotic) and
heterogeneity (the niche-width variation hypothesis) displaying significant
niche-specific and —unique alleles and genotypes. (3). The genomic
organization of wild cereals is nonrandom, heavily structured, and at least
partly, if not largely, adaptive regardless of the ‘“archipelago” genetic
population structure. It defies explanation by genetic drift, neutrality, or near
neutrality models as the primary driving forces of wheat molecular evolution.
The only viable model explaining the genomic organization of wild cereals is
natural selection, primarily diversifying, balancing, and cyclical selection
regimes over space and time according to the two- or multiple-niche
ecological models. Spatial models are complemented by temporal models of
genetic diversity and change (Kirzhner et a/., 1995, 1996, 1998, 1999; Korol
et al., 1996). Natural selection may interact with mutation, migration, and
stochastic factors but overrides them in orienting wild barley and wild emmer
wheat evolutionary processes.

Based on mathematical modeling, we established that stabilizing selection
with a cyclically moving optimum appears to efficiently protect
polymorphism for linked loci, affecting the selected trait (Korol ef al., 1994,
1996; Kirzhner et al., 1995). In particular, unequal gene action and/or
dominance effects may lead to local polymorphism stability with substantial
polymorphism attracting domain. Moreover, under strong cyclical selection,
complex dynamic patterns were revealed including “supercycles” (with
periods comprising hundreds of environmental oscillation periods) and
“deterministic chaos” (Kirzhner et al., 1996, 1998; Korol ef al., 1998; Ryndin
et al., 2001). These patterns could substantiate polymorphism and increase
the range of temporal variation of allele frequencies. We believe that this
previously uncharacterized evolutionary mechanism may increase genetic
diversity over long-term periods and contribute to overcoming local and
regional extinctions.
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8. CENTER OF ORIGIN AND DIVERSITY

The center of origin and diversity of wild emmer and wild barley, the
progenitor of most wheat and barley, and that of other progenitors of
cultivated plants, e.g., wild oats (Kahler ef al., 1980; Somersalo et al., 1998;
Zohary and Hopf, 2000) is the Near East Fertile Crescent. Particularly in
Israel, with its extraordinary biotic and physical diversity, wild cereals
developed, both within and between populations, a wide range of adaptive
diversity for resistance against multiple diseases, pests, and ecological
stresses over a long evolutionary history. Most importantly, this diversity is
neither random nor neutral. By contrast, it displays adaptive genetic diversity
at all levels for genetic biochemical, morphological, and immunological
characteristics, which contribute to the species’ ability to adapt to widely
variable climatic and edaphic conditions with diverse and complex fitness
syndromes. The long-lasting coevolution of wild cereals with parasites and
with ecologically heterogeneous abiotic nature of Israel in particular, and the
Fertile Crescent in general, led to the development of single multi-allelic
genes and multilocus structures embracing both coding and noncoding
genomic regions locally and regionally coadapted for both short- and long-
term survival (Nevo, 1992, 2001a; Nevo et al., 2002).

9. GENETIC RESOURCES

Wild cereals harbor rich genetic resources and are the best hope for cereal
improvement. The desirable traits that can be transferred from wild barley
and wild emmer wheat to cultivated barley and wheat include the following:
(i) resistance to a variety of abiotic (e.g., drought, cold, heat, and salt
tolerances) and biotic (viral, bacterial, fungal, and herbicide resistances)
stresses, (ii) high-quantity and —quality storage proteins (glutenins, gliadins,
and hordeins), (iii) differential richness of amino acids, (iv) amylase and
photosynthetic yield (Nevo, 1992, 2001c; Nevo et al., 2002). Genes for most
of these traits available in wild barley and wild emmer wheat are still largely
untapped and provide potential precious sources for cereal improvement.

Domestication-related quantitative trait loci (QTL) have been recently
mapped in T. dicoccoides (Peng et al., 2000, 2003) and include brittle rachis,
heading date, plant height, grain size, yield, and yield components. We
mapped 549 molecular markers and approximately 70 domestication QTL
effects, nonrandomly distributed among and along chromosomes. Seven
domestication syndrome factors were proposed, each affecting 5-11 traits.
The following important observations were made with respect to
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domestication-related QTLs in wild emmer wheat. (i) Clustering and strong
effects of some QTLs; (ii)) Remarkable genomic association of strong
domestication-related QTLs with gene-rich regions; and (iii) Unexpected
predominance of QTL effects in the A genome. Similar genetic mapping was
conducted in wild barley (Chen ef al., 2004). The cryptic beneficial alleles at
specific QTLs derived from wild cereals may contribute to cereal
improvement (Fig. 1 in Peng et al., 2003). These beneficial alleles could be
introduced into cultivated cereals (simultaneously eliminating agronomically
undesirable alleles) by using the strategy of marker-assisted selection. Wild
cereals harbor very valuable wild germplasm resource for future cereal
improvement.

10. SUMMARY AND OUTLOOK

The studies conducted at the Institute of Evolution, University of Haifa,
during 1975-2004 and briefly summarized in this chapter, demonstrated
genetic differentiation within and between populations of wild barley and
wild emmer wheat. This genetic differentiation is reflected both at the protein
(isozyme) and DNA (molecular markers) levels and is largely adaptive in
nature, driven by selective evolutionary forces. Conceptually, in-depth
probing of comparative genome structure and function are the major
challenges, in particular, the intimate relationship of the coding and
noncoding (largely regulatory) genomes. Such studies will unravel the
regulation of genome evolution and highlight the rich genetic potentials for
cereal improvement residing in wild cereals. In particular, the following areas
deserve major attention: molecular cloning of adaptation genes based on
integrated genomic strategies and novel methodologies including genetic and
physical mapping of molecular markers and expressed sequence tags (EST),
sequencing of gene rich regions of cereal genomes, microarray expression
analysis, retrotransposons (Kalendar ef al., 2000), and genetic transformation
involving defined target genes/alleles. The population subdivision reviewed
here should be an important guideline in exploring genome structure and
dynamics.
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1. INTRODUCTION

Domestication is “.. a coevolutionary process by which human selection on
the phenotypes of ... plant populations results in changes in the population’s
genotypes that makes them more useful to humans and better adapted to
human intervention” (Clement, 1999). The complex of morphological,
physiological and genetic changes that occurred during domestication was
described as the “domestication syndrome” (Harlan, 1976). The
domestication of grasses began during “the Neolithic revolution”, about
12,000 years before present (BP), when a group of humans previously living
as hunter-gatherers, became sedentary food-producers, pressed by a dry and
cold climate episode (Diamond, 1997). The domestication process started
with the conversion of wild grasses (characterized by small and naturally
dispersed seeds) into cereals, which were day-length insensitive and
produced large, non-shattering seeds necessitating human planting and
harvesting. Several traits of the spikelet were modified. For example,
reduced bracts and bristles and long involucral pedicel were selected, which
contributed to the non-shedding habit. In addition, plants capable of
maturing regardless of day-length (day-length insensitive plants) were
selected to fully exploit incident solar radiation in the recently colonized
temperate latitudes (Harper, 1977).
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In genetic terms, domestication of the grasses involved not only the
selection against major genes that confer photoperiodic flowering, but also
the accumulation of quantitative trait loci (QTLs) with small genetic effects
that, collectively, confer substantial reductions in height, and smaller but
significant changes in tillering, inflorescence and plant architecture.
Domestication traits were probably selected as a unique set (Buckler et al.,
2001), thus allowing a genetically “convergent” domestication across
grasses, as demonstrated for maize, rice and sorghum (Paterson et al.,
1995). This suggests that homologous, if not orthologous, genes/alleles have
been involved in the evolution of domesticated grasses (Ladizinsky, 1985).

Classical genetics, molecular genetics, and genomics all contribute to our
understanding of domestication. Genome mapping has often been carried
out in the progeny of crosses between individual crop varieties and
molecularly distant wild relatives, allowing the analysis of traits, which
distinguish cultivated forms from their wild ancestors. Molecular maps,
moreover, were exploited to compare some of the present-day crops with
distantly related taxa, showing that only few major chromosomal
rearrangements often distinguish among many crops. The possibility to map
and clone QTLs (Doebley et al., 1997; Frary et al., 2000; Yano et al., 2000)
has allowed us to draw the following conclusions about domestication: (i)
that the domestication syndrome originated by “sudden” genetic events,
controlled by few major pleiotropic genes (Li ef al. 1995; Lin ef al., 1995;
Grandillo et al., 1999; Paterson, 2002), followed by the accumulation of
minor mutations (Barton and Keightley, 2002); (ii) that a multifactorial,
although not necessarily highly polygenic mode of inheritance characterizes
domestication traits, which behave as “threshold traits”: above-threshold
changes in these traits are required to shift the developmental program. The
latter hypothesis is vindicated by the observation that in natural populations,
genetic variation sometimes exists without phenotypic variation (cryptic
genetic variation; Lauter and Doebley, 2002).

2. THE TRAITS AND GENES THAT MADE
DOMESTICATION POSSIBLE

A study of the levels and patterns of linkage disequilibrium (Morgante and
Salamini, 2003), enables the detection of domestication related molecular
footprints, suggesting that the genomic regions responsible for genetic
variation are greatly reduced. Only a few hundred effective meiotic cycles
(those resulting from hybridisation events taking place in nature or
intentionally carried out by plant breeders) may have occurred during the
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few-thousand-years of the domestication (Paterson, 2002). This is the basis
to infer that chromosomal regions, which are 2-3 cM in length, are likely to
remain in linkage disequilibrium (Paterson, 2002; Rafalski, 2002),
suggesting that mutant loci with large effects on domestication traits may
have been quickly fixed early in the domestication process. In such a
situation, small DNA regions flanking domestication-related loci are now
also characterized by low levels of diversity (linkage drag). This genetic
phenomenon also explains the clustering of domestication genes. If
domestication QTLs, in distant taxa, map to syntenic locations of the
genome more often than would be expected by chance, such a finding
would strongly suggest that corresponding genes were involved in the
evolution of the phenotypes. The functional correspondence between non-
syntenic genetic loci that have evolved in independent genomes, may in part
be explained by chromosomal duplications within taxa (as hypothesized for
maize; Paterson et al., 1995).

Bioinformatic analyses of available data also indicate that domestication
may confer a selective advantage to the sudden evolution of groups of
tightly linked genes (Le Thierry d’Ennequin et al., 1999), or “domestication
complexes” (Lin ef al., 1995). The strong linkage of domestication factors
facilitates the maintenance of the phenotypic identity of wild and cultivated
populations coexisting in the same area, as observed for rice (Cai and
Morishima, 2002). Alternatively, the clustering of genes into groups with
relevance to plant adaptation can be explained by the effects of balancing
selection in large natural populations; in this perspective, clustering of genes
predisposed some crops to more rapid domestication, while the subsequent
domestication fixed useful mutations within the cluster (Lin ef al., 1995).
Examples of gene clustering are found in sorghum, rice and maize, where
domestication loci in one crop largely correspond to those in the other crops
(Paterson et al., 1995): three QTLs affecting seed size correspond in the
three species; for grain shattering, QTLs map to a single locus in sorghum,
three loci in rice and 10 loci in maize; the sorghum single locus corresponds
to a single rice QTL and to two maize QTLs located on duplicated
chromosomal regions (Doebley and Stec, 1993).

The capacity of several domesticated grasses to flower in the long days of
the temperate summer may be the result of mutations at a single ancestral
locus, which is reflected in the observation that QTLs affecting flowering
time and photoperiod also show correspondence between maize, sorghum,
barley and wheat (Lin et al, 1995), transcending 65 million years of
reproductive isolation.
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In pearl millet, factors involved in domestication syndrome concentrated
mainly on two linkage groups. A crucial role of these factors in the
developmental control of the spikelet and in the process of domestication
has been demonstrated in several other related crops (Poncet ef al., 2000;
Poncet ef al., 2002). Each domestication-related allele for non-shedding
florets, nude seeds, and long spike pedicel can result through mutations in
one or two genes so that these may be multiple events of domestication.

QTLs involved in the domestication syndrome appear to be located in gene-
rich regions, which correspond to hot spots of recombination (Peng et al.,
2003). The current technical limitation in cloning QTL hinders the
possibility to ascertain if the molecular basis of the domestication traits are
the same across species, but some indications seem to confirm it: for
example, plant height and flowering time are affected by mutations of the
wheat RhtDla, rice SLRI and maize D8, which are orthologous to each
other (Peng et al., 1999; Ikeda et al., 2001; Thornsberry et al., 2001). A
similar situation is found in rice, where the MOCI gene (belonging to the
GRAS family of transcription factors) promotes tillering and has a negative
effect on plant height. In moc! rice mutants, the expression of the OsTh]
(the rice orthologue of the maize TB/) is significantly reduced (Xueyong et
al., 2003). Table 1 provides a partial list of genes and QTLs involved in the
domestication process.

2.1. Wheat

Wheat is a good example of the ploidy changes that occurred during cereal
evolution: the ploidy levels of domesticated species range from diploid
(2n=14) to hexaploid (6n=42), and all ploidy levels are available in
domesticated wheats.

2.1.1. Non- Brittle Rachis

A non-brittle rachis in the diploid einkorn wheat (genome A™A™, where “m”
indicates that the genome derives from 7. monococcum), two genes
(segregating with a 15 brittle: 1 tough rachis ratio in the F, progeny of wild
x domesticated crosses) control the trait “disarticulating (brittle) rachis”
(Sharma and Waines, 1980). The two dominant alleles derive from the
einkorn progenitor 7. boeoticum, which has a brittle rachis. Also the
progenitor of tetraploid (A"A"BB, where “u” indicates the 7. urartu origin),
and hexaploid (A"A"BBDD) wheats, the wild emmer wheat (7. dicoccoides)
(Dvorak et al., 1998), has brittle ears, which shatter into spikelets at
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Table 1. A partial list of genetic loci involved in the control of domestication

traits
Traits Crop Loci' QTL? Reference
Seed size Millet - (LG 2,4) Devos et al. (2000),
(weight) Poncet et al. (2002)
Wheat - (1A, 2A, 3A, 4A, 7A, Elias et al. (1996)
5B, 7B)
Glumes Wheat  Sog (2A), - Muramatsu (1963, 1986),
softness Tg (2D), Cao et al. (1997), Kato et al.
(free threshing) 0 (5A) (1998), Luo et al. (2000),
Taenzler et al. (2002)
Maize - (1,2,3,4,5) Doebley et al. (1990),
Doebley and Stec (1991,
1993)
Rachis stiffness Rice - (1,3,4,6,8,9,11) Xiong et al. (1999),
(shattering) Cai and Morishima (2002)
Sorghum - (LGo) Paterson et al. (1995)
Barley b1l (1), - Takahashi (1972)
bt2 (2)
Maize - 1,2,4,5) Doebley et al. (1990),
Doebley and Stec (1991,
1993)
Millet (LG 6) Poncet et al. (2002)
Wheat QO (5A) - Sears (1976), Cao et al.
(1997), Chen et al. (1998)
Number of Maize - (1,3,4) Doebley et al. (1990),
cupules lacking Doebley and Stec (1991,
the pedicellate 1993)
spikelet
Number of Maize - (1,5) Doebley et al. (1990),
cupules per rank Doebley and Stec (1991,
1993)
Number of rows Maize - 2,3,4,95) Doebley et al. (1990),
per cupule Doebley and Stec (1991,
1993)
Percentage of Maize - (1,3) Doebley et al. (1990),
male spikelets in Doebley and Stec (1991,
primary lateral 1993)
inflorescence
Secondary Rice - (1,7) Xiong et al. (1999)
branches per
panicle
Anther length  Rice - 1,2,3,5,6,8,9) Xiong et al. (1999)
Culm diameter Rice - 1,6,7,8,11) Xiong et al. (1999)

Spikelet density Rice

(1,3)

Xiong et al. (1999)
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Panicle length  Rice - 1,7) Xiong et al. (1999)
Panicle neck Rice - (1,3,6,9) Xiong et al. (1999)
length
Maize - (1,2,3,4) Doebley et al. (1990),
Doebley and Stec (1991,
1993)
Plant height Rice - (1,8,9) Xiong et al. (1999)
Maize - (1,2,3,4,5,6,7, Lin ez al. (1995)
8,9, 10)
Sorghum - (LGa,g) Lin ez al. (1995)
Millet - LrG7 Devos et al. (2000),
Poncet et al. (2002)
Number of tiller Rice - (1,4) Xiong et al. (1999)
Sorghum - (LGec,d, h,g,j) Paterson et al. (1995)
Maize TBI(1) - Doebley et al. (1997)
Heading date  Rice - (3,6,8,11) Xiong et al. (1999)
Maize - 1,2,3,5,6,7, Lin et al. (1995)
8,9,10)
Sorghum - (LGa,d, g) Lin et al. (1995)
Dormancy Rice - (11,2,3,4,5,6, Xiong et al. (1999)
8,9,11,12)

1The numbers in parentheses refer to the chromosomes of the indicated species
>The numbers refer to chromosomes and LG to the linkage groups of the indicated species; for abbreviations, see text

maturity. In both tetraploid and hexaploid wheats, rachis fragility is reported
to depend from two or more genes (Salamini et al., 2002). The genetics of
this trait is complex, since the loci influencing this trait are pleiotropic,
influencing both the softness of the glume and the toughness of the ear
rachis, thus linking the latter trait to the free-threshing habit.

Tetraploid hard wheat (7. durum) and hexaploid bread wheat (7. aestivum)
represent the free-threshing wheats. It is believed that sometimes in the past,
a tetraploid hybridised with the diploid species Aegilops tauschii (DD), and
generated the spelt-like hulled hexaploid wheats (McFadden and Sears,
1946; Zohary and Hopf, 2000). As the natural distribution areas of T.
dicoccoides and A. tauschii do not overlap, and wild hexaploids are
unknown, the emmer partner in this hybridisation is assumed to have been a
cultivated land race, implicating that all hexaploid wheats have an origin
dating after the agriculture came into practice (Salamini ez al., 2002).
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2.1.2. O Locus for Square-Head

A complex locus, in hexaploid wheats, known as @ factor, is the
characteristic of the evolution of the soft glume, free-threshing wheats (Kato
et al., 1998); only square-headed wheats (due to Q locus) combine a good
threshability, a convenient grain size and shape, tough rachis and other
characters, which facilitate harvesting (Snape et al., 1985; Sourdille et al.,
2000). Mutagenic disruption of the Q gene in QQ hexaploid free-threshing
wheat results in tenacious glumes (hulled), long, lax, fragile and awned or
awnless ears, which have the g¢gq genotype (MacKey, 1954). Qg
heterozygotes have intermediate phenotypes due to the interaction of two
active alleles (MacKey, 1954; Muramatsu, 1963): a square-headed
hexaploid ear, in fact, can derive from either two doses of Q or five doses of
q, demonstrating that ¢ is functional but is hypomorphic to Q. Most
probably the QO allele emerged by mutation from hulled domesticated
tetraploids, and mutations at additional loci shaped the full expression of the
free-threshing characteristic (Muramatsu, 1986).

2.1.3. The Gene Tg for Glume Tenacity

A later discovery established that in the hexaploid wheats the partially
dominant 7g allele (Kerber et al., 1974) - contributed by the D genome
(Villareal et al., 1995) - also affects glume tenacity. Thus, the free threshing
hexaploids have the 7gzgQQ genotype, while the Ae. tauschii lines have the
dominant Tg allele. When the free-threshing habit was genetically dissected
in tetraploid wild x domesticated crosses, the F, population showed a
continuous distribution for the trait (Simonetti et al., 1999). Four major
QTLs were located on three chromosomes, and two of them in syntenic
positions with the genes Tg and Q of the hexaploid wheats, whereby the 7g-
like gene Tg?2 is located on another chromosome (2B). Thus, the polygenic
control of the free-threshing character in tetraploid wheats is based on loci
other than Q and Tg. In the A™ genome of einkorn, the free-threshing
character is inherited as a recessive allele (soft glume, sog, with Sog
conditioning tenacious glumes). This gene maps on chromosome 2 on a
position syntenic to Tg (Taenzler et al., 2002). In sog plants, glumes are soft
but the ear is fairly compact, a negative pleiotropic effect that has hindered a
wide use of free-threshing einkorn varieties (in other wheats, the effect of
genes supporting the free-threshing habit on ear compactness was somehow
alleviated by the polyploid state of the genome).
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2.1.4. Genes for Seed Size

Genetics of seed size has been studied by generating 7. dicoccoides
substitution lines in 7. durum (Elias et al., 1996); the trait has been shown to
be under polygenic control, with alleles contributing to the modulation of
kernel size mapping to several chromosomes (Cantrell and Joppa, 1991).
Synteny between wheat and rice indicates that eight seed-size QTLs
detected in wheat correspond in chromosomal location to their rice
counterparts (Lin ez al., 1995). In T. dicoccoides, seed size is also under the
control of the major gene Br, which maps with eight other major
domestication-related QTLs, making it tempting to speculate that the gene
conditions pleiotropically a large part of the domestication syndrome (Peng
et al., 2003). An extensive QTL search in 7. dicoccoides led to
identification of 70 QTLs related to domestication, some with strong effects
and mostly localized in gene-rich regions (Peng et al., 2003).

Genetic data for domestication traits in wheats can be summarized as
follows: (i) several genes contribute to the tough rachis and the free-
threshing phenotypes; (ii) some of these genes control both glume softness
and rachis strength; (iii) alleles of these genes are frequently semi-dominant
(which may have extended the conscious selection, carried out during
domestication, to heterozygous phenotypes); (iv) O-like alleles shorten the
ear, which contributes to the manifestation of a mutant phenotype, again
supporting its conscious selection.

2.2. Maize
2.2.1. Differences Between Maize and Teosinte

An entire set of “domestication” QTLs were mapped in two crosses
involving different races of maize and different subspecies of its ancestor,
teosinte (Zea mays spp. parviglumis): five genomic regions (containing
about 50 QTLs) were found to control most of the differences between
maize and teosinte (Doebley and Stec, 1993; Doebley et al, 1997,
Westerbergh and Doebley, 2002). Maize and teosinte differ
morphologically, the wild species having fully shattering ears, a single
spikelet per cupule, highly indurate glumes and long lateral branches
bearing staminate inflorescences. The QTLs controlling the number of tassel
branches identified in crosses between teosinte species, map in the vicinity
of the following loci: (Westerbergh and Doebley, 2002): (i) the maize
ramosa I locus, which produces a larger number of tassel branches (Neuffer
et al., 1997); (ii) the maize homologue of the Arabidopsis Leafy gene, which
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controls inflorescence branching (Kyozuka et al., 1998); and (iii) fascicled
ear locus, which causes an increase in the number of tassel branches
(Neuffer et al., 1997).

2.2.2. The Genes frul and tel

Despite the fact that we do not have a good estimate of the number of genes
involved in the domestication of maize, the genes “fassel replaces upper
ear” (trul) and “terminal earl” (tel) have been identified as candidates for
one of the five chromosomal regions hosting most of the QTLs that
modulate the morphological differences between maize and teosinte
(Doebley et al., 1990; Doebley and Stec, 1993; Doebley et al., 1995). The
tel is a regulatory gene that encodes a protein with conserved RNA-binding
domains: it may function through RNA-binding activity, affecting the
pattern of internode initiation, and causing an increase in the feminization of
the terminal inflorescence on the main stalk (Veit ef al., 1998).

2.2.3. The Genes tb1 and tgal

Monogenic loci have been identified which have supposedly played an
important role in the domestication process of maize (Doebley et al., 1997).
The early maize domesticators concentrated on a small number of
pleiotropic, and independently assorting mutations, most of which were
recessive. Two loci have prominent roles in coordinating the morphological
differences between wild and domesticated maize: teosinte branched 1 (tb1)
and teosinte glume architecture 1 (tgal) (Doebley et al., 1993; Dorweiler
and Doebley, 1997). The tbl locus encodes a putative transcriptional
regulatory protein, controlling lateral branch growth and probably acting as
a repressor of apical growth (a phenotype typical of the teosinte ancestor).
During domestication, a dominant ¢b/ allelic variant of b1 was selected that
is expressed at higher level than in teosinte in primary axillary meristems,
such that these form ear shoots rather than the elongated tassel-tipped
branches, typical of teosinte (Doebley et al., 1997, Wang et al., 1999).
Thus, domestication proceeded also by altering gene regulation. The gene
thl is an orthologue of the Antirrhinum majus gene CYCLOIDEA (Luo et
al., 1999), which is involved in repression of axial growth in flower
development and has been implicated in the evolution of floral morphology.
In a similar way, effects on several developmental processes are correlated
with the zgal locus, which controls in teosinte and maize the development
of the cupulate fruitcase and the degree of glume induration (Dorweiler and
Doebley, 1997). Studies conducted on maize-teosinte and teosinte-teosinte
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F, populations show that, in the latter, the variation explained by QTL at
any one domestication locus is much lower than in the former cross. The
explanation is that breeders may have selected for domesticated plants
stable in different environments, while natural stands often respond to local
conditions by developmental modifications produced under natural selection
(Westerbergh and Doebley, 2002). Thus, the maize allele of the tb] gene is
believed to be less plastic in responding to environment than is the teosinte
allele (Lukens and Doebley, 1999). A complex network of gene interactions
seems to be at work in coordinating the action of th/: epistatic effects have
been detected with at least one another QTL (which may act as un upstream
regulator of #b1; Lukens and Doebley, 1999; Lauter and Doebley, 2002),
shedding new light on the interaction between cryptic variation and major
effect QTLs.

Action of discrete loci and major QTLs is probably insufficient to give rise
to the entire domestication syndrome in maize. Archaeological evidence
show that early traits selected during domestication included the induration
of the rachis of the glumes, shortened and rigid rachis internodes, and non-
shattering phenotype (Doebley et al., 1993). However, at the time when
human cultivators transformed teosinte into modern maize, genetic
modifiers did not yet accumulate to stabilize the maize-like phenotype with
paired spikelets (Benz, 2001).

2.3. Barley

The genetic and morphological events that accompanied the development of
cultivated barley from Hordeum spontaneum included the change from
brittle to non-brittle rachis, the transition from distichous to polystichous
spike, and the appearance of the naked caryopsis (nud) character (Segaard
and von Wettstein-Knowles, 1987; Harlan, 1976). Varieties with naked
seeds, however, have been traditionally cultivated only in the Himalayan
region (Badr et al., 2000).

2.3.1. The Genes btrl and btr2, Vrsl and int-c

The two complementary genes that control rachis brittleness are btr/ and
btr2, the domesticated barley being homozygous recessive for either or both
loci. This was earlier taken as evidence that barley was domesticated at least
twice (Takahashi, 1955), but the monophyletic origin of the crop is now
well established based on molecular marker studies (Badr ez al., 2000). Six—
rowed plants carry a recessive allele of the vrsi (Kernel rows) gene and a
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dominant allele of the interacting gene Lateral floret fertility (int-c) (Ayoub
et al., 2002). VrsI has been proposed to condition plant morphology through
epistatic interactions with a number of closely linked QTLs (Ayoub, 2002).

2.3.2. Genes for Seed Dormancy/ Vernalization,
Photoperiod Response and Dwarfing

Domesticated and wild varieties can be distinguished by the presence of
alternative alleles at several QTLs for decreased seed dormancy, a character
that secures the persistence of wild lines in nature (Ullrich er al., 1993).
Relatively high levels of dormancy in wild barley often prevent immediate
germination, while time of flowering depends on the satisfaction of a high
vernalization requirement and short-day photoperiod response. During
domestication, selection against these characteristics resulted in photoperiod
insensitive cultivars with reduced seed dormancy. The control of flowering
time and height is strictly correlated to the genetic mechanisms that control
plant development and growth, and thus to cell division and size. This
correlation is evident in cultivars characterized by distinct dwarfing genes,
such as the semi-dwarf cultivars possessing the ari-e.GP and those
possessing the sdwli genes (Bomer ef al., 1998; see later in this Chapter).

2.4. Sorghum and Millet

In sorghum, shattering of the mature inflorescence has monogenic
inheritance (Paterson et al., 1995a; Paterson et al., 1995b; Young, 1986).
This suggests that the African sorghum was probably rapidly domesticated,
because of the need of a single mutation in a critical step leading to
shattering (S%/ gene). Similarly, in pearl millet (Pennisetum glaucum), the
loss of shedding ability is controlled by a single locus (a/6; Poncet et al.,
2000) while, in America, maize selectors had to put together several
mutations, each with smaller effects on several distinct steps, to achieve the
same results.

In sorghum, the factors involved in domestication syndrome are
concentrated on four linkage groups, but independent and random
occurrence of mutations in related genes may have formed alleles with very
different phenotypic consequences (Draye ef al., 2001).
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Figure 1. Some of the morphological differences that distinguish wild from

domesticated cereals. Some of the major discriminating characters are listed below; refer to the Text for the
others. Wild forms have small seeds, while domesticated forms have larger ones; the spikelet of wild ears fall apart at
ripening through fragmentation of the rachis (shattering), whereas the domesticated forms have a tough rachis that holds
the seeds together; the leaf-like glumes protecting the seed are attached tightly to the seed in wild forms, whereas they
release the seed in the more advanced domesticated forms (naked forms).

2.5. Rice

Domestication-related differences between the wild Oryza rufipogon and
cultivated rice (Oryza sativa) were investigated by Xiong et al. (1999). The
authors demonstrated that 19 traits (including seven qualitative and 12
quantitative traits) are related to domestication and are concentrated in few
chromosomal blocks. They investigated growth habit; plant height; panicle,
anther and tiller number and culm circumference; heading date
(photoperiodism); number of spikelets per panicle; spikelet density;
shattering; number of secondary branches per panicle; panicle neck length;
anthocyanin pigmentation (Figure 1). Each of the seven qualitative traits
were controlled by a single Mendelian locus (for example the presence vs.
absence of extruded stigmas, lax panicles and awns, were each accounted
for by single loci). 72.4% of variation in plant height was explained by four
QTLs, one of which coincided with the sdI locus previously reported to
support dwarfism (Cho et al., 1995), while hd8 (Li et al., 1995) explained
more than half of the variation for heading date. Shattering was under the
control of five QTLs. The Asian domesticators of rice consciously selected
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for intermediate degrees of non-shattering that would reduce field losses but
not preclude hand-threshing.

3. ORIGIN/LOSS OF DNA DIVERSITY
DURING DOMESTICATION

Molecular genetics has the potential to assess precisely the genetic diversity
between wild grasses and domesticated cereals, thus providing insights into
the “monophyletic” vs. “polyphyletic” mode of domestication. In case of a
single domestication event, the genetic diversity in the cultivated gene pool
should be lower than that of wild populations, because of the inherent
genetic bottleneck. Molecular analyses also help in identification of wild
progenitors of domesticates and allow estimation of the time scale of
domestication events.

An initial and fast domestication event should involve few linked genes
which have pleiotropic effects and a strong selective advantage. Despite the
initial population bottleneck, domesticated crops retain large proportions of
the genetic diversity observed in their wild progenitors. The fact that grass
seeds must have had to be consumed in large quantities, may suggest that
several million plants must have constituted the first “domesticated”
effective population (Tanksley and McCouch, 1997), and that the observed
loss of diversity should involve genes for which alleles having a superior
agronomic value were selected. For instance, the patterns of diversity at the
maize domestication gene ¢/ are consistent with reasonably large effective
populations that must have been maintained during domestication (Wang et
al,, 1999). A second effect of the fixation of a particular domestication
allele is a reduction of the nucleotide variability at linked loci. This
reduction is a function of the selection level and the rate of recombination
between the selected site and the linked loci being surveyed. This locus-
specific bottleneck (hitchhiking effect), is witnessed as a skewed
distribution of frequencies of molecular markers (Vigouroux ef al., 2002),
when compared to the frequency distribution expected under an
equilibrium-neutral model. In addition, the population bottleneck associated
with domestication can cause a genome-wide loss of diversity that, for
specific traits, could be misidentified as the signature of direct selection.

Grasses have undergone recent and strong selective sweeps targeted at
phenotypes that improve agronomic performance, or qualities connected to
their use as food. It should, thus, be possible to identify the genes
controlling these phenotypes by mean of genomic scans for DNA regions
showing the signature of selection (i.e. existence of discernible linkage



178 C. Pozzi, L. Rossini, A. Vecchietti and F. Salamini

disequilibrium typical of genomic regions under selection) and highlighting
a connected “hitchhiking” effect (Remington et al., 2001). This procedure is
often followed using association tests which identify genes that control
agronomic traits, provided that functional variation of the investigated
species (Thornsberry et al., 2001) still exists in a wide collection of
materials representing different eras of plant breeding. Such genomic scans
help to create a more complete picture of how domestication and breeding
have shaped crop genomes.

3.1. Wheat

The study of genetic diversity in wheat (Triticum aestivum) has proved
useful in understanding the polyploidisation events that led to the formation
of its hexaploid genome (AABBDD). This genome originated by
allopolyploidisation, i.e. hybridisation, , between a tetraploid (AABB) and a
diploid wheat (DD; most probably from Ae. tauschii) followed by
chromosome doubling. Hexaploid wheats are much less diverse than their
diploid progenitors, and substantial differences exist between the three
genomes (Zohary and Feldman, 1962; Galili, 2000). No suitable explanation
is, however available for the diversity in the A and B genomes of tetraploid
although it may be speculated that external forces such as differential
selection and interspecific introgression, and/or internal mechanisms
involving processes like differential methylation, mutation or recombination
might have played a role (Wendel, 2000). For example, the 4/ locus of the
D genome has two very distinct haplotypes, which are found in both wheat
and Ae. tauschii (Talbert et al., 1998; Blake et al., 1999), suggesting that the
hexaploid wheat was derived from more than one polyploidisation events.

The importance of polyploidisation in domestication is still not fully
understood. It has been speculated that mutation in genes critical for
domestication in a diploid genome might have caused too extreme a
phenotype to allow a fruitful use in domestication (Salamini et al., 2002). It
is also well established that allopolyploidisation is accompanied by rapid
and non-random sequence elimination (Ozkan e al., 2002). This genomic
phenomenon seems to be involved in the increment of divergence of
homoeologous chromosomes in order to provide the physical basis for the
restriction of pairing to homologous chromosomes forming only bivalents in
the newly formed allopolyploids (Shaked ef al., 2001; Ozkan et al., 2002).
This then perhaps contributed to disomic inheritance, full fertility and
permanent heterosis between homoeoalleles, thus leading to the
establishment of newly formed species in nature.
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3.2. Maize
3.2.1. Reduced Diversity at Selected Loci

In maize, loci without significant allelic variation but which contribute to
traits of human interest can be identified. For these loci, human selection
during maize domestication and improvement has reduced variation in
excess of the bottleneck effect. Molecular markers derived from expressed
sequence tags (i.e. SSRs derived from EST) have been used in this crop,
with the aim of identifying genomic regions that show evidence of selection
during maize domestication or improvement (Vigouroux et al., 2002). It is
estimated that relative to wild species, there is an average of 30% drop in
diversity, at any selected locus. The drop in diversity is substantially greater
at genes involved in domestication, such as b1, the promoter of which has
61-fold lower diversity in the crop than it does in the closest wild relative
(Wang et al., 1999). Interestingly, this drop in diversity does not extend for
the entire length of the gene, as the coding region has levels of diversity
similar (39%) to those at loci considered neutral for the process of
domestication. These data allow a rough estimate of the selection coefficient
associated with the fitness of the favourable allelic genotype during
domestication, and with the duration needed to bring the maize allele to
fixation: the fixation of ¢tbI, for example, may have taken about 300-1000
years (depending on the population size considered; Eyre-Walker et al.,
1998).

Maize is an outcrossing species and the population on which selection was
initially exercised, according to one of the hypotheses, consisted of about a
million plants (Eyre-Walker et al., 1998; Vigouroux et al., 2002). This may
explain the observed high level of recombination and the consequent low
levels of linkage disequilibrium (Wang et al, 1999). Moreover, in the
presence of a relatively mild, domestication bottleneck, unselected genes
should have retained high diversity and should be readily distinguished from
those affected by selection (Eyre-Walker et al., 1998).

The spread of maize from the highlands in central Mexico, where it was
probably domesticated, to the lowlands (Matsuoka et al., 2002) can be
followed by analyzing the alleles derived from Z. mays spp. parviglumis
(Matsuoka et al., 2002) and those introgressed from ssp. mexicana (a
highland teosinte species which forms frequent hybrids with maize; Wilkes,
1977). The complete interfertility of maize and teosinte suggests that time
was not sufficient for substitution fixation at majority of the loci affecting
yield and fitness, and only the loci strictly selected to confer agriculturally
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important qualities to domesticated maize were fixed in this manner
(Doebley and Stec, 1991).

The evolution of maize under artificial selection may imply that
particular types of mutant alleles were favoured which may not be so
favoured by natural selection in the wild (Haag and True, 2001). For
other genes putatively involved in domestication processes, such as terminal
ear 1, tel (Veit et al, 1998), no evidence of selection is available through
haplotype analysis. However, the neutral pattern of evolution at fe/ was
used to estimate the age of the maize gene pool (the time of divergence of
the Zea and Tripsacum lineages) and the strength of the proposed
domestication bottleneck (White and Doebley, 1999). It seems that te/ was
not involved in maize morphological evolution (White and Doebley, 1999),
since there is no evidence for a reduction of nucleotide diversity in zel
relative to other genes such as adhl and adh?2.

Studies on the dwarf8 gene suggest that it may affect the quantitative
variation of maize flowering time and plant height (Thornsberry et al.,
2001). The low level polymorphisms in its sequence across several inbred
lines also suggest that it has been a target of selection.

3.3. Barley

In barley, the patterns of diversity observed differ from that in other cereals.
Studies conducted by Kahler and Allard (1981) indicate that there is a high
level of parallel polymorphism between wild and cultivated barley. The
persistence of wild alleles in the domesticated barley, may be interpreted as
an indication of multiple domestication events, but could also be explained
by gene flow (Ladizinsky and Genizi, 2001; even if outcrossing limits the
possibility of describing this phenomenon). For instance, three major
haplotypes for the homeotic Barley Knotted-like3 gene (Bkn-3; Miiller et
al., 1995) were exploited to follow the flow of germplasm from wild to
domesticated lines of barley (Badr er al, 2000). This study shows that
haplotype I found for Bkn-3 is rarely detected in wild populations except in
the wild populations of Israel. The same haplotype is pervasive in
domesticated western land races, which generated the cultivated Western
gene pool. During the migration of domesticated barley eastwards from the
Fertile Crescent towards the Himalayas, haplotype 111 replaced haplotype I
and it is thus most prevalent in the Himalayas and in most Asian wild forms.
A similar work was conducted in rice, where the homeotic gene OSH3
(another Knotted-like gene) is putatively responsible for one of the traits
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that are selectively introduced during the domestication of most of the
Jjaponica rice (Yutaka et al., 2001).

3.4. Sorghum and Rice

Data on isozyme loci, which are generally not the target of human selection,
suggest that Sorghum bicolor has about two-thirds of the diversity of its
wild relative (Morden et al., 1990). Surveys have been conducted also on
the Adhl gene showing that the cultivated type has a modest diversity
(0.24%), while this value rises to 0.36% in wild lines (Gaut and Clegg,
1993).

Research on the rice Waxy gene (which, when mutated, suppresses amylose
formation and thus renders the caryopsis non-glutinous) shows a level of
diversity that is lower than expected. This suggests that early domesticators
of glutinous rice liked its adhesive quality and wanted to preserve that trait
(Hirano et al., 1998; Olsen and Purugganan, 2002). It is however, possible
that male gametophytes recessive for the waxy allele have a disadvantage on
an evolutionary timescale (Hirano et al., 1998). The Waxy gene is an
example of a gene with important enzymatic functions where a single
mutation is able to alter its posttranscriptional regulation: this last study has
clarified that a trait supposedly under quantitative genetic control may have
molecular components allowing a simpler interpretation.

In rice, the partial-loss-of-function allele of Heading date 1 (HdI) is
involved in the control of the photoperiodic response. Such an allele might
have been selected in the process of breeding, because varieties that contain
the weak HdI allele show early heading and can be cultivated in a wide
range of cultivation areas (Yano ef al., 2000).

4. WHEN AND WHERE: THE GENETICS AND
THE GENOMICS OF THE TIMING AND
LOCATION OF DOMESTICATION

Despite the fact that the common ancestor of major grass crops dates back
to 55-70 million years (Ahn et al, 1993; Kellogg, 2001), cereal
domestication has a recent history of only about 5-10 thousand years.
Domestication can be explained as the unintentional selection of favourable
alleles during plant cultivation (Salamini et al., 2002; Zohary and Hopf,
2000). Under this perspective, the apparently contrasting observations of the
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clearly multi-regional harvest and use of wild species versus a putative
restricted regionality of crop domestication (Salamini et al., 2002) can be
reconciled: superior varieties of founder crops emerged in a core area (Lev-
Yadun ef al., 2000) and then moved throughout the region, displacing local
wild or domesticated genotypes. This sort of considerations are supported
by recent findings in pearl millet (Poncet ef al., 2002), where unconscious
selection in the early evolution of the domesticates and gene flow from local
wild populations account for the small number of differences observed
between wild and domesticated gene pools.

The temporal extension of domestication is connected to the dimension of
the founder population (Eyre-Walker et al., 1998). For example, based on
archaeological evidence, it is believed that einkorn domestication took place
only a few centuries ago (Diamond, 1997). A similar rate of domestication
tempo would suggest, in maize, a bottleneck population size of about 600
Zea parviglumis individuals, based on the genetic diversity at the gene Adhl
(Eyre-Walker et al., 1998).

The molecular data, while helping in determining the correct timing of
domestication, allow also to trace - through genome-wide estimates of
genetic similarity - a map of the domestication sites, which appear to be
discrete and limited in number (Heun et al., 1997; Badr et al., 2000).
Identification of the location can sometimes be very precise. For instance
when the wild background contains several distinct genetic variants, and
the domesticated forms have only one variant, it indicates a clear
monophyletic origin of the domestication event (Zohary, 1999).
Domestication locations (Figure 2) range from the Fertile Crescent (wheat,
barley, oats and rye; Gopher et al., 2002); Africa (for sorghum and millet);
Asia (rice); and Central America (maize). The Fertile Crescent is the
primary domestication centre for western agriculture which has produced
the master copy of various crops. In the area, wild populations were
harvested from natural stands before deliberate cultivation and
domestication (Zohary and Hopf, 2000). The role of the founders of
agriculture played by the populations leaving the Crescent is supported by
two kind of evidence: (i) the region is the intersection of the current
distribution of the wild progenitors of modern cereal species (i.e Triticum
urartu, boeoticum and dicoccoides), wild barley (Hordeum spontaneum)
and wild rye (Secale vavilovii) (Zohary and Hopf, 2000); (ii) the seeds of
the wild species have been recovered from the early archaeological sites of
the region, which suggested the presence of spikelets reoriented
perpendicularly to the rachis, and that of opened cupulate fruitcases, which
exposed the grain.
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Figure 2. Worldwide centres of origin (location name or target symbol), time
of domestication (in brackets, as years Before Present), diffusion and genome

plOidy of the major cereals. Pathways of domestication are indicated with arrowed lines. Dotted lines
indicate diffusion paths of uncertain definition. A. Wheats. The first wheat cultivated was the diploid einkorn whose
core area of origin is in the Karacadag valley. It colonised western Crescent and then, as a feral form, reached the
Balkans. The domestication from the wild species 7. boeoticum occurred in the same area. The wild emmer T.
dicoccoides, distributed from south-east Turkey to Iran and Iraq, has brittle ears that shatter at maturity into spikelets
bearing larger seeds. On the contrary the domesticated form 7. dicoccum has a non-brittle rachis. The wild emmer
non free threshing forms 7. parvicoccum diffused into Lebanon while the free threshing 7. durum (hard wheat) is the
only tetraploid wheat cultivated today. The final step of the wheat domestication is the occurrence of free threshing
hexaploid T. vulgare (bread wheat), documented in south Turkey and east Iraq. See Text for further details. B.
Barley originated in Israel-Lebanon from its wild progenitor Hordeum spontaneum. It has been domesticated across
the Fertile Crescent and diffused to the Himalayas after introgression with the Asian H. spontaneum into an hybrid
H. agriocrithon. The centres of domestication of wild rye (Secale vavilovi) are northern Syria (Murehibit) and
surrounding areas (Abu Hureyra I, IT). C. Centres of origin for both teosinte and maize are indicated by darker areas.
The arrow lines indicate the pathway of the domestication of maize, that was initially brought under domestication in
the Balsas river basin from teosinte before 6300 BP, and was later introduced in the Oaxaca area (Guila Naquitz).
From this region, Zea mays spreaded later over the Americas D. Rice (Oryza sativa) was domesticated around 10000
BP from Oryza rufipogon, whose centre of origin was across the Thailand and Myanmar border (darker area).
Domesticated rice then spread towards South-East Asia around 4000 BP. E. The belt (darker area) stretching from
western Sudan to Senegal is supposed to be the centre of origin of millet (Pennisetum glaucum). The arrow lines
from its centre of origin show the two different domestication routes towards either western Africa or South-East
Sahara (small darker areas). Sorghum (Sorghum bicolor) originated in an area across Sudan and Chad, and
subsequently diffused in North-East Africa (Ethiopia). From Sahara and Ethiopia, millet and sorghum were then
diffused in the Indian subcontinent.
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4.1. Wheats

Genetic fingerprinting helps in the identification of the present-day location
of the wild progenitor populations that gave rise to domesticated diploid
einkorn wheat (Heun et al., 1997). The site of domestication of einkorn was
identified from the analysis of 288 AFLP marker loci (Heun et al., 1997).
According to molecular data the wild stands of T. boeoticum, the einkorn
progenitor, are situated at the western foothills of the Karakadag mountains,
in southeast Turkey. In the western crescent (at the Abu Hureyra site),
abundant remains of domesticated einkorn, as old as 9,500 years are
available; presumably then wheat appeared in Cyprus, Greece and the
Balkans at 8,000 years BP, and later in Yugoslavia, Bulgaria and Hungary.
Einkorn was important for the early agriculture of Central Europe, but its
cultivation started to decline in the Bronze Age. The location of
domestication is, however, still a matter of discussion. Wild tetraploid
emmer wheat (7. dicoccoides) is currently found in Israel, Jordan, Syria,
Lebanon, south-east Turkey, north Iraq and west Iran. The domesticated
form, 7. dicoccum, first appeared in South-west Asia during the early part of
the eighth millennium BC (Nesbitt and Samuel, 1998), and subsequently
spread into Europe, reaching the Balkans by 8,500 years BP, and then
following two routes across Europe, one westwards along the coast to
Southern Italy, France and Spain, and the other through the river valleys of
central Europe (reaching the Northern coast by 6,000 years BP; Barker,
1985). Emmer became the principal cereal of the European Neolithic and
Bronze Age and was the progenitor of the free-threshing tetraploids (7.
durum) and the hexaploids bread wheats that subsequently predominated
(Zohary and Hopf, 2000). An analysis of AFLP data at 204 loci has
indicated that domesticated tetraploid AABB wheats are most closely
related to wild emmer populations from southeast Turkey. In fact, they are
molecularly more similar to domesticated tetraploid wheats than are other
populations sampled (Ozkan et al., 2002). The tetraploid T. dicoccum,
9,500-7,000 years ago, had spread from the Fertile Crescent to
Mesopotamia, and then in Egypt, in the Mediterranean basin, in Ethiopia,
Asia and India. It has been the most used cereal until the appearance of the
naked tetraploid 7. turgidum var. durum (the pasta wheat).

The origin of hexaploid wheats has represented a special event. Both T.
spelta (hulled wheat) and 7. vulgare (free-threshing) have an AABBDD
hexaploid genome, which is not present in wild species. McFadden and
Sears (1946) showed that the progenitors of the hexaploids are the tetraploid
T. turgidum (AABB) and the wild grass Ae. tauschii (DD). At some
unknown place, tetraploids hybridised with the diploid species and
generated spelt-like hulled hexaploids. The involvement of a domesticated
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tetraploid, T.turgidum, is suspected, because the distribution range of Ae.
tauschii does not overlap with the distribution of the wild tetraploid T.
dicoccoides (Nesbitt and Samuel, 1998). The AABBDD genome therefore
probably stems from the anthropogenic expansion of tetraploid
domesticated species into the distribution area of Ae. tauschii (Zohary and
Hopf, 2000). The southern Caspian basin is a likely place for this
hybridization, because the strangulata subspecies, a form of Ae. fauschii
(the D-genome progenitor) still grows in this area and was considered to be
the actual donor (discussed in Cox, 1998; Dvorak et al., 1998). However,
newer data, which were obtained using molecular markers, raise doubts
about the direct participation of the strangulata subspecies in this event
(Lelley et al., 2000).

4.2. Maize

The morphological changes probably coincided with introduction of maize
into habitats, which were never colonized by teosinte. The initial
domestication of maize is believed to have taken place in close proximity to
the Mexican city of Oaxaca, 400-500 km east of the present-day central
Balsas river valley, which is the habitat of the subspecies of annual teosinte
(Piperno and Flannery, 2001; Benz, 2001; Doebley, 1990). This finding is
supported by phylogenetic data derived from the analysis of allozyme
systems (Doebley, 1990). The domestication bottleneck must have been
relatively short, according to the time lapse between domestication and the
movement of human population from the core domestication area. This
corresponds to an initial estimated population of roughly 6000 individuals
(which corresponds to a different estimate as compared to the 600 derived
from the analysis of Adhl locus, but still constitutes a very limited
population; Eyre-Walker et al., 1998). These data are in line with the
findings derived from the analysis of the th/ gene (Wang et al., 1999),
suggesting that the process of domestication could have taken a few
hundred years with only modest levels of selection.

4.3. Barley

It is believed that the event of first seed harvest from natural stands of two-
rowed, brittle, wild H. spontaneum preceded the appearance of agriculture
in the Fertile Crescent (Zohary and Hopf, 2000), as proven by remains
found in Northern Syria and close to the Sea of Galilee dating as far back as
9,000-19,000 years BP. Non-brittle barley (i.e. domesticated) was first
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grown in Tell Abu Ureyra, Tell Aswad, and Jarmo (Iraq), as inferred by
Badr et al. (2000). Molecular data have been to some extent useful in the
search for the location of barley domestication (Badr et al., 2000). The
southern part of the Fertile Crescent (Isracl-Jordan area) is the most likely
place for domestication of barley, since wild barley populations from this
region are genetically very similar to domesticated forms. The once popular
idea of a domestication center in the Himalayas has to be discarded because
the local Himalayan wild form (H. agriocrithon) was found to be a hybrid
between wild and domesticated types (Staudt, 1961; Badr et al. 2000). Wild
populations found in the southern part of the Fertile Crescent in western Iran
have also contributed germplasm to the cultivated barley on its way to the
Himalayas. Badr et al. (2000) concludes that from its domestication in the
western Fertile Crescent, barley moved eastwards and diversified locally in
the Himalayas.

Traits which distinguish wild and cultivated barley must have appeared
following a specific tempo: for example, tough and non-shattering ear,
reduction in awn stiffness and an increase in grain size must have occurred
very rapidly, while increases in grain yield and malting quality have been
possibly accumulated over successive cycles of conscious selection
(Ladizinsky and Genizi, 2001).

5. DOMESTICATION IN THE PRESENT DAY:
THE GREEN REVOLUTION

As described in the above paragraphs, a key process in domestication was
the selection of favourable alleles of the relatively few ‘“domestication
genes”. Also, modern plant breeding perhaps remained associated with
novel variation in the same genes, but the variation at different genes/alleles
acquired a major role, once the initial “domestication alleles” were fixed
(Paterson et al., 1995b; Xiong et al., 1999). In barley, for example, after
domestication eliminated the alleles causing brittleness of the rachis,
additional loci conditioning rachis weakness were identified and became a
target for breeding (reviewed in Kandemir et al., 2000).

Flowering time, plant height and yield are other examples of domestication
traits currently under selection for the genetic improvement of cereals. The
cloning of genes supporting these traits is providing useful tools to optimise
crop breeding. In rice, modern varieties carrying a photoperiod-insensitive
allele of the Sel/Hd-1 gene can be grown during any season and in most
tropical and subtropical countries (Khush, 2001). Sel/Hd-1 is closely related
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to CONSTANS, a gene, which controls photoperiod response in Arabidopsis
(Yano et al., 2000). Recently, the Hd3a rice gene - also involved in the
transition to flowering - has been isolated and shown to be orthologous to
the FLOWERING LOCUS T (FT) gene, which promotes flowering in
Arabidopsis (Kojima et al., 2002). In the same crop, breeding for early
maturity has taken advantage of the ef (early flowering) genes (Khush,
2001).

The reduction of wheat growth cycle was achieved by exploiting the Ppd]
and Ppd2 genes that cause photoperiod insensitivity (reviewed in Khush,
2001). An orthologue and syntenic gene in barley is also involved in
photoperiod response (Bomer et al., 1998; reviewed in Griffiths et al.,
2003).

Selection of shorter plant stature began at the dawn of agriculture and
continued during the “Green Revolution” (Borlaug, 1983). In the 1960s and
1970s, the application of large amounts of fertilizers caused traditional
wheat and rice varieties to grow too tall and fall over, with consequent
major yield losses. The problem was overcome by the deployment of new
semi-dwarf lodging-resistant varieties which also partitioned a higher
proportion of dry matter into the grain, leading to dramatic yield increases
(reviewed in Hedden, 2003). In rice, the Semidwarfl (Sdl) gene encodes a
GA20-oxidase enzyme controlling a key-step in gibberellin (GA)
biosynthesis. The Green Revolution rice cultivars carry loss-of-function sd/
alleles producing decreased GA synthesis and dwarf plants (Monna et al.,
2002; Sasaki et al., 2002; Spielmeyer et al., 2002). In wheat, semi-dominant
mutations of the homoeologous/duplicated RAt-Bla and Rht-Dla genes
conferring dwarfism and a reduced growth response to GA were used to
develop new high yielding cultivars (Borner et al., 1996; Peng ef al., 1999;
reviewed in Hedden, 2003). The RAt gene encodes a repressor of GA
signaling and is orthologous to the Arabidopsis GAI, maize dwarf8 (d8) and
barley Slenderl (Sinl) genes, for which mutations that result in GA-
insensitive dwarfs have also been described (Peng et al., 1997; Peng et al.,
1999; Chandler et al., 2002). This class of genes - also present in rice
(Ogawa et al., 2000; Ikeda et al.,, 2001) - encode GRAS transcription
factors; the alleles, which have superior agronomic value, encode an altered
protein insensitive to GA-dependent degradation and result in dwarf plants
(Peng et al., 1997; Peng et al., 1999). Plant height and flowering time are
partly controlled by common mechanisms, as demonstrated in several
cereals. For instance, in wheat the RAt genes, which have pleiotropic effects
on flowering time and tillering (Silverstone and Sun, 2000; Khush, 2001); in
maize, where d§ is a current target of selection for its adaptation to various
flowering times (Thornsberry efal., 2001); and in barley, where the ari-
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e.GP dwarfing allele found in the Scottish cultivar Golden Promise has been
associated with early flowering (Ellis ef al., 1999). Pleiotropic effects are
not surprising for genes controlling hormone action and may be of common
occurrence for the traits targeted by domestication and breeding (Cai and
Morishima, 2002).

6. HOW DURABLE ARE THE GENETIC CHANGES
ESTABLISHED BY DOMESTICATION?

Weeds related to domesticated plants often appear in areas where no
naturally occurring crop relatives are present. Some of these weeds may be
feral forms, populations living in wild habitats that are derived either from
crops or from crosses between wild and domesticated genotypes. These
plants often exhibit intermediate characters between domesticated and wild
forms and can help to analyze the stability of the genetic changes associated
with domestication. For example, an einkorn feral form has arisen in the
Balkans due to interbreeding of 7. monococcum and T. boeoticum,
indicating that the wild and domesticated gene pools have not been
separated by speciation (Salamini et al., 2002). ‘Red rice’ is an Oryza form
that has recently spread in different regions of the world where no wild rice
relatives are present (Bres-Patry ef al., 2001). Red rice has phenotipic traits
intermediate between Oryza rufipogon and cultivated indica or japonica
subspecies of O. sativa (Oka, 1988). Using a population derived from a ‘red
rice’ x O. sativa cross, 12 out of the 29 identified QTLs underlying
weediness (Bres-Patry et al., 2001), corresponded to domestication QTLs
previously identified in a cross between O. sativa and O. rufipogon (Xiong
et al., 1999). Based on the concentration of QTLs in four regions of the
genome, Paterson (2002) suggested that ‘red rice’ forms might be the result
of ‘reversion’ of domestication genes to wild alleles at some of the loci. One
implication of this hypothesis is that in the absence of human selection, the
alleles involved in domestication might be rapidly lost.

7. A WAY TO THE FUTURE:
EXOTIC GERMPLASM IN CEREAL BREEDING

The effect of selection during domestication and further breeding has led to
the progressive limitation of the genetic variation in crop plants. For
example, majority of hard red winter wheat cultivars in the United States
have been derived from just two lines imported from Eastern Europe
(Harlan, 1987). In rice, molecular analyses comparing modern varieties and
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wild types reveal that the cultivated gene pool has a limited genetic
variation compared to wild relatives (Wang et al., 1992). A comparison of
SSR allele frequencies in H. spontaneum and H. vulgare indicates a loss of
rare alleles and a decrease in genetic diversity during domestication (Ellis e?
al., 2000). Even in maize, which is considered to be a highly polymorphic
species, genetic diversity at random loci has dropped by 30% on average
(Buckler et al., 2001). The narrow genetic basis of crops makes them more
vulnerable to pests and represents a limitation for future genetic
improvement (Harlan, 1987).

In contrast to the above, wild relatives of crops, carry agriculturally
undesirable alleles together with few which are positive (e.g. monogenic
disease resistances) and which were excluded from the cultivated gene pool
due to domestication bottlenecks (Xiao ef al., 1996; Tanksley and
McCouch, 1997). In wild species, favourable QTL alleles often remain
“cryptic” due to several factors including their low frequency, masking
effects of deleterious alleles and the negative epistatic interactions