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Preface

More food and feed have to be grown on less land. At the same time, agron-
omy and agrochemistry have reached a level where further progress is neu-
tral in relation to yield. Scientific progress helps environmental needs. Genet-
ics alone may close the yield gap by a combined application of classical tech-
niques and molecular knowledge. Large-scale genome analysis and related
technologies provide access to a refined understanding of the genome. Fortu-
nately, molecular markers are a genetic tool accepted by the public which
often judges gene technology critically. There is even a tendency for classical
combination breeding, together with marker-assisted selection, to be more
effective in achieving complex breeding goals.

We are grateful to the authors of this book, who contributed new informa-
tion about molecular marker collections and molecular gene maps, elucidat-
ing the usefulness of these tools: such as higher efficiency in parent selection;
controlled combination of heterotic parents; uncovering a rare, but desired
genotype in a large segregating population; or pyramiding single traits to
result in more complex characters, e.g., durable resistance. We restricted the
selection of topics to functioning marker approaches rather than to all possi-
ble strategies. Nevertheless, the spectrum of crop plants and trees covered is
quite broad with a close connection to application.

Successful breeders need to have green fingers and this hopefully might in
future be confirmed by molecular markers. Soon, it will seem unbelievable
that breeders have been successful without using such a technique. We would
like to dedicate this book to one such breeding artist, Prof. Dr. Dr. h.c. Ger-
hard Fischbeck. He has bred wheat varieties giving optimal quality under
suboptimal European climatic conditions and has found numerous new resis-
tance genes for powdery mildew in cereals. He held the Chair of Agronomy
and Plant Breeding at the Technical University in Munich, Germany, and,
although he is approaching his 80th birthday, he is still very active and curi-
ous to discover the secrets of nature and always full of life and spirit. In 1989,
he started a project in barley genomics, thereby giving an impressive example
of moving from classical to molecular breeding.



VIII Preface

Even most sophisticated new marker techniques will not replace a sharp
eye, green fingers, or a bright mind – and certainly not the field experiment.
Nevertheless, such techniques do allow more reproducible and faster devel-
opment of new and better cultivars. Today, a breeder has to know how such
tools work and how to use them in an intelligent manner. Hopefully, this
book will help to transform most recent marker theories into many superior
varieties of crops.

Horst Lörz
Hamburg, Germany

Gerhard Wenzel
München, Germany

May 2004
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I.1 The Principle:
Identification and Application of Molecular Markers

P. Langridge and K. Chalmers1

1 Australian Centre for Plant Functional Genomics, University of Adelaide. Waite Campus, Glen
Osmond, SA 5064, Australia

1 Introduction

Plant breeding is based around the identification and utilisation of genetic
variation. The breeder makes decisions at several key points in the process.
First in deciding on the most appropriate parents to use for the initial cross or
crosses and then in the selection strategy used in identifying the most desir-
able individuals amongst the progeny of the cross. The efficiency of the breed-
ing and selection process can be assessed in many different ways including the
ultimate success of the varieties released and the frequency with which new
varieties are produced. A major cost and logistical issue in plant breeding are
the actual number of lines that need to be carried through the evaluation and
selection phases of a program. Large breeding programs for annual crops may
carry hundreds of thousands of lines to produce a new variety only once every
few years. Field trials can be expensive and evaluation of some traits, such as
quality and yield stability can be expensive to assess. Molecular markers have
proved to be a powerful tool in replacing bioassays and there are now many
examples available to show the efficacy of such markers.

The use of molecular markers to track loci and genome regions in crop
plants is now routinely applied in many breeding programs. The location of
major loci is now known for many disease resistance genes, tolerances to abi-
otic stresses and quality traits. Improvements in marker screening techniques
have also been important in facilitating the tracking of genes. For markers to
be effective, they must be closely linked to the target locus and be able to
detect polymorphisms in material likely to be used in a breeding program.
The prime applications of markers in most breeding programs have been in
backcross breeding where loci are tracked to eliminate specific genetic defects
in elite germplasm, for the introgression of recessive traits and in the selection
of lines with a genome make-up close to the recurrent parent. In progeny
breeding, markers have proved valuable in building crucial parents and in
enriching F1s from complex crosses. Markers have also improved the strate-
gies for gene deployment and enhanced the understanding of the genetic con-
trol of complex traits such as components of quality and broad adaptation.
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2 Status

Recent developments that have occurred in molecular markers for many crop
species have major implications for the future of the technology. There are
three key components that are particularly significant. First, for many spe-
cies, we now have markers closely linked to many traits of importance in the
breeding programs. Indeed, for major crop species, we have markers for
more loci than can be screened in a conventional breeding program. Second,
we have tools that allow marker scanning of the whole genome. Of particular
importance has been the development of microsatellite or SSR markers that
now form the basis for analysis and allow highly multiplexed SSR screens.
This trend will continue as newer, cheaper marker screening based on SNPs
become available. The technological advances have improved our capacity for
whole genome screens. Third, through association mapping projects we have,
or are in the process of developing, whole genome fingerprints for many key
lines and varieties of importance in breeding programs. These studies are
developing large databases of historic germplasm that should, over the next
few years, start to reveal the ways in which breeding programs have selected
for and against specific regions of the genome. We can see these develop-
ments, particularly in crops such as maize and barley, where markers for
most of the major disease resistance clusters, for key components of feed or
processing quality and for many loci conditioning tolerance to abiotic
stresses are available.

The new marker systems have several important implications for the
future of marker-assisted selection (MAS) and breeding strategies in general.
Existing strategies for MAS were initiated with a view of markers as provid-
ing a rapid and cheap alternative to bioassays and they have largely been
used in this role. While highly successful, this strategy does not fully exploit
the technology. The key limitation to an expansion of the scale and complex-
ity of marker use is the size of the populations that would be required if one
were to try and select for alleles at a large number of loci simultaneously. A
further important feature of recent advances has been related to how we best
take advantage of the genome information that has been generated for major
crop species. We know, for example that chromosome 2H in barley and group
7 chromosomes of wheat, carry clusters of genes, often in repulsion that we
would like to break up. Again conventional use of markers has not been very
effective in utilising such genome regions. Conversely, we know that there are
some chromosomes where there is little allelic variation between lines and it
is a waste of effort to try and break these up in a breeding program.

The key challenge of new work is to investigate strategies for whole
genome breeding: how we can use genome-wide information in the form of
graphical genotypes and known locations of key loci and marker tags for
both desirable and undesirable alleles, to design optimal breeding strategies
that integrate as much of the available information as possible.

4 P. Langridge and K. Chalmers



3 Molecular Markers

Molecular markers have been taken, in recent years, to refer to assays that
allow the detection of specific sequence differences between two or more
individuals. However, it should be recognized that isoenzyme and other
protein-based marker systems also represent molecular markers and were in
wide use long before DNA markers became popular. One of the earliest type
of DNA-based molecular markers, restriction fragment length polymor-
phisms (RFLPs), were based around the detection of variation in restriction
fragment length detected by Southern hybridisation. The types of sequence
variation detected by this procedure could be caused by single base changes
that led to the creation or removal of a restriction endonuclease recognition
site or through insertions or deletions of sufficient size to lead to a detectable
shift in fragment size. This technique has been largely superceded by micro-
satellite or simple-sequence repeat (SSR) markers and is now rarely used in
screening material for breeding programs, but it remains an important
research tool. SSR markers detect variation in the number of short repeat
sequences, usually two or three base repeats. The number of such repeat units
has been found to change at a high frequency and allows the detection of
multiple alleles. The large expansion of DNA, particularly EST, sequence
databases has now opened the opportunity for the identification of single
nucleotide polymorphisms, SNPs. These occur at varying frequencies
depending on the species and genome region being considered. In Arabidop-
sis SNP frequencies of 0.007–0.0104 have been measured (Kawabe et al. 1997;
Purugganan and Suddith 1998) while in maize a range of 0.00047–0.0037 has
been measured (Hilton and Gaut 1998; Wang et al. 1999). SNPs are widely
seen as providing the key advantage of multiple detection systems many of
which, such as mass spectroscopy, offer high throughput at low detection
cost. Importantly, new array based screening methods, such as DArT (Jac-
coud et al. 2001) appear to offer still cheaper assays due to their very high
multiplexing capability. Interestingly, molecular markers may be coming full
circle with protein markers again being proposed as viable genetic markers
for MAS. Mass spectrometric methods for mass fingerprinting of proteins
and for the analysis of low molecular weight proteins, again opens the option
for high throughput protein screening. In these cases, single amino acid
changes in protein sequence can often be detected and this provides a means
for revealing variation in the corresponding DNA coding sequence.

In each method, DNA sequence variation is being detected. However, each
method analyses different aspects of DNA sequence variation and different
regions of the genome. For example, RFLPs were detected using cDNA clones,
namely coding sequence, but frequently detected variation that lay in regions
flanking the genes. SSR markers have generally been from non-coding
regions although the recent move to three-base repeats and the use of ESTs as
the source of SSR markers is changing this. Other markers such as RAPD and
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AFLP markers appear to frequently target repetitive regions of the genome.
The stability of the sequence difference may also be an issue in some cases.
SSRs are seen as being too unstable for some applications since the mutation
rate may in some cases be high.

The decision about the most appropriate marker system to use will vary
greatly depending on the species, the objective of the marker work and
resources available.

4 Identifying Marker/Trait Associations

The most widely used methods for identifying marker/trait associations are
based around the construction, phenotyping and genotyping, with molecular
markers, of special populations. The steps in identifying marker/trait associ-
ations and developing the markers through to application are summarised in
Table 1. The populations are generally constructed from two varieties that
show a major difference in the traits targeted for mapping. The genetic struc-
ture of the segregating populations can be immortalised by producing double
haploids or recombinant inbred lines. The populations produced then
become a major resource for a wide range of studies. Many such populations
have become international resources used by researchers around the world.
The ITMI population used for wheat research is an example of this. The pop-
ulation made from a cross between the wheat variety Opata 85 × W7984 a
synthetic wheat, has become the international reference for wheat genetic
research (Langridge et al. 2001). New markers, such as SSR and SNP, are
being placed on the population continually and the population has been
screened for a wide range of disease, abiotic stress tolerance, physiological
and quality traits. The beauty of these populations is that they continue to
grow in value as they are more and more widely used. Such reference popula-
tions are now available for several crop and model plant species.

However, there are also problems with the use of such structured popula-
tions. Many of the reference populations were constructed to facilitate
marker screening and were based on highly diverse parents, this was the case
for the ITMI reference population

There are three important issues that will frequently impact on the most
appropriate procedure to be used in finding marker/trait associations:

> There is a major cost in phenotyping. This clearly varies depending on the
trait being analysed, but usually the more complex and expensive the phe-
notypic screening is, the more valuable will be markers for the trait. Costs
of phenotyping can be particularly important for traits that require exten-
sive field trials, such as yield or tolerance to some stresses, or require large
amounts of material for analysis, such as malting quality in barley or ani-
mal feeding trials. Due to costs, the number of replicates and sites is often
limited, reducing the sensitivity of some of the analyses.

6 P. Langridge and K. Chalmers



Table 1. Steps in identifying marker/trait association

1. Defining the target
Decision about marker development
> Is the trait of importance to breeding program or to biological research?
> Is a molecular marker needed?

– What is the cost of the bioassay relative to marker assay?
– Is the trait dominant versus recessive? – recessive traits may be hard to identify in a bio-

assay and will be a prime target for marker development
– Perhaps there is no alternative to marker use:

– Quarantine trait – e.g., resistance to a disease not present in the country
– Pyramiding resistances – accumulating multiple genes for resistance to protect against

resistance breakdown
– Map-based cloning of genes – high resolution map is needed to minimize region that

needs to assessed
– Gene deployment – where desirable alleles are available to several loci, but only one is

really needed. How does one decide on the best one to use?

2. Identify germplasm for marker development
Available germplasm, with and without the trait

3. Population structures
Deciding on the best material to use for identifying the marker trait associations
> Knowledge of genetics

– Is the trait simply inherited or multigenic?
– What is the heritability?
– If this information is not available, a trial experiment may be needed
A simple cross can be constructed to measure segregation ratio and heritability
Complex traits and traits of low heritability are often prime targets for marker develop-
ment as they are hard to assay otherwise
> Decide on best population structure

The structure of the population will be related to the trait and purpose
Populations structure will differ between:

– in-bred versus out-breeding species
– long generation versus short generation plants
– perennial versus annual plants

– Doubled haploids – one meiotic event per line
– F2s – two-meiotic events per plant
– Recombinant inbreds or single seed descent
– Complex crosses between highly heterozygous parents
Population size
– For single gene 50 F2s may be adequate
– Map-based cloning over 1000 required
Is an existing population already available?
– Screen parents of existing crosses and mapped populations

4. Phenotypic evaluation
– Is phenotypic evaluation possible for single plants?
– For some traits a large number of seeds or plants may be required or field trials at mul-

tiple sites, e.g., quality and yield and traits of low heritability
– For association mapping phenotypic information can be collected from existing pro-

grams or lines pooled that have a common phenotypes, e.g., lines adapted to a common
environment or of common quality ranking

The Principle: Identification and Application of Molecular Markers 7



Table 1. (Continue)

5. Genotyping
– Identify markers that detect polymorphisms between parents
– Screen population
Marker density will depend on objective
– Full maps

Screen with sufficient markers to give good genome coverage, usually around 1 marker
every 10 cM

– Bulked segregant analysis
Bulk two extremes of phenotype and screen with markers

– Map-based cloning
– high resolution in small region
– Screen population with markers flanking target region
– Identify recombination events between the flanking markers
– Use the recombinant lines for the high-density marker screening

Note: only the recombinant lines need to be phenotyped
– Association mapping

Genotype multiple lines, for example in pedigree

6. Identifying marker trait associations
– Full maps

Construct linkage map based around molecular markers
Locate trait loci by regression analysis, interval mapping or related technique

– Bulked segregant analysis
Screen pools of lines with and without trait with molecular markers

– Association mapping
Measure rate of linkage disequilibrium between traits and markers
Deviations from the expected frequency of alleles

7. Developing markers for application – Marker validation
– Test marker trait association in alternative populations and estimate reliability of marker

in predicting phenotype
– Identify polymorphisms between lines used in breeding program
– Develop a palette of suitable markers with associated polymorphism data

Usually around 10 markers within 10 cM of trait
Provide protocols and polymorphism data to breeding programs

> The lines (varieties) used to construct the populations are often out-of-
date by the time the marker/trait information is available. For example,
many mapping programs are using populations constructed over a decade
ago. This reduces the value of the information gathered and slows its
implementation into active breeding programs.
> The structure of the populations limits the types of traits that can be

mapped and many of the subtleties of adaptation can only be analysed
with special populations.
> Generally, mapping is restricted to known traits for which a well-defined

bioassay is available.

8 P. Langridge and K. Chalmers



4.1 Full Linkage Maps

Complete linkage maps generated from screening the progeny of a cross have
provided the basis for most early marker development work. However, this is
difficult and labour-intensive, particularly in species with large numbers of
linkage groups such wheat, where linkage maps must be constructed for 21
chromosomes or where chromosome numbers are large or variable, such as
kiwi fruit (Actinidia sp.) or sugarcane. Usually, 10 to 20 markers are required
for each chromosome to give reasonable genome coverage. For many species
where the germplasm base is small, the level of polymorphism may be low so
a large number of markers are required to detect sufficient polymorphisms
for mapping. The key feature of such maps is that they provide considerable
information on the genome structure of an organism and provide major
resource for researchers even though their application to practical plant
breeding is now becoming increasingly limited. As mentioned above, once
established, a well-mapped population can be used for a wide range of
genetic studies provided the individual lines can be maintained.

4.2 Bulked Segregant Analysis

Bulked segregant analysis (BSA) was described by Michelmore et al. (1991).
It involves pooling individuals from the two phenotypic extremes of a segre-
gating F2, doubled haploid or similar population. DNA isolated from the two
pools is then screened with DNA markers, usually SSR or AFLP, and poly-
morphic bands identified. Clear polymorphisms seen between the two pools
will be derived from regions of the genome that are common between the
individuals that made up the pools. The remainder of the genome will be ran-
domly contributed by the parents and should show no polymorphisms
between the pools.

This technique offers the important advantage of identifying markers
associated with the trait without the need for full map construction. How-
ever, it requires markers that can be easily screened in mixed DNA prepara-
tion. This essentially means PCR-based marker assays. AFLP markers have
proved particularly suitable for these assays. The method also allows the use
of a wide variety of population structures and can often be applied to mate-
rial produced within a breeding program.

The key disadvantage is that one is not provided with a genetic distance
between the marker and the trait. Indeed, it is always necessary to confirm
the marker/trait association by screening individuals from the population to
confirm that the marker is a reliable predictor of the trait. This can usually be
done by taking the individual plants used to construct the bulks and deter-
mining just how many of the lines actually show the expected marker pattern.

BSA is now widely used and in many marker development programs has
become the major method for marker identification.
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4.3 Association Mapping

Association mapping is becoming an increasingly important tool for marker
analysis and application. Particular emphasis will be placed on this technique
here since we believe it will replace alternative marker development proce-
dures, will greatly facilitate marker delivery to breeding programs and will
provide valuable insights into the genetics and evolution of crop plants.

Molecular markers offer an easily quantifiable measure of genetic varia-
tion within crop species. However, many species, such as wheat, display a low
level of polymorphism (Chao et al. 1989; Lui et al. 1990) hampering the iden-
tification of markers linked to agronomically important traits and complicat-
ing the differentiation of varieties and the analysis of genetic variability.

While the low level of polymorphism may be problematic, the level of
genome conservation observed between varieties offers an opportunity to
identify markers associated with traits of interest (Paull et al. 1998). The
rationale of the approach is based on ‘linkage drag’ (Hanson 1959; Stam and
Zeven 1981), a feature of chromosome behaviour whereby flanking DNA sur-
rounding the target gene diminishes at a much slower rate than unlinked
regions. Since varieties of a particular crop species are often closely related,
differences between related accessions may reflect differences in important
agronomic traits. A comparison of the molecular marker profiles of acces-
sions demonstrating a particular trait with those lacking the trait, facilitates
the identification of linked markers. Loci linked to the trait of interest will
show the same marker phenotype within each group while unlinked loci will
show a random distribution of marker alleles. This approach is analogous to
bulk segregant analysis (Michelmore et al. 1991), but is dependent on traits
remaining as part of a larger linkage block during crossing and selection.

A further problem with the identification of marker/trait associations
using defined populations such as F2 populations, doubled haploids derived
from F1s or recombinant inbreds, is that they are usually built from only two
parents and often do not reflect germplasm in an active breeding program.
By the time the populations are ready for mapping they often involve germ-
plasm that is out of date and no longer optimal for a pragmatic breeding pro-
gram.

These limitations in existing mapping strategies can be addressed through
association or linkage disequilibrium (LD) mapping. LD mapping is based on
seeking associations between phenotype and allele frequencies. It is the basis
for gene mapping in species where large mapping populations cannot be
readily produced such as mapping in farm animals and humans. There are
three advantages of this approach in mapping in crop species. Firstly, it pro-
vides a new perspective for trait mapping. This is because it uses different
population structures (based largely around pedigree) and it uses a different
set of phenotypic data. Consequently, we can expect to see new marker/trait
associations, but more importantly, this technique will help identify targets
for more detailed analysis. For example, we can expect to find genetic associ-
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ations with lines or varieties that have performed particularly well at certain
sites. In many cases, we will not be able to associate this with a specific aspect
of the site environment, but we will have an indication of where to look for an
environmental factor.

Secondly, LD mapping also provides detailed fingerprinting information
on a large number of lines and varieties and this information will be valuable
in several of the breeding strategies outlined below.

Thirdly, the LD method uses real breeding populations, the material is
diverse and relevant and the most important genes (for example, for adapta-
tion) should be segregating in such populations. The breeder is also integrally
involved in the process and this may lead to improved rate and efficiency of
validation and adoption. Many breeding programs are reluctant to grow and
assess a huge number of lines with little or no potential for a direct commer-
cial outcome. The advantage of LD mapping to the breeder is that mapping
and commercial variety development can be conducted simultaneously.

When a novel mutation occurs at a locus determining the expression of a
QTL, all other alleles of that locus are considered to be in complete linkage
disequilibrium with the new mutant. However, as time goes by, the level of
observed linkage disequilibrium will deteriorate as recombination between
the mutant allele and other loci occurs. The level of LD observed will be in
direct relationship to the distance from the mutant allele and also a function
of the number of generations that have passed since the original mutation
event. Several factors will also mediate this effect. In the case of outcrossing
species there will be a relatively rapid breakdown of LD and in outcrossing
species it is expected that LD will only be detected over a relatively short dis-
tance that may be measured in the region of a few tens of kb, although the
actual extent of LD in maize still appears controversial (Remington et al.
2001; Ching et al. 2002). In these species it may be necessary to use direct
DNA sequencing to identify and track linkage disequilibrium. However, for
in-breeding species, LD breaks down relatively more slowly and is clearly
detectable at the centiMorgan level. This offers the opportunity to use more
conventional marker-based assay detection systems such as SSRs as an
appropriate detection system. The existence of detectable levels of LD in in-
breeding populations then offers the possibility of carrying out association
mapping. This may be done by systematically screening molecular marker
loci at defined intervals across the genome. In human and animal systems,
this has readily been achieved using the abundant SNP resources available.
However, in most crop species, such a resource is unlikely to become avail-
able in the near future. The question then is will the available marker sys-
tems, in particular SSRs provide sufficient genome coverage? This question is
currently being addressed for several species and the results should start
appearing in publications over the next few years.
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5 Application of Molecular Markers

The following section aims to provide an overview of the current and pre-
dicted applications of molecular markers within plant breeding programs.
The application of molecular markers to pedigree/progeny and backcross
breeding is summarised in Table 2 for each stage in the breeding process.
Although the focus here is on application of markers to practical breeding
programs, it is important to remember that molecular markers have also
become a critical tool for a wide range of genetic studies and are widely used
in many aspects of genetic research from map-based cloning of genes
through to the study of genome structure, organisation and behaviour.

5.1 Trait-Based Selection

One of the earliest demonstrations of the power of molecular markers was
provided by Beckman and Soller (1986) for the indirect selection of genes in
a breeding program. Molecular markers offer several key advantages over
many bioassay systems:

> DNA can be extracted from tissue sampled from growing plants at very
early stages of development. This allows sufficient time to use linked mark-
ers to identify heterozygous, backcross or topcross F1 individuals prior to
anthesis and further crossing. In contrast, optimum expression of many
important phenotypes in a bio-assay, such as disease resistances, often
occurs at development stages close to or after anthesis when crossing
should take place. Plants in the bio-assay system are also frequently grown
under suboptimum conditions for crossing and seed set.
> Markers can be used accurately on a single plant. For most bio-assays,

many individual plants must usually be screened although this will vary
with the bioassay. It is rare that a single plant assay will give a reliable phe-
notypic assessment. In contrast, the proportion of single plants incorrectly
scored from a molecular marker assay is related to the closeness of linkage
between the marker and the trait. For markers within 10 cM, the error is
therefore less than 10%. The confidence level of single plant selection
would increase even further with the use of flanking markers (Beckmann
and Soler 1986).

An example of this application can be seen in the South Australian Barley
Improvement Program. In a breeding strategy commencing in the spring of
1994, a single dominant resistance gene to cereal cyst nematode (Ha2) was
transferred from a resistant to susceptible variety through three cycles of
marker-assisted backcrossing using a single molecular marker. At no stage
were more than four BCxF1 plants backcrossed. One hundred and twenty dou-
bled haploid lines were produced from marker selected BC3F1 and 66% of the
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regenerants were classed as resistant by phenotypic assay. A line selected
from among these was commercially released 7 years from the time of the
first cross. This compares to 14 years for a conventional breeding strategy for
malting barley.

5.1.1 Enrichment of Complex F1s

Plant breeders often use three- and four-way crosses since they allow an
increase in the range of traits that can be simultaneously incorporated into
elite progeny. However, the frequency of elite progeny from this type of cross
is usually very low and this has reduced the application of this strategy.
Breeders have tended to take the longer route of making simple crosses, fix-
ing desirable alleles and then intercrossing selected, fixed lines. MAS offers a
powerful alternative to increase the desirable allele frequency for each locus
contributed from a quarter parent from 25% of progeny to 50% by screening
the top cross F1 or four-way cross F1. This application has become the most
common application of molecular markers in both wheat and barley breeding
in southern Australia and its application continues to grow. Importantly, it is
expected to increase in power through the development of new whole
genome screening and selection strategies.

5.1.2 Early Generation Selection

The selection theory required to implement MAS in early generations is simi-
lar to other forms of selection although MAS is closer to ‘simultaneous’ rather
than ‘tandem’ (or stepwise) selection, which is often a feature of early genera-
tion, phenotypic selection. In early generations breeders usually visually
select traits of high heritability since complex traits such as yield cannot be
effectively selected in rows or small plots. However, MAS is more effective
than phenotypic selection when population sizes are large and heritability is
low (Lande and Thompson 1990; Whittaker et al. 1997). Therefore, breeders
and geneticists need to design and implement MAS strategies that allow
selection of complex traits in early generations. The combination of MAS
with techniques such as single seed descent and doubled haploid generation
offers the option to address some of these difficulties. The testing of these
strategies is now well advanced in many breeding programs, but assessment
of the full impact of this strategy will, as with gene enrichment, only be possi-
ble in later generations. However, the efficient handling and management of
single plants, a pre-requisite for single seed descent (and doubled haploid
production), lend them to MAS.
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5.2 Whole Genome Selection

5.2.1 Choice of Donor Parent in Backcrossing

Marker-based genetic diversity studies have generated large data sets that can
be used to select from a number of possible donor parents for a desired trait.
The objective is to identify the donor parent that is the minimum genetic dis-
tance from the recurrent parent. This should reduce the number of back-
crosses required to recover the recurrent parent phenotype. Genetic distance
estimates may also assist in assessing the suitability of prospective donor par-
ents of unknown or diverse pedigree or where limited phenotypic informa-
tion is available. Information gained from the routine DNA fingerprinting of
potential parents could contribute to the broader information base used for
selection of suitable donor parents including the selection of more diverse
parents for speculative crosses.

5.2.2 Recovery of Recurrent Parent Genotype in Backcrossing

The key objective of a backcrossing strategy is to reduce the proportion of the
donor parent genome by about 50% at each generation of backcrossing. Until
recently, most backcrossing has focused on this principle and ignored the var-
iation in the proportion of the donor parent genome that exists around the
expected mean. Molecular markers allow selection for the desired donor
allele, and also for recombinant individuals that have a genome composition
closer to the recurrent parent than would be predicted from theoretical expec-
tations (Tanksley and Rick 1980). MAS against donor parent or for recurrent
parent genome, provides a means of reducing both the time and number of
generations required to adequately recover the recurrent parent genotype.

This strategy has been applied in the South Australian wheat and barley
breeding programs. In general, BC1 derived lines have been identified that
carried a proportion of donor parent genome not significantly different from
the mean of the BC3 generation. Selecting these individuals saves two cycles
of backcrossing. Similar results were found in simulation studies conducted
by Hospital et al. (1992), Visscher et al. (1996), and Frisch et al. (1999) where
they also found that at least two generations of backcrossing could be saved.

A major constraint to the adoption of recurrent parent background selec-
tion in a practical backcrossing program is the large number of polymorphic
marker alleles required to cover the entire genome. New marker develop-
ments, such as DArT and SNP-based markers will help address this limita-
tion. In their simulation study, Frisch et al. (1999) showed that the use of
marker loci of known location was more efficient than random marker
alleles. This means that markers that have not been localised to the genome,
such as AFLP, are of less value in this strategy than SSR markers or DNA
micro-array technologies.
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Stam and Zevens (1981) estimated that the typical segment length of
donor parent DNA retained after three backcrosses was surprisingly high at
51 cM in a 100-cM chromosome. There are now many examples of deleterious
linkage drag in plant breeding to support this theoretically derived conclu-
sion particularly for alien segment (Paull et al. 1994). Therefore, a more
focused selection strategy may be more useful. The methods would be as fol-
lows:

> use flanking markers at 10–20 cM around the estimated position of the
gene, to maintain the donor allele frequency during later generations of
backcrossing
> use more distant (30–40 cM) flanking markers to select for small donor

segment around the desired gene
> use carefully selected markers spaced 30–40 cM over the remainder of the

genome to select against donor parent alleles.

5.2.3 Linkage Block Analysis and Selection

It has been clear to most breeders that certain chromosomal regions carry
key clusters of genes which have been highly conserved through selection.
The high degree of success of conservative breeding strategies around the
world in the past and the apparent poor combining ability found between
many germplasm pools suggests that major linkage blocks may also be
important to breeding programs for most major crop species. For example, a
study in barley indicated that conserved regions of the genome derived from
a North African landrace introduction in the early 1970s appears to have
been crucial for the improved adaptation of successful South Australian vari-
eties released from that time. Regions on chromosome 2H appeared to be
particularly strongly associated with improved adaptation. This region also
showed significant associations with grain yield, grain yield stability, grain
size and flowering time (all across a number of environments; Atmodjo et al.,
pers. comm.). The syntenous region in wheat also appears to carry a block of
genes associated with adaptation including the photoperiod sensitivity genes,
Ppd1, Ppd2, and Ppd3 on chromosomes 2D, 2B and 2A respectively (Borner et
al. 1998) and QTL associated with flag leaf area, flag leaf length, leaf width,
plant height at stem elongation and anthesis, number of heads per square
meter, and grain weight (Coleman et al. 2001). This type of information could
lead to the development of specific targeted breeding strategies, where either
allelic variation in these regions is actively sought or linkage blocks from
superior adapted genotypes are actively conserved through marker assisted
selection.
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5.2.4 Key Recombination Events

The presence of major linkage blocks containing groups of genes that have
been important for adaptation has several implications for breeding pro-
grams. For most species recombination is not evenly spread across the
genome nor are target traits evenly distributed. This logically leads to the
suggestion that specific recombinational events may be important in making
major advances in breeding. This is particularly important for species where
wild relatives are used as sources for new alleles, such as disease resistances.
For example, the wild relatives of wheat have proved valuable sources of use-
ful traits yet these alien segments have shown very low recombination with
wheat even when derived from a close relative. Molecular markers are valu-
able in identifying the rare lines where recombination has occurred and in
characterising the recombination events (Langridge et al. 2001). A major
benefit arising from the various mapping initiatives has been the increased
knowledge of the structure and behaviour of the genomes of crop species and
the physical and genetic control of important traits. In very well studied spe-
cies, such as barley, a comprehensive understanding of the genome has facili-
tated the design and recent adoption of complex crossing and key recombina-
tion event selection strategies using markers. As our understanding of the
genetic control of important traits in crop species improves, so will the
potential for us to apply specific targeted marker-assisted breeding strategies
to compliment the broader, traditional approaches.

6 Directions

6.1 Quantitative Trait Loci

The agronomic performance of crop varieties is mainly influenced by com-
plex quantitative traits, for example, components of yield and quality. Since
the development of molecular markers, it has become feasible to identify and
genetically localise the contributing genetic factors as quantitative trait loci
(QTLs) and to utilise these QTLs for crop improvement. This has led to an
increasing number of QTL studies, involving most agronomically important
crop species.

Despite successes in mapping QTLs, the relevance of this information for
breeding new varieties is limited. In most cases, the QTL analysis has been
carried out in crosses utilising parents drawn from elite germplasm sources.
Hence, in most cases the studies have been able to identify a limited number
of alleles that are already present in the mainstream breeding programs and
offer little opportunity for variety improvement.
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6.2 Diversity

The risk most frequently raised for MAS is the temptation to use only parents
for which either markers and/or polymorphic markers exist, thus further
narrowing genetic diversity within breeding programs. In particular, this
may concentrate the use of a few, well-characterised disease resistance genes
to the exclusion of less well documented sources. This risk can be minimised
by breeder discretion allocating a proportion of the program to ‘new’ or
‘uncharacterised’ sources as has already happened in some breeding pro-
grams. It might be more useful to think of this problem as a challenge of how
marker technology be used to expand the useful gene pool.

The primary gene pools of many crop plants are so depleted in genetic var-
iability that breeders have relied upon wild relatives for sources of disease
resistance and other traits. Although crop germplasm collections contain
many thousands of potentially useful wild accessions, their utilisation is
sometimes hindered by hybridisation barriers preventing interspecific
crosses and/or by undesirable characteristics inherent in exotic germplasm.
Breeders have used exotic germplasm almost exclusively as a source of major
genes for disease and insect resistances, and have mostly relied on repeated
intercrossing of adapted elite genotypes for the improvement of quantitative
traits, like yield and quality.

Tanksley and Nelson (1996) presented a novel alternative to the limitations
inherent in conventional approaches of utilising exotic germplasm. By com-
bining the introgression of novel QTL alleles from exotic sources of germ-
plasm with QTL analysis and discovery, they have been able to demonstrate
significant variation in the expression of a number of agronomically impor-
tant traits. This procedure has been termed advanced-backcross-QTL analy-
sis (AB-QTL). This utilises exotic germplasm as the genetic donor for the
improvement of quantitative agronomic traits and combines marker and
phenotype analysis in advanced backcross generations such as BC2, BC3 or
more recently, crosses such as BC2F2.

To date, several reports on the application of the AB-QTL strategy are
available for tomato, rice, wheat and barley. In each case, favourable exotic
QTL alleles for important agronomic traits have been identified. It is pro-
posed that the introgression of new exotic QTL alleles, will contribute to an
increased level of genetic diversity in a range of cultivated species. An exam-
ple of this has been demonstrated in fruit yield in cultivated tomato. Through
the introgression of wild-species alleles from Lycopersicon pimpinellifolium
and L. peruvianum, fruit yield was increased by up to 17 and 34%, respec-
tively (Tanksley and Nelson 1996; Fulton et al. 1997). Similar results were seen
from AB-QTL studies in rice. In this case, two wild-species QTL alleles have
been associated with an increase of yield by 17 and 18% on rice chromo-
somes 1 and 11, respectively (Xiao et al. 1996, 1998). More recently, Hordeum
spontaneum has been used as a source of novel alleles in barley and in wheat,
synthetic hexaploids created from Triticum dicoccides and Aegilops taushii. In
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both examples, alleles from the exotic germplasm were associated with a pos-
itive effect on agronomic traits.

An alternative approach to that of AB-QTL for utilising genetic variation
within exotic germplasm is to attempt to identify alternative alleles by under-
taking germplasm screens. The use of wild barley (Hordeum vulgare ssp. –
spontaneum) as a source of novel malting quality alleles has been reported by
Eglinton et al. (1998). One hundred and fifty four accessions of H. sponta-
neum were screened for g -amylase polymorphism and three novel alleles
(Bmy1-Sd3, -Sd4, and -Sd5) were identified in addition to those detected in
cultivated barley. The corresponding Sd4 and Sd5 enzymes exhibit intermedi-
ate levels of thermostability, similar to the Sd1 g -amylase. The Sd3 g -amylase
from wild barley exhibits thermostability significantly greater than the other
five allelic forms of g -amylase and as such provides for improved ferment-
ability during processing.

6.3 Whole Genome Breeding

As a result of work carried out on many crop species over the past decade,
markers are becoming available for a large number of important traits. We
have good strategies in place to use these markers to accelerate a number of
breeding techniques, in particular backcrossing. However, we do not have
strategies to manage the introgression of more than about five loci simulta-
neously, whether by direct crossing or by merging crossing streams. A major
problem is that our existing breeding and marker implementation strategies
are based around the selection and monitoring of individual loci. However,
we now have high-throughput marker screening techniques that allow us to
monitor the entire genome. Indeed, since the major cost of marker screening
is the DNA isolation, the more marker information that is gathered for each
line, the greater the cost/benefit ratio. Can we move from a trait-based selec-
tion system to a recombination-based strategy where we manage the entire
genome and select individuals with a particular genome configuration (based
on recombination events)? This approach would offer major gains in the effi-
ciency of breeding programs because it would allow a dramatic reduction in
the sizes of populations needed to achieve a specific outcome. However, to do
this effectively we need to understand and analyse the behaviour of the entire
genome in a breeding program and the major genomic events that have led to
adaptation to our environment.
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7 Conclusions

Molecular markers are now well established as tools in plant breeding and
genetics. They have also provided a major new impetus to plant breeding
programs offering considerable improvements in the efficiency and sophisti-
cation of breeding. Their use as research tools is also well developed and they
have played a key role in improving our understanding of genome organisa-
tion, structure and behaviour for many of our major crops. However, the
application of molecular markers in practical plant breeding has been patchy.
Marker resources and capabilities for marker implementation are largely
unavailable for minor crops. Even for some of the major crops, such as wheat
and rice, markers are not widely used in public breeding programs with a few
notable exceptions. Given their huge potential, this slow acceptance and
implementation is disappointing and is probably related to a lack of flexibility
by many public breeding programs to make the structural and strategic
changes needed for effective marker implementation. It may also be partly
due to the lack of active participation of breeders in the marker development
programs in some countries. As the results of marker application become
more apparent and move from theory to released varieties, this attitude may
change.

The key developmental challenges for molecular markers now lies in devel-
oping new breeding strategies where the objectives will be increasing the
germplasm base and increasing the number of traits that can be effectively
selected simultaneously. The new marker technologies that offer greatly
reduced costs in marker screening and high multiplexing capabilities will be
central to these developments. Essentially we will move to whole genome-
based selection strategies where specific recombinational events are sought
and changes will be assessed on a genome-wide scale. In this way we can look
to better manage chromosome regions that may come from wild relatives or
land races, track several traits at once and keep the population sizes as small
as possible.
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I.2 Genotyping Tools in Plant Breeding:
From Restriction Fragment Length Polymorphisms
to Single Nucleotide Polymorphisms
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1 Introduction

A series of molecular marker types are available for plant genotyping, but no
single technique is generally applicable to the wide range of questions in
plant genome analysis; each available technique exhibits both assets and
drawbacks, thus, a decision is needed which marker system should be used
for which research aim. The marker types differ in information content,
number of scorable polymorphism per reaction, and degree of automation.
In addition, the choice of method often depends on the genetic resolution
needed as well as on technological and financial constraints. Here, we review
the basic principles of the most important techniques and their suitability for
molecular plant breeding.

2 Restriction Fragment Length Polymorphisms

Both the basis and techniques for restriction fragment length polymor-
phisms (RFLPs; Botstein et al. 1980) in plant genome mapping have been
extensively reviewed (Tanksley et al. 1988) and as such will only be briefly
outlined here. In complex plant genomes, RFLPs are detected upon hybrid-
ization of (mainly) single-copy DNA probes to restriction enzyme-
hydrolyzed, agarose gel electrophoresis-separated and nylon membrane-
bound genomic DNA. For the detection of polymorphisms, the DNAs of the
genotypes to be surveyed are digested, usually with various restriction
enzymes, and marker alleles are identified by size differences of the restric-
tion fragments to which the probes hybridize. Thus, RFLP markers are speci-
fied by a clone/restriction enzyme combination. Major sources of RFLP
probes are species-specific genomic DNA and cDNA sequences. The use of
heterologous probes for cross-genome RFLP analysis will be discussed later
in this section.

Biotechnology in Agriculture and Forestry, Vol. 55
Molecular Marker Systems (ed. by H. Lörz and G. Wenzel)
© Springer-Verlag Berlin Heidelberg 2004



RFLPs allowed the construction of whole-genome linkage maps in plants
for the first time (Bernatzky and Tanksley 1986; Helentjaris et al. 1986) and,
thus, the localization of any genetically inherited trait. Despite being ‘old-
fashioned’ and the most time-consuming molecular marker technique, RFLP
analysis still displays high efficiency for the generation of high-density tran-
script genetic maps. The major reason is the availability of diverse, marker-
saturated mapping populations for most crop species allowing simultaneous
parental survey and, thus, the mapping of as many EST (expressed sequence
tag) polymorphisms as possible. In the German GABI genome project, three
barley doubled haploid populations (involving populations Igri × Franka
with 71 lines, Steptoe × Morex with 150 and Oregon Wolfe Barley Dom × Ore-
gon Wolfe Barley Rec with 94) are being exploited to generate a transcript
map comprising 1200 ESTs (http://pgrc.ipk-gatersleben.de/barley–proj
–2001.pdf). In addition to denaturing high-performance liquid chromato-
graphy mapping of single nucleotide polymorphisms (SNPs) between EST
alleles (Kota et al. 2001), the major part of EST mapping is managed through
DNA gel blot hybridizations.

RFLP markers initiated a rapid evolution in the field of comparative
genomics by linking plant genomes through comparative genetic maps. Espe-
cially for species from the same plant family, the use of a common set of het-
erologous, single-copy probes in DNA gel blot experiments allowed the detec-
tion of orthologous marker loci and, thus, the prediction of genomic localiza-
tion of both qualitative and quantitative traits across related species (Gale
and Devos 1998; Doganlar et al. 2002). However, for plant species belonging
to different families, comparative mapping via common probes is difficult
because gene similarities are reduced due to a greater evolutionary diver-
gence time, for which reason gene probes that have remained relatively stable
in both sequence and copy number will be required. Fulton et al. (2002) iden-
tified more than 1000 conserved genes which were referred to as conserved
ortholog set (COS) markers by computationally comparing more than 20,000
tomato ESTs with the Arabidopsis thaliana genome sequence. ESTs having a
single match in the Arabidopsis genome (criterion to avoid problems with
multigene families for which orthology and paralogy cannot be differenti-
ated) were probed against tomato DNA to ensure that these COS markers
were truly single- or low-copy. The evolutionary stability of some of the COS
markers was shown by the consecutive hybridization of ‘garden blots’ (which
were composed of DNA from a wide range of plant species) with tomato ESTs
and their counterpart Arabidopsis probes with both sets detecting (nearly)
identical restriction fragments.

Due to the time-consuming multi-step protocol and the requirement of
radioactivity for satisfying fragment detection, RFLPs lost their importance
in marker-assisted breeding. However, the development of simple PCR mark-
ers from sequenced RFLP probes provides an opportunity to maintain useful
polymorphism found in previous gene mapping studies.
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3 Microsatellites

Microsatellites also termed simple sequence repeats (SSRs), short tandem
repeats (STRs) or sequence-tagged microsatellite sites (STMS) are tandem
repeats of short nucleotide sequence motifs (mono-, di-, tri-, tetra- or penta-
nucleotide units). Microsatellites are abundant and are relatively evenly
spaced throughout eukaryotic genomes (Tautz and Renz 1984). SSR loci are
extremely variable in the number of repeat units among individuals of a
given species (mutation rates for di- and tetranucleotide repeats: 0.001 muta-
tions per generation, Goldstein and Pollock 1997) and can be easily typed via
STS (sequence-tagged site)-PCR due to unique sequences bracketing individ-
ual microsatellites (Weber and May 1989). The opportunity to tag a fast
mutating – repetitive – sequence motif as a simple PCR marker represents the
ideal resource for the development of a valuable, if not the most important,
marker class to be applied in practical plant breeding, particularly in species
otherwise characterized by low levels of genetic diversity. As a consequence,
for the most agriculturally important crops, a huge number of SSR markers
are already publicly available for research (Milbourne et al. 1998; Röder et al.
1998; Cregan et al. 1999; Ramsay et al. 2000; Temnykh et al. 2000; Sharopova
et al. 2002; Song et al. 2002). Furthermore, this type of repetitive sequence is
also occurring within genes as has been demonstrated by searching EST data-
bases for the presence of microsatellites (Eujayl et al. 2002; Hackauf and
Wehling 2002; Thiel et al. 2003). EST-derived SSRs are expected to display
slightly less polymorphisms than genomic library-derived SSRs, as there is
pressure for sequence conservation in coding regions (Scott 2001). However,
the availability of SSR markers from the expressed portion of the genome
might facilitate their transferability across genera, compared to the low effi-
ciency of SSR markers that have been retrieved from gene-poor areas (Peakall
et al. 1998). This approach would benefit plant species with minimal resource
and research expenditure.

For an efficient exploitation of SSR polymorphisms, particularly for dinu-
cleotide repeats, in which alleles may differ by only two base pairs, analysis
on a DNA sequencing instrument is recommended. This further simplifies
scoring of SSR loci showing characteristic sub-banding, the so-called stutter
bands.

4 Random Amplified Polymorphic DNAs

In 1990, Williams et al. and Welsh and McClelland independently described
the utilization of a single, random-sequence oligonucleotide primer in a low-
stringency PCR (35–45°C) for the simultaneous amplification of several dis-
crete DNA fragments referred to as random amplified polymorphic DNA
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(RAPD) and arbitrarily primed PCR (AP-PCR), respectively. Usually, ten-base
oligomers of varying GC content (ranging from 40 to 100%) are applied.
RAPDs are qualified as genetic markers, since short and inverted repeats on
complementary strands to which the primer hybridize, are more or less regu-
larly spaced throughout the genome. Polymorphism between individuals
results primarily from sequence differences in one or both primer sites or
from indels (insertions-deletions) exceeding the PCR-amplifiable distance,
and are visible in conventional agarose gel electrophoresis as presence or
absence of a particular RAPD band. RAPDs predominantly provide domi-
nant markers, but homologous alleles can sometimes be identified with the
help of detailed pedigree information.

Most advantageous for this molecular marker technique is the use of uni-
versal primers enabling the cost-effective accomplishment of various genetic
analyses in a short period of time (for review: Tingey and del Tufo 1993).
Nevertheless, due to frequently observed problems with reproducibility of
overall RAPD profiles and specific bands, this marker class is often treated
with reserve (Ellsworth et al. 1993; Muralidharan and Wakeland 1993; Schier-
water and Ender 1993). In replication studies by Pérez et al. (1998), misprim-
ing error amounted up to 60%. To overcome this problem, Paran and Michel-
more (1993) converted RAPD fragments to simple and robust PCR markers
termed sequence characterized amplified regions (SCARs). Primer pairs are
deduced from cloned RAPD fragments by usually extending the original
decamer primer sequence with 10–15 bases.

A modified approach of the RAPD technique, DNA amplification finger-
printing (DAF; Caetano-Anollés et al. 1991) employs one or more primers as
short as five nucleotides in length to produce complex banding patterns that
are resolved by polyacrylamide gel electrophoresis. A further enhancement in
detection of polymorphic DNA was achieved by profiling endonuclease-
digested DNA (Caetano-Anollés et al. 1993). Advances in the fingerprinting
of small templates up to 250 kb (e.g., BACs) were achieved with primers har-
boring an arbitrary sequence of only three nucleotides if a stable mini-
hairpin was attached to their 5'-ends (Caetano-Anollés and Gresshoff 1994).

5 Amplified Fragment Length Polymorphisms

Like RAPD, amplified fragment length polymorphism (AFLP; Vos et al. 1995)
is a universal, multi-locus marker technique that can be applied to genomes
of any source or complexity. The method is based on the selective PCR ampli-
fication of restriction fragments from a total double-digest of genomic DNA
under high stringency conditions. Oligonucleotide adaptors are ligated to the
restricted DNA, which serve with the restriction site sequences as target sites
for primer annealing. By using primers having extensions into the restriction
fragments, the specific amplification of only those fragments matching the
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primers is achieved. The option to permute the order of the selective bases
and to recombine the primers with each other theoretically discloses the
chance of the gradual collection of all restriction fragments from a particular
enzyme combination showing a suitable size for DNA fragment analysis from
a genotype. AFLP products need to be separated in high-resolution electro-
phoresis systems. Thus, a well-balanced number of amplified restriction frag-
ments ranges from 50–150. A major improvement has been made by switch-
ing from radioactive to fluorescent dye-labeled primers for the detection of
fragments in gel-based or capillary DNA sequencers in which fluorescently
labeled fragments pass the detector near the bottom of the gel/the end of the
capillary, resulting in a linear spacing of DNA fragments and, therefore,
increasing the resolution over the whole size range (Schwarz et al. 2000).

A two-step amplification strategy was developed for complex genomes
(109–1010 bp) using six- (EcoRI, PstI, HindIII) and four-base (MseI, TaqI) cut-
ters for AFLP template preparation and three selective nucleotides on both
primers. The first PCR amplification step utilizes primers each having a sin-
gle selective nucleotide and reduces the overall complexity of the mixture up
to 16-fold, allowing the target sequence to become the predominant species.
PCR products from preamplification are diluted and used as templates for a
second amplification round using primers with full base extensions.
Although the complexity is reduced with each additional selective nucleotide,
the selectivity is maintained with nucleotide extensions to a maximum of
three selective bases. For small plant genomes (107–108 bp), two to three
selective nucleotides on the 3'-end of each primer are sufficient to reveal
polymorphism. Another widespread enzyme system substitutes six-base for
eight-base cutting enzymes, such as Sse8387I or its isoschizomer SdaI, and
usually employs two to three selective bases on both primers (Law et al. 1998;
Hartl et al. 1999).

Due to its capacity to reveal many polymorphic bands in a single reaction,
the AFLP technique has been extensively used with plant DNA for the con-
struction of both whole-genome (Becker et al. 1995; Keim et al. 1997;
Haanstra et al. 1999; Vuylsteke et al. 1999; Chalmers et al. 2001) and high-
resolution maps around loci that control agronomically important traits
(Thomas et al. 1995; Büschges et al. 1997; Simons et al. 1998; Schwarz et al.
1999; Ballvora et al. 2001). Furthermore, AFLP markers have been proven to
be reliable and reproducible not only within, but also among mapping popu-
lations, for which reason allele-specificity of comigrating AFLP markers has
been used for aligning genetic maps from different genotypes (Rouppe van
der Voort et al. 1997; Waugh et al. 1997a; Groh et al. 2001; Singrün et al.
2003). Consequently, AFLP provided an ideal tool for estimating genetic vari-
ation of both cultivated and natural populations (Travis et al. 1996; Barrett
and Kidwell 1998).

The AFLP technique can be modified so that one primer is obtained from
a known multi-copy sequence to detect sequence-specific amplification poly-
morphisms (S-SAP). This approach has been used successfully to generate
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genome-wide Bare-1 retrotransposon-like markers in barley (Waugh et al.
1997b) and diploid Avena (Yu and Wise 2000) as well as in alfalfa by making
use of consensus sequences from long terminal repeats (LTRs) of Tms1 retro-
transposon (Porceddu et al. 2002). Based on the LTR regions of retrotrans-
posable elements Tps12 and Tps19 of pea (Pearce et al. 2000) and Ty1-copia of
sweetpotato (Berenyi et al. 2002) S-SAP systems were established for their use
in genetic diversity studies.

The cDNA-AFLP technique (Bachem et al. 1996), which applies the stan-
dard AFLP protocol on a cDNA template, was used to display transcripts
whose expression was rapidly altered during race-specific resistance reaction
(Durrant et al. 2000), for the isolation of differentially expressed genes from
a specific chromosome region using aneuploids (Money et al. 1996; Kojima et
al. 2000) and for the construction of genome-wide transcriptome maps
(Brugmans et al. 2002).

6 Single Nucleotide Polymorphisms

The next generation of genetic markers is based on SNPs, which are defined
as single nucleotide positions in a given DNA stretch at which there are varia-
tions between different individuals within a species. Thus, single base inser-
tion/deletion (indels) variants would not formally be considered to be SNPs
(Brookes 1999). In general, SNPs are the most common form of DNA
sequence polymorphisms and, therefore, sufficiently abundant for compre-
hensive haplotype analyses. In the human genome SNPs occur once every
100–300 bases, but up to now there is not much information about the fre-
quency of SNPs in plant genomes. Only for Arabidopsis thaliana, a collection
of 37,344 predicted SNPs between the whole genome sequences of two eco-
types is documented, and estimated to occur at one out of every 3.3 kb
(http://www.arabidopsis.org/cereon/). In addition, the binary (di-allelic)
character and stability from generation to generation make SNPs amenable
to automated, high-throughput genotyping and, therefore, an attractive tool
for quantitative trait loci (QTL) mapping studies and marker-assisted selec-
tion in plant breeding programs.

The basic method for determination of SNP genotypes has been Sanger
dideoxysequencing. Since sequencing generates more information than nec-
essary, misses SNPs when the DNA template is heterozygous and, thus, is
time-consuming and very expensive, other gel-based assays were applied for
SNP genotype detection. A widely used agarose gel-based SNP detection
technique is PCR-RFLP (Fig. 1A), also referred to as cleaved amplified poly-
morphic sequence (CAPS; Konieczny and Ausubel 1993). A target DNA seg-
ment containing a SNP is amplified by PCR and the product is incubated with
an appropriate restriction enzyme, which cuts the molecule if it contains the
SNP variant creating the recognition site, but not if it contains the other.
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Though CAPS analysis is performed routinely in many laboratories, the time-
consuming post-PCR digestion step limits its application for small-scale
experiments. Allele-specific PCR (AS-PCR, Fig. 1B) is a further agarose gel-
based method to assay SNPs by using oligonucleotide primers with 3'-
nucleotides complementary to the SNP site (Ugozzoli and Wallace 1991).
Allele-specific primers perfectly match only with the corresponding alleles,
whereas they have 3'-mismatches with the alternative alleles. Since in many
cases a single base pair change at the 3'-end of alleles is not sufficient for
robust allele discrimination, AS-PCR procedure was improved by utilizing
competing polymorphism-detecting primers (Mohler and Jahoor 1996; See et
al. 2000; Ellis et al. 2002) or by introducing artificial mismatches at 3'-
subterminal positions of the allele-specific primers (Drenkard et al. 2000).
Another important technology for SNP scoring is single-stranded conforma-
tion polymorphism analysis (SSCP; Orita et al. 1989; Fig. 1C). Allele discrimi-
nation relies on the secondary structure being different for single-stranded
DNA derived from PCR products that differ by one or more internal nucleo-
tides. PCR products are denatured and electrophoretically separated in native
polyacrylamide gels. Differences in electrophoretic mobility between ampli-
cons from the wild type and mutant genotype, respectively, will suggest the
presence of SNP(s). Even though SSCP analysis is simple, accurate and rela-
tively inexpensive, the polyacrylamide gel-based assay format prevents its use
for high-throughput allele typing.

The limitations of the above-mentioned techniques for high-throughput
SNP genotyping forced the development of new technology platforms utiliz-
ing the reaction principles of minisequencing, heteroduplex analysis and
allele-specific hybridization.

The robust detection of known mutations using minisequencing (Fig. 1D)
bases on oligonucleotides which anneal immediately upstream of the query
SNP to be extended by single dideoxynucleotides (ddNTPs) in cycle sequenc-
ing reactions. The fidelity of thermostable proof-reading DNA polymerases
guarantees that only the complementary ddNTP is incorporated. Several
detection methods have been described for the discrimination of primer
extension (PEX) products. Most popular is the use of dideoxynucleotide ter-
minators which are labeled with different fluorescent dyes. The differentially
dye-labeled PEX products can readily be detected on CCD camera-based
DNA sequencing instruments. For minisequencing in parallel, solid-phase
assays with detection by fluorescence scanning, also denoted arrayed primer
extension (APEX) were developed, in which one detection primer per SNP is
covalently immobilized on glass slides. Prior to analysis, single-stranded
templates are prepared through degrading one strand of PCR products by
digestion with an exonuclease enzyme (Shumaker et al. 1996). Both gel- and
array-based PEX approaches were applied for SNP analysis in barley (Kana-
zin et al. 2002). Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry is another well-suited method for detec-
tion and discrimination of small DNA molecules. Due to the inherent molec-
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ular weight difference of DNA bases, incorporated nucleotides are identified
by the increase in mass of extended primers. The MALDI-TOF method is par-
ticularly advantageous for detection of PEX products in multiplex (Ross et al.
1998; Paris et al. 2002). In the pyrosequencing format, real-time monitoring
of PEX relies on the bioluminometric detection of inorganic pyrophosphate
released upon incorporation of deoxynucleotide triphosphate (Ahmadian et
al. 2000). The genotype of a SNP is determined by the sequential addition
(and degradation) of nucleotides. The yielded light is proportional to the
amount of incorporated nucleotides, for which reason pyrosequencing is
qualified for the quantitative estimation of allele frequencies in pooled DNA
samples. Furthermore, pyrosequencing proved to be an appropriate method
for genotyping SNPs in polyploid plant genomes, such as potato, because all
possible allelic states of binary SNPs could be accurately distinguished (Rick-
ert et al. 2002).

Heteroduplex analysis (Fig. 1E) uses the different electrophoretic mobility
behaviors of homoduplex and heteroduplex DNA molecules. The most
straightforward method is denaturing high-performance liquid chromatog-
raphy (DHPLC), an ion-pair reversed-phase chromatography method, which
allows the detection of single mismatches in PCR products by injecting them
into an adequately preheated mobile phase that results in partial denatur-
ation of the DNA molecules (Oefner and Underhill 1998). Owing to reduced
melting temperatures, heteroduplexes will be eluted earlier from the column
than the homoduplexes. Besides scoring of known SNPs, DHPLC can be
applied for the rapid and cost-effective scanning of unknown mutations in
DNA amplicons (Cho et al. 1999). DHPLC was reported to have greater than
99% sensitivity in detecting unknown SNPs and mutations between two Ara-
bidopsis thaliana ecotypes (Spiegelman et al. 2000).

Oligonucleotide hybridization probes (Fig. 1F) are also an attractive tool
for SNP genotyping. Under optimized assay conditions, the SNP discrimina-
tion is solely based on differences in melting temperature (Tm) of the two
probe–template hybrid classes. For high reliability of SNP genotype calling,
Tm differences have to be maximized by using probes as short as possible.
Originally, allele-specific hybridization (ASH) used the dot blot format where
probes hybridized to membrane-bound genomic DNA or PCR fragments.
Meanwhile the advanced, PCR-based dynamic allele-specific hybridization
(DASH) method in a microtiter plate format is available (Howell et al. 1999).
Since one of the PCR primers is biotinylated at the 5'-end, the PCR products
can be bound to streptavidin-coated wells and denatured under alkaline con-
ditions. An oligonucleotide probe, complementary to one allele, is added to
the single-stranded target DNA molecules. The differences in melting curves
are measured by slowly heating and observing the change in fluorescence of
a double-strand-specific, intercalating dye. Large-scale scanning of SNPs in a
huge number of loci by allele-specific hybridization can be performed on
high-density oligonucleotide chips (Wang et al. 1998). Another interesting
option for SNP scoring by hybridization is provided by the use of fluoresc-
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ently labeled allele-specific oligonucleotides such as Taqman (Livak et al.
1995) and Molecular Beacon (Tyagi and Kramer 1996) DNA probes. Both sys-
tems use two fluorogenic probes for allele discrimination, one for each allele.
Typically, the probes are labeled with different reporter dyes at the 5'- and a
quencher dye at the 3'-end. In the intact Taqman probe, fluorescence of the
reporter dye is quenched by the close proximity of the 3'-dye label due to
fluorescence resonance energy transfer (FRET). After hybridization of the
probes to the target alleles, degradation of probes by the 5'3' exonuclease
activity of the processing Taq DNA polymerase during PCR extension steps
interrupts the interaction of the dye molecules resulting in a fluorescent sig-
nal. Contrary to linear Taqman probes, Molecular Beacons form a hairpin
structure due to complementary 5'- and 3'-ends which brings the reporter
and quencher into immediate vicinity of one another. Hybridization of the
probe to the target sequence during PCR annealing steps results in lineariza-
tion and subsequent emission of fluorescence signals.

Besides Taqman and Molecular Beacon probes, other allele-specific
hybridization assays were developed for SNP genotype determination: Scor-
pion assays combine forward primer and probe in a single molecule (The-
lwell et al. 2000), Padlock assays use oligonucleotide probes to be ligated into
circles upon target recognition and isothermal rolling circle amplification
(Nilsson et al. 1997) and invasive cleavage assays involve a FLAP 5'-
endonuclease that is specific for a three-dimensional structure formed by two
(the Invader and the primary SNP detection probe) overlapping oligonucleo-
tides (Lyamichev et al. 1999).

7 Conclusions

A wide range of marker techniques is now available for genotyping plant
genomes. Meanwhile, markers are employed not only in plant breeding
research, but also in practical plant breeding. In order to exploit the full
power of each marker class, one has to make its special character consistent
with the desired application. Unfortunately, highly informative marker types
like SSRs and SNPs have been elaborated for only a few well-studied crop
plants. Due to the lack of sequencing and mapping data, genotyping in
‘undiscovered’ plant genomes still has to be performed using universal
marker techniques like RAPD and AFLP. However, the strong synteny
between closely related species will allow, to a certain extent, the transfer of
marker information thereby increasing the molecular marker pool in
genomes of plant families. Finally, reducing genotyping costs for high-
throughput techniques, e.g., microarrays, is a major challenge for the com-
prehensive integration of markers into plant breeding programs.
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Pérez T, Albornoz J, Domı́nguez A (1998) An evaluation of RAPD fragment reproducibility and
nature. Mol Ecol 7:1347–1358

Porceddu A, Albertini E, Barcaccia G, Marconi G, Bertoli F, Veronesi F (2002) Development of
S-SAP markers based on an LTR-like sequence from Medicago sativa L. Mol Gen Genomics
267:107–114

Ramsay L, Macaulay M, Degli Ivanissevich S, MacLean K, Cardle L, Fuller J, Edwards KJ, Tuves-
son S, Morgante M, Massari A, Maestri E, Marmiroli N, Sjakste T, Ganal M, Powell W, Waugh
R (2000) A simple sequence repeat-based linkage map of barley. Genetics 156:1997–2005

Rickert AM, Premstaller A, Gebhardt C, Oefner PJ (2002) Genotyping of SNPs in a polyploid
genome by pyrosequencingTM. Biotechniques 32:592–603

Röder MS, Korzun V, Wendehake K, Plaschke J, Tixier MH, Leroy P, Ganal MW (1998) A micro-
satellite map of wheat. Genetics 149:2007–2023

Ross P, Hall L, Smirnov I, Haff L (1998) High level multiplex genotyping by MALDI-TOF mass
spectrometry. Nat Biotechnol 16:1347–1351

Rouppe van der Voort JNAM, van Zandvoort P, van Eck HJ, Folkertsma RT, Hutten RCB, Dra-
aistra J, Gommers FJ, Jacobsen E, Helder J, Bakker J (1997) Use of allele specificity of comig-
rating AFLP markers to align genetic maps from different potato genotypes. Mol Gen Genet
255:438–447

Schierwater B, Ender A (1993) Different thermostable DNA polymerases may amplify different
RAPD products. Nucleic Acids Res 21:4647–4648

Schwarz G, Michalek W, Mohler V, Wenzel G, Jahoor A (1999) Chromosome landing at the Mla
locus in barley (Hordeum vulgare L.) by means of high resolution mapping with AFLP mark-
ers. Theor Appl Genet 98:521–530

Schwarz G, Herz M, Huang XQ, Michalek W, Jahoor A, Wenzel G, Mohler V (2000) Application
of fluorescence-based semi-automated AFLP analysis in barley and wheat. Theor Appl Genet
100:545–551

Scott KD (2001) Microsatellites derived from ESTs, and their comparison with those derived by
other methods. In: Henry RJ (ed) Plant genotyping: the DNA fingerprinting of plants. CABI
Publishing, Oxford, pp 225–237

36 V. Mohler and G. Schwarz



See D, Kanazin V, Talbert H, Blake TK (2000) Electrophoretic detection of single nucleotide
polymorphisms. Biotechniques 28:710–716

Sharopova N, McMullen MD, Schultz L, Schroeder S, Sanchez-Villeda H, Gardiner J, Bergstrom
D, Houchins K, Melia-Hancock S, Musket T, Duru N, Polacco M, Edwards K, Ruff T, Register
JC, Brouwer C, Thompson R, Velasco R, Chin E, Lee M, Woodman-Clikeman W, Long MJ, Lis-
cum E, Cone K, Davis G, Coe EH Jr (2002) Development and mapping of SSR markers for
maize. Plant Mol Biol 48:483–499

Shumaker JM, Metspalu A, Caskey CT (1996) Mutation detection by solid-phase primer exten-
sion. Hum Mutat 7:346–354

Simons G, Groenendijk J, Wijbrandi J, Reijans M, Groenen J, Diergaarde P, van der Lee T, Blee-
ker M, Onstenk J, de Both M, Haring M, Mes J, Cornelissen B, Zabeau M, Vos P (1998) Dissec-
tion of the Fusarium I2 gene cluster in tomato reveals six homologs and one active gene copy.
Plant Cell 10:1055–1068

Singrün Ch, Hsam SLK, Hartl L, Zeller FJ, Mohler V (2003) Powdery mildew resistance gene
Pm22 in cultivar Virest is a member of the complex Pm1 locus in common wheat (Triticum
aestivum L. em Thell.). Theor Appl Genet 106:1420–1424

Song QJ, Fickus EW, Cregan PB (2002) Characterization of trinucleotide SSR motifs in wheat.
Theor Appl Genet 104:286–293

Spiegelman JI, Mindrinos MN, Oefner PJ (2000) High-accuracy DNA sequence variation screen-
ing by DHPLC. Biotechniques 29:1084–1092

Tanksley SD, Miller J, Paterson A, Bernatzky R (1988) Molecular mapping of plant chromo-
somes. In: Gustafson JP, Appels R (eds) Chromosome structure and function – impact of new
concepts. Proceedings of the 18th Stadler genetics symposium. Plenum Press, New York, pp
157–173

Tautz D, Renz M (1984) Simple sequences are ubiquitous repetitive components of eukaryotic
genomes. Nucleic Acids Res 12:4127–4138

Temnykh S, Park WD, Ayres N, Cartinhour S, Hauck N, Lipovich L, Cho YG, Ishii T, McCouch
SR (2000) Mapping and genome organization of microsatellite sequences in rice (Oryza
sativa L.). Theor Appl Genet 100:697–712

Thelwell N, Millington S, Solinas A, Booth J, Brown T (2000) Mode of action and application of
Scorpion primers to mutation detection. Nucleic Acids Res 28:3752–3761

Thiel T, Michalek W, Varshney RK, Graner A (2003) Exploiting EST databases for the develop-
ment and characterization of gene-derived SSR-markers in barley (Hordeum vulgare L.).
Theor Appl Genet 106:411–422

Thomas CM, Vos P, Zabeau M, Jones DA, Norcott KA, Chadwick BP, Jones JDG (1995) Identifi-
cation of amplified restriction fragment polymorphism (AFLP) markers tightly linked to the
tomato Cf-9 gene for resistance to Cladosporium fulvum. Plant J 8:785–794

Tingey SV, del Tufo JP (1993) Genetic analysis with RAPD markers. Plant Physiol 101:349–352
Travis SE, Maschinski J, Keim P (1996) An analysis of genetic variation in Astragalus cremno-

phylax var. cremnophylax, a critically endangered plant, using AFLP markers. Mol Ecol
5:735–745

Tyagi S, Kramer FR (1996) Molecular beacons: probes that fluoresce upon hybridization. Nat
Biotechnol 14:303–308

Ugozzoli L, Wallace RB (1991) Allele-specific polymerase chain reaction. Methods Enzymol
2:42–48

Vos P, Hogers R, Bleeker M, Reijans M, Van De Lee T, Hornes M, Frijters A, Pot J, Peleman J,
Kuiper M, Zabeau M (1995) AFLP: a new technique for DNA fingerprinting. Nucleic Acids
Res 23:4407–4414

Vuylsteke M, Mank R, Antonise R, Bastiaans E, Senior ML, Stuber CW, Melchinger AE, Lübbers-
tedt T, Xia XC, Stam P, Zabeau M, Kuiper M (1999) Two high density AFLP linkage maps of
Zea mays L.: analysis of distribution of AFLP markers. Theor Appl Genet 99:921–935

Wang DG, Fan J-B, Siao C-J, Berno A, Young P, Sapolsky R, Ghandour G, Perkins N, Winchester
E, Spencer J, Kruglyak L, Stein L, Hsie L, Topaloglou T, Hubbell E, Robinson E, Mittmann M,
Morris MS, Shen N, Kilburn D, Rioux J, Nusbaum C, Rozen S, Hudson TJ, Lipshutz R, Chee

Genotyping Tools in Plant Breeding 37



M, Lander ES (1998) Large-scale identification, mapping, and genotyping of single-
nucleotide polymorphisms in the human genome. Science 280:1077–1082

Waugh R, Bonar N, Baird E, Thomas B, Graner A, Hayes P, Powell W (1997a) Homology of
AFLP products in three mapping populations of barley. Mol Gen Genet 255:311–321

Waugh R, Mclean K, Flavell AJ, Pearce SR, Kumar A, Thomas BBT (1997b) Genetic distribution
of Bare-1-like retrotransposable elements in the barley genome revealed by sequence-specific
amplification polymorphism (S-SAP). Mol Gen Genet 253:687–694

Weber JL, May PE (1989) Abundant class of human DNA polymorphism which can be typed
using the polymerase chain reaction. Am J Hum Genet 44:388–396

Welsh J, McClelland M (1990) Fingerprinting genomes using PCR with arbitrary primers.
Nucleic Acids Res 18:7213–7218

Williams JGK, Kubelik AR, Livak KJ, Rafalski JA, Tingey SV (1990) DNA polymorphisms ampli-
fied by arbitrary primers are useful as genetic markers. Nucleic Acids Res 18:6531–6535

Yu G-X, Wise RP (2000) An anchored AFLP- and retrotransposon-based map of diploid Avena.
Genome 43:736–749

38 V. Mohler and G. Schwarz



I.3 A Model Crop Species: Molecular Markers in Rice

D.J. Mackill and K.L. McNally1

1 International Rice Research Institute (IRRI), DAPO Box 7777, Metro Manila, Philippines

1 Introduction

Molecular markers were being used in the study of rice genetics even before
the emergence of techniques for easy manipulation of DNA. Morphological
markers had relatively limited applications, but isozyme markers were used
extensively to study rice systematics (Second 1982; Glaszmann 1987). The
development of restriction fragment length polymorphism (RFLP) markers
and, subsequently, random amplified polymorphic DNA (RAPD), amplified
fragment length polymorphism (AFLP), and microsatellite or simple
sequence repeat (SSR) markers allowed the genetic mapping of many impor-
tant traits. Use of these markers for rice has been recently reviewed (Mackill
and Ni 2001; Temnykh et al. 2001; Xu 2002).

Model species have been used extensively in biology. The first model plant
species chosen was Arabidopsis, and its complete genome sequence has been
published recently (Kaul et al. 2000). Rice is the second model plant species,
and it is a representative of monocot plants, in addition to its immense agri-
cultural importance. Rice has many practical advantages for use in molecular
genetics research, which include its small genome size and relatively low
amount of repetitive DNA, its diploid nature, and its ease of manipulation in
tissue culture. Table 1 lists the major milestones in the development of rice as
a model crop species. The completion of a high-quality draft of the rice
genome sequence by the International Rice Genome Project was announced
on 18 December 2002 (http://rgp.dna.affrc.go.jp/rgp/Dec18–NEWS.html).

The term “molecular markers” usually signifies the use of DNA fragments
from locations in the genome to map and follow the segregation of these frag-
ments or observe underlying genetic variation. A useful feature of molecular
markers is that the fragments themselves need have no function; their utility
lies in the ease with which they can be assayed and the amount of informa-
tion relative to genetic variation they impart. In this sense, a major value of
markers is that they can be applied easily in any crop. Nevertheless, the enor-
mity of the accumulated genetic information on rice offers unique opportuni-
ties for the development and deployment of molecular markers for breeding
applications and advanced biological studies.
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Table 1. Milestones in the molecular genetic analysis of rice

Milestone References

First RFLP map McCouch et al. (1988)
Transgenic japonica rice Toriyama et al. (1988); Zhang et al. (1988); Zhang and Wu

(1988)
Transgenic indica rice Datta et al. (1988)
Major gene mapping Yu et al. (1991)
RAPD markers Zheng et al. (1991)
Microsatellite markers (SSR) Zhao and Kochert (1992, 1993); Wu and Tanksley (1993)
QTL mapping Ahn et al. (1993); Wang et al. (1994)
Agrobacterium transformation Hiei et al. (1994)
Positional cloning Song et al. (1995)
AFLP markers Cho et al. (1996); Mackill et al. (1996)
Rice YAC library Umehara et al. (1996)
Rice BAC library Jiang et al. (1995); Wang et al. (1995)
Rice genome draft Goff et al. (2002); Yu et al. (2002)

Several useful applications of molecular markers are facilitated or
enhanced by the availability of the rice genome sequence, and these will be
greatly augmented with the discovery of functionally important genes. These
advantages are already being realized in Arabidopsis. The sequence informa-
tion itself can be used to identify new microsatellite markers in particular
regions for saturation mapping at high resolution (Casacuberta et al. 2000).
This approach has been used to identify 2537 of the 2740 experimentally veri-
fied SSR primer pairs now available (McCouch et al. 2002). Orthologous
genomic sequences from two or more sources can also be used to develop
single nucleotide polymorphisms (SNPs) that can be used to map or identify
candidate genes through association mapping (Buckler and Thornsberry
2002; Rafalski 2002a, b). High-throughput genetic mapping using multi-
plexed SSRs and small mapping populations can be used to rapidly map
important genes (Ponce et al. 1999) and determine their sequence in rela-
tively small positional cloning experiments (Lukowitz et al. 2000).

The identification of the function of known genes will follow from the
annotation of the sequence of the entire rice genome. Those genes having
only “hypothetical” as the rationale for their annotation will need to be iden-
tified through the efforts of functional genomics. Following assignment of
function, the most difficult and important part of this process will be the dis-
covery of useful allelic variation for genes that affect economically important
traits. Techniques that allow the mining of these useful alleles will produce
the most useful molecular markers. These represent DNA sequence changes
that confer improved phenotype in plants, and they can be used directly to
follow segregation of these genes in segregating populations.
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2 Gene Mapping with Molecular Markers in Rice

2.1 Molecular Maps

Rice benefited early from the development of RFLP maps, largely because of
the coordinated rice biotechnology program of the Rockefeller Foundation
and later the Rice Genome Program of Japan. The first genetic map was pub-
lished in 1988 (McCouch et al. 1988), and this was followed by much denser
maps (Causse et al. 1994; Harushima et al. 1998). RFLP markers were used to
map several important traits in rice. These markers were very useful because
of their reliability and well-defined map location. However, PCR-based mark-
ers such as RAPDs, AFLPs, and SSRs became more popular because of their
ease of use. AFLP markers were particularly useful because of the large num-
ber of markers that could be determined with few reactions (Cho et al. 1998).
They have also been useful in fine-scale mapping because of the potentially
large number of markers available (Xu et al. 2000). However, SSR markers
have proven to be the most popular because of their high polymorphism and
codominant inheritance (Chen et al. 1997; Temnykh et al. 2000). Primers and
map positions for thousands of SSR markers are now available with an exper-
imentally verified SSR placed on average every 157 kb of sequence (McCouch
et al. 2002), and researchers can develop their own markers from the
sequence data.

Early mapping studies relied on F2 or F2-derived F3 (F2:3) populations,
which are still useful for major gene traits because they are easy to develop.
However, these populations have limited use beyond the initial study and
they cannot be easily regenerated or maintained. Fixed populations devel-
oped by repeated self-pollination (recombinant inbred lines, RILs), anther
culture (doubled haploids, DHs), or backcrossing (near-isogenic lines, NILs;
substitution lines, near-isogenic introgression lines, NIILs) are preferred
because they can be replicated indefinitely and used in many studies. Xu
(2002) listed 14 permanent mapping populations being used in rice, but
undoubtedly more have been developed. Molecular mapping data are avail-
able for these populations, and it is therefore easy to add new traits, assuming
that genetic variation exists for these traits.

2.2 Mapping Useful Genes

The mapping of important traits, including those controlled by major genes
or quantitative trait loci (QTLs), has been reviewed previously (Yano and
Sasaki 1997; Mackill 1999; Mackill and Ni 2001; Xu 2002). Genetic mapping
has resulted in much useful information on important major genes such as
those for disease resistance and morphological traits. This information is
particularly helpful in clarifying the allelism of genes conferring similar phe-
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notypes. Linked markers are already being used in marker-assisted selection
(MAS) programs for developing improved rice cultivars (Chen et al. 2000;
Hittalmani et al. 2000; Sanchez et al. 2000; Gregorio et al. 2002).

The accumulated information is particularly interesting for identifying
QTLs. One problem of mapping QTLs is that those with a relatively small
effect (i.e., most of them) are difficult to accurately identify and map with
good resolution. However, when several traits are being mapped in different
populations and/or different environments, the nature of QTL variation in
different germplasm can be assessed. Xu (2002) has provided examples of
QTLs mapped across different populations. These comparisons indicate that
some QTLs are important in diverse varieties and environments, while others
are specific to a particular cultivar or location.

One of the implications of this finding is that the results from a single QTL
study do not reveal a complete picture of the genetic control of a trait. Most
QTL studies have used a parent with a high expression of the trait of interest.
QTLs with the largest effects are the most interesting to breeders. However,
different QTLs may show a strong effect in different donors, or under differ-
ent conditions. Molecular approaches for identifying this type of variation
(i.e., allele mining) will be described below. A sequential backcrossing
approach, in which up to 200 “donors” representing maximum genetic diver-
sity are crossed to one or a few elite cultivars, was described by Li (2001).
Selection is practiced during the backcrossing stage to maximize the occur-
rence of desirable genotypes and allow the identification of chromosomal
segments associated with improved phenotype. This approach will sample a
larger number of alleles than standard QTL analysis, and will also allow the
identification of alleles that express well in a desirable genetic background.

3 Positional Cloning

3.1 Examples of Positional Cloning in Rice

The positional cloning approach is appropriate for situations in which a gene
is identified based on phenotype, but its function is unknown (forward
genetics approach). This is the situation for most genes affecting agronomic
traits. This approach has been used extensively in Arabidopsis and increas-
ingly in rice.

The first gene cloned by this approach in rice (and in any monocot) was
the Xa21 gene for resistance to bacterial blight disease (Song et al. 1995). Sev-
eral additional genes have been cloned by a map-based approach (Table 2),
and many ongoing projects will result in new genes in the near future. While
most of these projects involve major genes, two QTLs that control heading
date, Hd1 and Hd6, have been cloned. Hd1 is an allele of the photoperiod-
sensitive gene Se1, which is inherited as a major gene in many cultivars, but

42 D.J. Mackill and K.L. McNally



Ta
bl

e
2.

Po
si

ti
on

al
cl

on
in

g
of

ge
ne

s
in

ri
ce

re
po

rt
ed

in
th

e
lit

er
at

ur
e

G
en

e
Tr

ai
t

So
ur

ce
of

al
le

le
D

es
cr

ip
ti

on
of

ge
ne

Po
pu

la
ti

on
si

ze
fo

r
m

ap
D

es
cr

ip
ti

on
of

ho
w

ge
ne

w
as

is
ol

at
ed

R
ef

er
en

ce

X
a2

1
B

ac
te

ri
al

bl
ig

ht
re

si
st

an
ce

O
.l

on
gi

st
am

in
at

a
R

ec
ep

to
r

ki
na

se
w

it
h

LR
R

38
6

R
FL

P
m

ar
ke

r
R

G
10

3
co

se
gr

eg
at

in
g

w
it

h
X

a2
1

w
as

us
ed

to
pr

ob
e

B
A

C
su

bc
lo

ne
s

w
hi

ch
w

er
e

tr
an

sf
or

m
ed

in
to

T
P3

09

So
ng

et
al

.
(1

99
5)

X
a1

B
ac

te
ri

al
bl

ig
ht

re
si

st
an

ce
IR

B
B

1,
K

og
yo

ku
N

B
S-

LR
R

42
25

Se
le

ct
ed

by
ho

m
ol

og
y

fr
om

7
cD

N
A

se
qu

en
ce

s
th

at
co

se
gr

eg
at

ed
w

it
h

X
a1

Yo
sh

im
ur

a
et

al
.

(1
99

8)

d1
D

w
ar

f
FL

2
(m

ut
an

t)
§

su
bu

ni
t

of
G

T
P

bi
nd

in
g

pr
ot

ei
n

13
,0

00
Id

en
ti

fi
ed

fr
om

a
cD

N
A

fr
ag

m
en

t
co

se
gr

eg
at

in
g

w
it

h
d1

A
sh

ik
ar

i
et

al
.

(1
99

9)

Pi
b

B
la

st
re

si
st

an
ce

To
ho

ku
IL

9
(f

ro
m

so
ur

ce
E

ng
ka

te
k)

N
B

S-
LR

R
re

si
s-

ta
nc

e
ge

ne
33

05
Tr

an
sc

ri
be

d
ge

ne
w

it
h

N
B

S
w

as
fo

un
d

in
80

-k
b

re
gi

on
de

te
rm

in
ed

by
re

co
m

bi
na

ti
on

W
an

g
et

al
.

(1
99

9)

H
d1

Se
1,

ph
ot

op
er

io
d

se
ns

it
iv

it
y

N
ip

on
ba

re
-

K
as

al
at

h
Tr

an
sc

ri
pt

io
n

fa
c-

to
r

ho
m

ol
og

ou
s

to
C

O
N

ST
A

N
S

G
90

00
R

eg
io

n
lim

it
ed

to
12

kb
by

re
co

m
bi

na
ti

on
fo

un
d

to
co

nt
ai

n
th

e
C

O
N

ST
A

N
S

ho
m

ol
og

Ya
no

et
al

.
(2

00
0)

Pi
-t

a
B

la
st

re
si

st
an

ce
Ta

du
ka

n
C

yt
op

la
sm

ic
re

ce
pt

or
,N

B
S

N
ot

re
po

rt
ed

C
an

di
da

te
w

it
h

N
B

S
w

as
id

en
ti

fi
ed

in
se

qu
en

ce
s

of
B

A
C

cl
on

es
sp

an
ni

ng
ab

ou
t

85
0

kb

B
ry

an
et

al
.

(2
00

0)

H
d6

H
ea

di
ng

da
te

Q
T

L
N

ip
on

ba
re

-
K

as
al

at
h

§
su

bu
ni

t
of

pr
o-

te
in

ki
na

se
C

K
2

28
07

O
nl

y
on

e
ES

T
fo

un
d

in
th

e
26

.4
-k

b
re

gi
on

de
lim

it
ed

by
re

co
m

bi
na

ti
on

Ta
ka

ha
sh

i
et

al
.

(2
00

1)

Sp
l7

Sp
ot

te
d

le
af

le
si

on
m

im
ic

K
L2

10
m

ut
an

t
lin

e
H

ea
t

st
re

ss
tr

an
-

sc
ri

pt
io

n
fa

ct
or

(H
SF

)

29
44

G
en

e
pr

ed
ic

ti
on

fr
om

3-
kb

re
gi

on
de

lim
it

ed
by

re
co

m
bi

na
ti

on
Ya

m
an

ou
ch

i
et

al
.

(2
00

2)

Sd
1

Se
m

id
w

ar
f

ge
ne

D
G

W
G

G
ib

be
re

lli
n

20
ox

id
as

e
34

77
1

O
R

F
id

en
ti

fi
ed

in
6-

kb
in

te
rv

al
M

on
na

et
al

.
(2

00
2)

H
d3

H
ea

di
ng

da
te

Q
T

L
N

ip
on

ba
re

-
K

as
al

at
h

Pr
ot

ei
n

si
m

ila
r

to
fl

ow
er

in
g

lo
cu

s
(F

T
)

of
A

ra
bi

do
ps

is

22
07

R
eg

io
n

lim
it

ed
to

20
kb

by
re

co
m

bi
na

ti
on

fo
un

d
to

co
nt

ai
n

th
e

ge
ne

si
m

ila
r

to
FT

K
oj

im
a

et
al

.
(2

00
2)

A Model Crop Species: Molecular Markers in Rice 43



not in the genetic background (Nipponbare/Kasalath) from which it was
cloned (Yano et al. 2000).

The usual approach for positional cloning is to develop a low-resolution
map, followed by a high-resolution map with around 3000 or more F2 progeny.
Bryan et al. (2000), however, did low-coverage sequencing through a bacterial
artificial chromosome (BAC) contig of about 1.5 cM representing about 850 kb
of DNA to identify the location of the Pi-ta resistance gene for rice blast. For
most traits, the large population is screened for the trait of interest. DNA
pools can be used to reduce the number of marker assays (Ahn et al. 2002).
Selected progeny can be screened for flanking markers obtained from the low-
resolution map. However, phenotyping of the entire large population is not
necessary. When measuring the trait is difficult, flanking markers from the
low-resolution map can be used to screen the large population before plants
are phenotyped (Xu et al. 2000). A subset of plants showing recombination
between markers that flank the gene of interest is then screened for more
markers. In some cases, AFLP markers are screened on these progeny. Other
types of markers can be used, such as CAPS (cleaved amplified polymorphic
sequence) or EST (expressed sequence tag) markers. A physical map is created
using large-insert clones such as YACs (yeast artificial chromosomes) or
BACs. One or two of the clones can be sequenced, and there is an attempt to
narrow the location of the gene to as small a fragment as possible by deter-
mining where the closest recombination events occur. Candidate genes from
this segment are ultimately evaluated through transformation. However, if a
strong candidate can be identified in a small interval flanked by recombina-
tion events around the gene, sequence differences characteristic of the partic-
ular phenotype would be a good indication that the candidate is the gene of
interest, and supporting evidence could be provided by expression data.

3.2 Future Use of Positional Cloning

With a small genome size and good transformation protocols, rice has been
a good system for positional cloning. The relatively few cases reported so far
(Table 2) should be augmented greatly in the near future. These projects have
not been trivial undertakings, and they usually involve several years of inten-
sive work. It would be expected that the genome sequence information would
greatly accelerate the process of positional cloning as has been the case with
Arabidopsis (Jander et al. 2002).

A formula was devised for determining the number of progeny required to
identify crossovers on either side of a candidate gene in Arabidopsis (Durrett
et al. 2002):

P = 1 – [1 + NT/(100R)]e–NT/(100R)

where R is the kb/cM ratio for the region, N is the number of gametes to sam-
ple (number of testcross progeny or twice the number of F2 plants, and P is
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the probability of finding a minimum of two crossovers, one on each side of
the gene, at a physical distance less than Durrett et al. (2002) point out that,
assuming that a probability of 0.95 is needed for crossovers within a BAC
clone, the population size would be about 600 F2 plants. This was computed
for a region where 250 kb corresponded to 1 cM genetic distance, which is
approximately the average for the rice genome. However, the formula
assumes constant recombination within the target region, and this would not
be the case over the entire rice genome.

Positional cloning efforts in rice typically rely on large populations of
more than 3000 F2 individuals for fine-scale mapping (Table 2). By the above
formula, using a population of 3000 F2 plants, an interval of 10 kb could be
delimited by recombination with a probability of 0.69 assuming that
R=250 kb/cM, or a probability of about 0.34 if a more conservative R of 500 is
used. In the future, however, such large population sizes should not be
needed. Annotation of the sequence will be improved markedly with data
from large-scale expression studies using microarrays and large mutant col-
lections. The strategy of map-based cloning will merge with the other meth-
ods of functional genomics. This will be particularly important for identify-
ing genes underlying QTLs, for which map position is more difficult to deter-
mine (Wayne and McIntyre 2002). Molecular markers are used to define the
position of the genes controlling a particular trait and to detect selection for
a trait in artificial or natural populations, and potential candidate genes can
be identified by reference to genes of known function and expression data.
Even in such a strategy, it will be helpful to have good resolution of the genes
or QTLs. On average, a 1-cM genetic distance would correspond to nearly 30
potential candidates.

4 Array-Based Markers

To date, most efforts using microarrays in rice have focused on expression
profiling. Studies have been published for expression analyses using rice ESTs
for responses during salt stress (Kawasaki et al. 2001) and resistance to blast
disease (Rao et al. 2002), oligonucleotides for 21,000 rice genes for nutrient
partitioning during grain filling (Zhu et al. 2003), and full-length cDNA
clones (Kikuchi et al. 2002) for monitoring chemical induction of disease
resistance (Shimono et al. 2003). The full-length cDNA microarray developed
by Kikuchi and collaborators has also been used to analyze gene expression
during Fe-deficiency stress in barley (Negishi et al. 2002). Kikuchi and collab-
orators have recently published their rice expression database (Yazaki et al.
2002; http://red.dna.affrc.go.jp/RED/), which will serve as the entry point for
microarray analyses from a consortium of more than 50 laboratories.

Nevertheless, microarrays promise to be a convenient route for genotyping
and mapping. Current applications of array-based markers involve the use of
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either genomic clones as in the diversity array technology or DArT (Jaccoud
et al. 2001) or oligonucleotides as probes. The latter technique has centered
around the use of GeneChips, such as those produced by Affymetrix (Fodor
et al. 1991, 1993; Pease et al. 1994), wherein oligonucleotides are synthesized
directly on the array substrate. Such arrays typically involve tens if not hun-
dreds of thousands of oligonucleotide “features”.

DArT was designed as a means to produce diversity fingerprints via DNA/
DNA hybridization between reduced-complexity genomic clones and target
germplasm. This is a sequence-independent method that does not rely on
sequence information to identify the clones on the array. Hence, this
approach is amenable to any organism for which little or no sequence data
exist. Jaccoud et al. (2001) developed this technique using a panel of nine
Oryza sativa lines as proof of concept for the procedure. If the clones on the
diversity array are anchored to a genetic map, the arrays can then be used not
only for fingerprinting diversity, but also to provide molecular markers for
mapping. We are currently implementing DArT at IRRI to characterize rice
genetic diversity, while, at CIAT, diversity arrays are under development for
Phaseolus spp. (J. Tohme, pers. comm.).

For oligonucleotide arrays, several genotyping examples as well as their
use in mapping have now been published on nonhuman model species. These
studies include work on yeast (Winzeler et al. 1998, 2003; Steinmetz et al.
2002), Arabidopsis (Cho et al. 1999; Spiegelman et al. 2000; Borevitz et al.
2003), mouse (Lindblad-Toh et al. 2000), and zebrafish (Stickney et al. 2002).
Two approaches have been used for the design of the oligonucleotide arrays
in these studies. The first approach is the variation detector array, in which 16
features are routinely synthesized for each locus (the coding and noncoding
strands for two alleles with all four combinations of bases for the polymor-
phic site of each allele). The advantage of this approach is the accurate identi-
fication of the SNP at the locus, whereas the main disadvantages are the need
to know the base constitution for the alleles to be queried and the high pro-
duction costs for the design, optimization, and synthesis of the arrays. Other
approaches for using SNPs as markers are described in the next section.

The second approach uses existing oligonucleotide arrays developed for
expression analyses to identify genetic variation as measured by differential
hybridization intensities to features on the array (Borevitz et al. 2003; Winze-
ler et al. 2003). The polymorphisms discovered in this manner have been
termed “single-feature polymorphisms” or SFPs since the specific identity of
the nucleotides leading to the differential hybridization may not be known. A
recent development in oligonucleotide array technology is the maskless array
system pioneered by NimbleGen Systems, Inc. (Singh-Gasson et al. 1999;
Nuwaysir et al. 2002). This method of array synthesis uses a digital-
micromirror system to direct light at specific elements during each round of
synthesis, thus allowing for quick turnaround in array design and optimiza-
tion. A pilot project to develop rice oligonucleotide arrays for profiling abi-
otic and biotic stress-related genetic diversity and expression using the
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NimbleGen approach has begun between David Frisch at the Genome Center
of the University of Wisconsin and IRRI.

5 Candidate Genes as Markers

A dense microsatellite map has been developed in rice, and most mapping
studies now rely on these markers. They have also proven to be popular for
applications in marker-assisted breeding. The many advantages of SSR mark-
ers have been described, and foremost is their high level of polymorphism,
which allows them to be used in a wide range of germplasm. Yet, they can still
be problematic to use in closely related germplasm. For example, in temper-
ate japonica cultivars, genetic diversity can be relatively low despite marked
differences in phenotypes (Mackill et al. 1996; Ni et al. 2002). However, with
such an abundance of microsatellite markers, estimated to exist at one per
8000 bp on average from sequence data (Goff et al. 2002), even these limita-
tions could be overcome to develop markers at specific locations in the
genome.

The outcome of functional genomics research should allow the identifica-
tion of gene function for all the rice genes, and this will provide a means of
manipulating these genes directly for cultivar improvement. However, this is
seen as a long-term objective, and the development of useful products will
depend on many factors, such as how a useful phenotype can be produced by
manipulating the genes. In the shorter term, these candidate genes can be
used directly in identifying favorable alleles and following their inheritance
in segregating populations. The use of gene sequences as selectable markers
has several advantages over the use of SSR or other markers that are obtained
from linkage maps. Linked markers will always have the problem of recombi-
nation, often necessitating the use of flanking markers for selection. Further-
more, identification of the sequence change that imparts a desirable pheno-
type will allow the development of a marker specific for the favorable allele.
In addition to avoiding any problem with recombination, this would also
allow the use of the marker in nearly any population, and also as a general
screen of germplasm or elite breeding lines for genes of interest.

Markers specific for alleles of a gene are most likely those that detect single
nucleotide polymorphisms. Alignment of genomic sequence from the japon-
ica and indica subspecies as well as cDNA or EST sequences from other varie-
ties will allow SNPs to be located and primers designed for the target alleles
or intervals. Numerous experimental techniques are available for SNP detec-
tion (for recent reviews see Gut 2001, Kwok 2001, Syvänen 2001 and Kirk et al.
2002). Basically, existing SNP detection methods rely on four reaction princi-
ples: hybridization with allele-specific probes, oligonucleotide ligation, single
nucleotide primer extension, or enzymatic cleavage. The separation step(s) of
the assays can occur: (1) on a solid support (microarray, microtiter plate, or
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microspheres); (2) in liquid phase by electrophoresis, flow cytometry, or
denaturing high-performance liquid chromatography; or (3) in liquid phase
with no requirement on separation. Products are then detected by indirect
colorimetry, mass spectrometry, fluorescence, fluorescence resonance energy
transfer, fluorescence polarization, or chemiluminescence. The choice of any
particular method will be determined by the ease of automation, sensitivity
of the assay, feasibility of multiplexing, or whether de novo sequencing is a
prerequisite. Recently, Nasu et al. (2002) identified 2800 SNPs located in 417
regions from three Oryza sativa subsp. japonica cultivars, two indica culti-
vars, and one wild O. rufipogon accession by sequencing and aligning about
250 kb. From these SNPs, they established a set of 213 codominant SNP mark-
ers suitable for use in molecular breeding.

The targeted local lesions in genomes (TILLING) approach developed for
reverse genetics (Colbert et al. 2001; Till et al. 2003) is also applicable for SNP
genotyping and discovery. Genomic loci are chosen for querying, and differ-
entially labeled primers are produced for this locus. These primers are used
to amplify PCR products from pools of chemically mutagenized plant lines.
Following denaturation/renaturation, the PCR products are treated with the
enzyme CEL-I that only cuts mismatched base pairs as small as a single base.
If, for the target locus, a chemically induced mutation occurred in one or
more lines, cleaved products can be visualized on automated genotypers as
new bands. If, instead of pools of chemically mutagenized plants, heterodu-
plexes are formed between a reference cultivar and a query cultivar, genetic
variation in the form of SNPs or indels can be detected, and this application
has been termed “EcoTILLING” (Comai et al. 2004).

SSR markers could still be used after the identification of candidate genes.
Their convenience, codominant inheritance, and high polymorphism may
make SSRs preferable over SNPs identified from the favorable allele. SSR
markers adjacent to or within genes can serve for this purpose. An example
is the waxy gene, which contains a microsatellite within it (Bligh et al. 1995).
For this SSR locus, differences in amylose content are associated with repeat
length (Ayres et al. 1997).

6 Conclusions

The impact of the DNA sequence of rice is just being felt and undoubtedly
many functional genes will be identified in the next few years. In addition to
using this information to improve rice and other crops through a transgenic
approach, there will be a need for mining alleles of important genes from the
largely underused germplasm collections. As an entry point for this effort, a
core collection of 11,200 accessions from the International Rice Genebank
Collection (IRGC) has recently been developed at IRRI. The set of accessions
chosen for the core collection was based on species, variety group, ecocul-
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tural type, source location, estimates of possible deployment based on trac-
ing pedigrees in the International Rice Information System crop information
database, and characterization data.

The level of coverage of accessions in the IRGC is about 11% for the culti-
vated species O. sativa and glaberrima and from 100 to 20% for the wild spe-
cies (depending on the number of accessions per species in the IRGC). These
levels of coverage seem adequate such that the core collection will encompass
most of the diversity contained in the entire collection. This set of germplasm
is currently being processed to produce an archive of lyophilized tissue and
the genomic DNA. SSR and/or DArT fingerprinting of the core collection
materials will be carried out in the near future to define population structure
as a prerequisite for association mapping. In addition, candidate genes for a
wide variety of biotic and abiotic stresses and nutritional factors are being
identified, and markers for these target loci established. PCR-based methods
such as EcoTILLING, locus-specific SNP detection, or length polymorphisms
will be used to identify alleles in the core collection. Pooling strategies
enabling the detection of infrequent alleles will be used to increase through-
put as much as possible.

This process seems likely to identify numerous novel alleles; accessions
carrying these alleles will be phenotyped for traits appropriate to the physio-
logical function of the candidate genes. The analysis of these data by associa-
tion mapping and/or linkage disequilibrium will identify those alleles that
make a positive contribution to the phenotype of interest. Marker-assisted
breeding programs can then benefit by an infusion of new alleles with mark-
ers that are the underlying genes or are located within the haplotype block
determined by the extent of linkage disequilibrium at that locus. Further-
more, the identification of novel alleles from a wide range of germplasm will
lead to the pyramiding of alleles in favorable genetic backgrounds by breed-
ing schemes using multiple donors that previously would have been difficult
to devise. Through allele mining, the products of functional genomics will be
delivered to the ultimate end-users, farmers in the developing world, in the
form of new rice varieties with enhanced nutrition and improved tolerance
for biotic and abiotic stresses.
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I.4 From Markers to Cloned Genes: Map-Based Cloning
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1 Introduction

The term map-based cloning, also called positional cloning or recombina-
tional mapping, refers to a universally applicable technique for the isolation
of genes characterized by a phenotypic alteration (either visible or detectable
through a specific analytical procedure) usually caused by variation in its
DNA sequence. This sequence polymorphism may either have originated
from a mutation induced in the course of a mutagenesis experiment or may
be the result of natural genetic variation. The central procedure used in map-
based cloning is the genetic mapping of the gene of interest at extremely high
resolution. A prerequisite for the application of this procedure is the avail-
ability of at least one line sufficiently genetically deviant from the line carry-
ing the mutant allele of the gene of interest, which can be used to create the
necessary mapping population. The high resolution mapping results in the
identification of a small interval harboring the gene, which is defined by the
two flanking markers most closely linked to the gene. In the case of (model)
organisms such as Arabidopsis thaliana or Oryza sativa (rice), the genomes
of which have been physically mapped and largely or fully sequenced, both
the identification of genetic markers at high density and the characterization
of the DNA segment defined by the molecular markers is very much facili-
tated by the available sequence information. In the case of species, the
genomes of which have not been characterized to the same extent as those of
Arabidopsis or rice (essentially all other crop species), further intermediate
steps such as the establishment of clone-based physical maps, the identifica-
tion of expressed regions and extensive sequencing and sequence annotation
may be necessary. Finally, several approaches may be used for the verification
of the identified gene harboring a sequence polymorphism. These include (1)
sequence analysis of several independently isolated alleles, (2) the introduc-
tion of a wild-type copy of the gene into the mutant or (in the case of domi-
nant mutations) a mutant copy of the gene into the wild-type (in the case of
natural variation: introduction of a copy of the alternative allele into one of
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the initially selected genetic variants), (3) the introduction of an antisense/
RNAi construct or an over-expression construct of the identified gene into
the wild type (or one of the initially selected genetic variants).

Map-based cloning is the principal procedure that can be used to isolate
genes controlling traits, for which very little or no information is available on
the underlying molecular mechanism. Furthermore, this approach is supe-
rior to other molecular genetic analyses (e.g., reversed genetic approaches)
for the isolation of essential genes that cause lethality upon loss-of-function
mutations or for the identification of genes that cause a detectable pheno-
typic alteration only upon very specific sequence changes.

2 Outline of the General Map-Based Cloning Strategy

Map-based cloning involves very high-resolution mapping of a gene charac-
terized by at least two different alleles giving rise to discernable phenotypes.
This is usually performed in a step-wise fashion initially done at low resolu-
tion followed by the enrichment of recombinants around the gene, which are
then used for high-resolution mapping. The alleles of the gene studied are
either a wild-type and a mutant allele, the latter usually has been induced and
identified during the course of a mutagenesis experiment, or they are avail-
able as natural diversity represented in different strains or accessions of the
species studied. The induced mutations usually segregate in a Mendelian
fashion and the mapping is usually done using an F2 population derived from
a cross of the mutant to a wild type of a different strain that can be distin-
guished from the mutant through DNA-polymorphisms (Fig. 1). In contrast,
natural variation is often characterized by polygenic traits and individual loci
contributing to the phenotypic variation are identified as QTLs (quantitative
trait loci; e.g., Tanksley 1993; Alonso-Blanco and Koornneef 2000; Yano 2001;
Asins 2002; Morgante and Salamini 2003). QTLs can be detected in F2 popula-
tions, but the use of recombinant inbred lines (RILs), advanced backcross
lines, or nearly isogenic lines (NILs; see Fig. 2) is much more powerful. Map-
based cloning of a gene characterized by such a QTL usually is more tedious
than in the case of a mutant allele due to several potential complications: (1)
the phenotypic alteration caused by the QTL may be much more subtle than
that caused by an induced mutation. This poses difficulties in unequivocal
genotype determination based on the phenotype, and in general, only strong-
effect QTLs can readily be used for map-based identification of the corre-
sponding gene. (2) The QTL may be in epistatic relation to one or more other
genomic loci, different alleles of which may strongly affect the phenotypic
expression of the QTL. (3) Finally, a QTL may be a complex locus composed
of more than one gene affecting the analyzed trait. In the course of the fine
mapping, these may be separated and the effects of the individual loci may be
fairly weak and thus difficult to detect and pinpoint. Except for situations
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Fig. 1. Schematic representation of bulked segregant analysis for low-resolution mapping. A
dwarfed, recessive Arabidopsis mutant (the yet unknown mutated dwarf gene x, dgx, is marked with
a tick), selected in a Columbia-0 (Col-0) genome background (solid lines), is first outcrossed to
another Arabidopsis wild type (WT) like Landsberg erecta (Ler, the diploid genome is depicted as a
pair of dashed lines). A resulting F1 plant, which is heterozygous at every locus of the genome, is
allowed to self-pollinate, yielding an F2 population that segregates at every genomic locus, due to
meiotic recombination. The WT phenotype and the recessive mutant dwarf phenotype hence segre-
gate in a 3:1 ratio. Mutant F2 plants are selected based on their dwarf phenotype and tissue samples
are pooled (bulked segregant material). DNA is prepared from the selected F2 pool, as well as from
the F1 plant. Subsequently, molecular markers (a–f), which are ideally equally spread over the length
of the genome, are analyzed with the F2 DNA sample (filled circle) and the F1 control DNA sample
(open triangle). Markers located in proximity to the mutant (Col-0) allele of dgx yield a high fre-
quency of the Col-0 marker allele, i.e., they show linkage, whereas markers distant to gene dgx yield
an equal frequency of the Col-0 and the Ler marker alleles. The heterozygous F1 control sample will
yield equal allele frequencies for all markers interrogated. The conclusion of this bulked segregant
analysis is that dgx must be located between markers d and f, in close proximity to marker e
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Fig. 2. Creation of recombinant inbred lines (RILs),
advanced backcross lines, or nearly isogenic lines
(NILs). For the quantitative genetic analysis of natu-
ral variation, it is advantageous to establish recom-
binant inbred lines (RILs; left) or advanced back-
cross lines, or nearly isogenic lines (NILs) (right).
Recombinant inbred lines are created from a cross
between two different lines (line A, line B) and a
series of randomly selected F2 plants (usually sev-
eral hundred) is propagated to the F8 via single seed
descent (for every initial F2 plant, only one individ-
ual per progeny is propagated to yield the next gen-
eration). After progression to the F8, on average
more than 99% homozygosity is achieved in the
obtained plants (and their amplified progeny that
each represent a recombinant inbred line), each of
which, however, contains a unique combination of
genome segments derived from the two parental
lines that is determined by marker analysis.
Advanced backcross lines (right) are obtained upon
repeated backcrossing of progeny derived from the initial cross of the two parental lines A and B.
This results in introgression of genome segments from a donor line (line B in the left half of the
scheme) into the genome of the recurrent parent line (line A in the left half of the scheme). On aver-
age, the fraction of donor genome is reduced by 50% with every backcross (50% heterozygosity in
BC1F1, 25% heterozygosity in BC2F1, etc.). Upon selfing of backcross progeny (e.g. BC2F1) indi-
vidual populations segregating for the introgressed donor genome segment(s) (e.g. BC2F2) are
obtained, which can be used for QTL mapping. Through marker analysis, lines with very few or
single introgressed donor genome segments can be selected that are nearly isogenic to the recur-
rent parent (except for the introgression) and thus constitute nearly isogenic lines (NILs). In this
way, series of NILs may be established that constitute a complete collection of introgression lines
(a ‘genetic library’; Zamir 2001), in which all donor genome segments are represented
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Fig. 2. (continued)
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Fig. 4. Schematic depiction of gene identification in Arabidopsis by fine mapping and comple-
mentation. The evaluation of about 1000 dgx mutant F2 individuals led to the identification of,
e.g., 53 homozygous dgx plants that are heterozygous at g (and thus carry recombination break-
points between g and dgx) as well as 41 mutant plants that are heterozygous at h (with recombi-
nation breakpoints between dgx and h). The DNAs of these recombinants are subsequently ana-
lyzed with additional, interjacent markers (e, i, j), and the remaining recombinants (three that
are heterozygous at e, but homozygous at j and h; and seven that are heterozygous at j, but
homozygous at e and i) confine the dgx gene to the region between e and j. Subsequently, the
interval is further restricted by the analysis of as many markers (k–p) as possible, until only one
recombinant remains on either side. These two last recombinants, hence, define the final map-
ping interval between markers l and n (here approximately 90 kb in size). If no apparent suspect
genes are present in this interval and if only one mutant allele is available, the depicted comple-
mentation approach with genomic fragments is a powerful alternative to sequencing or muta-
tion detection. To that effect, sequence-specific DNA probes (asterisks), equally spread over the
length of the interval are PCR-synthesized, labeled and used to screen a genomic Arabidopsis
library (15–30 kb fragment size) inserted in a binary plant transformation vector (Meyer et al.
1994) by colony-hybridization. Identified clones (horizontal bars) can be sorted by their ability
to serve as templates for probe amplification. Overlapping clones are individually transformed
into dgx mutants via Agrobacterium and complementing clones (black bars), which reconstitute
wild-type growth, are identified in the T1 or T2 generation. Size determination of the clones by
end-sequencing reveals that a region X 10 kb, carrying only two genes is responsible for comple-
mentation. The point mutation (e.g., C 1 T, leading to the replacement of an arginine codon into
a stop codon) in the mutant dgx gene is finally identified by sequencing

62 W.-R. Scheible, O. Törjek, and T. Altmann



where naturally occurring monogenic traits are studied (e.g., in the case of
resistance genes acting in a gene-for-gene fashion (Flor 1971; Dangl and
Jones 2001), the QTL under investigation is usually converted into a Mende-
lian factor by the selection of an appropriate genetic substitution line (NIL).
The genome of such a NIL is uniformly composed of only one genotype
except for the region containing the QTL, hence segregating in a monogenic
fashion (see Sect. 4.2).

After the initial mapping and, in the case of QTLs, the creation/selection of
appropriate NILs, the fine-mapping procedures applied to induced or natural
genetic variation are very similar (Figs. 3, 4), but the efficiency with which
they can be performed are very strongly dependent on the extent of available
genome information and characteristics of the species analyzed, such as its
suitability for genetic transformation or the extent of sequence polymor-
phism between the two chosen lines (i.e., ecotypes, accessions, or cultivars)
of the species considered.

2.1 Creation of a Mapping Population

The first step in a map-based cloning project is the creation of an appropriate
mapping population. In the case of an induced mutant, it is usually crossed to
a corresponding wild-type of another, genetically deviant strain. It is most
beneficial if the latter (wild-type) strain shows a high frequency of DNA poly-
morphisms, but has very similar phenotypic characteristics as the (true) wild
type in whose background the mutant was obtained. Furthermore, care has
to be taken that no major genetic interactions occur in combinations of the
two wild-types (e.g., Lee et al. 1994; Narang and Altmann 2001) that would
result in enhanced phenotypic variation in a segregating population (e.g., an
F2), or may even suppress the phenotypic expression of the mutation and
would compromise phenotyping and thus genotyping of individuals of the
mapping population with respect to the mutant locus. If crosses of the strains
to be used have not previously been analyzed for the trait of interest, it is
advisable to perform crosses between the mutant and several different
(genetically deviant) wild-type strains and to check in parallel crosses of
these strains with the (true) wild-type of the mutant strain. As mentioned
above, in the case of mutants with high phenotypic expression, usually an F2

population is generated and used for low- and high-resolution mapping
(Figs. 1, 3, 4). Natural variation is usually studied in populations derived from
crosses between different strains, e.g., elite breeding material of different ori-
gin, wild relatives to cultivated lines, or even related (sub) species (which can
be crossbred), which may have been pre-selected to show differences in the
expression of the trait of interest. However, even in cases where the parental
strains show little difference in trait expression, the crossbred progeny may
show considerable variation useful to study the underlying genetic factors
(e.g., Alonso-Blanco et al. 1998). This variation may be due to different mech-
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anisms established in the parental strains resulting in the same trait expres-
sion. However, these different processes may be combined in the progeny,
giving rise to transgressive segregation. Furthermore, compensatory interac-
tions between multiple loci may be established in the parental strains, which
may be broken up in the crossbred progeny through genetic segregation.
(e.g., Alonso-Blanco et al. 1998). Except for cases of monogenic inheritance,
loci responsible for or contributing to the natural genetic diversity are most
frequently identified through QTL mapping in advanced lines such as RILs,
advanced backcross lines, or NILs derived from crosses (Fig. 2). A RIL popu-
lation created by single seed descent of crossbred progeny over several gener-
ations (frequently advanced to the F8-generations yielding about 99% homo-
zygosity) is a highly versatile and generally applicable resource, because any
genotype created by a certain combination of genome segments of the paren-
tal strains is almost identically replicated among the individuals of a given
RIL. In contrast to an F2 population, where every individual has a unique
genetic constitution (which nevertheless could also be used for QTL map-
ping, e.g., Hayashi and Ukai 1999), RILs provide the means to perform repli-
cated phenotypic analyses of each of the genotypes represented by a given
line (with a correspondingly high precision). For the analysis of agricultur-
ally important traits, it is particularly advantageous that analyses can be rep-
licated in different environments and thus QTLs can be identified that exert
their effects under a broad range of conditions. Furthermore, a RIL popula-
tion essentially constitutes an immortalized mapping population, which
needs to be genotyped only once and can then be used for QTL mapping of
all traits that segregate among the lines. The prerequisites for successful QTL
mapping are the availability of sufficiently large populations of lines (e.g., Utz
et al. 2000), a decent number of genetic markers showing polymorphisms
between the strains used, and sufficiently strong effects of individual loci to
be detectable. The QTL mapping procedures are detailed in other chapters
(e.g., Chap. II.3, III.7) and are therefore not outlined here.

A strategy that integrates the detection and the introgression of beneficial
genomic segments is the advanced backcross QTL analysis (Tanksley and
Nelson 1996). In this approach, which is most useful for efficient introgres-
sion of valuable QTL alleles from unadapted donor lines (e.g., land races,
wild species), QTL analysis is performed in the BC2 or BC3 generation using
lines that have undergone selection to reduce the presence of deleterious
donor alleles.

2.2 Initial (Low Resolution) Mapping

Map-based cloning is initiated through a first-pass, low-resolution mapping.
For monogenically inherited traits this is usually done by phenotyping a lim-
ited set of individuals of the F2 mapping population and the selection of a rel-
atively small number of individuals expressing the recessive phenotype,
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which are genotyped for a series of genetic markers. Depending on the
genetic size of the genome and the distribution of the markers, the number of
individuals and the range of markers necessary to detect linkage vary. In the
case of Arabidopsis the number of individuals may be as low as 21 and the
minimum number of markers necessary to find at least one linked to the
mutant locus may be only 15 (Ponce et al. 1999; Swann et al. 2002; Törjék et
al. 2003). Usually, the initial goal is to map the mutant locus into an interval
of about 20–25 cM. Using an increased number of mutant F2 individuals
(100–150), further markers located in the region of interest are interrogated
and a pair of markers flanking the mutant locus on either side at a distance
of ca. 5 cM is sought. As an alternative to this stepwise genotyping of increas-
ing numbers of individuals with successive marker sets, bulked segregant
analysis can be used as an effective way to identify markers that are geneti-
cally linked to a mutation (Michelmore et al. 1991; Lukowitz et al. 2000). This
procedure involves the analysis of pools of DNA rather than many individual
samples, which substantially reduces the number of individual marker assays
required to establish linkage (Fig. 1). Typically, two DNA pools are estab-
lished: The first pool serves as control and contains DNA that represents a 1:1
mixture of the two alleles of all loci. This can either be achieved by extracting
DNA from F1 individuals used to create the mapping population, or by pool-
ing plant material and then extracting DNA from randomly picked (i.e., not
phenotypically selected) F2 individuals. The latter has the advantage that
unequal allele transmission (certation) can be detected and controlled for.
The second DNA pool is created only from phenotypically selected F2 indi-
viduals, e.g., displaying the recessive mutant phenotype. Typically, both pools
are composed of DNA from about 100 individual F2 plants. As it is important
that a similar amount of DNA from each individual is present in the pool, it
is advisable to combine similar amounts of fresh weight of each individual
plant prior to DNA extraction. If this is not easily achieved, DNA should first
be prepared from each individual plant and then combined in similar
amounts to constitute the pool. Due to linkage in coupling phase, markers
located in the vicinity of the mutant locus will show in the mutant pool an
overrepresentation of the allele derived from the strain that carried the muta-
tion, while nonlinked markers will show the same ratio of the two alleles as
in the control pool (expected: 1:1). Allele overrepresentation will subse-
quently be preserved during PCR-based marker analysis, unless a given
marker assay is strongly biased towards one of the two polymorphic
sequences with respect to PCR amplification.

For species with (very) well-analyzed genomes such as Arabidopsis, rice,
tomato/potato, barley, maize, Lotus or Medicago, appropriate markers usually
are readily available, if standard combinations of mapping lines with known
polymorphisms are used. In cases of species with fully sequenced genomes
such as Arabidopsis, very large numbers of polymorphisms have been identi-
fied between various accessions, especially Columbia-0 and Landsberg erecta
(Cho et al. 1999; Jander et al. 2002; Schmid et al. 2003) and highly efficient
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marker analysis tools have been implemented (Cho et al. 1999; Drenkard et
al. 2000; Törjék et al. 2003) that can be used at high throughput (see Sect. 3).
The use of these resources provides the means to map almost every mutant
locus to a sufficiently small genetic interval in a single step. In sharp contrast,
in species with less well-studied genomes or upon use of nonstandard lines,
additional work may be necessary to establish appropriate markers for map-
ping the gene of interest into the desired interval. In such cases, the amplified
length polymorphism (AFLP) marker system (Vos et al. 1995) is a highly use-
ful tool as it provides very large numbers of markers that can be simulta-
neously mapped without any prior knowledge except for an estimate of the
genome complexity. This marker system, which is described in detail in
Chapter I.2, has therefore been used very widely, in particular in crop plants.
It can also be applied to bulked segregant analysis. In this way, favorable
primer combinations detecting linked polymorphic sites can be pre-selected
efficiently. These markers are essentially anonymous and are characterized
by a specific primer combination and a certain fragment size.

QTL mapping results usually define relatively large intervals, the sizes of
which are determined by the number of lines and markers analyzed, the
effect of the QTL and its heritability. Any further delineation of the genomic
segment containing the QTL is usually done by the use of NILs that contain
single introgressions of the region of interest (Fig. 2). Present as the only het-
erozygous region in the (otherwise homozygous = nonpolymorphic) recipi-
ent genomes of the progeny of a test cross, the QTL acts here as a single Men-
delian factor. If the QTL alleles cause sufficient phenotypic differences (i.e.,
the QTL has a strong effect), recombinants within the introgressed region can
effectively be used to define smaller and smaller segments in which the locus
resides. The fine mapping of a QTL can therefore be done essentially in the
same way as that of a mutant locus.

2.3 Enrichment of Recombinants, High-Resolution Mapping and Linking
Genetic and Physical Maps

As soon as closely linked genetic markers have been identified that flank the
locus of interest at either side, they can effectively be used to identify chro-
mosomes with recombination events within the interval they border (Fig. 3).
In the mapping population (either F2 or segregating progeny of a test cross,
TCF2), the large majority of the plants will have the same genotype at both
flanking markers, but a small subset of the individuals will show different
genotypes at the two flanking markers. The fraction of recombinants (i.e., the
plants that show a recombination event) depends on the genetic distance of
the two markers (e.g., ca. 10% if each of the two markers are about 5 cM
apart from the gene/QTL). These recombinants in the vicinity of the locus to
be fine-mapped are highly informative and are the essential resource to
determine the position of the locus relative to further markers within the
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region. To gain sufficient resolution, typically a large number of recombi-
nants has to be selected. The necessary number of recombinants is deter-
mined by the ratio of genetic to physical distance and a simple formula has
been derived to estimate the number of gametes to sample, which is equiva-
lent to the number of test cross progeny or twice the number of F2 progeny
(Durrett et al. 2002). However, the gene density also has to be considered.
Both measures vary between different species and between different genomic
regions within a certain genome: in Arabidopsis 1 cM on average corresponds
to 200 kb, but this varies between 100 and 400 kb/cM throughout the genome,
and the average gene density is 1/4.5 kb (Schmidt et al. 1995; Lin et al. 1999;
The Arabidopsis Genome Initiative 2000). An exception to this represents the
gene-poor centromeric regions, where 1 cM appears to correspond to 1000 kb
and more (Copenhaver et al. 1998; The Arabidopsis Genome Initiative 2000).
Because of the low gene-density in those regions, probably just a very small
percentage of Arabidopsis genes are not amenable to a map-based cloning
approach.

The average relations of genetic to physical distances vary dramatically
between different plant species: 244 kb/cM for rice (Chen et al. 2002); 700 kb/
cM for the diploid Brassica species B. rapa (Sadowski et al. 1996); 750 kb/cM
for tomato (Tanksley et al. 1992); 1180 kb/cM for Lotus japonicus (Pedrosa et
al. 2002); 1460 kb/cM for maize (Civardi et al. 1994); ca. 4400 kb/cM for barley
and wheat (Faris et al. 2000; Künzel et al. 2000). Estimated average gene den-
sities range from 1/20 for rice to 1/250 kb for wheat (Keller and Feuillet 2000
and references therein). In principle therefore, much higher genetic map-
resolution with markers much more closely linked to the gene/QTL to be iso-
lated have to be achieved in these plant species compared to Arabidopsis.
However, in several large plant genomes uneven gene distribution has been
observed with gene-dense regions showing gene densities as high as 1/15 in
barley, 1/6 in maize, and 1/5 kb in wheat (Keller and Feuillet 2000 and refer-
ences therein). Furthermore, recombination appears to be suppressed in
gene-poor regions mostly consisting of repetitive sequences and occur more
frequently in the gene-rich regions (Gill et al. 1996; Künzel et al. 2000;
Sandhu and Gill 2002; Weng and Lazar 2002), which thus appear genetically
expanded, and many genetic markers have been established from ESTs
(expressed sequence tags) representing genes. Therefore, the map resolution
required for a positional cloning experiment in such a species may not be as
high as indicated by the genome-wide average ratios of genetic to physical
distances and average gene densities. In any case, to collect the necessary
number of recombinants, a large set of individuals of the fine-mapping popu-
lation (usually a few thousand; Durrett et al. 2002; Lukowitz et al. 2000) has
to be genotyped for the flanking markers. Therefore, technically very robust
markers should be selected for this purpose, which ideally are well suited for
high-throughput analysis of low-quality DNA. Most frequently, molecular
markers (e.g., single nucleotide polymorphisms (SNP)-based markers or
simple sequence length polymorphisms (SSLP) or microsatellites) are used
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for this purpose, but in several cases convenient visible or selectable markers
(such as T-DNA or transposon insertions carrying antibiotic or herbicide
resistance genes, which have been genetically mapped or those positions have
been determined through flanking DNA-sequence information), may be
available that could effectively be used for this purpose (van Lisjebettens et al.
1996). Whether or not the use of visible or selectable markers is advantageous
depends very much on circumstances and several possible pitfalls have to be
considered: The genetic background of marker strains is often difficult to
reconstruct and in many cases visible and molecular markers have been
mapped using different mapping populations. Consequently, the map posi-
tion of visible markers with respect to molecular markers is often not exactly
known and needs to be confirmed or determined from first principles before
they can be used in a fine-mapping experiment. Furthermore, in most cases
new mapping populations need to be established using appropriate marker
lines, which could cause considerable delays.

The recombinants thus selected are then phenotypically characterized for
the locus of interest in order to determine the position of the recombination
relative to the locus and the two flanking markers. Most informative individ-
uals are homozygous for the marker allele linked in coupling to the recessive
allele at the locus of interest of one of the flanking markers and are heterozy-
gous for the other. Depending on the phenotype of the individual and the
marker constitution, the position of the recombination (either between the
left marker and the mapped locus, or between the right marker and the
mapped locus) can be determined. With the recombinants at hand, the final
mapping steps are directed towards the definition of a minimal interval of
molecular markers that includes the locus of interest (Fig. 4). To this end, as
many markers as possible are genotyped in the recombinants and the mark-
ers are ordered according to the number of recombination breakpoints posi-
tioned between them and the mapped locus and (conversely) the recombina-
tions are positioned accordingly.

The efficiency with which the final high-resolution fine mapping step can
be performed and (candidate) genes can be identified in the delineated
region is most strongly influenced by the degree of genome characterization
achieved in the species under investigation and the resources that thus are
available: in the case of species such as Arabidopsis or rice with physically
completely mapped and fully or largely sequenced genomes (Mozo et al.
1999; The Arabidopsis Genome Initiative 2000), this is highly straightfor-
ward as the necessary information and the required resources are readily
available. The necessary markers can easily be established based on the
available sequence: either by identification of polymorphisms via sequenc-
ing of PCR products amplified from the two parental DNAs or by testing
such amplicons for restriction site polymorphisms (to be monitored as
cleaved amplified polymorphic sequences (CAPS), Konieczny and Ausubel
1993). If the region of interest has not been (fully) sequenced, usually suffi-
cient sequence information for marker development is available from end
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sequences of the clones used to set up the physical map (e.g., Chen et al.
2002). For species with only partially characterized genomes, much stronger
efforts may be necessary: depending on the status of the genome analysis,
large insert libraries (usually yeast artificial chromosomes, YACs, or bacterial
artificial chromosomes, BACs; Shizuya et al. 1992; Ramsay 1994) may have to
be generated, contigs spanning the region defined by the two closest flanking
markers may need to be established via chromosome walking or other
approaches (Fairweather 1997; Horrigan and Westbrook 1997; Bancroft
2000), and (end) sequences of the clones included in the contigs have to be
generated. Finally, the region defined by the recombinations/markers closest
to the locus of interest has to be fully sequenced and analyzed for the pres-
ence of genes.

In principle, every gene that is completely or partially included in the
region bordered by the two closest flanking markers is a candidate for the
genetic factor in search. Only in rare cases has the extent of the interval been
narrowed down to such a small size that only a single candidate gene is pre-
sent or the site of the mutation/allelic variation has been assigned to a sub-
segment of the gene (e.g., Fridman et al. 2000). Usually, however, the geneti-
cally defined genomic segment contains several (potential) genes and differ-
ent criteria may be used to define the most promising candidate(s): (1) the
gene responsible for the trait of interest should be expressed in the tissue/
organ that exhibits the phenotypic differences; (2) the gene may show differ-
ences in expression in the two genotypes; (3) the gene is expected to show
(allelic) sequence diversity among the two genotypes. In opportune cases,
one or a few of the candidate genes encode functions that can be directly
related to the investigated trait and that may thus be prioritized for further
analysis.

2.4 Verification of Identified Genes

The final step in a map-based cloning project is to provide proof for the iden-
tity of the isolated gene. Depending on the particular situation, this may be
achieved in different ways and different efforts may be required.

One of the most straightforward approaches is the characterization of
multiple independently isolated alleles (especially in cases where the
observed phenotype is caused by loss-of-function mutations). The demon-
stration that several independently isolated allelic mutants all show muta-
tions in the same gene is very strong (and generally sufficient) evidence for
its correct identification. This is true for induced mutations as the probability
that mutations in the true gene are always accompanied by mutations in a
second gene (the one assayed) is extremely low. The situation may be much
more equivocal, if natural diversity is analyzed. Here, sequence divergence
frequently does not cause loss of gene function and rational links to the phe-
notypic variation cannot be drawn easily. Furthermore, the probability is

From Markers to Cloned Genes: Map-Based Cloning 69



very high that genetically divergent lines exhibit sequence variation in any
given gene that has no relation to the characterized trait.

Another way of verification that the correct gene has been identified is by
genetic transformation: if a recessive mutation is studied, the wild-type
(dominant) allele is transferred into the homozygous mutant and genetic
complementation is demonstrated by documentation of a wild-type pheno-
type for several independently created transgenic lines (alternatively, hetero-
zygous material may be used for transformation and progeny homozygous
for the mutant locus is selected or transgenic wild-type plants are generated
and transgenic mutant segregants are selected after crossing to the mutant).
For dominant mutations, the reverse configuration is used (the mutant allele
is introduced into the wild-type). For some genes, it may be possible to use
for transformation a cDNA driven by a standard, largely constitutive pro-
moter, but other genes may require properly controlled expression (in terms
of expression level and spatial, temporal, or developmental regulation) and
their native regulatory elements need to be used. Even then, only a subset of
the transgenic lines may show full (or only partial) complementation. Alter-
natively, antisense or dsRNAi constructs (Turner and Schuch 2000) may be
created and introduced into the wild-type to demonstrate the phenotypic
consequences of reduced gene expression. In some cases, overexpression of
the identified gene may also cause characteristic phenotypic changes suitable
to demonstrate the role of the gene.

Transgenic approaches can also be used to demonstrate that a gene corre-
sponding to a QTL has been correctly identified. This may, however, be more
difficult to achieve, because the demonstration of significance of the (weak or
moderate) phenotypic changes elicited by the transgene may require very
extensive replication, proper experimental design and quantitative analysis
with appropriate statistical analysis. Also, considerable complications can
occur if the effect of the superior allele is influenced by the presence of the
inferior allele (e.g., in cases of semidominance). In most cases, the inferior
allele is not a null allele and gene (allele) replacement (e.g., through homolo-
gous recombination) can usually not be achieved. Phenotypic expression
may, furthermore, be subject to gene dosage effects that could cause consid-
erable complications (e.g., in cases where an additional gene copy may be
detrimental rather than beneficial, even the addition of the superior allele
may cause inferior trait expression).

3 Map-Based Cloning in a Model Species with a Fully
Sequenced Genome (Arabidopsis thaliana)

A number of different model species have been used to isolate genes via the
map-based approach. These include Lotus japonicus and Medicago trunca-
tula, which serve as model legumes and from which genes involved in symbi-
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osis have been identified through positional cloning (NORK: Endre et al.
2002; SYMRK: Stracke et al. 2002). The most favorable situation for map-
based cloning, however, has been established in the model system Arabidop-
sis thaliana and this plant species has been used for this procedure most fre-
quently by far. Map-based cloning projects are very strongly supported by the
availability of the excellently annotated full genome sequence (The Arabidop-
sis Genome Initiative 2000). Using the genome sequence as a basis, large col-
lections of sequence polymorphisms and many new molecular markers have
recently been established, which are another key prerequisite for map-based
cloning. The Arabidopsis Information Resource Website (http://www.arabi-
dopsis.org) currently provides information about 2074 “classical” molecular
markers (such as restriction fragment length polymorphism (RFLPs), ran-
dom amplified polymorphic DNA (RAPDs), SSLPs/microsatellites, CAPS/
dCAPS, and AFLPs) that can readily be used as standard molecular markers
for first pass mapping at low resolution if standard accessions such as Col-0
and Ler are studied. Furthermore, multiple marker sets have been assembled,
which were specifically designed to limit the number of marker assays neces-
sary for initial mapping (Ponce et al. 1999; Drenkard et al. 2000; Lukowitz et
al. 2000; Baumbusch et al. 2001; Törjék et al. 2003). Very large sets of markers
have been developed through comparative sequencing (Cho et al. 1999; Jan-
der et al. 2002; Schmid et al. 2003; http://www.arabidopsis.org/servlets/
Search?action=new–search&type=polyallele, M. Piercy et al., unpubl.; http:
//www.tigr.org/tdb/e2k1/ath1/atgenome/Ler.shtml) and more than 55,000
SNPs have been detected, the vast majority of them between the accessions
Col-0 and Ler with the largest contribution provided by a twofold coverage
whole genome shotgun sequencing effort performed for Ler (Jander et al.
2002). Thus, for these two standard accessions, an average density of poly-
morphisms of about 1/2.5 kb has been achieved. Most of these polymor-
phisms can be easily exploited to create co-dominant molecular PCR-markers
(SSLP, CAPS, dCAPS), and a web-based program is available to facilitate
marker design (http://helix.wustl.edu/dcaps/dcaps.html; Neff et al. 2002).
When mutations induced in either of these two accessions are mapped, this
collection of polymorphisms together with novel, high efficiency genotyping
systems (see below) provides the means to advance the fine mapping steps
very rapidly.

The support that map-based cloning projects in Arabidopsis receive
through the annotated genome sequence, through large collections of molec-
ular markers and other readily available resources (e.g., genomic and cDNA
clone libraries) as well as refined protocols for high-throughput work has
been outlined recently (Lukowitz et al. 2000; Jander et al. 2002), with one of
the most important take-home messages being that the amount of effort
required for map-based cloning of Arabidopsis genes has dropped dramati-
cally in recent years. While only 6–10 years ago it was a time-consuming
(3–5 years) specialist approach, it can now be considered a standard tech-
nique that can be set up in almost any plant lab and carried out by a single
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student within 1 year or so, depending on circumstances. Map-based cloning
of the gene affected in an Arabidopsis mutant nowadays merely involves a set
of consecutive steps as outlined in detail in Section 2: (1) production of an F2

mapping population with the mutant of interest; (2) bulked F2 segregant anal-
ysis using established marker sets to determine a rough genome position
(5–10 cM); (3) search for or establish robust flanking markers based on pub-
licly available database information; (4) genotyping of about 1000 individual
phenotypically chosen F2 plants (e.g., plants showing the recessive mutant
phenotype) with flanking markers and collection of recombinants; (5) use of
recombinants and additional markers to restrict the genetic interval as much
as possible; (6) identification and verification of the gene within the anno-
tated interval by sequencing and/or genetic complementation.

While it is possible, but not very likely, that mapping projects eventually
fail during the course of this process (see Lukowitz et al. 2000 for a discussion
of potential problems), it is more likely that the remaining mapping interval,
as determined by the last recombinant on either side, is still too large to
unambiguously identify the sought-after gene. This is especially true when
the full potential of map-based cloning as an unbiased forward genetic
approach, is finally highlighted by the identification of a gene of previously
unknown function, a characteristic of ˚ 40% of the Arabidopsis genes at this
time (The Arabidopsis Genome Initiative 2000). The size of the smallest
genetic interval containing the gene of interest is much dependent on param-
eters like the size of the mapping population, the number of collected recom-
binants, and hence the recombination frequency in the genomic region to
which the gene of interest maps. Small mapping intervals ( X 10 kb) contain-
ing a single or very few genes have been established in only a few cases (e.g.,
Sakai et al. 1995; Lukowitz et al. 2001), making the identification of the gene
responsible for the mutant phenotype quite easy. A typical mapping experi-
ment, involving 1000–2000 plants from the F2 mapping population, will, how-
ever, frequently end up with intervals between 30 and 100 kb (Lukowitz et al.
2000; Durrett et al. 2002). Because of the high gene-density in the Arabidopsis
genome, intervals of this size may contain dozens of genes, and predicting the
right one is frequently not possible, especially when the interval contains only
genes that are not immediately attributable to the mutant phenotype. Since it
is usually too laborious and inefficient to further reduce the size of the map-
ping interval by identifying additional recombinants and testing new molec-
ular markers, more goal-oriented approaches are typically employed at this
level to identify the correct gene. When several point mutation alleles are
available, the approaches to choose from include systematic searches for
polymorphisms between wild-type and mutant DNA by high-quality
sequencing or mutation detection methods (Cotton et al. 1998) including
enzymatic or chemical cleavage of mismatched bases (Taylor 1999), analysis
of single-strand conformational polymorphisms (Nataraj et al. 1999; Berger
and Altmann 2000), heteroduplex analysis (Hauser et al. 1998) or denaturing
HPLC (O’Donovan et al. 1998; Spiegelman et al. 2000). Another less labori-
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ous, but potentially somewhat slower approach, which is highly recom-
mended when only one point mutation allele is available, is functional com-
plementation of a recessive mutant by transformation with a wild-type copy
of the yet unknown gene, by using overlapping genomic fragments (e.g.,
15–30 kb in length) cloned into a binary plant transformation vector (Meyer
et al. 1994), covering the entire mapping interval (exemplified in Scheible et
al. 2001, 2003; Fig. 4). This latter approach can reduce the genetic interval to
less than 10 kb, and has the potential to directly pinpoint the correct gene.

3.1 High-Efficiency Genetic Marker Systems

As has been pointed out above, a significant part of the work involved in a
map-based cloning project is covered by marker development and perfor-
mance of marker analyses. The development of molecular markers began less
than two decades ago. During this time a series of different marker tech-
niques has been developed among which initially the RFLP and RAPD, later
on the SSLP and AFLP were the most widely preferred techniques for gene
mapping by linkage analysis in plants. In the more recent past, SNPs have
emerged as the new generation of molecular markers. Their high and equal
density in genomes and the appearance of highly automated methodologies
for parallel SNP-genotyping make the SNPs the fastest and cheapest marker
system available for map-based cloning. In addition to these advantages, this
marker system is also the best choice for association mapping (Risch 2000;
Buckler and Thornsberry 2002) due to the slow mutation rate per generation
( ˚ 10–8 to 10–9) in comparison to the microsatellites ( ˚ 10–4; Brumfield et al.
2003). The SNPs are co-dominant and mostly biallelic, because the frequency
of multiple mutations at a single site is very low. This makes the evaluation
and interpretation of the obtained SNP data particularly straight-forward
and well suited to automated analysis (Jander et al. 2002).

A large number of very diverse methods for SNP genotyping are now avail-
able. These procedures can be divided into different classes according to the
discrimination methods and the detection systems applied (for extensive
reviews, see Syvänen 1999; ; Gupta et al. 2001; Gut 2001; Jenkins and Gibson
2002; Kwok 2001). Broadly, the sequence-specific discrimination procedures
can be grouped into five main classes: allele-specific amplification, allele-
specific hybridization; allele-specific nucleotide incorporation, allele-specific
oligonucleotide ligation and allele-specific invasive cleavage. The detection
systems are based on fluorescence detection, mass spectrometry or light
detection. The advantages/disadvantages for specific applications of the dif-
ferent techniques are determined by the following features:

1. SNP setup: how many SNPs can on average be assayed? How much effort
is needed to assay an SNP? How much are the costs for the setup of a new
SNP?
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2. SNP genotyping: accuracy, robustness, analysis cost per one data point,
possibility and degree of multiplexing, flexibility, possibility of automa-
tion, possibility to measure allele frequencies in pools, DNA amount and
quality needed for the analysis, throughput.

3. Data evaluation: possibility of automation, speed, error rate.

Hitherto, no ideal genotyping method has been available, which satisfies all
these desires. Among other aspects, the accuracy and the robustness is always
less than 100% (Gut 2001). Finding the method of choice, therefore requires
some consideration of the features most relevant for the specific application.
One of the most decisive factors is the number of SNPs and the number of
individuals to be analyzed. Previous studies have shown that high-density
DNA arrays are very powerful when hundreds or thousand SNPs are typed in
a few individuals (Wang et al. 1998). In some cases, such as in the first rough
mapping stage of a map-based cloning or association mapping project, the
opportunity to precisely quantify allele frequencies using only a few pooled
DNA samples could provide a highly efficient way to localize the chromo-
somal region of interest. Previous studies showed that allelic frequencies can
be accurately estimated from pools using Pyrosequencing (Ronaghi et al.
1996, 1999), TaqMan (Applied Biosystems; Breen et al. 2000), primer exten-
sion followed by dHPLC (Hoogendoorn et al. 2000), SNaPshot (Applied Bio-
systems; Le Hellard et al. 2002; Norton et al. 2002), Maldi-Tof mass spectro-
metry (Ross et al. 2000), MassARRAY (Sequenom; Buetow et al. 2001; Le Hel-
lard et al. 2002) and kinetic PCR (Germer et al. 2000). Furthermore, the pos-
sibility to analyze multiple loci (multiplexing) is advantageous and a high
flexibility to assemble different sets of markers for multiplexed analysis with-
out the need of extensive optimization is highly desirable. In this respect, the
SNaPshot assay (outlined in Fig. 5) proved to be highly useful for low to
medium throughput analyses, e.g., successive genotyping of a limited num-
ber of individuals with several different marker sets (Törjék et al. 2003).
Other methods (e.g., TaqMan and Maldi-Tof assays) are preferred when a
small number of SNPs is tested in a large population, e.g., for the selection of
recombinants. In many cases, a combination of two or more different tech-
niques provides the optimal solution for cheap and fast mapping.

Another aspect to consider is the requirement of highly specialized and
expensive instrumentation for the detection methods used in many of these
techniques. In addition, the probes and reagents needed for many genotyping
methods can be quite expensive. For institutions which cannot afford one of
these systems, a number of service providers offer easy and fast ways to make
use of these techniques and to rapidly obtain genotyping information at low
cost (for review, see Jenkins and Gibson 2002).
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Fig. 5. Schematic representation of the SNaPshot procedure (Applied Biosystems) for rapid SNP
typing. The SNaPshot procedure relies upon the 5' extension of a specific primer immediately
adjacent to the SNP using four different fluorescently labeled didesoxynucleotides (ddNTPs).
After amplification of the 100–300 bp target sequence the dNTPs and unincorporated primers
are removed by shrimp alkaline phosphatase (SAP; Amersham Pharmacia) and exonuclease 1
(Amersham Pharmacia) treatment. The purified PCR products are used as templates in the
extension reaction, in which a specific primer is annealed adjacent to the SNP and extended by
incorporation of the fluorescently labeled complementary ddNTP at the polymorphic site. After
removal of the unincorporated ddNTPs by SAP and denaturation of the samples, the reaction
products are separated and visualized by electrophoresis on sequencers such as ABI310,
ABI3100, or ABI3700, that are designed to simultaneously detect the signals of multiple fluoro-
phores. The SNaPshot Multiplex Kit also allows multilocus interrogation in a single tube/single
capillary format using locus-specific extension primers of different lengths. Major advantages
of this method are the high success-rate and the high speed of SNP marker establishment, the
possibility of multiplexing (parallel analysis of up to eight loci; Törjék et al. 2003), the flexibility
to change the markers in multiplex sets, and the very high accuracy
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4 Map-Based Cloning in Crop Species

Despite the difficulties associated with the unfavorable situation encountered
in most crop species, many of which have very large genomes characterized
to various limited extents, several successful map-based cloning projects have
been conducted. A number of genes corresponding to traits showing simple
(monogenic) inheritance with either naturally occurring allelic variation or
with induced mutant alleles have been isolated through positional cloning
from several different plant species (see below). Most notably, several genes
corresponding to QTLs have also been identified in this way from tomato and
rice (see below). The range of approaches used on these projects will be indi-
cated in the following section using a few selected examples. They highlight
the fact that the optimal strategies to isolate genes may differ very consider-
ably and that in addition to the availability of the genomic resources men-
tioned above, the success of a map-based cloning project in a crop species
depends a lot on the available plant material, the complexity of the genomic
regions containing the genes of interest, and characteristics of the traits
under investigation and the properties of the plant species/varieties:

4.1 Identification of Crop Genes Corresponding to Monogenic Traits

Several genes controlling disease resistance of tomato, rice, barley, sugar beet,
and potato have been isolated via map-based cloning (Pto: Martin et al. 1993;
Xa21: Song et al. 1995; Cf-2: Dixon et al. 1996; Mlo: Büschges et al. 1997;
Hs1pro-1: Cai et al. 1997; Xa1: Yoshimura et al. 1998; Rar1: Shirasu et al. 1999;
Mla1: Zhou et al. 2001; Rpg1: Brueggeman et al. 2002; Hero: Ernst et al. 2002;
R1: Ballvora et al. 2002) and a number of genes have been isolated by this
approach from tomato that have been characterized by mutation (Fen: Mar-
tin et al. 1994; Beta/Old-gold: Ronen et al. 2000; Tangerine: Isaacson et al.
2002; Fer: Ling et al. 2002; Chloronerva: Ling et al. 1999; Self-pruning: Pnueli
et al. 1998; Lateral suppressor: Schumacher et al. 1999; Jointless: Mao et al.
2000; Blind: Schmitz et al. 2002).

The Pto gene of tomato was one of the first genes ever cloned from plants
through this approach and is the first plant disease resistance gene that has
been identified (Martin et al. 1993). Using 251 F2 segregating for the resis-
tance allele, an RFLP marker was found that co-segregated with the Pto locus
and that was used to identify a 400-kb YAC clone. End-specific probes of this
YAC were placed on a high-resolution linkage map of the region and the left
end probe mapped 1.8 cM from Pto. The demonstration that the right end
probe of the YAC mapped opposite Pto was achieved through analysis of 1300
plants with the initial RFLP marker and the right end probe that resulted in
the identification of one crossover between Pto and the right end probe. The
YAC thus shown to span the Pto region was used to isolate corresponding leaf
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cDNA clones, one of which cosegregated with Pto and was shown to represent
a member of a gene family. The identity of the Pto gene was confirmed
through genetic complementation using a 2.4-kb cDNA placed under the con-
trol of the CaMV35S that conferred resistance to a susceptible cultivar upon
transformation.

The isolation of the Mlo gene of barley, recessive alleles of which confer
resistance to powdery mildew, marked another breakthrough in map-based
cloning (Büschges et al. 1997): This study demonstrated the feasibility of
positional cloning in a large grass genome of ca. 5.3 Gbp per haploid genome
following the ‘chromosome landing’ approach (Tanksley et al. 1995). The
AFLP marker technology was used to identify very closely linked markers by
analysis of a line carrying the mutant locus on a small (8–10 cM) introgressed
DNA segment in comparison to the recurrent parent line and analysis of
bulks established from a segregating F2 population of a cross between the two
lines. About 1900 AFLP primer combinations were tested and 38 linked can-
didate AFLP markers were identified and 21 of these could be positioned to
opposite sides of Mlo.
Using two co-dominant AFLP markers positioned on opposite sides of Mlo,
2022 F2 segregants were analyzed and 76 recombinants were identified whose
genotype at Mlo was determined by testing their F3 progeny for resistance.
This analysis revealed one AFLP marker cosegregating with Mlo (without
crossing over) and two flanking markers at distances of 0.24 and 0.4 cM,
respectively. A YAC library was constructed and four YAC clones were iso-
lated by screening for the cosegregating AFLP marker. Three of the four YAC
clones also contained the two flanking AFLP markers and one was chosen for
BAC subcloning. A 60-kb BAC containing the cosegregating AFLP marker
and one of the flanking AFLP markers was selected and from this BAC new
polymorphic markers were developed. By testing 25 of the aforementioned
recombinants, one of these markers was positioned opposite Mlo showing
that the BAC contained Mlo. A physical map of the BAC revealed that the two
markers defined an interval of approximately 30 kb. Randomly chosen BAC
subclones were sequenced and of the sequence contigs only one (which
included the cosegregating AFLP marker) revealed regions of high coding
probability. These regions corresponded to an RNA of ca 2 kb consisting of 12
exons. The correct identification of the Mlo gene was confirmed by sequenc-
ing six different mutants that all showed nucleotide alterations and by selec-
tion of intragenic recombinants between different mutant alleles that
occurred as rare susceptible F2 individuals.

The sugar beet Hs1pro-1 gene that confers resistance to the beet cyst nema-
tode, was also isolated by positional cloning (Cai et al. 1997). The strategy
used here, however, differed from commonly used approaches, because the
resistance gene has been transferred to cultivated sugar beet (Beta vulgaris)
from a wild beet (Beta procumbens) and no recombination occurs between
the sugar beet and the wild beet chromosomes. The region covering the
Hs1pro-1 gene was restricted to a small segment of the wild chromosome by
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mapping chromosomal break points using species-specific satellite markers.
Among a panel of chromosomal mutants that were created upon transfer of
the resistance gene by species hybridization and backcrossing, a transloca-
tion line with the smallest wild beet segment was identified with a B. procum-
bens genome-specific satellite marker. Three YAC clones from a library of this
translocation line were isolated using the satellite marker as a probe and were
used to identify three cDNAs from a library of the same translocation line.
One of the three cDNAs gave a single-copy signal exclusively with DNA of the
resistant line when used to probe genomic DNA and, in RNA blot analysis,
detected a 1.6-kb transcript present mainly in roots. This cDNA was con-
firmed to be encoded by the Hs1pro-1 gene through genetic complementation.
Here, advantage was taken from the fact that compatible and incompatible
reactions of susceptible or resistant roots are maintained in hairy root cul-
tures obtained by transformation using Agrobacterium rhizogenes, obviating
the need to create intact transgenic plants. The isolated cDNA was thus
shown to confer resistance to hairy roots when expressed in sense orientation
in roots of the susceptible sugar beet line and caused susceptibility to roots of
the resistant line when expressed in antisense orientation.

4.2 Identification of Crop Genes Corresponding to Quantitative Trait Loci

Positional cloning of genes corresponding to QTLs has been recently
achieved for six loci, three in tomato and three in rice (Frary et al. 2000; Frid-
man et al. 2000; Yano et al. 2000; Takahashi et al. 2001; Kojima et al. 2002; Liu
et al. 2002). This marked another breakthrough in map-based cloning and
demonstrated that numerous further genes controlling traits of agricultural
importance will be amenable to isolation via this approach.

All three tomato genes, which all control fruit characteristics including
size, contents of soluble compounds, and shape, have been isolated using
nearly isogenic lines derived from a cross of the red-fruited cultivated
tomato, Lycopersicon esculentum, and a green-fruited wild tomato species,
Lycopersicon pennellii (Eshed and Zamir 1995).

fw2.2 was detected as a QTL controlling fruit size in a backcross 1 popula-
tion derived from L. esculentum × L. pimpinellifolium and an L. esculen-
tum × L. pennellii introgression line F2 (Alpert et al. 1995). Using 3472 indi-
viduals of the latter population (F2 NIL), fw2.2 was mapped to an 0.8-cM
interval bordered by two RFLP markers. Fifty-five F2 NIL plants that con-
tained recombinations in this interval were used to develop a high-resolution
map around fw2.2. Using the two flanking markers and four further markers
located within this segment, six YAC clones were isolated and arranged as a
contig. Their ends were isolated and used as markers in addition to those
previously positioned in that interval and the recombinants were phenotyped
to place fw2.2 more precisely on the high-resolution map. fw2.2 could thus be
narrowed down to an interval of less than 150 kb included within two YACs.
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One of these was used to screen a L. pennellii cDNA library and cDNAs repre-
senting four different genes were identified, which were positioned on the
high-resolution map. The four cDNAs were used to screen a L. pennellii cos-
mid library and four nonoverlapping cosmids were isolated, which were
assembled into a physical contig of the fw2.2 region and were used to trans-
form tomato lines, that carried the partially recessive large-fruit allele of
fw2.2. Transfer of one of the cosmids resulted in plants with significantly
smaller fruits showing that this cosmid carried fw2.2. The sequence of the
cosmid insert revealed two open reading frames (ORFs) one of which was
excluded from representing fw2.2 due to its position beyond a recombination
that delimited the end of the fw2.2 candidate region. The fw2.2 gene thus
identified showed heterochronic allelic variation in expression, which is asso-
ciated with concomitant changes in mitotic activity in the early stages of fruit
development (Cong et al. 2002).

The aforementioned introgression lines developed from a cross between L.
esculentum and L. pennellii have been analyzed for fruit contents of total sol-
uble solids (called brix) and 23 QTLs controlling this important property
were mapped (Eshed and Zamir 1995). One of these QTLs, Brix9–2-5, was
mapped to a 9-cM interval on tomato chromosome 9 flanked by two RFLP
markers (Eshed and Zamir 1996). For map-based cloning, these two markers
were used to analyze 7000 F2 NILs segregating for the L. esculentum and the
L. pennellii alleles and 145 recombinants were identified (Fridman et al.
2000). A BAC contig was established and the two ends of one BAC marked a
segment that included 28 recombinations. BAC subclones were used as fur-
ther markers that located Brix9–2-5 in an 18-kb region, which was sequenced.
Polymorphic products amplified with primers designed according to the
sequence were mapped using the 28 recombinants and one 1-kb fragment
showed complete so-segregation with the QTL. This 1-kb region was
sequenced for the parental types and the recombinants and based on
detected single nucleotide polymorphisms, 13 recombinations were found to
reside in this segment, an apparent recombination hot spot. The phenotypes
of these 13 recombinants allowed Brix9–2-5 to be positioned in an extraordi-
narily small interval of 484 bp. This region was identified as part of an apo-
plastic invertase gene, Lin5, covering intron 3 and parts of exons 3 and 4.
Comparison of the L. esculentum and L. pennellii sequences revealed several
sequence differences including three amino acid substitutions. More elabo-
rate sequence differences were apparent in the intron with several deletions
and a small insertion found in the L. esculentum sequence. These differences
may have consequences in the activity of the Lin5 invertase gene, however, no
clear differences in mRNA expression were detected between the Brix9–2-5
NILs (Fridman et al. 2000).

The three isolated rice genes correspond to three of fourteen QTLs control-
ling flowering time (heading date) identified in a cross between the rice culti-
vars Nipponbare (japonica) and Kasalath (indica; Yano et al. 2001). Hd1 was
detected in the F2 of this cross (Yano et al. 1997) and was mapped more pre-
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cisely using BC3F2 plants and BC3F2 progeny tests into a 0.6-cM interval on
a rice RFLP linkage map (Yamamoto et al. 1998). Approximately 9000 BC3F3
plants derived from BC3F2 plants heterozygous for the region of chromo-
some 6 that included Hd1 were grown and nearly 2000 showing early heading
(indicative for homozygosity of the Kasalath Hd1 allele) were selected for fine
mapping (Yano et al. 2000). Recombinants within the 0.6-cM interval were
selected by analysis of the 2000 BC3F3 plants (initially as pools of five plants)
for the genotypes of the two flanking RFLPs. Eleven plants were selected and
analyzed for the genotypes of additional markers (two RFLPs and one CAPS).
Two YAC clones and two PAC clones were selected with markers from this
region and the two YACs and one of the PACs were shown to contain the Hd1
region. The PAC clone was sequenced and a 21-kb segment was defined as the
Hd1 candidate region through the position of the two closest flanking mark-
ers. Using nine CAPS markers developed on the basis of the sequence and the
recombinants, the Hd1-region was narrowed down to 12 kb, which contained
two putative genes predicted according to the sequence. One of the two genes
was further considered due to its similarity to the Arabidopsis CONSTANS
gene known to be involved in the control of flowering. The Nipponbare and
Kasalath sequences of this gene showed many differences and two rice flo-
wering mutants were shown to carry induced mutations in this gene. Its iden-
tity as Hd1 was finally confirmed by transformation of a 7.1-kb Nipponbare
fragment containing the candidate Hd1 gene into a nearly isogenic line (a
Nipponbare recipient line homozygous for the introgressed Kasalath non-
functional alleles of Hd1 and Hd2). Genetic complementation was confirmed
through early flowering of transgenic plants (Yano et al. 2000).

5 Conclusions

The excellent genomic resources developed and made available for the Arabi-
dopsis model system provide the means to apply map-based cloning very
efficiently and at high throughput: In comparison to the situation a few years
ago, when the total effort necessary for positional cloning of a gene was three
to five person-years, the work load per isolated gene has now dropped to less
than one person-year (Jander et al. 2002), and many labs have implemented
this approach as a routine procedure. Through several examples it was firmly
demonstrated that application of positional cloning is also possible in non-
model crop species with very large genomes and that even genes correspond-
ing to QTLs can be isolated via this approach. The rapid accumulation of
genomic (sequence) information and resources such as genomic libraries and
highly efficient markers for these crop species will strongly support the appli-
cation of map-based cloning in crops and will lead to a major increase in the
number of genes of agronomic importance isolated from these species using
this approach.
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II.1 DNA Markers in Brassica: Use of Genetic
Information from Arabidopsis and Development
of Sequence Tagged Site Markers
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1 Introduction

The genus Brassica is part of a taxon grown worldwide and includes
important vegetables and oil crops. Cultivation of Brassica is thought to have
started in the Neolithic age (Kimber and McGregor 1995), and since that
time, Brassica crops have been exposed to intensive selection throughout the
world. As a result, they have diversified into many types of vegetables, oil-
seeds, condiments and forages (reviewed by Tsunoda 1980).

Using conventional taxonomic and cytological criteria, Brassica species are
classified into six species, three of which are diploid: B. rapa = AA, B. olera-
cea = CC, B. nigra = BB. The remaining three species are amphidiploids (B.
napus = AACC, B. carinata = BBCC, B. juncea = AABB), derivatives of the
diploid species. The relationships between the A, B and C genomes were
established by U who successfully produced artificial amphidiploids (U
1935), and the relationship became known as the “triangle of U”. Subsequent
interspecific hybridization among the diploid species revealed common
ancestral chromosomes in Brassica (reviewed by Mizushima 1980). Plant
breeders have exploited the high success rate of interspecific crosses to trans-
fer numerous desirable agronomic characteristics into several Brassica spe-
cies. In addition to the significant cross-ability, Brassica species possess a
pollination system involving several series of self-incompatible (SI) alleles,
thus creating complicated genetic backgrounds (reviewed by Hinata and
Nishio 1980).

Recent progress in plant biotechnology has produced novel breeding tools
such as microspore culture (Downey and Rimmer 1993), hybrid seed produc-
tion (Buzza 1995), genetic transformation (Nap et al. 2003) and DNA mark-
ers. These techniques have been incorporated into Brassica breeding regi-
mens and are routinely used for the efficient production of elite lines. In this
chapter, we describe recent developments in the use of DNA markers in both
vegetable and oilseed Brassica breeding.

In the early 1990s, restriction fragment length polymorphism (RFLP)
analysis was utilized to detect genetic diversity and construct genetic maps in
Brassica; linkage maps of several Brassica species have been demonstrated by
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RFLP analysis (Slocum et al. 1990; Landry et al. 1991; Song et al. 1991). RFLP
markers were widely used in marker-assisted selection because they were
often codominant and identified low or single copy DNA sequences. How-
ever, isolation and identification of the markers often required laborious pro-
cedures including DNA cloning and DNA–DNA hybridization. Since the
advent of the polymerase chain reaction (PCR), various DNA markers have
been developed in plant breeding, and random amplified polymorphic DNA
(RAPD), amplified fragment length polymorphism (AFLP) and simple
sequence repeat (SSR) markers have been extensively integrated into marker
development in Brassica varieties.

To develop DNA markers, the first important step is to select or produce
appropriate breeding populations. Nearly isogenic lines (NILs) are frequently
used to select DNA markers in self-pollinated plants such as rice and tomato
(reviewed by Tanksley et al. 1995), though significant time and effort are
required to develop NILs via backcrossing. A novel method termed bulked
segregant analysis (BSA) was developed for efficient DNA marker isolation
(Michelmore et al. 1991) and is based on a plant population comprising both
dominant and recessive segregants for target traits. When comparing the
bulked segregants with other breeding populations such as NILs, bulked seg-
regant populations may be developed more quickly in the F2 generation by
first dividing them into two pools of dominant and recessive individuals. The
two pools differ in their allelic content only at the chromosomal region near
the target gene. We used the BSA method to develop DNA markers in popula-
tions for which NILs did not exist.

Recently, construction of genetic linkage maps in Brassica species has been
reported, and various DNA markers have been used to elucidate the organi-
zation of Brassica genomes and construct genetic linkage maps to develop
new DNA markers linked to genes of interest. Schmidt (2000) has recently
reviewed the progress of Brassica genome organization and evolution. In this
chapter, we summarize recent progress on DNA markers in Brassica, focusing
mainly on marker development in the construction of genetic linkage maps
and marker isolation for genes of interest. In addition, we describe the isola-
tion of DNA markers linked with the fertility restorer gene in B. napus.

2 Characterization of DNA Markers in Brassica

Table 1 summarizes examples of DNA markers that were developed in recent
years and linked to particular genes or traits. DNA markers for several dis-
ease resistance loci, fertility restoration (Rf) genes for cytoplasmic male ste-
rility (CMS) and other important agronomic traits such as flowering time
quantitative trait loci (QTL), self-incompatibility and fatty acid composition
have been reported. In the case of fad3 and SLG-loci genes, sequence poly-
morphisms that identified exons of genes have been used as markers. It is
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Table 1. Examples of DNA markers that linked with specific genes or locus of interests in Bras-
sica species

Target genes
or locia

Plant
material

Type of
markersb

Mode of marker
selectionc

Referencesd

1 fad3 (linolenic acid
contents)

B. napus RAPD-STS Identify polymorphism
of target gene sequence

Jourdren et al.
(1996)

2 SLG (self-
incompatibility)

B. oleracea,
B. napus

RAPD-STS Mapping markers with
individual DH (B.
napus) or F2

(B. oleracea) plants

Cheung et al.
(1997b)

3 Rfp1, Rfp2 (fertil-
ity restorer locus
for polima CMS)

B. napus RFLP,
RAPD

BSA, NIL Jean et al.
(1997)

4 pb-3, pb-4 (club-
root resistance
genes)

B. oleracea RFLP, AFLP Mapping markers with
individual DH plants

Voorrips et al.
(1997)

5 Clubroot resistan-
ce(CR) genes

B. rapa RAPD Mapping markers with
individual DH plants

Kuginuki et
al. (1997)

6 Flowering time
QTL

B. napus, B.
rapa

RFLP, AFLP Mapping markers with
individual DH (B.
napus) or RI (B. rapa)
plants

Osborn et al.
(1997)

7 Bzh (dwarf BRE-
IZH)

B. napus RAPD Mapping markers with
individual DH plants

Barret et al.
(1998)

8 Rfo (fertility
restorer locus for
Ogu-INRA CMS-Rf
system)

B. napus RFLP,
RAPD

BSA Delourme et
al. (1998)

9 Ac21 (white rust
resistance genes)

B. juncea RAPD BSA Prabhu et al.
(1998)

10 Flowering time
QTL

B. olreacea RFLP Mapping markers with
individual DH plants

Bohuon et al.
(1998)

11 CR gene B. rapa RAPD-STS Mapping markers with
F2 population

Kikuchi et al.
(1999)

12 Cultural efficiency
of microspore

B. rapa RAPD,
RFLP

Mapping markers with
F2 population

Ajisaka et al.
(1999)

13 bb (yellow seed
color)

B. juncea AFLP-SCAR BSA Negi et al.
(2000)

14 QTL of sculpting
curd

B. olreacea EST Mapping of Arabidopsis
ESTs in F2 populations

Lan and
Paterson
(2000)

15 PhR2, PhR3
(phoma resistance
genes)

B. napus RFLP-STS,
AFLP-STS

BSA Plieske and
Struss (2001b)
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Table 1. (Continue)

Target genes
or locia

Plant
material

Type of
markersb

Mode of marker
selectionc

Referencesd

16 BoGLS-ALK (glu-
cosinolate gene)

B. olreacea SRAP Mapping markers with
individual RI plants

Li and Quiros
(2001)

17 QTL for extreme
late bolting

B. rapa RAPD,
RFLP

BSA Ajisaka et al.
(2001)

18 Ac2V1 (white rust
resistance gene)

B. napus AFLP BSA Sommers et
al. (2002)

19 Rfk1 (fertility
restorer locus for
kos-CMS-Rf
system)

B. napus RAPD-STS,
AFLP-STS

BSA Imai et al.
(2003)

a Genes or loci are described in the same manner as the original report
b Abbreviation of markers: RAPD random amplified polymorphic DNA, STS sequence-tagged

site, RFLP restriction fragment length polymorphism, AFLP amplified fragment length poly-
morphism, SCAR sequence characterized amplified region, EST expressed sequence tag, SRAP
sequence-related amplified polymorphism

c Abbreviation of populations used for marker selections: BSA bulked segregant analysis, DH
doubled haploid, NIL near isogenic lines, RI recombinant inbred

d The table entries are ordered chronologically by date of publication

noteworthy that half of the DNA markers in Table 1 were isolated by the BSA
method in combination with PCR-based methods such as RAPD and AFLP.
The BSA method has frequently been used in Brassica because it is difficult to
develop NILs in these species. Doubled haploid (DH) lines, which are geneti-
cally similar to the recombinant inbred (RI) line, are also frequently used in
Brassica. Arabidopsis expressed sequence tag (EST) information has also been
applied to obtain DNA markers in Brassica. In the following sections, we dis-
cuss several DNA markers that have been used in Brassica breeding.

2.1 Restriction Fragment Length Polymorphism Markers

Since Figdore et al. (1988) demonstrated a high degree of polymorphism for
RFLP markers in Brassica, this property has been exploited for various pur-
poses in both basic research and Brassica breeding, i.e., assessment of genetic
diversity among varieties (Song et al. 1988; Diers and Osborn 1994; Becker et
al. 1995), mapping genes of interest (see Table 1), and the study of genome
organization and evolution (reviewed by Schmidt 2000). In many of these
cases, PCR-based markers have been used in conjunction with RFLP markers
(Table 1).

RFLP analysis has been used to explore the origin and evolution of culti-
vated Brassica species (Song et al. 1988); indeed, linkage maps of RFLPs have
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been developed within B. oleracea and B. rapa (Slocum et al. 1990; Song et al.
1991). The authors of these studies constructed nine and ten linkage groups
which represented the corresponding haploid chromosome set of the genome
by examining 188 and 197 cloned B. rapa and B. oleracea sequences, respec-
tively. Among the isolated 188 and 197 clones, 280 and 258 loci were detected,
respectively, half of which could detect a single locus and the other half of
which detected two or more loci in the F2 population (Slocum et al. 1990;
Song et al. 1991). During construction of the linkage groups, the authors
found an elevated level of sequence duplication among the Brassica genome
compared to other crops. They suggested that the extensive rearrangement
and chromosome restructuring resulted from frequent duplication that was
an important feature in the evolution of the Brassica genome. In addition,
they suggested that the isolated markers could be useful as tools, not only for
the study of genome evolution, but also as genetic markers for selecting agri-
cultural traits.

In contrast to the diploid species, linkage maps of amphidiploids con-
structed only with RFLP markers do not completely cover the entire genome
(Becker et al. 1995; Cheung et al. 1997a), partly because the genome is typi-
cally larger than that of their ancestors. However, since these initial studies
were conducted, PCR techniques have become more common and PCR-based
DNA markers have since become deeply integrated into marker technologies.

2.2 Random Amplified Polymorphic DNA

Among PCR-based DNA markers, RAPD markers have several advantages
including convenience, ease of use, the use of nonradioactive materials, and
their requirement for only small amounts of DNA. Random arbitrary prim-
ers, 10–12 bp in length, that correspond to genomic DNA sequences can
reveal polymorphisms, and the RAPD markers can detect single base changes
in some instances. Nearly all RAPD markers are dominant and it is difficult
to identify allelic relationships between each fragment on the gel, where sev-
eral DNA fragments are often observed in one lane (Williams et al. 1990). For
this reason, the use of RAPD markers is limited in some cases. In addition,
unreliability and noncodominance are concerns with RAPD markers. Hal-
ldén et al. (1994) evaluated RFLP and RAPD markers by comparing genetic
relationships in B. napus breeding lines and concluded that RAPD markers
possessed the same resolving ability as RFLP markers.

In the last 7 years, RAPD was frequently utilized to isolate DNA markers
(Table 1), and in some cases it was combined with other marker techniques.
During construction of the B. napus linkage map, RAPD markers were used
to obtain DNA markers that allow global comparison of genomes with
respect to genetic distance (Foisset et al. 1996). It was mentioned that utiliza-
tion of the RAPD markers was limited in breeding programs due to potential
unreliability and noncodominance (Halldén et al. 1994; Iketani 1998). To
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overcome these drawbacks, RAPD markers may be converted into sequence
tagged site (STS) markers that can be used practically for breeding purposes
(Table 1).

RAPD may be used to estimate genetic distance. Potential problems with
the reliability and reproducibility of RAPD markers in this respect have been
discussed (Halldén et al. 1994; Iketani 1998). Ma et al. (2000) utilized differ-
ences in RAPD patterns to calculate phylogenic distances between Asian and
European B. napus varieties. Their results agree with the geographic distribu-
tion and cultivation types of the varieties, and were also consistent with the
findings of Diers and Osborn (1994) that estimated genetic diversity of Euro-
pean and Asian B. napus varieties by comparing RFLP patterns. These facts
suggest that RAPD is a convenient tool to estimate genetic distance among
breeding lines.

2.3 Amplified Fragment Length Polymorphism Markers

Amplified fragment length polymorphism is a relatively new method that
combines the reliability of RFLP with the sensitivity of PCR. Since its devel-
opment in 1995, it has become an indispensable tool in plant molecular
genetics (Vos et al. 1995). AFLP is characterized by detection of sequence dif-
ferences with respect to polymorphisms in restriction enzyme sites following
selective amplification of the restriction fragments. Polymorphisms in
selected amplified fragments are detected by differential migration in gels.
The number of amplified fragments in a given sample set may be controlled
by the selection of the restriction enzyme as well as the number of selective
bases in PCR primers.

The advantages of AFLP markers are (1) large numbers of DNA markers
may be obtained in a single experiment, (2) they are highly reproducible
compared with RAPD, (3) high multiplex ratios are obtained. These advan-
tages make AFLP suitable for the development of DNA markers to construct
high-resolution maps of important genes in various species (Thomas et al.
1995; Bentolila and Hanson 2001; Klein et al. 2001; Liu et al. 2001). In Bras-
sica, the Rf gene for radish CMS was isolated by map-based cloning, and
AFLP markers were used to map both sides of the Rf gene and thus served as
key landmarks for positional cloning using a DNA library (Imai et al. 2003;
Koizuka et al. 2003).

Due to its reliability and high multiplex ratio, AFLP is often combined
with other markers to develop high-density genetic maps (Pradhan et al.
2002). Linkage maps developed with AFLP and RFLP markers have been
reported for B. oleracea (Sebastian et al. 2000), B. juncea (Pradhan et al.
2002), and B. napus (Lombard and Delourme 2001), and subsequent con-
struction of high-density linkage maps allowed us to develop consensus link-
age maps across populations derived from genetically different combinations
of crosses (Sebastian et al. 2000; Lombard and Delourme 2001). These pri-
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mary consensus maps also allow us to cross reference markers to identify
genes or QTL positions in different varieties.

2.4 Simple Sequence Repeat Markers

Simple sequence repeats, or microsatellites, consist of short tandem base
repeats (2–8 bp units). SSRs are codominant and highly efficient DNA mark-
ers for genome and pedigree analyses. SSR markers were originally devel-
oped as probes consisting of synthetic dinucleotide or trinucleotide motifs to
screen numerous clones in DNA libraries. Based on the DNA sequence of
screened candidates, PCR primers are designed to identify the motifs that
may be dispersed throughout the genome. These PCR primers can discrimi-
nate DNA sequences that share the same motifs, but contain a different num-
ber of repeats. The detection of SSRs is both complicated and laborious and
results in low throughput and high costs for marker development. However,
once SSR markers are developed, their ability to identify high polymorphic
loci distributed throughout the entire genome sequence give them significant
advantages over other marker techniques.

The informative nature of SSR markers was reported in B. rapa. A total of
35 of 38 primer pairs (92%) detected 232 alleles among 19 B. rapa cultivars
(Suwabe et al. 2002). In B. oleracea, Saal et al. (2001) utilized 120 primer pairs
to evaluate the B. napus genome, 63 of which yielded clear amplification of
polymorphic bands. In B. napus, 198 polymorphisms were detected with 61
primer pairs, 56% of which detected two to seven allelic loci (Plieske and
Struss 2001a). These findings suggest that primer pairs evaluated in one Bras-
sica species may be applicable to other Brassica crops. Any observed differ-
ences in primer efficiency may be a consequence of differences in genome
organization (diploid or amphidiploid), PCR primer nature, or PCR amplifi-
cation conditions.

Furthermore, SSR alleles may be distributed randomly throughout the
genome, implying that a small number of PCR primer sets could potentially
cover a wide range of chromosomes (Saal et al. 2001). For example, 15 strictly
selected SSR primer pairs detected 18 loci covering 34% of the chromosome
arms in B. napus (Tommasini et al. 2002). This feature lends SSR to the devel-
opment of DNA markers for both the construction of genetic linkage maps
and the discrimination of varietal differences (Tommasini et al. 2002). Several
authors demonstrated that SSR markers combined with fluorescence-based
automated technology constitute a highly efficient tool to discriminate varie-
ties and estimate heterogeneity within varieties (Kresovich et al. 1995; Tom-
masini et al. 2002).
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3 Application of Arabidopsis Genome Information
to Brassica DNA Markers

Comparative mapping between Arabidopsis and Brassica species shows that
the evolution of these genomes was punctuated with frequent rearrange-
ments, translocations and inversions as corroborated by genome-wide com-
parison of linkage maps (reviewed by Schmidt 2000). Despite differences in
genome size between Brassica crops and Arabidopsis, the order of the DNA
markers is highly conserved. Microcolinearity of functional genes was also
observed between Brassica species and Arabidopsis, but corresponding
regions in Brassica are of considerably larger size. Lan et al. (2000) developed
a comparative map of B. oleracea by mapping Arabidopsis ESTs in Brassica
populations. They found extensive synteny between Arabidopsis and B. olera-
cea EST maps. Thus, the comparative data helped identify a number of candi-
date genes in Brassica.

The QTL for flowering time was assessed in B. napus and B. rapa by com-
paring the corresponding region of the Arabidopsis genome in which several
candidate genes have been characterized (Bohoun et al. 1998). Further inves-
tigations identified the QTL for flowering time, disease resistance (Sillito et
al. 2000), and sculpting of the curd in B. oleracea (Lan and Paterson 2000)
utilizing information from the comparative map of the Brassica and Arabi-
dopsis sequences.

“Amplified consensus genetic markers” (ACGM) is another type of DNA
marker that utilizes Arabidopsis sequence information. In B. napus, ACGM
was used to construct a gene map based on amplified DNA corresponding to
various known genes (Fourmann et al. 2002). The authors selected 32 genes
to develop ACGMs, 25 of which were derived from Arabidopsis. The corre-
sponding sequences were then amplified in Brassica. A total of 37 sequences
were amplified from Arabidopsis while 102 were amplified from B. napus. The
number of amplified homologous sequences varied, and the number of
amplified fragments were strict additions of the parental genome in most
cases. Polymorphisms were primarily observed within introns of correspond-
ing genes. Among the 102 B. napus sequences, 59 failed to detect the origin of
the parental genome and were therefore not suitable as markers. The remain-
ing 43 sequences identified the parental origin by comparing intron
sequences. Finally, 12 genes were mapped that may be related to fatty acid
synthesis and disease resistance in B. napus linkage groups. This method rep-
resents a rapid and efficient method to develop DNA markers for agronomic
traits such as oil content QTL in B. napus.
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4 Developing Random Amplified Polymorphic DNA-Sequence
Tagged Site Markers Linked to the Radish-Derived Fertility
Restoration (Rf) Locus in B. napus

4.1 Background of the Experiments

Cytoplasmic male sterility (CMS) and the nuclear-encoded Rf gene are
among the most important agronomic traits in Brassica. To construct a novel
CMS-Rf system in B. napus, we transferred CMS cytoplasm between a radish
(Raphanus sativus L.) CMS line and B. napus cv. Westar via protoplast fusion,
resulting in CMS B. napus plants (Sakai and Imamura 1992). These plants
were then used to perform donor-recipient protoplast fusions with the radish
Rf line that had been X-ray-irradiated (Sakai et al. 1996). Several backcross-
ings of the B. napus regenerants carrying the Rf locus yielded Rf lines in B.
napus. In this CMS-Rf system, termed the Kosena system, CMS may be gov-
erned by the mitochondrial-encoded gene orf125, which is closely related to
the ogu-CMS associated gene orf138 (Iwabuchi et al. 1999). Expression of
orf125 may be controlled by a single nuclear gene in B. napus. We further
investigated the genetics of the radish Rf locus in B. napus to isolate the rad-
ish Rf gene, and defined a single dominant radish Rf locus ‘Rfk1’ correspond-
ing to fertility restoration (Koizuka et al. 2000). We developed a regional
high-resolution map as a first step to positional cloning of the radish Rfk1
gene using PCR-based methods (Imai et al. 2003). In the section below, we
describe details of the marker development linked to the introduction of the
radish Rfk1 into the B. napus Rf line.

4.2 Marker Development with Random Amplified Polymorphic
DNA-Sequence Tagged Site in B. napus

To isolate RAPD markers that were tightly linked to the radish Rfk1 locus in
B. napus, we used fertile and sterile bulks, all of which were derived from the
F2 population between the B. napus CMS line and the homozygous B. napus
Rf line (Koizuka et al. 2000). Ten plants were randomly selected from fertile
and sterile segregants of B. napus, and leaf DNA was isolated from individual
plants. Equal weights of DNA from individual plants were then mixed as fer-
tile and sterile bulks. RAPD analysis was performed using ˚ 1200 primers
(10-mer, Wako Pure Chemical Industries, Japan; and 12-mer, The University
of British Columbia, Vancouver, Canada). Details of the PCR conditions are
described in Imai et al. (2003). We screened 14 RAPD markers that were suc-
cessfully transferred into STS markers after eluting the PCR products from an
agarose gel, cloning into a vector (TA cloning kit, Invitrogen) and sequencing
the insert DNA. All of the fertile-specific RAPD fragments were successfully
transferred into STS markers.
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Table 2. Estimation of marker order by analysis of the presence or absence of RAPD-STS mark-
ers in fertile and sterile recombinant plants derived from a B. napus Rf population

Order of RAPD-STS markers in
B. napus F2 population1)

D92 F51L
534

475 D51 484
313
245

Rfk1 D43 128
602
F51S

314S 585

Number of
B. napus
recombinants
among 1344
F2 plants

Fertility of the
recombinants2)

5 F

3 F

2 F

1 F

2 F

1 S n.t.

1 S

a The 12 RAPD-STS markers derived from the B. napus F2 population and the two RAPD-STS mark-
ers derived from radish F2 populations (bold letters) were ordered. The most probable order was
estimated by connecting flanking positive markers in fertile recombinants of B. napus. Rfk1 indi-
cates the Kosena Rf locus. Shaded boxes indicate the presence of RAPD-STS markers and blank
areas indicate loss of amplification of the corresponding markers. Genetic distance described in
Fig. 1B was calculated on the basis of the number of recombinants in 1344 F2 progeny

b F and S indicate male fertile and male sterile, respectively. n.t. Not tested

A total of 1344 F2 plants were derived from the cross of B. napus CMS and
the homozygous Rf line, and these plants were screened to yield 15 fertile and
sterile recombinants (Table 2). These 15 selected recombinants were assayed
by PCR using the RAPD-STS markers derived from B. napus and radish F2

populations. Due to the low frequency of recombination in this region, the
positive signals were arranged in the most probable order in the recombi-
nants. When recombination frequency was calculated in the B. napus F2 pop-
ulation, we found that all of the markers mapped within a span of 1 cM
(Table 2, Fig. 1). We screened bulks for Rfk1 and rfk1 in the radish F2 popula-
tion to isolate RAPD-STS markers cosegregating with Rfk1. After screening
with the same arbitrary primer set, six RAPD-STS markers were isolated that
linked to Rfk1, though four failed to detect the Rfk1 locus in the B. napus Rf
line due to nonspecific amplification.

We mapped six radish-derived RAPD-STS markers and a B. napus Rf line-
derived RAPD-STS marker (D43) in a genetic map of radish F2 populations
(Fig. 1A). The most probable marker order was calculated by Mapmaker/exp
(v3.0) that also estimated inter-marker distances. The order of radish-derived
markers in the B. napus F2 population was inconsistent (Table 2). For exam-
ple, the analysis indicated that D51 and D43 are located on opposite sides of
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Fig. 1. Comparison of the linkage map covering the radish restorer locus Rfk1. A Linkage map
including five radish-derived RAPD-STS markers and one B. napus Rf-derived RAPD-STS
marker (D43). B Linkage map of the radish Rfk1 region in B. napus constructed from RAPD-
STS markers (A06, 763 and D92) derived from radish F2 populations and a B. napus Rf plant. To
compare the region, the four markers D43, A06, N763 and D92 were mapped in both popula-
tions. For B. napus, map distances were calculated on the basis of the number of recombinants
in the B. napus F2 population (Table 2). Linkage between Rfk1 and RAPD-STS markers in radish
was calculated with Mapmaker/V3.0 software. (Imai et al. 2003)
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Table 3. Southern hybridization of RAPD-STS markers originating from an F2 population of
B. napus CMS × B. napus Rf line in the Kosena system

Marker
name

Number of radish-specific DNA
fragments in Southern hybridizationa

Number of homologues in the B. napus
genomeb in the same experiment

585 1 6
D43 1 2
F51S 1 3
602 1 2
128 1 4
534 1 0
313 1 0
245 1 0
314S 1 0
484 1 3
F51L 1 2

a Individual plants segregated for male fertile and sterile were randomly selected from the pop-
ulation, and total DNAs were isolated by the CTAB method (Imai et al. 2003). The B. napus
total DNAs were digested with three different restriction enzymes (EcoRI, EcoRV and HindIII)
and separated on a 1% agarose gel. A single radish-specific fragment was observed for each
of the three enzymes

b The number of fragments in sterile B. napus plants estimated by number of homologues in B.
napus. The numbers of fragments were the same for each of the three enzymes

Rfk1 in B. napus, whereas they map to the same side of Rfk1 in radish. The
comparison of the two regional maps indicated that the recombination of the
Rfk1 region was highly suppressed in B. napus (Fig. 1), suggesting that a large
portion of the radish chromosome may be retained in the B. napus Rf line.
All of the RAPD-STS markers were detected as an additional radish-specific
fragment in a Southern hybridization analysis (Table 3), indicating that all
the Rfk1-related RAPD-STS markers were derived from the radish chromo-
some region. A detailed chromosomal analysis will be required to verify the
chromosome construction.

5 Conclusions

With recent technological advances, DNA markers have been applied to vari-
ous breeding regimens not only for the selection of agronomic traits, but also
for quality control among seeds. In the future, DNA markers will be defined
for complicated, but important QTL. For example, the QTL for flowering
times have been delineated by comparative genetics between the Arabidopsis
and Brassica genomes. Comparative genetics with the Arabidopsis genome
will also be applied to identify various QTL such as yield, oil quality and
quantity, pest and disease resistance, heterosis as well as other traits.
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Intellectual property protection of plant breeders’ rights has become an
important issue in the plant breeding field. Under the agreement of the Inter-
national Union for Protection of Plant Varieties (UPOV), new crop varieties
should be tested for their distinctness, uniformity and stability (DUS) in
UPOV countries. As UPOV member countries increase, variety collections
will expand making it difficult to distinguish DUS among candidate varieties
by simple comparison of standardized morphological characteristics. How-
ever, DNA technology has improved the accuracy of detecting sequence dif-
ferences, and consequently, appropriate sets of DNA markers can be used to
distinguish closely related varieties. DNA markers are efficient and cost-
effective for assessing DUS as part of the regulation of Brassica varieties
(Tommasini et al. 2002).

Genetically modified (GM) canola, including B. napus and B. rapa, is an
example of successful genetic engineering in crop plants. Canola varieties
harboring herbicide resistance or male-sterile genes have been developed
and are commercially available in Canada. In the next generation of GM
canola, scientists and canola breeders anticipate that the crop may produce
novel and interesting traits or pharmaceutical compounds (Nap et al. 2003).
The rapid development of GM varieties will be required to accommodate
marketing strategies, and therefore, DNA marker technology is an essential
tool that will allow the proper control of GM varieties during breeding as well
as reduce the time required for varietal formulation and production.

In the last two decades, Brassica breeding strategies have changed drasti-
cally. Hybrids have become more common in amphidiploid oilseed varieties
in addition to vegetable Brassica. Furthermore, novel biotechnology includ-
ing DNA markers and genetic engineering has been integrated into the
breeding strategies. Currently, and in the future, plant breeders must respond
to the many demands of consumers. In addition, protection of superior varie-
ties will be of great importance, and Brassica DNA markers will become
indispensable for cost-effective breeding and the protection of breeders’
rights.
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II.2 Genomics as Efficient Tools:
Example Sunflower Breeding

A. Sarrafi and L. Gentzbittel1

1 Department of Biotechnology and Plant Breeding, Pôle de Biotechnologie Végétale, ENSAT-
BAP, 18 Chemin de Borde Rouge, BP 107, 31326 Castanet, France

1 Introduction

Sunflower (Helianthus annuus L.) is grown throughout the world mostly as a
source of vegetable oil and protein. The main objectives of sunflower breed-
ing programs are the development of productive F1 hybrids with high oil and
protein yield. As in all other crops, sunflower yield depends on many yield
components which are controlled by several genes, the effects of which are
modified by the environment. Conventional plant breeding methods are
responsible for the improvement of plant yield which is provided by plant
breeders in sunflower as well as in other crops.

Now, new technologies have introduced an additional means for improv-
ing sunflower yield and quality using molecular genetics. Molecular genetics
and genomics are considered as tools for the genetic characterization of
organisms. The aim of molecular genetics in sunflower breeding is to iden-
tify, isolate, amplify and modify genes or other sequences of DNA and to
combine and express the novel or modified sequences in new genotypes.
Despite some limitations, molecular genetics is now producing significant
results by using the new technologies to influence basic and applied research
in sunflower improvement.

Linkage map construction is usually the first step for identification of
quantitative trait loci (QTLs) controlling different traits. Later, we will pre-
sent some recent maps constructed for sunflower by different methods and
also some QTLs identified for the traits related to yield improvement in this
species. We will then present some recent results of genomics and the identi-
fication of genes of importance for sunflower breeding.

2 Linkage Mapping

The development of molecular marker techniques has provided an additional
tool to determine linkage maps which are used for quantitative trait loci
(QTLs) analysis. Molecular marker-based linkage maps are powerful tools for
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breeding programs. Genetic maps in sunflower constructed by different
marker systems have been described by several authors. The most important
markers are: restriction fragment length polymorphism, (RFLP), amplified
fragment length polymorphism (AFLP) and simple sequence repeat (SSRs).

2.1 Restriction Fragment Length Polymorphism Markers

Restriction fragment length polymorphism genetic markers have unique
characteristics for crop improvement and can be used to identify crop varie-
ties or hybrids as well as to construct genetic maps. The association between
specific DNA markers and agronomic traits will facilitate marker-assisted
selection in breeding programs. Early genetic maps, constructed with RFLP
markers (mainly cDNAs), were reported by Berry et al. (1995) and Gentzbittel
et al. (1995). These maps were incomplete and were developed independently,
thus showing very few common markers such as anchor points. Later, 232
unique cDNA probes were used for the RFLP linkage analysis of F2 popula-
tion of the cross ‘RHA 271 × HA 234’ and revealed 271 polymorphic loci (Jan
et al. 1998). This map encompasses 20 linkage groups covering 1164 cM of the
sunflower genome. Twenty linkage groups of the map are more than the 17
haploid chromosome number of sunflower (Table 1).

The rapid accumulation of markers and mapping populations are chal-
lenges for the management of information and the merging of separate sets
of data in order to accumulate more valuable information for further research
and the better use of genetics. Combined maps provide an easy and conve-
nient way of comparing the component maps and other important informa-
tion about the reliability of markers, order and distances between markers.
With this aim, Gentzbittel et al. (1999) integrated seven individual maps and
constructed a near-saturated linkage map, based on RFLPs and including
major phenotypic traits (Table 1). This integrated map is arranged in 17
major linkage groups containing 238 loci and covers 1534 cM.

2.2 Amplified Fragment Length Polymorphism Markers

The amplified fragment length polymorphism (AFLP) assay is a powerful
technique for genome mapping and genetic variability studies in sunflower.
AFLP markers are typically dominant and most fragments correspond to a
unique position on the genome and, hence, can be exploited as landmarks in
genetic and physical mapping (Meksem et al. 1995). A total number of 19
AFLP primer pairs selected for sunflower were used to determine the linkage
map of recombinant inbred lines (RILs) of the cross ‘PAC-2 × RHA-266’. Out
of 333 markers, 254 were placed in 18 linkage groups; the total length of the
map is 2558 cM (Flores-Berrios 2002a; Table 1). The length of this map is sig-
nificantly greater than that described by Jan et al. (1998) and Gentzbittel et al.
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Table 1. Sunflower linkage maps: population, number of markers, linkage groups, kind of
markers and map length (cM)

Cross Popu-
lation

Number
of
markers

Number of
six linkage
groups

Marker
systems

Map
length
(cM)

Reference

RHA271 × HA 234 F2 271 20 RFLP 1164 Jan
et al. (1998)

SD × PA4 F2 86 17 RFLP 774 Gentzbittel
et al. (1999)

SD × CP73 F2 106 18 RFLP 1056 Gentzbittel
et al. (1999)

CP73 × PAC1 F2 111 16 RFLP 1068 Gentzbittel
et al. (1999)

GH × PAC2 F2 95 18 RFLP 1008 Gentzbittel
et al. (1999)

HA89 × RHA266 F2 76 14 RFLP 176 Gentzbittel
et al. (1999)

CX × RHA 266 F2 99 18 RFLP 582 Gentzbittel
et al. (1999)

PAC2 × RHA266 F2 144 21 RFLP 763 Gentzbittel
et al. (1999)

Composite map F2 238 17 RFLP 1534 Gentzbittel
et al. (1999)

PAC2 × RHA266 RILs (F8) 254 18 AFLP 2558 Flores-Berrios
et al. (2000a)

ZENB8 × HA89 F3 and F4 205 17 RFLP 1380 Leon
et al. (2001)

HA370 × HA372 F2 446 17 AFLP and
RFLP

1326 Gedil
et al. (2001b)

HA89 × CAS3 F2 154 17 RFLP and
AFLP

1807 Pérez-Vich
et al. (2002)

HAOL9 × CAS3 F2 137 17 RFLP and
AFLP

1641 Pérez-Vich
et al. (2002)

LI × L2 F3 170 20 AFLP and
SSR

2539 Mokrani
et al. (2002)

CmsHA89 × Wild (H.
annuus Var annuus)

F3 107 17 SSR 972 Burke
et al. (2002)

(1999), constructed by RFLPs, and corresponds to an expected twofold
expansion of the distances, partly because of using RILs created through self-
ing. Sunflower possess 17 haploid chromosomes and 18 linkage groups, as
well as unlinked markers presented in the map, which indicate that further
mapping is still needed to obtain a saturated one.
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2.3 Simple Sequence Repeat Markers

Simple sequence repeats (SSRs), called microsatellites, are also used as
molecular markers. Their polymorphism has shown high efficiency and they
are used for genetic mapping, population and evolutionary studies, as well as
for fingerprinting and pedigree analysis (Plaschke et al. 1995; Rongen et al.
1995; Guilford et al. 1997). SSR markers are, thus, now recognized as one of
the most efficient molecular markers. SSR identification in sunflower has
been reported independently by at least two groups (Paniego et al. 2002; Yu
et al. 2002). Burke et al. (2002) established a genetic map of an F3 population
derived from the cross ‘cms HA 89 × wild (H. annuus var. annuus)’ using SSR
markers (Table 1). This map covers 17 linkage groups with 107 SSRs and the
total map distance is 972 cM. The map length is thus considerably shorter
than other maps presented in Table 1. This fact is most likely due, at least in
part, to incomplete genome coverage.

The most complete SSR linkage map was published by Tang et al. (2002).
They describe a map of 17 linkage groups, based on 408 SSRs, genotyped on
94 RILs, producing 462 SSR marker loci segregating in the mapping popula-
tion. However, until now, this map has not been associated with any key traits
for sunflower breeding and is thus of less interest. Important efforts toward
the integration of previously described knowledge-associated data into the
frame of a dense SSR map remain to be made. Many factors such as the
nature of the populations studied, the number of individuals and the number
of markers might change the recombination rate and, consequently, the dis-
tance between two loci. Some of the genetic maps summarized in Table 1 are
constructed using AFLP and RFLP markers (Gedil et al. 2001b; Pérez-Vich et
al. 2002), or AFLPs and SSRs (Mokrani et al. 2002). The advantage of these
kinds of maps is that in cases where they have common SSR or RFLP markers
with some other maps, they can be combined in order to construct new maps
with more markers.

2.4 Cultivated Sunflower Genetic Polymorphisms and Heterosis Modelling

The discovery of genetic structures in cultivated sunflower was one of the
first aims of genetic fingerprinting using molecular markers. Initial studies
using RFLPs or RAPDs (Berry et al. 1994; Gentzbittel et al. 1994; Mosges and
Friedt 1994; Teulat et al. 1994; Zhang et al. 1995) revealed a clustering of
inbreds between restorer and maintainer lines of the ‘classical’ cytoplasmic
male sterility to be the most important genetic structure found in cultivated
sunflower. AFLPs (Hongtrakul et al. 1997) and minisatellite (Dehmer and
Friedt 1998) analyses confirmed these results and also showed that the con-
fectionery sunflower lines are clearly outgroups of oil-producing sunflowers.
Using SSRs as high throughout tools for genetic fingerprinting allowed Yu et
al. (2002) to show that the results obtained by this molecular tool are consis-
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tent with the previously described structures. They also reconfirmed that
polymorphism within cultivated sunflower is much more reduced than in
other crops. Heterotic group modelling in sunflower using molecular tools
was reported several times (Tersac et al. 1993, 1994; Cheres et al. 2000), but
failed to reveal clear heterotic groups. At least AFLP-based genetic distances
were poor predictors of hybrid seed yield.

3 Quantitative Trait Loci Identification

3.1 Agronomic Traits

The principal goal of sunflower breeding programs is the development of new
cultivars with a high oil yield. Identification of the chromosome regions which
affect grain yield, oil percentage in grain and other agronomic traits should
increase our understanding of the genetic control of the characters and help
us to develop marker-assisted selection programs. Days to flowering is one of
these important traits because cultivars with certain ranges of cycle length
provide optimum yield in specific environments. Leon et al. (2001) located six
QTLs associated with growing degree days to flowering in an F2 population
presenting 76% of phenotypic variation, whereas Mokrani et al. (2002) identi-
fied two QTLs for sowing to flowering date using 118 F3 families coming from
crosses between two others genotypes with a total effect of 89.30% (Table 2).

In the same F3 families, Mokrani et al. (2002) have also detected two QTLs
for grain weight per plant, one QTL for 1000-grain weight and seven QTLs for
oil percentage in grain with total phenotypic variation of: 50.70, 22.70 and
90.40%, respectively (Table 2). QTLs for percentage of oil in grain and 1000-
grain weight were also detected by Mestries et al. (1998). These results com-
plement pioneer work describing molecular markers linked to oil character-
istics and quantitative genetics analyses (Leon et al. 1995, 2003). As far as oil
quality is concerned, four QTLs controlling stearic acid and three for oleic
acid were identified by Pérez-Vich et al. (2002). Phenotypic variation for
these traits are 84.4 and 58.4%, respectively (Table 2).

3.2 Resistance to Disease

Plant improvement implies the ability to create genotype resistance to differ-
ent diseases. Being originally breed in Russia under continental conditions,
cultivated sunflower is susceptible to diseases under wetter conditions such
as those encountered in western Europe. Downy mildew and black stem
caused by Plasmopara halstedii and Phoma macdonaldii are considered
important diseases in sunflower (Acimovic 1984; Mouzeyar et al. 1994; Tour-
vieille de Labrouhe et al. 1998).
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Pé
re

z-
V

ic
h

et
al

.
(2

00
2)

St
ea

ri
c

ac
id

C
18

:0
4

1,
3,

8,
14

84
.4

A
FL

P
an

d
R

FL
P

O
le

ic
ac

id
C

18
:1

3
1,

8,
14

58
.4

R
ac

hi
d

A
l-

C
ha

ar
an

i
et

al
.(

20
02

)
D

ow
ny

m
ild

ew
dm

r
4

1,
9,

17
54

.9
0

A
FL

P

B
la

ck
st

em
bs

r
7

3,
4,

8,
9,

11
,1

5,
17

93
.1

0

H
er

vé
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Downy mildew is the most studied system, probably because it is consid-
ered to be a simple gene-for-gene resistance model. Several resistance clus-
ters were described (Mouzeyar et al. 1995; Roeckel Drevet et al. 1996; Vear et
al. 1997; Bert et al. 2001), and at least one of them was independently con-
firmed by Gedil et al. (2001a). These results are accompanied by the descrip-
tions of molecular markers tightly linked to the downy mildew resistances,
often based on candidate gene approaches, and putatively used as tools for
breeding (Gentzbittel et al. 1998; Brahm et al. 2000; Gedil et al. 2001a; Bouzidi
et al. 2002). Using a quantitative model, Rachid Al-Chaarani et al. (2002)
identified four QTLs for resistance to downy mildew and seven QTLs for
resistance to black stem using recombinant inbred lines of the cross ‘PAC 2 ×
RHA 266’ (Table 2). The four detected loci explained 54.9% of the total phe-
notypic variance for resistance to downy mildew, whereas the seven detected
QTLs for black stem explained 92% of the variance.

Candidate genes for disease tolerance to Sclerotinia were described (Mou-
zeyar et al. 1997; Gentzbittel et al. 1998) and were evaluated in subsequent
QTL analyses (Bert et al. 2002). Under semi-dry conditions (Spain, Israel,
Northern Africa), Orobanche cumana, a parasitic weed, appears to be a
potential important disease. Genetic mapping of several sources of resistance
to O. cumana were described (Lu et al. 1999, 2000) leading the way to putative
breeding for appropriate sunflower inbreds. Linkage of molecular markers
with resistance genes to rust were also described (Lawson et al. 1998).

Thus, several tools are already available to breeders for the improvement of
breeding processes for disease resistance.

3.3 Photosynthesis and Water Status Traits

Yield components and oil production are positively correlated with photo-
synthesis and water status traits in sunflower. Hervé et al. (2001), conducted
an experiment to identify QTLs for photosynthesis and water status traits
using RILs from the cross ‘PAC 2 × RHA 266’ and the results are summarized
in Table 2. Four QTLs detected for chlorophyll concentration accounted for
53.5% of phenotypic variation for this trait and three QTLs for net photosyn-
thesis accounted for 62.5% of total phenotypic variation. As far as stomatal
conductance is concerned, four QTLs with 61.9% of phenotypic effect were
detected, whereas predawn water potential was associated with three QTLs
and only 34.1% of phenotypic variance.

3.4 In Vitro Regeneration

The ability to regenerate large numbers of plants is important for the devel-
opment of biotechnology as regards genetic transformation in sunflower. In
vitro regeneration was investigated in 75 RILs and their parents (PAC 2 and
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RHA 266). The results summarized in Table 2 show that six putative QTLs for
the number of shoots per explant and seven for shoots per regenerating
explants were detected in cotyledon organogenesis culture (Flores-Berrios et
al. 2000a). The same RILs were also used for somatic embryogenesis by epi-
dermic layers; four QTLs were identified for the total number of embryogenic
explants which explained 48% of the phenotypic variation for this trait
(Flores-Berrios et al. 2002b). The above-mentioned RILs were also used in
another experiment in which 12 QTLs were identified for protoplast division
with a total phenotypic variation of 72% (Flores-Berrios et al. 2000c). Some
segments of the linkage groups 1, 15 and 17 are likely to contain genes impor-
tant for organogenesis, somatic embryogenesis and protoplast division. The
QTLs identified in these three linkage groups should be involved in cell divi-
sion in early events associated with cell differentiation.

4 Sunflower Genomics: Towards Genes and Functions

Sunflower genomics is still in its infancy, as compared to A. thaliana, rice or
maize genomics initiatives. However, significant programs have been recently
developed, with the aim of bringing to sunflower breeders the tools and
knowledge to answer the major challenges of sunflower breeding. In this sec-
tion, we will present results of the characterization of the oil synthesis path-
ways and the emergence of genomics programs for sunflower.

4.1 Oil Synthesis

Despite being biochemically well characterized, the lipid metabolism in sun-
flower remains undescribed at the molecular level and, as stated in previous
sections, the genetics of oil (fatty acids) synthesis still remains to be discov-
ered and understood. The ‘high oleic acid’ trait has mainly been studied
because of its economic importance. It is unclear if other fatty acids are con-
sidered as breeding and research targets.

Sunflower possesses the unique ability to produce oleic acid at both a high
percentage and high yield. This feature was obtained after mutagenesis treat-
ment on Vnimk 8931 population (known as the Pervenets mutation). Several
commercial varieties derived from Pervenets and breeding materials with a
high oleic acid content have been marketed. However, the genetics of this
trait are still not fully understood by breeders. To characterize the Pervenets
mutation, several groups have tried to clone and discover mutations in the
genes associated with oleic acid synthesis (Hongtrakul et al. 1998a, b;
Lacombe and Berville 2001). Tightly linked markers were discovered, some of
them displaying the characteristics of candidate genes (Lacombe and Berville
2001). However, the exact mechanism by which the Pervenets mutations pro-
vide the ‘high oleic’ phenotype remains unknown.
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4.2 Functional Genomics

For functional genomics, the objectives are to optimize the targets for breed-
ing by deciphering the genetics of simple or quantitative traits, for example
by identifying expressed sequence tags (ESTs) putatively underlying QTLs.
This method is based on the massive and parallel analysis of the expression
levels of thousands of genes in key situations and rely heavily, in a first step,
on massive EST sequencing and the use of so-called DNA chips. For sun-
flower, two major programs are emerging.

A US program for the massive sequencing of ESTs is underway. As a result
of this program, the increase in GenBank entries for sunflower ESTs has been
spectacular: from 191 entries in December 2000 to 49,264 entries in January
2003. These ESTs were obtained from two inbred lines (RHA801 and
RHA280) and cover 11 different organs or physiological situations: callus,
roots, disk and ray flowers, pre-fertilized flowers, developing kernel, chemical
induction, root environmental stress, shoot environmental stress, germinat-
ing seeds, flower environmental stress and hulls. A French program of mas-
sive sunflower EST sequencing is also on the way (Caboche and Boucly 2000).
More than 20 different cDNA libraries covering key traits for sunflower
breeding were constructed and subjected to sequencing. The targets are plant
and seed development, drought tolerance and disease resistance. The results
will be deposited in public databases and are already available through a high
value-added database after bioinformatics work (Samson 2003).

As a consequence of the large number of available sequences (47,000 in
March 2003), high-throughput design of primers for EST-based SSRs or sin-
gle nucleotide polymorphism (SNP) discovery is currently possible to signifi-
cantly increase the number of expressed sequence-based molecular markers
in sunflower.

The expected result of these functional genomics programs is the identifi-
cation of key genes by temporal, spatial or conditional study of the gene
expression level. The steps of gene validation could, however, be difficult as
genetic transformation for sunflower does not reach the efficiency needed to
be used as a routine tool. To overcome this problem, programs leading to the
creation of large mutant collections should be underway. In any case, the
functional genomics programs will led to the discovery of new targets for
breeding, or to the definition of molecular covariates for the resolution of
QTLs for major agronomic traits in sunflower.

4.3 Sunflower Genome Structure

As presented in previous sections, molecular linkage maps for sunflower are
already available, though based on different tools and with contrasting effi-
ciencies and knowledge-associated data. In order to facilitate positional gene
cloning and to provide a public tool for the improvement of sunflower
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genome analyses, a BAC library of about four genome equivalents of the
inbred HA821 was constructed (Gentzbittel et al. 2002).

As the sequence of the dicot model plant, Arabidopsis thaliana, becomes
available, several groups are working towards the analysis and the fine char-
acterization of the synteny conservation between the sunflower and A. thali-
ana genomes. Massive EST sequencing also provides a large amount of infor-
mation that could be used in many different ways. For example, it could pro-
vide physical anchors to an EST-derived marker-based (SNPs, SSRs, CAPS,
etc.) genetic map, which could be extended to regional or global contig build-
ing of the sunflower genome. These contigs will, thus, be of valuable use in
the fast cloning of important genes. As another example, ESTs could be used
to globally align the sunflower genome with that of A. thaliana by in silico
hybridization and genetic mapping, thus using the A. thaliana sequence as a
predictor of the sunflower genome sequence in the regions where synteny
exists. For example, a set of conserved orthologous sequences (COS) between
different dicots is being defined. In this respect, two websites are proposing
tools in a first attempt to graphically present the results of the synteny analy-
ses: the Composite Genome Project Database(http://cgpdb.ucdavis.edu/) and
the ICCARE/HeliantSynteny information server (http://genopole.toulouse.
inra.fr/ ˚ cmuller/accueil.html)

5 Conclusions

Taking into account the large size of the sunflower genome (estimated
3.109 bp), a global physical map and genome sequencing project are not real-
istic in the near future. Research programs will probably focus on a few
regions of the sunflower genome governing key agronomic traits, such as oil
and protein synthesis, seed development and disease resistance. Numerous
molecular tools are already available to develop such programs.
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II.3 Genome Analysis: Mapping in Sugar Beet

C. Jung1

1 Plant Breeding Institute, Christian-Albrechts-University of Kiel, Olshausenstr. 40, 24098 Kiel,
Germany

1 Introduction: The Species of the Genus Beta

Sugar beet (Beta vulgaris ssp. vulgaris L. conv. crassa prov. altissima), the
only sucrose-storing crop of moderate climates, is a biennial species forming
a leaf rosette and a storage root in the first year. It belongs to the genus Beta
(Chenopodiaceae) which is divided into four sections. All cultivated forms
(fodder beet, leaf beet, red beet) belong to the same species B. vulgaris ssp.
vulgaris which has been classified to the first section (Beta). They are closely
related to the wild beet B. vulgaris ssp. maritima which is believed to be the
ancestral form of cultivated beet. All species of the section Beta are readily
crossable with each other. In contrast, crosses with species of the other sec-
tions are difficult due to strong crossing barriers. Crossings with species of
the section 4 (Procumbentes) are extremely difficult due to the low viability
of hybrids which requires embryo rescue techniques. Moreover, chromo-
somes of Beta and Procumbentes species lack homology, resulting in very low
fertility of the hybrids. Nevertheless, alien introgression lines have been pro-
duced carrying monosomic additions and translocations of the wild beets B.
corolliflora (Gao et al. 2001), B. procumbens (Savitsky 1978) and B. webbiana
(Reamon-Ramos and Wricke 1992).

2 Resources and Techniques

2.1 Molecular Marker Maps

Sugar beet is a diploid species with 2n=2x=18 chromosomes and a haploid
genome size of 758 Mb (Arumuganathan and Earle 1991). A gametophytic
self-incompatibility system with a series of S-alleles inhibits production of
inbred lines. Due to its true diploid nature, neither monosomic nor nulli-
somic lines are available because the loss of chromosomes is not tolerated.
However, two sets of primary trisomics have been established (Butterfass

Biotechnology in Agriculture and Forestry, Vol. 55
Molecular Marker Systems (ed. by H. Lörz and G. Wenzel)
© Springer-Verlag Berlin Heidelberg 2004



1963; Romagosa et al. 1986) and used for chromosomal assignment of genes
previously mapped to linkage groups.

Genetic mapping began with morphological and isozyme markers (Wag-
ner et al. 1992). Those maps were extended by molecular markers and later
the linkage groups were assigned to the nine chromosomes of beet (Table 1).
The RFLP map of Pillen et al. (1992, 1993) and Schondelmaier et al. (1995)
contained the gene for red hypocotyl color R, the restorer gene X, the gene for
early bolting B and the Hs1pro-1 gene for nematode resistance together with six
isozyme markers previously mapped by Wagner et al. (1992). Later, this map
was extended by amplified fragment length polymorphisms (AFLPs; Schon-
delmaier et al. 1996). Typically for sugar beet, 12% of the RFLP markers
showed distorted segregation which was explained by gametic selection of
linked lethal genes, three of these genes (let-I, let-V, let-VIII) were incorpo-
rated into the map mainly at the end of the linkage groups. Duplicate regions
were only found on three chromosomes, confirming the true diploid nature
of sugar beet. Using different mapping populations, Barzen et al. (1992, 1995)
mapped 301 restriction fragment length polymorphism (RFLP) and random
amplified polymorphic DNA (RAPD) loci including the rhizomania resis-
tance gene Rz on chromosome three and the gene for the monogerm charac-
ter M to the end of chromosome 4. Schumacher et al. (1997) presented a map
with 600 markers which is based on the linkage maps previously presented by
Barzen et al. (1995) and Schondelmaier et al. (1996). This map comprises the
highest number of markers for that species with a majority of RFLPs and full
assignment to the nine chromosomes of beet.

The highest number of RFLPs incorporated in a single map was published
by Halldén et al. (1996a). However, the chromosomal location of the markers
is unknown since no relationship to any other linkage map could be given.
With one exception, each linkage group showed clusters of markers mainly in
the center which was explained by recombination hot spots close to the cen-
tromeres of sugar beet. Major clustering in the center of the linkage groups
was also reported by Nilsson et al. (1997) who mapped 160 RAPD and 248
RFLP markers covering 508 cM.

Giorio et al. (1997) mapped RFLPs, RAPDs, sequence characterized
amplified region (SCARs) and one sequence tagged site (STS) marker on 14
linkage groups reflecting incomplete marker density. On one linkage group
the Rr1 locus for rhizomania resistance could be placed flanked by two
RAPD loci. The map of Uphoff and Wricke (1995) was exclusively relying on
RAPD markers linked with isozyme markers and the genes B, R, and X. The
gene for nematode resistance Nema was placed at a different location to the
Hs1pro-1 gene. Both maps could not be correlated with the other linkage maps
of Beta.

Comparatively less information about simple sequence repeat (SSR) mark-
ers has become public, which is mainly due to the fact that the majority of
markers have been developed by private breeding companies. Mörchen et al.
(1996) described four microsatellites without genetic mapping of the corre-

122 C. Jung



Ta
bl

e
1.

Li
nk

ag
e

m
ap

s
of

su
ga

r
be

et
.T

he
m

ap
of

Sc
hu

m
ac

he
r

et
al

.(
19

97
)

co
m

bi
ne

s
m

ar
ke

rs
fr

om
di

ff
er

en
tm

ap
s

pr
ev

io
us

ly
pu

bl
is

he
d

by
Sc

ho
nd

el
m

ai
er

et
al

.(
19

96
)

an
d

B
ar

ze
n

et
al

.(
19

95
)

Si
ze

of
m

ap
pi

ng
po

pu
la

ti
on

R
FL

P
R

A
PD

A
FL

P
O

th
er

s
A

ve
ra

ge
di

st
an

ce
be

tw
ee

n
m

ar
ke

rs
(c

M
)

To
ta

l
m

ap
di

st
an

ce
(c

M
)

G
en

es
m

ap
pe

dc
R

ef
er

en
ce

s

96
20

6
–

12
0

9
2.

6a
55

7a
R

,X
,B

,H
s1

pr
o-

1
Pi

lle
n

et
al

.(
19

93
);

Sc
ho

nd
el

m
ai

er
et

al
.(

19
95

,1
99

6)

49
24

8
50

–
–

2.
7

81
5

R
r1

,M
B

ar
ze

n
et

al
.(

19
95

)

35
5b

41
3

–
–

–
1.

5
62

1
H

s1
pr

o-
1

H
al

ld
én

et
al

.(
19

96
a,

b)

16
1

24
8

16
0

–
–

1.
2

50
8

–
N

ils
so

n
et

al
.(

19
97

)

11
2b

20
76

–
4

8.
0

68
8.

4
R

r1
G

io
ri

o
et

al
.(

19
97

)

17
8b

32
–

–
23

8.
3

45
8

–
R

ae
et

al
.(

20
00

)

93
b

1
85

–
8

7.
9

73
8

B,
R

,X
,N

em
a

U
ph

of
f

an
d

W
ri

ck
e

(1
99

5)

14
5b

47
0

–
12

0
10

1.
1

68
8.

4
M

,R
,X

Sc
hu

m
ac

he
r

et
al

.(
19

97
)

21
1

75
–

14
6

3
5.

0
11

19
–

Sc
hä

fe
r-

Pr
eg

l
et

al
.(

19
99

)

a
W

it
ho

ut
A

FL
Ps

b
G
1

Po
pu

la
ti

on
c

R
R

ed
hy

po
co

ty
ls

,X
re

st
or

er
,R

r1
rh

iz
om

an
ia

re
si

st
an

ce
(R

z)
,M

m
on

og
er

m
ch

ar
ac

te
r,

B
ea

rl
y

bo
lt

in
g,

H
s1

pr
o-

1
ne

m
at

od
e

re
si

st
an

ce
,N

em
a

ne
m

at
od

e
re

si
st

an
ce

Genome Analysis: Mapping in Sugar Beet 123



sponding loci, while Rae et al. (2000) reported 23 markers mapped to the
nine linkage groups of beet previously established by Barnes et al. (1996).

Single nucleotide polymorphisms (SNP) are highly abundant in the
genome of sugar beet. In principle, SNPs can be the reason for all kinds of
molecular marker polymorphisms. However, in combination with high
throughput detection technologies this marker system is most suitable for
screening large populations. Schneider et al. (1999) investigated 42 genes
involved in carbohydrate and nitrogen metabolism that had been assigned to
the nine linkage groups of sugar beet. The genes were mainly mapped as
SNPs using different techniques like single-strand conformation polymor-
phism (SSCP), HA heteroduplex analysis and cleaved amplified polymorphic
sequences (CAPS). In a second paper, haplotypes of 37 genes were investi-
gated in two inbred lines. The SNP rate corresponded to 1 every 130 bp
(Schneider et al. 2001). Using the SSCP technique for detecting SNPs one
polymorphism was found every 1470 bp corresponding to 5×105 SSCPs in the
whole genome. The fraction of genes having different SSCP alleles in a ran-
dom comparison of two lines was equal to 54%.

Assigning linkage groups to the nine chromosomes of sugar beet proved to
be difficult because no nullisomic lines are available. Schondelmaier and Jung
(1997) used a standard set of 24 mapped RFLPs in combination with a set of
primary trisomics (Butterfass 1963). In this way, each linkage group could be
assigned to one of the nine chromosomes of sugar beet. Thus, mapping data
of different origins could be linked with each other using RFLPs as anchor
markers. Taking the information that is publicly available, 10 Mendelian
genes and 13 major quantitative trait loci (QTL) could be placed on the chro-
mosomes together with 26 isozyme loci (Table 2).

2.2 Genomic Libraries

Three YAC libraries of sugar beet have been published (Eyers et al. 1992;
Klein-Lankhorst et al. 1994; Kleine et al. 1995). Successful isolation of clones
from a certain region of the genome has been described only for two libraries
(Klein-Lankhorst et al. 1994; Kleine et al. 1995). Due to low genome coverage
and difficulties in handling and propagating the YACs, two BAC libraries have
been established and used for extracting clones with repetitive sequences
clustered around the centromere (Gindullis et al. 2001a) and for creating a
contig around the bolting gene B with the aim to clone the gene (Hohmann
et al. 2003).

2.3 Expressed Sequence Tag

The availability of large expressed sequence tag (EST) collections is essential
for the identification of genes. Using oligonucleotide fingerprinting, 159,936
cDNA clones from sugar beet leaf, developing root, storage root and inflores-
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Table 2. Location of genes for Mendelian traits and quantitatively inherited characters (QTL)
on the nine chromosomes of sugar beet. The chromosomes were designated as suggested by
Butterfass (1963) and Schondelmaier and Jung (1997)

Chromo-
some

QTL Genes

1 Ak1a, Let5bb, PsbSc, PetEc, 18S-5.8S-25S rRNAd

2 Potassium contents,x, Cercospora
resistanceu

Ye, Be,f,a, Cg, Est2h, Fdp2h, Got3(2)h,a, Let1ab,
NemaI, Rb

3 Cercospora resistancet,u Est5h, Xh,j,a,w, Rr1k (=Rz,= Rz-1), Gdh2a,
Skdh2l, Rz2v

4 Cercospora resistancet, corrected
sugar yieldx, beet yieldx

Est3 h, Zh,m,w, Mk,h, Fash, Nbn, Scn, PsbOc,
cTRFc, PsaLc, PsbRc, R1Ho, Mdh3p, 5SrRNAq

5 Est1h, Let8b

6 Cercospora resistanceu PetHc, PsbPc

7 Nitrogen contents,Cercospora resis-
tancet, ion balancex

Dia1j, PsaEc

8 Sugar contents, nitrogen contents Acp1j, PsbQc

9 Cercospora resistancet,u,
potassium contentx,

Hs1r, Hs2r, PsaHc, PetCc

a Abe et al. (1993)
b Red hypocotyl color R, severely distorted segregation Let1a, Let5b, Let8 (Pillen et al. 1993;

Schondelmaier et al. 1995)
c Chloroplast protein genes PsbS, PetE, PsbO, cTRF, PsaL, PsbR, PetH, PsbP, PsaE, PsbQ, PsaH,

PetC (Pillen et al. 1996)
d Butterfass (1963)
e Keller (1936); Owen et al. (1940); Owen and Ryser (1942)
f Early bolting B (Boudry et al. 1994)
g Root color Y, curly top resistance C, cited from (Wagner et al. 1992)
h Stem fasciation Fas, restoration of male fertility Z and X, and more isozyme loci (Wagner et

al. 1992)
i Nematode resistance gene Nema (Uphoff and Wricke 1995)
j Pillen et al. (1993)
k Resistance to rhizomania, Rr1, monogerm character M (Barzen et al. 1995)
l Skdh2 might be linked with a restorer gene, perhaps X (Abe et al. 1993)
m Z might be linked with M (Roundy and Theurer 1974)
n Late bolting, Nb, sugar content, Sc (Savitsky 1958)
o Laporte et al. (1998)
p Pgm1 is linked with Mdh3 and Pgm1 might be linked with M (Abe et al. 1993)
q Schondelmaier et al. (1997)
r Resistance against H. schachtii, Hs1 pro-1, Hs2 pro-7 (Heller et al. 1996)
s Weber et al. (2000)
t Setiawan et al. (2000)
u Schäfer-Pregl et al. (1999)
v Scholten et al. (1999)
w Hjerdin-Panagopoulos et al. (2002)
x Schneider et al. (2002)
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cence were processed, resulting in the identification of 30,444 clusters (Her-
wig et al. 2002). After sequencing 10,961 clones, 9745 different cDNAs were
identified. It was concluded that the 30,444 clusters represent up to 25,000
different genes of sugar beet.

The availability of ESTs is a prerequisite for establishing functional marker
maps. Hunger et al. (2003) screened the beet EST collection for sequences
with similarity to known disease resistance genes (resistance gene analogs,
RGA), resulting in the identification of 29 rESTs. Using degenerate primers,
another 47 RGA could be found. Thirty-one RGA displayed polymorphisms
among the mapping population and could be placed on the combined map of
sugar beet (Schumacher et al. 1997). They were found to be spread around all
chromosomes of beet, except for a cluster of nine closely linked RGA on chro-
mosome 7. Three RGA mapped to QTL for leaf spot resistance on chromo-
somes 5, 7, and 9 which was previously described by Schäfer-Pregl et al.
(1999).

2.4 Transformation

Transgenic technology has been used to create in sugar beet new genetic vari-
ations, e.g., for rhizomania and nematode resistance and for herbicide toler-
ance. Compared to other dicotyledonous plants, sugar beet is a recalcitrant
species for the A. tumefaciens-mediated gene transformation. Although sugar
beet is susceptible to infection by A. tumefaciens, both the transformation
frequency and regeneration rate of whole plants following transformed
explants are very low and strongly dependent upon genotypes (Krens et al.
1988). Hall et al. (1996) reported on polyethylene glycol-mediated DNA trans-
fer into protoplast populations enriched specifically for a single totipotent
cell type derived from stomatal guard cells. Transgenic plants could be
obtained within 8–9 weeks under favorable conditions. However, this tech-
nique is difficult to apply because large amounts of purified guard cells are
needed and it relies on a given genotype with a high rate of regeneration. In
contrast, transgenic hairy roots can be produced easily by A. rhizogenes
transformation (Kifle et al. 1999). In this way, the activity of nematode resis-
tance genes (Cai et al. 1997) and the activity of bacterial PHB (poly-3-
hydroxybutyrate) genes could be studied (Menzel et al. 2003).

3 Repetitive DNA Classes

The genome of a higher plant is largely composed of repetitive DNA. Estima-
tion of the proportion of repetitive DNA by reassociation kinetics revealed
that the beet genome carries some 60% repetitive sequences (Flavell et al.
1974). With the advent of fluorescence in situ hybridization (FISH), sugar
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beet became one of the best studied plant species with respect to repetitive
DNA sequences. Today, it is a model for the organization of repetitive DNA
on a plant chromosome.

3.1 Tandemly Repeated DNA

The genes coding for the 5S rRNA and 18S-5.8S-25S rRNA are tandemly orga-
nized in higher plant genomes. After cytological investigations of sugar beet
trisomics, the nucleolus organizer region (NOR) was assigned to chromo-
some 1 (Butterfass 1963; Schondelmaier and Jung 1997). The location of the
18S-5.8S-25S rRNA gene cluster at the NOR was later confirmed by FISH
(Schmidt et al. 1994). The 5S rRNA gene cluster was localized on chromo-
some 4 by means of recombination mapping and FISH (Schondelmaier et al.
1997). A polymorphic RFLP fragment corresponding to the 5S rRNA-gene
was genetically mapped to a cluster of AFLP and RFLP markers in the middle
of chromosome 4. In addition, FISH revealed three signals on the trisomic
line carrying three copies of that chromosome.

Many satellite DNA sequences have been cloned from sugar beet and other
Beta species and their distribution throughout the genomes has been deter-
mined (Dechyeva et al. 2003). There is no other plant species with so many
satellites investigated by FISH. Moreover, satellite DNA proved to be a valu-
able tool for monitoring alien gene introgression into cultivated beets. The
satellites have been classified according to the restriction enzymes which had
been used for cloning them. Five different satellite families have been
described for the genome of B. vulgaris. The size of the monomers ranges
between 140 and 363 bp (Schmidt et al. 1991). The chromosomal distribution
of all satellites described has been determined by FISH. In general, they are
present at the centromeric regions and at intercalary DAPI (4',6-diamidino-2-
phenyl-indole)-positive regions of all chromosomes, however strong differ-
ences with regard to copy number become obvious. Satellites were further
classified according to their genome specificity. Only the ApaI satellite pAV34
was found to be present in all species of the genus Beta while the remaining
ones were specific for species of the same section (cf. 3).

3.2 Retrotransposons

Transposable DNA elements contribute to the inflation of genomes of higher
plants and they are a major source of biodiversity. Retrotransposons are clas-
sified into non-LTR (long terminal repeat), SINE (short interspersed nuclear
elements), LINE (long interspersed nuclear elements), and LTR retrotranspo-
sons (Ty1-copia, Ty3-gypsy). BNR1, the first LINE element from a dicot, was
isolated from sugar beet using degenerated primers from the reverse tran-
scriptases of Lilium speciosum and Zea mays (Schmidt et al. 1995). The ele-
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ment is some 5000 bp in size. It is highly repetitive and organized into clus-
ters as revealed by FISH. It is excluded from centromeric, telomeric and
nucleolus organizer regions. Kubis et al. (1998) studied the chromosomal dis-
tribution and sequence similarity of LINEs from B. vulgaris, B. lomatogona
and B. nana. LINEs were found to be present in all species, however, variation
with respect to copy number was found. As in B. vulgaris, LINEs were also
clustered in the wild species and a high degree of sequence divergence
became obvious. As representatives of the LTR retrotransposons, four Ty1-
copia-like retrotransposons (Tbv) were isolated from sugar beet. In contrast
to BNR1, they were found to be evenly distributed around the genome with
the exception of centromeres and NORs. Sequences with high homology to
BNR1 and Tbv were also found in the other species of the genus Beta.

Taking together results from in situ hybridization with different repetitive
sequence classes, the sugar beet chromosome was proposed to serve as a
model for a plant chromosome with its typical distribution of satellites, retro-
transposons and single copy sequences (Schmidt and Heslop-Harrison 1998).
This information, together with a large variety of alien chromosome addition
lines, provided the incentive to clone a functional centromere of a plant chro-
mosome (Gindullis et al. 2001b). The centromere region was found to be
enriched with different classes of repetitive sequences such as satellite DNA,
Ty3-gypsy-like retrotransposons, and microsatellites. The long-range organi-
zation of centromeric DNA was studied by high-resolution multicolor-FISH
on pachytene chromosomes and extended DNA fibers and by pulsed-field gel
electrophoresis and a similar organization of repetitive sequences as was
found in other higher eukaryotes.

4 Genetic Relationships Between Species of the Genus Beta

Genome evolution, genetic diversity and relatedness between Beta species
was studied with molecular markers. Jung et al. (1993) investigated 41 acces-
sions of the genus Beta representing wild and cultivated species of all sec-
tions. They used repetitive DNA probes yielding unique fingerprints for each
of the accessions. The sugar beet cultivars examined displayed a low level of
genetic diversity; they showed high similarity to B. vulgaris ssp. maritima,
but low genetic similarity to the other wild species of section 1. In most cases,
the present taxonomic classification of the genus Beta was confirmed. Species
of sections 2, 3, and 4 were clearly distinguishable from those of section 1
except for B. macrocarpa, which showed high similarity to wild species of
section 2.

None of the isolated satellites (cf. 3.10) could be found in other species of
the Chenopodiaceae family (e.g. spinach). Procumbentes species were clearly
separated from the other species with regard to repetitive sequence analysis.
Two Sau3AI satellite families are restricted to Procumbentes species only
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(Schmidt and Heslop-Harrison 1996), whereas other satellites which are
highly abundant in species of the other sections do not exist in Procumbentes
species. Hence, these satellites together with the ApaI satellite are likely to be
the ancient sequences which have been established in the progenitor of Beta
species (‘Protobeta’) and the Procumbentes species are regarded as phyloge-
netically distinct from the other Beta species. The BamHI satellite of B. vulga-
ris was found to be present in species of the section Beta only, thus, this satel-
lite is regarded as the youngest satellite sequence (Schmidt and Metzlaff
1991). The internal transcribed spacer region of ribosomal DNA (ITS) was
used as a probe together with RAPDs for determining relatedness between 11
species or subspecies of the genus Beta (Shen et al. 1998). Species of section
1 formed one group, Procumbentes species formed a very distinct group, and
section 2 and 3 species clustered together forming a third group.

Summarizing the experiments, cultivated species seem to be very closely
related to each other and to B. vulgaris ssp. maritima. On the other hand,
Procumbentes species displayed very low similarity on the nucleotide level
which makes its taxonomic classification to the Beta species doubtful.

The low conservation of satellite DNA among Beta species provided the
incentive to use these sequences as probes for monitoring introgression of
wild species into cultivated beet. Alien addition and translocation lines carry-
ing chromatin from B. procumbens (Schmidt et al. 1990; Jung and Herrmann
1991; Salentijn et al. 1992) and B. corolliflora (Gao et al. 2001) could be easily
identified using those probes in combination with a simple squash dot tech-
nique which enabled the screening of thousands of plants in a short time.
Using more sensitive genomic Southern hybridization, a correlation between
the size of the introgressed alien chromatin and the signal intensity became
obvious and is a prerequisite for selecting recombinant introgression lines
with variable pieces of alien chromatin incorporated into the beet genome
(translocation lines). In this way, the B. procumbens specific satellite sequence
pRK643 (=pTS5) was used as a marker for positional cloning of the Hs1pro-1

gene for nematode resistance (Cai et al. 1997).

5 Genetic Mapping of Mendelian Traits

Rhizomania is the most important disease of sugar beet. It is caused by the
beet necrotic yellow vein virus (BNYVV). The only way to control this disease
is the use of resistant varieties. Therefore, breeding for rhizomania resistance
is a major aim all around the world. Correspondingly, major genes for rhizo-
mania resistance have been mapped with molecular markers. The most
important is a single dominant gene named Rz (Biancardi et al. 2002) coming
from breeding material of the Holly sugar company (‘Holly’ resistance). The
material had originally been developed from B. vulgaris ssp. maritima at Fort
Collins (Colorado, USA) for resistance to Rhizoctonia solani. The gene was
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also named Rz-1 (=Rz1, =Rz1) by Pelsy and Merdinoglu (1996) or Rr1 by Bar-
zen et al. (1992). Several RFLP and RAPD markers were mapped in a short
distance G 5 cM from Rr1 on chromosome 3 (Barzen et al. 1995). Because
those markers were difficult to apply for marker-assisted selection, a SCAR
marker was later developed mapping at a distance of 1.3 cM from Rr1 (Barzen
et al. 1997). A cluster of resistance genes in this region of the genome was
proposed by Giorio et al. (1997) who used the same RAPDs as Barzen et al.
(1995) for mapping the resistance of B. vulgaris ssp. maritima. Different
RAPD markers were mapped by Pelsy and Merdinoglu (1996) to a QTL for
rhizomania resistance. Although the chromosomal location of this QTL is not
clear, it can be speculated that it coincides with the Rz locus. The second
dominant resistance gene named Rz2 which was found in another B. vulgaris
ssp. maritima accession WB42 was determined to be more effective than the
‘Holly’ Rz1 gene using infection studies. Both genes are located on the same
chromosome at a distance of 20 cM. Rz2 was mapped with STS markers
linked at a distance between 2 and 11 cM (Scholten et al. 1999). Two RGA
were found to be linked to the Rr1 gene, however, recombination between the
resistance and the RGAs ruled out the possibility that the RGAs could repre-
sent that gene (Hunger et al. 2003).

The beet cyst nematode (Heterodera schachtii Schm.) is a major pest in
sugar beet cultivation. Resistance was only found in the three wild species of
section 4. At least three different resistance genes located on different chro-
mosomes were distinguished: Hs1 on the homoeologous chromosomes 1 of
each species, Hs2 on the homoeologous chromosomes 7 of B. procumbens
and B. webbiana and Hs3 on chromosome 8 of B. webbiana (Löptien 1984;
Reamon-Ramos and Wricke 1992; Lange et al. 1993). Among the offspring of
monosomic wild beet addition lines (2n=19), diploid translocation lines have
been selected and subjected to sugar beet breeding and positional cloning of
the resistance genes (Yu 1981; Jung and Wricke 1987; Heijbroek et al. 1988).

In the following, results from mapping studies with diploid nematode
resistant sugar beet will be discussed. Heller et al. (1996) investigated four
nonrelated translocation lines with RFLP markers. Surprisingly, the four
genes mapped to the same locus in sugar beet independent of the original
translocation event. Close linkage (0–4.6 cM) was found with marker loci at
the very end of chromosome 9. Evidently, there are recombination hot spots
in the Beta genome where alien chromatin is preferentially incorporated. Six
RAPD markers linked to the Hs1pat-1 gene were cloned representing repetitive
DNA elements specific to the wild beet genome (Salentijn et al. 1995). Two
RAPDs flanking the resistance gene were sequenced and turned into STS
markers. Halldén et al. (1996b) mapped Hs1pro-1 at a distance of 3 cM to an
RFLP marker at the end of linkage group 2, thus corresponding to chromo-
some 9. Additional RAPD markers were placed around the Hs1pro-1 gene end-
ing up with a marker density of 0.3 cM in this region of the genome.

The Hs1pro-1 gene was cloned with the help of genome-specific repetitive
probes (Jung et al. 1992; Salentijn et al. 1994) and chromosomal breakpoint
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analysis. Expression of the corresponding cDNA in a susceptible sugar beet
conferred resistance. The native Hs1pro-1 gene, expressed in roots, encodes a
282-amino acid protein with a leucine-rich region and a putative membrane
spanning segment (Cai et al. 1997). Using a PCR approach with Hs1pro-1-
derived primers, sequences with high similarity to Hs1pro-1 were later cloned
from B. webbiana and B. patellaris (Kleine et al. 1998). Sequence comparison
of these genomic fragments revealed a homology of 96% between B. procum-
bens and B. webbiana and 93% between B. procumbens and B. patellaris. It
was concluded that those sequences most likely represent the resistance genes
Hs1web-1 and Hs1pat-1, respectively. A second nematode resistance gene on
chromosome 1 of B. procumbens was proposed by Sandal et al. (1997).
Recently, we have identified a RGA from the B. procumbens translocation in
sugar beet which displayed high similarity to other nematode resistance
genes cloned so far. The gene was named Hs1–1pro-1.

In sugar beet, stem elongation (bolting) is initiated after exposure to a
period of low temperatures followed by cultivation under long day condi-
tions. A major locus B was found to cause early bolting (annuality) in wild
annual beets carrying the dominant allele B. Pollen transfer from wild beets
onto seed multiplication plots may introgress the B allele into cultivated bien-
nial beets. The B locus controlling early bolting under long day conditions
without requirement for vernalization was mapped with RFLPs to the center
of chromosome 2 (Boudry et al. 1994). Later, tightly linked AFLPs have been
described flanking the gene at a distance of 0.14 and 0.23 cM, respectively (El-
Mezawy et al. 2002). The AFLPs have been cloned and the STS markers
derived can be used for identifying seeds with the allele for early bolting
among commercial seed lots. Moreover, these markers are being used for
map-based cloning of the bolting gene (Hohmann et al. 2003). Since a num-
ber of heterozygous plants (Bb) showed the annual character, a dominant
gene for long day length requirement (Lr) which should be tightly linked with
B was postulated by Abe et al. (1997).

There is no need to restore male-fertility in sugar beet varieties because
only vegetative parts of the plant are harvested. Nevertheless, restorer genes
have been described and three of them have been mapped with molecular
markers. The restorer gene X was mapped with isozyme and RFLP markers
terminally on chromosome 3 (Pillen et al. 1993; Uphoff and Wricke 1995),
while the restorer locus Z was mapped to chromosome 4 (Wagner et al. 1992).
Accordingly, Hjerdin-Panagopoulos et al. (2002) mapped two major QTL for
pollen fertility restoration linked at a distance of 15 cM on chromosome 4
while one QTL was found on chromosome 3. Laporte et al. (1998) reported a
restorer locus R1H active in combination with a new cytoplasmic male-
sterility. The gene was located on chromosome 4 at a distance of 1.7 cM from
the next RFLP marker locus. Since Z and R1H are on the same chromosome,
they may possibly be one and the same gene (Laporte et al. 1998).

Betalain pigments found in red beet have been used as natural red food
colorings. Two tightly linked genes conditioning production of betalains, Y
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and R, have been located on chromosome 2. Breeding efforts to increase the
betalain pigment concentration resulted in greater yields of pigments per
unit area of beet. Among 161 RAPDs used in populations resulting from
recurrent selection for high pigment/high solids and high pigment/low sol-
ids, molecular markers have been detected which are associated with pig-
ment concentration and percent solids in red beet (Eagen and Goldman
1996).

6 Mapping of Quantitative Trait Loci

Cercospora leaf spot disease caused by the fungus Cercospora beticola Sacc. is
one of the most serious and widely distributed foliar diseases of sugar beet in
the world. Resistance breeding can help to maintain crop yield even under
severe disease pressure while reducing levels of fungicide use. The develop-
ment of tolerant or resistant varieties can increase sugar yield by up to 45%
in the presence of Cercospora infection (Schäufele and Wevers 1996). How-
ever, breeding for resistance is difficult because resistance is inherited in a
polygenic way and can only be assessed under field conditions. Several
papers have been published reporting on molecular markers linked to resis-
tance QTL. Schäfer-Pregl et al. (1999) analyzed F3 families and F2 testcrosses
in the field. QTLs with high logarithm of odds (LOD) scores were localized on
linkage groups 2, 3, 6, and 9. Linkage groups 4 and 5 gave a clear indication
of the presence of a QTL only when F2 data were considered. Nilsson et al.
(1999) mapped five QTL for resistance to Cercospora leaf spot with AFLP and
RFLP markers on linkage groups 1, 2, 3 and 9. The QTL were mostly additive
explaining between 7–18% of the phenotypic variation.

Another study on QTL analysis of Cercospora resistance was carried out
using a linkage map based on AFLP and RFLP markers (Setiawan et al. 2000).
Two different screening methods for Cercospora resistance, a field test under
natural infection and a leaf disk test, were used to estimate the level of resis-
tance. The correlation between scores from the field and the leaf disc test was
significant. QTL analysis was based on F2 individuals and F3 half-sib families.
Four QTL associated with Cercospora resistance on chromosomes 3, 4, 7, and
9 were detected. The resistance alleles with the highest effects were from QTL
located on chromosomes 4 and 9, reducing leaf spot infection by –2.03and
–1.5%, respectively. The highest explained phenotypic variance was shown
by the QTL located on chromosome 4 (R2=25.1%).

Only limited data are available for the mapping of genes affecting sugar
yield and quality characters with the help of molecular markers. Two
approaches have been followed: mapping of QTL by analyzing quantitative
variation and using candidate genes with a known function from EST librar-
ies and other sources as molecular markers for linkage analysis. Weber et al.
(2000) investigated two populations segregating for quality characters. Com-
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mon QTL were found for sugar content (chromosome 8), potassium (chro-
mosome 2) and nitrogen content (chromosome 7, 8). Following the second
approach, 75 ESTs that are likely to be associated with carbohydrate and
nitrogen metabolism were used for mapping QTL for sugar quality and yield
parameters (Schneider et al. 2002). The genes were mainly mapped as SNPs
using different techniques such as SSCP, heteroduplex analysis and CAPS.
Twenty-one significant QTL were detected, all of them were flanked by ESTs,
thus demonstrating the effectiveness of the candidate gene approach. The
QTL with the largest effect on corrected sugar yield was mapped on chromo-
some 4, however, no correspondence with QTL previously published by
Weber et al. (2000) was found.

7 Conclusions

The beet genome is one of the best studied plant genomes in terms of repeti-
tive DNA sequences. Molecular markers have been mapped around the beet
genome and close linkage with Mendelian traits has been established. Due to
the small size of the genome, positional cloning of corresponding genes is
feasible and will result in the isolation of agronomically important genes.
Disease-related STS and SNP markers are routinely used as diagnostic mark-
ers for marker-assisted selection during the breeding process. On the other
hand, information about QTL mapping in beet is still limited. This situation
may change in the near future with the availability of large EST collections
offering the possibility to select candidate genes for different traits, such as
sugar yield, quality as well as resistance to Rhizoctonia root rot disease. This
approach seems to be more promising for QTL mapping than whole genome
mapping with anonymous markers.

Acknowledgements. I wish to thank Dr. M. McGrath (East Lansing) and Dr. T. Schmidt (Kiel)
for helpful comments.

References

Abe J, Guan G, Shimamoto Y (1993) Linkage maps for nine isozyme and four marker loci in
sugar beet (Beta vulgaris L.). Euphytica 66:117–126

Abe J, Guan GP, Shimamoto Y (1997) A gene complex for annual habit in sugar beet (Beta vul-
garis L.). Euphytica 94:129–135

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

Barnes S, Massaro G, Lefèbvre M, Kuiper M, Verstege E (1996) A combined RFLP and AFLP
genetic map for sugar beet. Proc 59th IIRB Congress, pp 555–560

Barzen E, Mechelke W, Ritter E, Seitzer JF, Salamini F (1992) RFLP markers for sugar beet
breeding – chromosomal linkage maps and location of major genes for rhizomania resis-
tance, monogermy and hypocotyl color. Plant J 2:601–611

Genome Analysis: Mapping in Sugar Beet 133



Barzen E, Mechelke W, Ritter E, Schulte-Kappert E, Salamini F (1995) An extended map of the
sugar beet genome containing RFLP and RAPD loci. Theor Appl Genet 90:189–193

Barzen E, Stahl R, Fuchs E, Borchardt D, Salamini F (1997) Development of coupling-repulsion
phase SCAR markers diagnostic for the sugar beet Rr1 allele conferring resistance to rhizo-
mania. Mol Breed 3:231–238

Biancardi E, Lewellen RT, de Biaggi M, Erichsen AE, Piergiorgio S (2002) The origin of rhizo-
mania resistance in sugar beet. Euphytica 127:383–397

Boudry P, Wieber R, Saumitou-Laprade P, Pillen K, Van Dijk H, Jung C (1994) Identification of
RFLP markers closely linked to the bolting gene B and their significance for the study of the
annual habit in beets (Beta vulgaris L.). Theor Appl Genet 88:852–858

Butterfass T (1963) Die Chloroplastenzahlen in verschiedenartigen Zellen trisomer Zucker-
rüben (Beta vulgaris L.). Z Bot 52:46–77

Cai D, Kleine M, Kifle S, Harloff H, Sandal NN, Marcker KA, Klein-Lankhorst RM, Salentijn
EMJ, Lange W, Stiekema WJ, Wyss U, Grundler FMW, Jung C (1997) Positional cloning of a
gene for nematode resistance in sugar beet. Science 275:832–834

Dechyeva D, Gindullis F, Schmidt T (2003) Divergence of satellite DNA and interspersion of dis-
persed repeats in the genome of the wild beet Beta procumbens. Chrom Res 11:3–21

Eagen KA, Goldman IL (1996) Assessment of RAPD marker frequencies over cycles of recurrent
selection for pigment concentration and percent solids in red beet (Beta vulgaris L.). Mol
Breed 2:107–115

El-Mezawy A, Dreyer F, Jacobs G, Jung C (2002) High resolution mapping of the bolting gene B
of sugar beet. Theor Appl Genet 105:100–105

Eyers M, Edwards K, Schuch W (1992) Construction and characterisation of a yeast artificial
chromosome library containing two haploid Beta vulgaris L. genome equivalents. Gene
121:195–201

Flavell RB, Bennet MD, Smith JB (1974) Genome size and the proportion of repeated nucleotide
sequence DNA in plants. Biochem Genet 12:257–269

Gao D, Guo D, Jung C (2001) Monosomic addition lines of Beta corolliflora in sugar beet: cyto-
logical and molecular marker analysis. Theor Appl Genet 103:240–247

Gindullis F, Dechyeva D, Schmidt T (2001a) Construction and characterization of a BAC library
for the molecular dissection of a single wild beet centromere and sugar beet (Beta vulgaris)
genome analysis. Genome 44:846–855

Gindullis F, Desel C, Galasso I, Schmidt T (2001b) The large-scale organization of the centro-
meric region in Beta species. Genome Res 11:253–265

Giorio G, Gallitelli M, Carriero F (1997) Molecular markers linked to rhizomania resistance in
sugar beet, Beta vulgaris, from two different sources map to the same linkage group. Plant
Breed 116:401–408

Hall RD, Riksenbruinsma T, Weyens GJ, Rosquin IJ, Denys PN, Evans IJ, Lathouwers JE,
Lefebvre MP, Dunwell JM, Vantunen A, Krens FA (1996) A high efficiency technique for the
generation of transgenic sugar beets from stomatal guard cells. Nat Biotechnol 14:1133–1138

Halldén C, Hjerdin A, Rading IM, Säll T, Fridlundh B, Johannisdottir G, Tuvesson S, Akesson C,
Nilsson NO (1996a) A high density RFLP linkage map of sugar beet. Genome 39:634–645

Halldén C, Säll T, Olsson K, Nilsson NO, Hjerdin A (1996b) The use of bulked segregant analysis
to accumulate RAPD markers near a locus for beet cyst nematode resistance in Beta vulgaris.
Plant Breed 116:18–22

Heijbroek W, Roelands AJ, de Jong JH, van Hulst C, Schoone AHL, Munning RG (1988) Sugar
beets homozygous for resistance to beet cyst nematode (Heterodera schachtii Schm.) devel-
oped from monosomic additions of Beta procumbens to B. vulgaris. Euphytica 38:121–131

Heller R, Schondelmaier J, Steinrücken G, Jung C (1996) Genetic localization of four genes for
nematode (Heterodera schachtii Sch.) resistance in sugar beet (Beta vulgaris L.). Theor Appl
Genet 92:991–997

Herwig R, Schulz B, Weisshaar B, Hennig S, Steinfath M, Drungowski M, Stahl D, Wruck W,
Menze A, O’Brien J, Lehrach H, Radelof U (2002) Construction of a “unigene” cDNA clone set

134 C. Jung



by oligonucleotide fingerprinting allows access to 25,000 potential sugar beet genes. Plant J
32:845–857

Hjerdin-Panagopoulos A, Kraft T, Rading IM, Tuvesson S, Nilsson NO (2002) Three QTL
regions for restoration of Owen CMS in sugar beet. Crop Sci 42:540–544

Hohmann U, Jacobs G, Telgmann A, Gaafar R, Alam S, Jung C (2003) A bacterial artificial chro-
mosome (BAC) library of sugar beet and a physical map comprising the bolting gene B. Mol
Gen Genom 269:126–136

Hunger S, Di Gaspero G, Möhring S, Bellin D, Schäfer-Pregl R, Borchardt D, Durel C-E, Werber
M, Weisshaar B, Salamini F, Schneider K (2003) Isolation and linkage analysis of expressed
disease-resistance gene analogues of sugar beet (Beta vulgaris L.). Genome 46:70–82

Jung C, Wricke G (1987) Selection of diploid nematode-resistant sugar beet from monosomic
addition lines. Plant Breed 98:205–214

Jung C, Herrmann RG (1991) A DNA probe for rapid screening of sugar beet (Beta vulgaris L.)
carrying extra chromosomes from wild beets of the Procumbentes section. Plant Breed
107:275–279

Jung C, Koch R, Fischer F, Brandes A, Wricke G, Herrmann RG (1992) DNA markers closely
linked to nematode resistance genes in sugar beet (Beta vulgaris L.) using chromosome addi-
tions and translocations originating from wild beets of the Procumbentes species. Mol Gen
Genet 232:271–278

Jung C, Pillen K, Frese L, Melchinger A (1993) Phylogenetic relationships between cultivated
and wild species of the genus Beta revealed by DNA “fingerprinting”. Theor Appl Genet
86:449–457

Keller W (1936) Inheritance of some major colour types in beets. J Agric Res 52:27–38
Kifle S, Shao M, Jung C, Cai D (1999) An improved transformation protocol for studying gene

expression in “hairy roots” of sugar beet (Beta vulgaris L.). Plant Cell Rep 18:514–519
Klein-Lankhorst RM, Salentijn EMJ, Dirkse WG, Arens-de Reuver M, Stiekema WJ (1994) Con-

struction of a YAC library from Beta vulgaris fragment addition and isolation of a major sat-
ellite DNA cluster linked to the beet cyst nematode resistance locus Hs1pat-1. Theor Appl
Genet 89:426–434

Kleine M, Cai D, Eibl C, Herrmann RG, Jung C (1995) Physical mapping and cloning of a trans-
location in sugar beet (Beta vulgaris L.) carrying a gene for nematode (Heterodera schachtii)
resistance from B. procumbens. Theor Appl Genet 90:399–406

Kleine M, Voss H, Cai D, Jung C (1998) Evaluation of nematode resistant sugar beet (Beta vulga-
ris L.) lines by molecular analysis. Theor Appl Genet 97:896–904

Krens F, Zijstra C, van der Molen W, Huizing HJ (1988) Transformation and regeneration in
sugar beet (Beta vulgaris L.) induced by “shooter” mutants of Agrobacterium tumefaciens.
Euphytica S:185–194

Kubis S, Heslop-Harrison JS, Desel C, Schmidt T (1998) The genomic organization of non-LTR
retrotransposons (LINEs) from three Beta species and five other angiosperms. Plant Mol Biol
36:821–831

Lange W, Müller J, De Bock TSM (1993) Virulence in the beet cyst nematode (Heterodera
schachtii) versus some alien genes for resistance in beet. Fundam Appl Nematol 16:447–454

Laporte V, Saumitou-Laprade P, Butterlin G, Vernet P, Cuguen J (1998) Identification and map-
ping of RAPD and RFLP markers linked to a fertility restorer gene for a new source of cyto-
plasmic male sterility in Beta vulgaris ssp maritima. Theor Appl Genet 96:989–996

Löptien H (1984) Breeding nematode-resistant beets. I. Development of resistant alien additions
by crosses between Beta vulgaris L. and wild species of the section Patellares. Z Pflanzenzücht
92:208–220

Menzel G, Harloff H, Jung C (2003) Expression of bacterial poly(3-hydroxybutyrate) synthesis
genes in hairy roots of sugar beet (Beta vulgaris L.). Appl Microbiol Biotechnol 60:571–576

Mörchen M, Cuguen J, Michaelis G, Hänni C, Saumitou-Laprade P (1996) Abundance and
length polymorphism of microsatellite repeats in Beta vulgaris L. Theor Appl Genet
92:326–333

Genome Analysis: Mapping in Sugar Beet 135



Nilsson NO, Halldén C, Hansen M, Hjerdin A, Sall T (1997) Comparing the distribution of
RAPD and RFLP markers in a high density linkage map of sugar beet. Genome 40:644–651

Nilsson NO, Hansen M, Panagopoulos AH, Tuvesson S, Ehlde M, Christiansson M, Rading IM,
Rissler M, Kraft T (1999) QTL analysis of Cercospora leaf spot resistance in sugar beet. Plant
Breed 118:327–334

Owen FW, Carsner E, Stout M (1940) Phototermal induction of flowering in sugar beets. J Agric
Res 61:101–124

Owen FW, Ryser GK (1942) Some mendelian characters in Beta vulgaris L. and linkages
observed in the Y-R-B group. J Agric Res 65:153–171

Pelsy F, Merdinoglu D (1996) Identification and mapping of random amplified polymorphic
DNA markers linked to a rhizomania resistance gene in sugar beet (Beta vulgaris L.) by
bulked segregant analysis. Plant Breed 115:371–377

Pillen K, Steinrücken G, Wricke G, Herrmann RG, Jung C (1992) A linkage map of sugar beet
(Beta vulgaris L.). Theor Appl Genet 84:129–135

Pillen K, Steinrücken G, Herrmann RG, Jung C (1993) An extended linkage map of sugar beet
(Beta vulgaris L.) including nine putative lethal genes and the restorer gene X. Plant Breed
111:265–272

Pillen K, Schondelmaier J, Jung C, Herrmann RG (1996) Genetic mapping of genes for twelve
nuclear-encoded polypeptides associated with the thylakoid membranes in Beta vulgaris L.
FEBS Lett 395:58–62

Rae SJ, Aldam C, Dominguez I, Hoebrechts M, Barnes SR, Edwards KJ (2000) Development and
incorporation of microsatellite markers into the linkage map of sugar beet (Beta vulgaris L.).
Theor Appl Genet 100:1240–1248

Reamon-Ramos SM, Wricke G (1992) A full set of monosomic addition lines in Beta vulgaris
from Beta webbiana: morphology and isozyme markers. Theor Appl Genet 84:411–418

Romagosa I, Hecker RJ, Tsuchiya T, Lasa JM (1986) Primary trisomics in sugar beet. I. Isolation
and morphological characterization. Crop Sci 26:243–249

Roundy TE, Theurer JC (1974) Linkage and inheritance studies involving an annual pollen
restorer and other genetic characters in sugar beets. Crop Sci 14:230–232

Salentijn EMJ, Sandal NN, Lange W, de Bock TSM, Krens FA, Marcker KA, Stiekema WJ (1992)
Isolation of DNA markers linked to a beet cyst nematode resistance locus in Beta patellaris
and Beta procumbens. Mol Gen Genet 235:432–440

Salentijn EMJ, Sandal NN, Klein-Lankhorst R, Lange W, de Bock TSM, Marcker KA, Stiekema
WJ (1994) Long-range organization of a satellite DNA family flanking the beet cyst nematode
resistance locus (Hs1) on chromosome-1 of B. patellaris and B. procumbens. Theor Appl
Genet 89:459–466

Salentijn EMJ, Arens-de Reuver M, Lange W, De Bock TSM, Stiekema WJ, Klein-Lankhorst RM
(1995) Isolation and characterization of RAPD-based markers linked to the beet cyst nema-
tode resistance locus (Hs1pat1) on chromosome 1 of B. patellaris. Theor Appl Genet
90:885–891

Sandal N, Salentijn E, Kleine M, Cai D, Arens-de Reuver M, Van Druten M, De Bock TSM, Lange
W, Steen P, Jung C, Marcker K, Stiekema W, Klein-Lankhorst RM (1997) Backcrossing of
nematode-resistant sugar beet: a second nematode resistance gene at the locus containing
Hs1pro-1? Mol Breed 3:471–480

Savitsky VF (1958) Genetische Studien und Züchtungsmethoden bei monogermen Rüben. Z
Pflanzenzücht 40:1–36

Savitsky H (1978) Nematode (Heterodera schachtii) resistance and meiosis in diploid plants
from interspecific Beta vulgaris × B. procumbens hybrids. Can J Genet Cytol 20:177–186

Schäfer-Pregl R, Borchardt D, Barzen E, Glass C, Mechelke W, Seitzer JF, Salamini F (1999)
Localization of QTLs for tolerance to Cercospora beticola on sugar beet linkage groups. Theor
Appl Genet 99:829–836

136 C. Jung



Schäufele WR, Wevers JDA (1996) Possible contribution of tolerant and partially resistant sugar
beet varieties to the control of the foliar disease Cercospora beticola. Proc 59th IIRB Congress,
pp 19–32

Schmidt T, Metzlaff M (1991) Cloning and characterization of a Beta vulgaris satellite DNA fam-
ily. Gene 101:247–150

Schmidt T, Heslop-Harrison JS (1996) High resolution mapping of repetitive DNA by in situ
hybridization – molecular and chromosomal features of prominent dispersed and discretely
localized DNA families from the wild beet species Beta procumbens. Plant Mol Biol
30:1099–1114

Schmidt T, Heslop-Harrison JS (1998) Genomes, genes and junk: the large-scale organization of
plant chromosomes. Trends Plant Sci 3:195–199

Schmidt T, Junghans H, Metzlaff M (1990) Construction of Beta procumbens-specific DNA
probes and their application for the screening of B. vulgaris × B. procumbens (2n=19) addi-
tion lines. Theor Appl Genet 79:177–181

Schmidt T, Jung C, Metzlaff M (1991) Distribution and evolution of two satellite DNAs in the
genus Beta. Theor Appl Genet 82:793–799

Schmidt T, Schwarzacher T, Heslop-Harrison JS (1994) Physical mapping of rRNA genes by fluo-
rescent in-situ hybridization and structural analysis of 5 s rRNA genes and intergenic spacer
sequences in sugar beet (Beta vulgaris). Theor Appl Genet 88:629–636

Schmidt T, Kubis S, Heslop-Harrison JS (1995) Analysis and chromosomal localization of retro-
transposons in sugar beet (Beta vulgaris L.): LINEs and Ty1-copia-like elements as major
components of the genome. Chrom Res 3:335–345

Schneider K, Borchardt DC, Schäfer-Pregl R, Nagl N, Glass C, Jeppson A, Gebhardt C, Salamini
F (1999) PCR-based cloning and segregation analysis of functional gene homologues in Beta
vulgaris. Mol Gen Genet 262:515–524

Schneider K, Weisshaar B, Borchardt DC, Salamini F (2001) SNP frequency and allelic haplo-
type structure of Beta vulgaris expressed genes. Mol Breed 8:63–74

Schneider K, Schäfer-Pregl R, Borchardt DC, Salamini F (2002) Mapping QTLs for sucrose con-
tent, yield and quality in a sugar beet population fingerprinted by EST-related markers.
Theor Appl Genet 104:1107–1113

Scholten OE, de Bock TSM, Klein-Lankhorst RM, Lange W (1999) Inheritance of resistance to
beet necrotic yellow vein virus in Beta vulgaris conferred by a second gene for resistance.
Theor Appl Genet 99:740–746

Schondelmaier J, Jung C (1997) Chromosomal assignment of the nine linkage groups of sugar
beet (Beta vulgaris L.) using primary trisomics. Theor Appl Genet 95:590–596

Schondelmaier J, Heller R, Pillen K, Steinrücken G, Jung C (1995) A linkage map of sugar beet.
Proceedings of the 58th congress of the International Institute for Beet Research, Dijon,
France, pp 37–43

Schondelmaier J, Steinrücken G, Jung C (1996) Integration of AFLP markers into a linkage map
of sugar beet (Beta vulgaris L.). Plant Breed 115:231–237

Schondelmaier J, Schmidt T, Heslop-Harrison JS, Jung C (1997) Genetic and chromosomal
localization of the 5S rDNA locus in sugar beet (Beta vulgaris L.). Genome 40:171–175

Schumacher K, Schondelmaier J, Barzen E, Steinrücken G, Borchardt D, Weber WE, Jung C,
Salamini F (1997) Combining different linkage maps in sugar beet (Beta vulgaris L.) to make
one map. Plant Breed 116:23–38

Setiawan A, Koch G, Barnes SR, Jung C (2000) Mapping quantitative trait loci (QTLs) for resis-
tance to Cercospora leaf spot disease (Cercospora beticola Sacc.) in sugar beet (Beta vulgaris
L.). Theor Appl Genet 100:1176–1182

Shen Y, Ford-Lloyd BV, Newbury HJ (1998) Genetic relationships within the genus Beta deter-
mined using both PCR-based marker and DNA sequencing techniques. Heredity 80:624–632

Uphoff H, Wricke G (1995) A genetic map of sugar beet (Beta vulgaris) based on RAPD mark-
ers. Plant Breed 114:355–357

Genome Analysis: Mapping in Sugar Beet 137



Wagner H, Weber WE, Wricke G (1992) Estimating linkage relationship of isozyme markers and
morphological markers in sugar beet (Beta vulgaris L.) including families with distorted seg-
regations. Plant Breed 108:89–96

Weber WE, Borchardt DC, Koch G (2000) Marker analysis for quantitative traits in sugar beet.
Plant Breed 119:97–106

Yu MH (1981) Sugar beets homozygous for nematode resistance and their transmission of resis-
tance to their progenies. Crop Sci 21:714–717

138 C. Jung



II.4 Molecular Markers in Genetics and Breeding:
Improvement of Alfalfa (Medicago sativa L.)
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1 Introduction

Alfalfa (Medicago sativa L.) is one of the most important legume species used
in agriculture. Its high nutritional quality and vegetative yield makes alfalfa
superior to other forage crops (Sumberg et al. 1983). By using artificial selec-
tion, breeders have been able to improve many important traits of alfalfa,
such as disease resistance (Barnes and Hanson 1971; Heisey and Murphy
1985; Bray and Irwin 1989; Salter et al. 1994), insect resistance (Elden and
Elgin 1987), salt tolerance (Dobrenz et al. 1993), nitrogen fixation (Viands
and Barnes 1979), tissue culture regenerability (Ray and Bingham 1989), ease
of floral tripping (Knapp and Teuber 1994), microgametophytic vigor (Rosel-
lini et al. 1994), tap root regeneration (Hansen and Viands 1989), large leaf-
lets (Dobrenz et al. 1988), resistance to frequent cutting regimes (Veronesi et
al. 1986), and high self-fertility (Villegas et al. 1971). The majority of these
selection efforts have been based on phenotypic evaluations, and the genetic
basis of most targeted traits remains unknown. Other useful traits, such as
increased productivity without sacrificing winter survival, growth compati-
bility with other forage species, and temporal and spatial forage stability,
have received little attention (Brummer 1998).

In the past few years, molecular markers, in association with more power-
ful statistical models, have been applied to genetic analysis and breeding of
several crops. This has been also true for alfalfa, although their application
has been hindered by several factors (Osborn et al. 1998). First, cultivated
alfalfa is a tetraploid species (2n=4x=32) with polysomic inheritance. This
complicates linkage analysis and the detection of quantitative trait loci
(QTL). Second, alfalfa possesses an allogamous reproductive behavior and
shows severe inbreeding depression. This limits the production of homozy-
gous parental genotypes and recombinant inbred lines for use in genetic
mapping and replicated phenotypic evaluations. Third, alfalfa cultivars are
synthetic populations created by intermating several to hundreds of selected
genotypes. This breeding structure makes it difficult to use marker-assisted
selection for cultivar improvement.
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Despite these difficulties, molecular markers have been used to generate
molecular data that have helped researchers to understand the genetic nature
of alfalfa. Our goal in this chapter is to review these past applications of
molecular markers in alfalfa genetics and breeding, and to consider new
applications that may have an impact on the generation of better alfalfa culti-
vars.

2 Characterization of Alfalfa Germplasms

One of the main components of plant breeding is the identification of germ-
plasms containing genes that could improve the performance of current culti-
vars. Geographical origin has been commonly used as a criterion to differen-
tiate genetic sources. However, this criterion has obvious limitations if cryp-
tic genetic relationships are present within and among germplasms. In addi-
tion, problems such as duplication, misclassification, and/or contamination
of accessions cannot be assessed based on the origin of the germplasm.

Molecular markers that detect different types of DNA sequence polymor-
phisms have been used to estimate genetic diversity among various alfalfa
germplasm collections (e.g., Brummer et al. 1991; Kidwell and Osborn 1994;
Musial et al. 2002). Using restriction fragment length polymorphism RFLP
marker data, Kidwell and Osborn (1994) evaluated tetraploid M. sativa acces-
sions representing the original nine alfalfa germplasm sources introduced to
North America (Barnes et al. 1977). These germplasms are distributed world-
wide and should include most of the variation present in current alfalfa culti-
vars. The authors found that molecular marker diversity was high among
individuals within germplasms, and only two sources, M. sativa ssp. falcata
and M. sativa ssp. sativa Peruvian, formed distinct clusters with respect to
the other seven germplasms. In a study including three diploid subspecies of
the M. sativa complex, Brummer et al. (1991) found that M. sativa ssp. falcata
(2x) tended to be a separate cluster; however, some accessions were in the
same clade as a few of the M. sativa ssp. sativa (2x) accessions. The third sub-
species, M. sativa ssp. coerulea (2x), had no clear clustering pattern and was
not differentiated from M. sativa ssp. sativa (2x) subspecies.

Conclusions about genetic relationships will depend on the genotypes ana-
lyzed, the type and number of markers surveyed, and the type of genetic
diversity estimator used. For example, we used a total of 212 polymorphic
DNA fragments [191 RFLPs and 21 simple sequence repeat (SSRs)] to esti-
mate the genetic relationship among the same subspecies analyzed by Brum-
mer et al. (1991): M. sativa ssp. falcata, M. sativa ssp. sativa and M. sativa ssp.
coerulea. We found that the three subspecies clustered in three distinct clades
(Fig. 1). These results do not perfectly match the findings of Brummer et al.
(1991) described above. Although both studies used basically the same type
of marker (RFLPs), the two studies scored a different number of fragments,
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Fig. 1. Dendrogram of 43 individuals from four accessions representing three Medicago sativa
subspecies. Cluster analysis (UPGMA) was performed on Dice coefficients calculated from 212
polymorphic fragments (detected as RFLP and SSR markers). P denotes individuals from M.
sativa ssp. sativa Peruvian (4x, PI536535) germplasm; F denotes individuals from M. sativa ssp.
falcata (4x, PI56033); C denotes individuals from M. sativa ssp. coerulea (2x, PI 15798, PI 28645)

included different accessions of the subspecies, and used different algorithms
to estimate genetic relationships. Thus, discordance of results might be
explained by some of these factors, or a combination of them.

Molecular markers have been used to estimate molecular variances
(AMOVA) in several cultivars and ecotypes of tetraploid alfalfa (Mengoni et
al. 2000; Pupilli et al. 2000). One of the main conclusions of these studies was
that most of the total molecular variation was present in the within-accession
component ( ˚ 80–90%) and very little was in the among-accession compo-
nent. This pattern of genetic variation is probably explained by the breeding
methodologies used in alfalfa improvement. Most alfalfa cultivars are syn-
thetic varieties and are created by intermating genotypes from different
sources that are resistant to a wide range of diseases and insects.

It is clear that genetic variation is the propeller of plant breeding; however,
the use of diverse germplasm does not ensure genetic improvement. Bonier-
bale et al. (1993) showed that the correlation between genetic diversity and
heterosis is not consistent and depends on the genetic background of the
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material under evaluation. In fact, synthetic alfalfa populations developed on
the basis of molecular marker diversity showed no consistent relation
between diversity and forage yield (Kidwell et al. 1999). More recently, we
evaluated the potential usefulness of M. sativa ssp. falcata and M. sativa ssp.
sativa Peruvian accessions that were genetically distinct from alfalfa cultivars
based on molecular marker data (Maureira et al. 2004). Field evaluations for
forage yield suggested both accessions had favorable alleles that could be
used to improve alfalfa cultivars. Thus, the potential usefulness of genetically
diverse germplasms should be evaluated phenotypically before undertaking
extensive efforts to incorporate the germplasm into a breeding program.

Utilization of genetic variation has not been limited to the diversity pre-
sent within the M. sativa complex. Several attempts have been made to obtain
interspecific hybrids between alfalfa and other Medicago species (summa-
rized by McCoy and Bingham 1988). Although the impact of these past intro-
gressions on cultivar development has been limited, alfalfa relatives are a
potential source of favorable traits, such as resistance to extreme weather
conditions and to pests. For instance, M. marina, M. rhodopea and M. rupest-
ris were found to be tolerant to drought and salt stresses (Lensis and Lensis
1979; McCoy 1987), and M. dzhawkahetica and M. papillosa were resistant to
Verticillimum wilt (Busch and Smith 1981) and spring blackstem (McCoy and
Smith 1984). Genetic variability also has been estimated within and between
Medicago species. Brummer et al. (1995) reconstructed a phylogeny of several
accessions from six Medicago species using data from random amplified
polymorphic DNA (RAPD) markers. Variation was present among accessions
of all species and some accessions were considerably different from others
within the same species.

3 Development of Genetic Maps and Identification
of Regions Affecting Traits of Interest

Genetic maps based on molecular markers have proven to be very useful for
understanding genome structure and for isolating important genes from
many species. The comparison of maps across species has provided informa-
tion about the organization and evolution of plant genomes (Livingstone et
al. 1999; Perez et al. 1999; Kennard et al. 2000), and several candidate genes
for disease resistance have been identified using comparative mapping
(Grube et al. 2000a, b; Jahn et al. 2000). In addition, genetic maps have pro-
vided the framework for the discovery and dissection of several QTL in a
number of crop species (Alpert and Tanksley 1996; Jiang et al. 1998; Lukens
and Doebley 1999; Frary et al. 2000; Kole et al. 2001).
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3.1 Diploid Alfalfa Maps

Statistical methodologies for mapping diploid species are well developed
(Lander et al. 1987; Stam 1993), and maps for many diploid crop species have
been built. The generation of diploid genotypes (2n=2x=16) of cultivated
alfalfa (Bingham and McCoy 1979) and the utilization of cross-fertile diploid
relatives has allowed the construction of several diploid alfalfa linkage maps
(Brummer et al. 1993; Kiss et al. 1993; Echt et al. 1994; Tavoletti et al. 1996b).
Recently, Kalo et al. (2000) reported an improved diploid alfalfa linkage map
based on an F2 segregating population derived from a cross between M.
sativa ssp. quasifalcata × M. sativa ssp. coerulea. The map covered 754 cM
and had an average marker density of 0.8/cM. By using common markers
between Kalo et al.’s diploid alfalfa map and the M. truncatula map, Thoquet
et al. (2002) were able to study chromosome homology and macrosynteny
across both species. The authors concluded that the eight M. truncatula link-
age groups were highly homologous to those of diploid M. sativa, implying a
good level of macrosynteny between both Medicago genomes.

Diploid alfalfa maps have been used to map several genes including a
nodulin gene (ENOD12, Csanadi et al. 1994), meiotic mutants producing 4n
pollen and 2n eggs (Barcaccia et al. 2000; Tavolleti et al. 2000), and the unifol-
ate leaf-cauliflower head mutation (Brower and Osborn 1997a).

3.2 Tetraploid Alfalfa Maps

Although diploid alfalfa has been useful for mapping specific single genes,
genes for some traits may have different effects in cultivated alfalfa at the tet-
raploid level. Clear phenotypic differences such as leaf size, vigor and forage
yield plus dissimilar behavior of quantitative traits between ploidy levels
(reviewed by Bingham et al. 1994) suggest that discoveries made at the dip-
loid level may not be extrapolated to the tetraploid level. Recent information
from yeast (Saccharomyces cereviceae) showed that gene expression is
affected by ploidy levels (Galitski et al. 1999), supporting the idea that traits
may be affected by ploidy level. Therefore, it is useful to have genetic maps
for tetraploid alfalfa populations, although it is much more complex to
develop maps for autopolyploid species than for diploid species.

The difficulty of constructing maps in an autopolyploid species is twofold:
loci must be ordered along individual linkage groups and linkage groups
have to be assigned to homologous sets (Ripol et al. 1999). The later problem
is exclusive to autopolyploid species and creates an extra step in the mapping
procedure. Wu et al. (1992) proposed a simple method to map autopolyploid
species. Their approach utilized single dose restriction fragments (SDRFs) to
detect and estimate linkage between markers. SDRFs segregate 1:1 (pres-
ence:absence) in the gametes and are equivalent to a dominant allele of a sim-
plex genotype (Liu et al. 1998). Ripol et al. (1999) developed a method to
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include multiple dose markers into previously built SDRF linkage groups by
estimating the dosage of the marker and utilizing this information later to
infer the linkage relationship with the SDRFs. Although coupling and repul-
sion phase linkages between SDRFs can be detected and used to construct
maps, repulsion phase linkages require a much larger population size to be
detected (Wu et al. 1992; Ripol et al. 1999). This constraint has limited the use
of repulsion phase linkages in constructing maps; and thus, most polyploid
maps are based entirely on SDRFs (or higher dose markers when possible) in
coupling phase linkages.

Once linkages between single dose makers have been estimated, SDRFs
must be organized within linkage groups. Since SDRFs in coupling behave
identically in diploids and autopolyploids, construction of single linkage
groups can be achieved utilizing the same techniques and software used for
mapping diploid species [i.e., MAPMAKER (Lander et al. 1987) or JoinMap
(Stam 1993)].

To solve the problem of assigning single linkage groups to homologous
sets, Ripol et al. (1999) suggested two alternatives: utilization of multiple dose
fragments or/and highly polymorphic RFLP markers. Multiple dose markers
will be linked to as many linkage groups as their dosages allow, and linkage
groups containing the same multiple dose marker are assumed to be homolo-
gous. Simulations have shown that several multiple markers distributed
across the genome are needed to fully connect all homologous linkage
groups. Ripol et al. (1999) showed that for an autooctoploid with a mono-
ploid number x=8, roughly 200 double dose fragments were needed to guar-
antee complete identification of all homologous sets. Homologous sets also
can be determined using highly polymorphic RFLP probes or SSR primer
pairs. An assumption is required that polymorphic fragments detected by a
single probe or set of PCR primers represent different alleles of the same
locus. Although this approach can be useful, homologous relationships
among linkage groups should be confirmed, if possible, by the presence of
multiple loci having polymorphic alleles or multiple dose fragments.

Currently, only one tetraploid genetic map has been reported for alfalfa
(Brower and Osborn 1999). The map was built using two backcross popula-
tions of 101 individuals each and 82 segregating SDRFs in each population.
Four homologous coupling-phase cosegregating linkage groups were found
for seven of the eight expected homologous sets. Discordance between
observed and expected number of homologous sets was explained by the lack
of polymorphisms between the parents of the backcross populations. Locus
positions and distances between loci were in general agreement with previ-
ous diploid maps, indicating that genome organization and recombination of
tetraploid and diploid alfalfa are similar.
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3.3 Detecting and Mapping Quantitative Trait Loci

Mapping of quantitative trait loci is based on the identification of simply
inherited markers in close proximity with genetic factors affecting quantita-
tive traits (Jannink and Walsh 2002). In general, two main strategies are used
to identify QTLs: genome scans using anonymous DNA markers and associa-
tion tests (Anderson 2001; Jannink and Walsh 2002).

3.3.1 Quantitative Trait Loci Discovery by Scanning Linkage Maps

In crop species, genomic scanning using linkage maps has been the most fre-
quent strategy to detect genome regions associated with traits of interest. In
general, one needs to have two polymorphic lines with different fixed alleles
affecting a trait and a molecular marker linkage map (Mackay 2001). A large
sample of individuals is generated from these two parental lines to provide
observable recombinants and to allow a detailed measurement of the traits
under study (Doerge 2002). The genome is scanned one marker at a time,
dividing individuals into genotypic classes and making statistical tests (anal-
ysis of variance, simple regression, etc.) to determine if there are significant
associations between marker genotype classes and the phenotype (Mackay
2001). This approach is known as simple marker analysis and is the simplest
technique used to identify QTLs.

Detection of QTLs in polyploid species has been limited to statistical tests
of single dose markers with the variance of quantitative traits (Doerge and
Craig 2000). The statistical tests usually combine single factor models with
multiple regression models (Sills et al. 1995; Brouwer et al. 2000). Single dose
markers are tested individually to determine if the marker genotype (pres-
ence or absence) is associated with the trait variance. Single factor analyses
are performed using the same techniques used in diploids, such as maximum
likelihood, analysis of variance (ANOVA), or t-tests (Liu et al. 1998). A single
factor model is described as follow:

Yi = ? + Ai + 4 i (1)

where Yi is the trait value with marker score i, ? is the overall mean of the
trait, Ai is the effect of marker score i on the trait, and 4 i is the random varia-
tion. All single factors associated with the trait are then used in a multiple
regression model:

Yi = ? + Ai + Bi + Ci + ... + Zi + 4 i (2)

where all terms are similar to those above, except Ai, Bi, Ci, ..., and Zi symbol-
ize the markers found to be significant in the single factor model (Sills et al.
1995). Multiple regression models are developed in an attempt to eliminate
spurious associations between single dose markers and the traits under
study. Champoux et al. (1995) showed that a highly significant QTL detected
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by single marker analysis of variance actually resulted from pseudolinkage to
other loci. By using a multiple regression model, the authors were able to
detect these false positive associations.

Although molecular markers have been used to develop diploid and tetra-
ploid maps in alfalfa, few studies have mapped QTLs in this species (Barcac-
cia et al. 2000; Brouwer et al. 2000; Tavoletti et al. 2000). Two studies have
focused on finding genomic regions affecting meiotic mutant phenotypes at
the diploid level. Barcaccia et al. (2000) mapped at least five QTLs governing
the production of 2n-eggs. Tavoletti et al. (2000) found three QTLs with
highly significant effects on multinucleate-microspore formation. In the
same study, the authors were able to map the jumbo pollen trait (jp, 4n pol-
len) into linkage group 6.

Thus, only one study has identified genome regions affecting traits of
agronomic interest at the tetraploid level. Brouwer et al. (2000) found several
QTLs affecting fall growth (FG), freezing injury (FI) and winter injury (WI)
utilizing the same tetraploid mapping population described above. Although
some QTLs affected all traits, some of them were specific to FG, FI, or WI.
The authors suggested that these markers could be used as predictor traits in
the absence of winter hardiness and that the existence of different genetic
components for FG and WI could facilitate the manipulation of these traits.

Although progress has been made to promote QTL mapping in tetraploid
alfalfa; several concerns need still to be addressed. To date, every model used
in QTL mapping has been based on single dose markers and models utilizing
double dose markers need to be developed. Furthermore, most of the QTL
research has utilized single factor analysis. More sophisticated techniques
such as interval, composite interval and multiple interval mapping have been
developed for mapping in diploid species and these need to be adapted for
use at the tetraploid level. Some attempts to use these techniques in autopoly-
ploids have been made. Recently, construction of denser maps has allowed
the utilization of interval mapping for those QTLs having close flanking
markers in sugar cane (Ming et al. 2002).

3.3.2 Associative Mapping

The ultimate objective of QTL mapping is uncovering the gene(s) governing
the trait of interest. Although genome scanning has been successful in the
discovery of important genome regions, these regions often are large and the
QTL positions cannot be precisely defined. A common strategy used to solve
this problem is to fine-map the region of interest by expanding the genetic
map surrounding the QTL. Backcross and advance intercross populations are
frequently used for this purpose. However, a common inconvenience of fine
mapping is the extra cost of developing new populations. Furthermore,
recombination will still be a limiting factor when the objective is to elucidate
the gene(s) responsible for the trait (Jannink and Walsh 2002).
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Associative mapping has been suggested as an alternative method for
mapping or fine mapping QTLs. This approach takes advantage of associa-
tions that arise relatively early in the history of populations. If several genera-
tions have passed, recombination should have removed the disequilibrium
present among loosely linked markers and QTLs. Thus, associations should
only remain between QTLs and tightly linked markers. This approach does
not require the utilization of genetically defined bi-parental populations,
allowing QTL mapping in more genetically complex populations. One of the
main advantages of this approach is that it can potentially detect QTLs of
small effect, especially if polymorphisms within the causative genes can be
tested for association with the trait (Anderson 2001). However, screening sev-
eral candidate genes might be more time-consuming than scanning the
genome with anonymous markers. Furthermore, population structure,
mainly caused by drift and population admixture, has been shown to be an
important factor in the creation of false associations (Knowler et al. 1988;
Pritchard 2001). To overcome the population structure problem, several
family-based tests, such as the transmission disequilibrium test (TDT, Ewens
and Spielman 1995), have been developed. In general, these tests are based on
the determination of the transmission frequency of the case allele to the
progeny that show the expected phenotype. The immediate problem of these
techniques is the necessity of genotyping related individuals that may not
exist or may not be known. Fortunately, new statistical approaches have
allowed the utilization of standard association methods that are corrected for
the presence of population structure (Pritchard et al. 2000a, b; Reich and
Goldstein 2001). These methods assume that if there is population stratifica-
tion, it will affect all loci independent of linkage to the trait loci of interest.
Thus, adjustments for population structure can be made by using unlinked
marker loci as controls. Early association studies were designed to test quali-
tative traits (Pritchard et al. 2000b); however, later studies have allowed the
expansion of these techniques to quantitative traits (Thornsberry et al. 2001).
Although most of the association analyses reported so far have been done in
human disease research (Risch and Merikangas 1996), examples of plant
studies are starting to appear in the literature (Beer et al. 1997; Obert et al.
2000; Thornesberry et al. 2001).

Skinner et al. (2000) developed a methodology for detecting marker–trait
associations in alfalfa by comparing allele frequency shifts between popula-
tions selected for one trait and the original unselected population. To avoid
type I error due to multiple comparisons and to estimate a more realistic sig-
nificance threshold for declaring marker–trait associations, the authors pro-
posed the use of a re-sampling method (bootstrapping). Skinner et al. (2000)
also investigated the utility of the associations through conditional probabil-
ity and building-model studies. The conclusions from these studies were that
the presence of markers in undesired plants strongly influenced the efficiency
with which the marker could be used to select desired plants. However, in
some circumstances, markers could be highly efficient for selecting rare, but
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desirable plants from heterogeneous base populations. Obert et al. (2000)
used the methodology developed by Skinner et al. (2000) to study associa-
tions between amplified fragment length polymorphism (AFLP) markers and
resistance to downy mildew (Peronospora trifoliorum de Bary) in tetraploid
alfalfa populations. By using 36 plants from two populations that differed
only in selection for resistance to downy mildew, they were able to identify
four AFLP fragments associated with disease susceptibility or resistance. In
further F1 and S1 evaluations, they confirmed significant associations for two
of the four AFLP markers. Although both markers were confirmed, it is
important to note that the AFLP fragments were not fully linked to the dis-
ease trait. Only one maker was proven to be valuable in a breeding program
after estimating their conditional probabilities. Although this type of
approach could be important for identifying regions affecting specific traits,
they do not account for population structure. As mentioned before, stratifica-
tion can cause strong spurious associations. Using a Bayesian approach (Prit-
chard et al. 2000a), Thornsberry et al. (2001) removed the effect of popula-
tion structure and successfully associated a deletion in the Dwarf8 gene with
flowering time variation in corn.

Although association studies have not been widely used in alfalfa breed-
ing, they are a potential useful alternative method for identifying regions
affecting traits of agronomic and economic importance. Through single plant
phenotypic recurrent selection, alfalfa breeding programs have developed a
large number of improved populations. Many of these populations have been
selected for resistance to specific diseases or to insect damage, and they could
be used for association studies. Molecular data coming from the related
model plant Medicago truncatula will also provide a vast amount of informa-
tion that could be used for these association studies. A large number of
expressed sequence tag-simple sequence repeat (EST-SSR) markers devel-
oped using M. truncatula sequence data have been used to map traits in
alfalfa populations (Sledge et al. 2003). EST-SSRs and other PCR gene-based
markers should allow the targeting of candidate genes and increase the effi-
ciency of association studies. If population structure is taken into account,
populations already developed by alfalfa breeding programs could potentially
be used to search for marker–trait associations.

4 Additional Uses of Molecular Markers in Alfalfa Breeding

Molecular markers have been used in genetic studies to determine patterns of
inheritance among alfalfa genotypes and in interspecific hybrids between
alfalfa and other Medicago species (Quiros 1982; McCoy et al. 1991b). By
studying the segregation of three isozyme markers in progenies derived from
di-, tri- or tetra-allelic plants, Quiros (1982) confirmed the pattern of tetra-
somic inheritance for alfalfa, as was previously suggested using phenotypic
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markers (Standford 1951). Using RFLP and isozyme markers, McCoy et al.
(1991) studied the polyploid nature of the M. sativa × M. papillosa hybrids.
Examination of segregating loci showed that most of the markers followed a
disomic inheritance pattern. The authors concluded that there was limited
pairing affinity between M. sativa and M. papillosa chromosomes.

Molecular markers have also been used in studies of inbreeding and heter-
osis (Scotti et al. 1992, 2000; Brouwer and Osborn 1997b). Brouwer and
Osborn (1997b) evaluated the reduction of heterozygosity with inbreeding by
using 40 RFLP loci in diploid alfalfa. After self-pollinating several lines of
M.sativa ssp. sativa and M. sativa ssp. falcata for two and four generations
respectively, the authors found that the reduction of heterozygosity was lower
than expected. The same phenomenon was observed by Scotti et al. (2000) in
a study using tetraploid alfalfa. However, differences between expected and
observed heterozygosities were smaller than at the diploid level. The authors
argued that the most likely explanation for this narrower difference was that
the higher buffer capacity of tetraploid alfalfa masked deleterious alleles.

The use of molecular markers has also been proposed as a method to map
alfalfa centromeres and to determine the mode of 2n gamete formation in
meiotic mutants (Tavoletti et al. 1996a, b). The model involved a maximum
likelihood approach of half tetrad analysis based on multiple RFLP markers.
The model was tested using the progeny of a diploid genotype characterized
by high 2n egg production crossed with a tetraploid alfalfa genotype. By com-
paring three linked loci and one unlinked marker, the model was able to pre-
dict the most likely position of the centromeres with respect to the linked
markers. The analysis also provided an estimation of the percentage of first
and second division restitution 2n eggs produced by the diploid genotype.

5 Conclusions

Alfalfa (Medicago sativa L.) is an allogamous tetraploid species with poly-
somic inheritance, and not the simplest system to apply molecular maker
analysis. However, new molecular techniques in association with more pow-
erful statistical models are starting to reveal the genetic and breeding nature
of this forage species. Molecular markers have facilitated the study of genetic
diversity present within alfalfa, and several germplasms are being studied as
potential donors of favorable alleles. Complete linkage maps of molecular
markers have been developed for diploid alfalfa and several genomic regions
affecting important traits have been discovered. Furthermore, utilization of
common markers with the model legume species M. truncatula has demon-
strated the homology and high level of macrosynteny between both genomes.
Mapping data for tetraploid populations also have been produced to identify
QTL in cultivated alfalfa. Although QTL mapping is possible at the tetraploid
level, additional research will be necessary to incorporate more sophisticated
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mapping techniques that are used in diploid species. Association studies have
been suggested as an alternative method for mapping and fine mapping QTLs
in cultivated alfalfa, and improved populations produced by alfalfa breeding
programs could be used for association studies without the necessity of
developing extra mapping populations. However, the success of this approach
will be limited by the number of gene markers available for the association
tests. A large number of EST-SSR markers developed from M. truncatula
sequence data are already available for public use. These EST-SSR markers
and other PCR gene-based markers could be used to identify genomic
regions of interest in association or mapping studies. This molecular data
should contribute to our understanding of the genetics of cultivated alfalfa,
and should improve the selection of important traits in populations used for
cultivar development.
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II.5 Localization of Important Traits: The Example Pea
(Pisum sativum L.)

W.K. Swiecicki1

1 Institute of Plant Genetics, Polish Academy of Sciences, 60–479 Strzeszynska 34, Poznan,
Poland

and G. Timmerman-Vaughan2

2 Crop and Food Research, P.O. Box 4704, Christchurch, New Zealand

1 Introduction

The evolution of the pea (Pisum sativum L.) from its wild to modern domes-
ticated forms involved selection of plant characteristics suitable for cultiva-
tion or for improved palatability. In pea, explosive pod indehiscence and seed
dormancy (hard seededness) were probably the greatest barriers to domesti-
cation (Smartt 1990) that had to be overcome. Other traits selected during
domestication and development of modern cultivated forms include a num-
ber of characters that are determined by one or a few genes, such as a (lack
of anthocyanin production) and r (wrinkled seed in garden types), which
improved palatability, and p and v for the absence of sclerenchymatic tissue
in pods. Domestication has also resulted in increased seed and pod size in
pea (although not as markedly as in other crops) with a correlated increase in
leaf size and stem strength. This early practice of genetics occasionally
resulted in plant types that were sufficiently distinct to be given their own
taxonomic classification, e.g., the old classification of the pea into garden
(var. hortense) and field (var. arvense) types, largely as a result of selection
for anthocyanin production.

In 1906, Bateson and Punnett demonstrated genetic linkage, based on
experiments on flower color in Lathyrus odoratus L. Nearly a century later,
genetic linkage has become a very powerful tool for plant breeding and crop
improvement. This is largely due to the ability to develop molecular markers
that detect DNA sequence polymorphism and characterize their association
and linkage with valuable alleles. This allows the identification and tracking
of genes for a wide range of simple and complex economically important
characteristics. Genetic linkage maps that are well saturated with molecular
markers have become an important tool for plant breeding. In the following
pages, we describe the current use of genetic linkage maps in pea (using mor-
phological, isozyme and molecular markers) to manipulate a range of eco-
nomically important traits. As Tanksley et al. (1989) concluded, molecular
markers are “a new tool for an old science”.
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2 The Pisum Genetic Map and Loci for Agronomic Characters

The pea is a classical model for genetic studies. Key steps in the creation of
the current linkage maps include:

– establishment of seven linkage groups (Lamprecht 1948),
– assigning linkage groups to particular chromosomes (Lamprecht 1961),
– construction of a chromosome map with 128 loci (Lamprecht 1974),
– updating of Lamprecht’s map by Blixt (1977) with additional linkage data

on 128 loci and 41 new genes,
– mapping of biochemical markers (27 isozyme loci) and relation to anchor

markers (Weeden 1985),
– adding molecular markers to the pea map, structural rearrangements

related to Lamprecht’s version (Weeden et al. 1993),
– development of a consensus linkage map with molecular loci related to

anchor markers, and linkage groups related to chromosomes (Weeden et
al. 1998).

The development of a consensus pea linkage map containing molecular
markers, as well as other advances (summarized in Weeden et al. 1994a; Swie-
cicki et al. 2000), has improved the opportunities for the use of marker-
assisted selection (MAS) in pea breeding. In a relatively short time, a number
of economically important genes have been mapped and tagged. Genes with
a clear phenotype have played a key role in breeding different pea ideotypes,
e.g., a and r, but also le (short stem), af (afila leaf), i (green cotyledons) and
n, p, v (genes controlling pod characters).

Resistance to a number of important viral and fungal diseases shows
monogenic inheritance. The Blixt map (1977) contained the following dis-
ease resistance loci: er (resistance to Erysiphe pisi Syd), sbm (resistance to
pea seed-borne mosaic virus, PSbMV) and Fw (resistance to Fusarium oxys-
porum Schlecht. emend. f. sp. pisi (van Hall) Snyd. and Hans. race 1). Linked
morphological markers were suggested for er (Gty – gritty seed coat) and
sbm (wlo – waxless surface of leaflets and p – lack of sclerenchymatic pod
tissue). Morphological traits used as genetic markers are often undesirable
in cultivars, and if used, must be removed in the final stages of breeding. In
addition, the number of morphological markers on the pea map is limited,
therefore their utility for MAS is reduced in some cases due to relatively
large genetic distances. Morphological markers have been used to select
breeding material resistant to PSbMV, in spite of the relatively large genetic
distances involved (Skarzynska 1988; Weeden et al. 1994a). In another exam-
ple, k (reduced flower wings) is suggested as a useful tag for mo (resistance
to bean yellows mosaic virus, BYMV; Marx and Provvidenti 1979). The link-
age map of Weeden et al. (1993) summarizes the possibilities for using iso-
zyme loci as markers of disease resistance genes. For example, Pgmp is
linked to a group of virus resistance genes (mo, cyv, pmv, sbm2) on linkage
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Fig. 1. Pisum linkage groups showing the approximate positions of agronomically important
genes discussed in the text (left) and associated morphological and isozyme markers (right).
Map orders and linkage relationships are based on the consensus map for Pisum sativum. (Wee-
den et al. 1998)

group II, and Adh1 is linked to En (for resistance to pea enation mosaic virus,
PEMV).

The identification of molecular markers associated with advantageous
alleles of economically important genes provides more possibilities for the
application of MAS. Since molecular linkage maps with high marker density
can be constructed, the chances of finding a marker tightly linked to a given
gene is increased, even when the chromosomal location of a breeding charac-
ter/gene is unknown. Bulked segregant analysis (Michelmore et al. 1991) per-
mits the identification of molecular markers associated with trait alleles
without linkage mapping. This approach has been applied in pea (e.g., Tim-
merman et al. 1994; Timmerman-Vaughan et al. 1996; Tiwari et al. 1998;
McClendon et al. 2002; Okubara et al. 2002; Schneider et al. 2002). Unlike
many morphological markers, molecular markers are generally phenotypi-
cally neutral. The advantages of conducting MAS using molecular markers
include the ability to analyze plants at the seeding stage, to screen multiple
characters including those that would normally be epistatic with one another,
to minimize linkage drag and to recover a recurrent parent’s genotype rap-
idly when using backcross breeding strategies (Tanksley et al. 1989). The sec-
tions below summarize our current knowledge of traits and molecular mark-
ers where MAS may be useful in cultivar development in pea (Fig. 1).
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3 Resistance to Powdery Mildew (Erysiphe pisi Syd.)

Pea powdery mildew has a worldwide distribution and a strong, negative
influence on pea yield and quality. Two recessive genes controlling resistance
were described, er1 (Harland 1948) and er2 (Heringa et al. 1969). Accessions
bearing these genes (e.g., Mexique 4, Stratagem, Svp 952, Rondo) are retained
in gene banks and used in breeding. Marx (1971) revealed linkage between
er1 – Gty. Confusion about the linkage group containing er and Gty was
resolved when Gty was assigned to linkage group VI (Wolko and Weeden
1990). Er1 was placed on a group VI molecular linkage map by Timmerman
et al. (1994) using restriction fragment length polymorphisms (RFLPs; Fed1,
Gsp, pI49, pID18), random amplified polymorphic DNAs (RAPDs; NW04950,
PD10650) and an allozyme locus (Prx3), using two unrelated populations seg-
regating for resistance (F2 and RIL populations). The results were similar in
both cases although the map distances obtained from F2 population analysis
were larger than estimates based on the RILs. The marker closest to er1
appeared to be PD10650, but pID18 and Gty were also linked. The RAPD
marker PD10650, linked to er1 at a distance of about 2 cM, was successfully
converted into a sequence characterized amplified region (SCAR). For the
PD10650 SCAR, the dominant ‘band-present’ allele is associated with the
recessive resistance allele (therefore is in trans), consequently, in suitably
polymorphic populations it can be used to select individuals carrying the er1
(resistance) allele without electrophoresis (Weeden et al. 1994b). More
recently, Tiwari et al. (1998) have identified three RAPD markers associated
with er1 by bulked segregant analysis, and converted two of these markers to
SCARs. The two SCARs developed by Tiwari et al. (1998) will be especially
useful since one is in coupling phase (cis) while the other is in repulsion
phase (trans), permitting markers to be used both to select homozygous
resistant progeny and to track the er1 (resistance) allele during backcross
breeding.

The introduction of both er1 and er2 into a cultivar could increase the
durability of resistance to powdery mildew. Unfortunately, our present
knowledge of er2 is less complete than for er1. The er2 chromosomal location
is unknown and few lines bearing the er2 (resistance) allele are available for
breeders. Tiwari et al. (1999) used the line JI2480 as the source of er2 resis-
tance alleles and identified three AFLP markers linked in trans and two in cis.
The cis phase primer combination (E+AGG/M+CTG) will be useful in MAS of
heterozygous BCnF1 individuals for JI2480-derived resistance where the
‘band-present’ marker phenotype will track the resistance allele while the
trans phase primer combinations (E+ACT/M+CGC, E+ACG/M+CCC and
E+AGG/M+CTA) will be useful where the ‘band-absent’ marker phenotype
will identify homozygous resistant individuals.
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4 Resistance to Fusarium Wilt
(Fusarium oxysporum f. sp. pisi (van Hall) Snyd & Hans)

Fusarium wilt caused by Fusarium oxysporum f. sp. pisi is a significant pea
disease. The economically important disease is produced by races 1, 2, 5 and
6. Races 1 and 2 have worldwide distribution and dominantly inherited resis-
tance genes Fw and Fnw, respectively, have been described (Wade 1929; Hare
et al. 1949). Races 5 and 6 are found in the Pacific Northwest region of the
USA and in British Columbia in Canada (Haglund 1984). Resistance to race 5
is controlled by a dominantly inherited resistance gene Fwf (Hagedorn 1989;
Coyne et al. 2000).

Linkage studies have characterized the chromosomal locations of the Fw
and Fwf genes. The gene Fw was originally localized on linkage group III
based on a loose linkage of about 30 map units from Le (Wade 1929). More
recently, Grajal-Martin and Muehlbauer (2002) have confirmed the place-
ment of Fw on linkage group III by demonstrating linkage with Lap1 and b
(pink flowers in the presence of A) at a distance of about 13 map units, and
with Td (leaf dentation) at a distance of about 14 map units. Fwf is linked
to Aatp, a linkage group II anchor locus, at a distance of about nine map
units (Coyne et al. 2000). The possibility of developing Fusarium wilt resis-
tance locus-specific PCR primers for use in MAS has been demonstrated.
McClendon et al. (2002) identified two AFLPs and one RAPD linked to Fw,
and predicted a 96% probability of correctly identifying resistant lines
using only the most tightly linked of these loci. Okubara et al. (2002) identi-
fied a RAPD polymorphism (U693a) linked to the Fwf gene at a distance of
5.6 map units. Coyne et al. (2001) have identified molecular markers linked
to Fw, Fnw and Fwf, and confirmed that these three loci are not linked.
After developing mapping populations (RILs) and using bulk segregant
analysis, the following markers were identified: an AFLP marker 0.6 cM
from Fw, a RAPD marker (primer sequence 5'-GACGAGACGG-3') 5.5 cM
from Fwf, and a RAPD marker (primer sequence 5'-CTGCGGGTCA-3') 4 cM
from Fnw.

5 Plant Virus Resistance

The pea is naturally infected by a number of plant viruses, which represent at
least seven plant viral groups (potyviridae, enamoviridae, tobraviridae, carla-
viridae, luteoviridae, cucumoviridae and the alfalfa mosaic virus group).
Important rationales for characterizing the genetic basis of viral resistance
include developing associated molecular markers for use in resistance breed-
ing, and identifying the molecular basis of pathogenicity and of resistance to
plant viruses.
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Single locus resistance has been described for viruses in the potyvirus
group and for pea enation mosaic virus (PEMV, an enamovirus). Linkage
mapping has placed genetic loci for resistance to a number of potyviruses on
linkage groups II and VI, and to PEMV on linkage group III. Tolerance con-
ferred by a single genetic locus (tentatively named Lr) has been described for
pea leaf roll virus (PLRV), a member of the luteoviruses (Hampton 1984),
however, the locus that conditions this tolerance has not been characterized
by linkage mapping so will not be discussed further.

Tolerance or partial resistance has been described for a further three
viruses infecting pea: pea streak virus and red clover vein mosaic virus (car-
laviruses; Hampton 1984), and alfalfa mosaic virus (Latham and Jones 2001).
However, the genetic loci underlying these resistances have not been charac-
terized by linkage or quantitative trait loci (QTL) mapping, therefore, the
genetic basis for the possible resistance or tolerance to these viruses will not
be considered further.

5.1 Potyvirus Resistance

Pea seed-borne mosaic virus (PSbMV) infection is economically significant.
PSbMV is distributed throughout the world, and because it is seed-
transmitted, is readily spread via infected seed lots. Pathotypes of PSbMV
have been described (P-1, P-2, P-3 and P-4; Alconero et al. 1986; Hjulsager et
al. 2002). Likewise, recessive resistance genes have been described (sbm1,
sbm2, sbm3 and sbm4). Loci sbm1 and sbm4 condition resistance to pathoty-
pes P-1 and P-4, respectively, while sbm2 and sbm3 both condition resistance
to pathotype P-2 (the L and L1 isolates). Pathotype P-3 has been described
only recently (Hjulsager et al. 2002). Elegant research based on the analysis of
synthetic chimeric viruses has shown that the PSbMV pathotypes can be
explained by the properties of two viral cistrons, VPg and P3–6k1 (Johansen
et al. 2001; Hjulsager et al. 2002).

Pea is also infected by a number of other potyviruses including bean yel-
low mosaic virus (BYMV), clover yellow vein virus (CYVV), pea mosaic virus
(PMV), watermelon mosaic viruses I and II (WMV I, WMV II), white lupin
mosaic virus (WLMV) and passionfruit woodiness virus strain K (PWV-K).
Single recessive resistance genes have been identified for most of these poty-
viruses. Interestingly, analysis of segregation in experimental populations has
shown that the loci for PSbMV resistance and other potyvirus recessive resis-
tance loci occur in two gene clusters. Further indirect evidence for gene clus-
tering comes from observations that multiple virus resistance phenotypes are
associated in groups in diverse germplasm (e.g., Provvidenti and Hampton
1993) One gene cluster occurs on linkage group II and includes mo (BYMV
resistance), sbm2 (PSbMV pathotype P-2 resistance), pmv (PMV resistance),
wmv2 (WMV II resistance) and cyv1 (CYVV 1 resistance; Weeden et al. 1984;
Provvidenti and Alconero 1988; Provvidenti 1990; Provvidenti and Hampton
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1991). The gene cluster containing mo was assigned to linkage group II based
on demonstration of linkage to three anchor loci, wb, k and Pgm-p (Weeden
et al. 1984). The second cluster of potyvirus resistance genes is found on link-
age group VI and includes sbm1, sbm3, sbm4, cyv2 and wlv (WLMV resis-
tance; Provvidenti and Muehlbauer 1990; Provvidenti and Hampton 1993).
The gene cluster containing sbm1 was assigned to linkage group VI based on
the demonstration of linkage with wlo (Gritton and Hagedorn 1975), p and
art1 (Skarzynska 1988) and Prx3 (Weeden et al. 1991).

From a cultivar development point of view, the clustering of potyvirus
resistance loci in two genomic regions significantly simplifies resistance
breeding. Further advances have been provided by the identification of linked
molecular markers and the conversion of some of these into simple, robust
polymerase chain reaction (PCR) assays. Yu et al. (1996) described the devel-
opment of an allele-specific associated primer (ASAP) assay based on RAPD
BC3021200, which is closely linked to mo (3 cM) and the linkage group II gene
cluster. Three sequence tagged site (STS) assays for molecular markers asso-
ciated with the sbm1 gene cluster on linkage group VI and their suitability for
use in marker-assisted selection were described by Frew et al. (2002).

5.2 Pea Enation Mosaic Virus Resistance

The gene En, for dominantly inherited resistance to PEMV, was first
described by Schroeder and Barton (1958) and has proved to be durable since
that time. En has been placed on linkage group III, based on association with
anchor loci st, uni and Adh1 (Gritton and Hagedorn 1980; Marx et al. 1985;
Weeden and Provvidenti 1985). Adh1 is 5 cM from En and, therefore, would
be useful as a marker in plant breeding, except that anaerobic induction is
required for expression of this isozyme. More recently, two ASAP markers
linked to En and suitable for use in marker-assisted selection have been
described (Yu et al. 1995).

6 Flowering Genetics

The genes controlling the responses of flowering time to photoperiod and
temperature have an important role to play in the adaptation of pea to the
broad spectrum of environments in which it is grown. Hitherto, a number of
detailed analyses (reviewed by Murfet 1990; Weller et al. 1997) have charac-
terized the genetic and physiological interactions of this quantitative charac-
ter. The genes involved include Lf (late flowering), Sn (sterile nodes), Dne
(day neutral), E (early), Hr (high response), Ppd (photoperiod), Veg (vegeta-
tive), Dm (diminutive), Gi (gigas), and det (determinate). Three genes affect
the flowering behavior of most established cultivars, Sn, Lf and Hr (Weller et
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al. 1997) although E, Dne and Ppd may be important, depending on the
genetic background. For practical purposes, the genotype Lf Sn hr has been
adopted arbitrarily as the “wild-type” genotype (Murfet and Reid 1993).

The linkage relationships for most of the genes with a well-characterized
role in flowering time have been determined. With regard to the consensus
pea map (Weeden et al. 1998), Ppd, Lf and Fun1 are found on linkage group
II, Dne and Hr on group III, Det and Gi on group V, E on group VI and Sn on
group VII. Morphological markers linked to Dne (st, 5 cM distant), Det (R,
7 cM) and Hr (M, 7 cM distant) were found before molecular linkage maps
were in use (King and Murfet 1985; Marx 1986). Weeden et al. (1988) showed
close linkage between sn and Amy1, and Murfet and Taylor (1999) showed
that Ppd is linked at a 5 cM distance to isozyme locus Aatp. Rameau et al.
(1998) used bulked segregant analysis and linkage mapping to identify and
map RAPD markers linked to Det, Dne and Sn. Therefore, molecular tags
now make it is possible to select alleles of many of the most important flower-
ing genes in seedlings.

7 Quantitative Trait Loci

Linkage mapping of quantitative trait loci (QTLs) using molecular markers
has become a basic method for characterizing the genetics of multilocus
traits (Mackay 2001). QTL mapping enables the minimum number of genetic
loci controlling a trait to be elucidated, the magnitude of effects to be esti-
mated, and epistatic (genotype × genotype) interactions to be characterized.
As a result of QTL mapping, associated DNA marker alleles may be identified,
and these may subsequently be used in marker-assisted breeding. Ideally,
molecular markers may effectively convert a quantitatively inherited trait
into a series of Mendelianly inherited genetic elements that can be used to
select individuals with optimal combinations of alleles. In reality, the use of
QTL mapping information in plant breeding is complex and requires accurate
estimates of the magnitude of effects of the QTLs in the populations being
assessed, of the distances between the associated molecular markers and the
QTL, and of epistatic interactions that occur between QTLs and/or back-
ground markers (Young 1999). Although there have been major improve-
ments in QTL mapping methodology, such as composite interval mapping
(Zeng et al. 1999), QTL mapping remains an imprecise science. For example,
the genomic regions to which QTLs are assigned are usually relatively large
(20–30 cM), the magnitudes of effects may be overestimated, and the most
widely used experimental designs have limited power to detect all QTLs con-
tributing to a phenotype (Beavis 1994; Utz and Melchinger 1994; Melchinger
et al. 1998).

Quantitative trait loci mapping may also provide the starting point for
cloning and characterizing the genomic sequences that control a quantita-
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tively inherited trait. At the present time, obtaining information about the
genes underlying QTLs is most successful for QTLs with major effects on
phenotype. The genes underlying QTLs have been cloned in a few cases, par-
ticularly in Arabidopsis, rice and tomato (e.g., Fridman et al. 2000; Yano et al.
2000; El-Assal et al. 2001).

In pea, relatively few QTL mapping studies have been published. Traits
characterized include resistance to economically important diseases that have
been largely intractable to conventional breeding approaches – Ascochyta
blight (Dirlewanger et al. 1994; Timmerman-Vaughan et al. 2002) and Apha-
nomyces root rot (Pilet-Nayel et al. 2002). These fungal diseases are among
the most destructive diseases affecting pea crops, with impacts on many
growing regions worldwide (Lawyer 1984; Pfender 1984). The development of
resistant cultivars would significantly enhance our ability to control the
effects of these diseases on pea yield and quality. QTL mapping studies have
also characterized developmental traits (Dirlewanger et al. 1994), seed weight
(Timmerman-Vaughan et al. 1996), and green seed color quality (McCallum
et al. 1997).

7.1 Disease Resistance Quantitative Trait Loci

Quantitative trait loci mapping has identified genomic regions and molecular
marker alleles associated with resistance to Ascochyta pisi race C (Dirlewan-
ger et al. 1994), to field epidemics of Ascochyta blight most likely caused by
Mycosphaerella pinodes and Phoma medicaginis var. pinodella (Timmerman-
Vaughan et al. 2002), and to Aphanomyces root rot (Pilet-Nayel et al. 2002).
These QTL studies represent initial efforts to understand the genetic nature
of resistance in pea germplasm to these diseases, and starting points for
developing resistant pea cultivars through marker-assisted selection. The
QTLs detected and their association with anchor loci on the consensus link-
age map of pea (Weeden et al. 1998) are summarized in Table 1.

Two QTLs for resistance to A. pisi race C were identified by Dirlewanger et
al. (1994), based on screening F2:3 progeny seedlings in a greenhouse test. A
major QTL (R2=0.45) was mapped to linkage group III, while a minor QTL
was mapped to linkage group I in the vicinity of af and i. The linkage map
developed by these authors only covered a portion of the pea genome, there-
fore, other QTLs may have not been detected. For most linkage groups, the
maps presented in this study are anchored to the “consensus pea map” with
one or a few loci. The major QTL identified in this study maps to the same
linkage group as Fw (but is not associated with Fw), a linkage group III
anchor (Weeden et al. 1998).

Many QTLs for field resistance to Ascochyta blight were identified
(Timmerman-Vaughan et al. 2002), based on assessment of F2:3 and F2:4 prog-
eny for disease symptoms on stems, leaves and pods in naturally occurring
field epidemics in Western Australia over 3 years. The eight QTLs listed in
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Table 1. Summary of pea disease resistance QTLs

Resistance trait LG Locus Linked anchor
locia

Reference

A. pisi race C I af, i Dirlewanger et al. (1994)
III

Ascochyta blight field
epidemics

I Asc1.1b c206 Timmerman-Vaughan
et al. (2002)II Asc2.1b TPP

III Asc3.1b M27
IV Asc4.1b P628
IV Asc4.2b P357
IV Asc4.3b

V Asc5.1b gp, Pgd-c
VII Asc7.1b PyrB2, Cab

Aphanomyces root rot I Aph3b af Pilet-Nayel et al. (2002)
Ib Aph4
Ib Aph5
IV Aph1b

V Aph2b r, P108
VII Aph6 Pgd-p
B Aph7

a Anchor loci placed on the consensus linkage map for Pisum sativum (Weeden et al. 1998)
b QTL detected using two or more trait measures

Table 1 were detected using at least two trait measures, and another five QTLs
were detected using only a single trait measure. All the QTLs explained rela-
tively small fractions of the trait variation, therefore, none can be character-
ized as being “major” QTLs. The linkage maps used to map Ascochyta blight
resistance QTLs were also anchored to the consensus pea map.

Likewise, a number of QTLs were discovered for resistance to Aphanomy-
ces root rot (Pilet-Nayel et al. 2002). QTL detection in this study was based on
assessment of recombinant inbred lines in disease nurseries at two sites in the
USA over a 2-year period. The traits measured included disease progression
on the roots, above-ground disease symptoms and dried weight losses in dis-
eased versus nondiseased plants. Three QTLs (Aph1, Aph2, and Aph3) were
detected using two or more trait measures or in two or more environments,
while the remaining four were identified using a single trait measure
(Table 1). Aph1 has been classified by the authors as a “major” QTL because
it was detected by most of the trait measures and because it explained up to
45% of the trait variation.

Of these disease resistance QTLs, only two are clearly associated with the
same genomic region. Aph3 and the minor A. pisi race C QTL are associated
with the region of linkage group I containing af. Interestingly, this genomic
region also contains genes for chalcone synthase (Laucou et al. 1998), an
enzyme involved in the phenylpropanoid biosynthesis pathway and a candi-
date defense gene (summarized in Trognitz et al. 2002).
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7.2 Quantitative Trait Loci for Seed Characteristics and Developmental
Traits

Quantitative trait loci studies have characterized the genetics of seed weight
(Timmerman-Vaughan et al. 1996). Seed weight QTLs were mapped in two
experimental populations (‘Primo’ × OSU442–15 and JI1794 × ’Slow’). With
reference to the current consensus map of the pea genome (Weeden et al.
1998), seed weight QTLs were identified in the ‘Primo’ × OSU442–15 popula-
tion on linkage groups I, III and IV (two QTLs), while in the JI1794 × ‘Slow’
population QTLs were mapped to linkage groups II, III (two QTLs) and VII.
Only one genomic region, on linkage group III (associated with RAPD
marker B08–1250), contained seed weight QTLs in both populations. QTL
mapping in other legume species, particularly Vigna spp. (Fatokun et al.
1992) and soybean (Maughan et al. 1996) has shown that seed weight QTLs
map to orthologous genomic regions. Additional support for the observa-
tions that seed weight QTLs in legumes occur in orthologous genomic
regions was obtained by mapping Vigna probes associated with seed weight
QTLs to regions of pea linkage groups III and IV containing seed weight
QTLs (Timmerman-Vaughan et al. 1996).

Quantitative trait loci mapping has also characterized the genetics of green
seed color quality in field pea genotypes (McCallum et al. 1997). Using the
‘Primo’ × OSU442–15 population, seed color quality was measured objec-
tively by video image analysis to provide quantitative measures of the color
space components Y (color density), U and V. A ‘major’ QTL affecting Y, and
showing dominant inheritance of the pale color phenotype, was mapped to
linkage group V in the genomic region containing r locus. Three other QTLs
affecting the U or V chrominance components of color space were mapped
(with reference to the consensus pea linkage map) to linkage groups II, III
and VII.

Quantitative trait loci for three developmental traits, plant height, earli-
ness, and number of nodes, were mapped by Dirlewanger et al. (1994) to four
genomic regions. Three QTLs were discovered affecting node number, two
QTLs affecting earliness, and one QTL affecting plant height. There were two
genomic regions where QTLs for different traits were colocalized, which
either indicates that the traits involved are controlled by the same genetic
locus, or that the genes involved are tightly linked. The resolution of QTL
mapping studies is usually not sufficient to distinguish these two possibili-
ties.
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8 Conclusions

The pea entered the genomic era with a well-developed chromosome map
having numerous, easily recognizable markers. Some of them are linked to
agricultural characters used in breeding. This resulted in the so-called com-
mon map which combined classical as well as molecular markers and as a
result gave the possibility of using MAS for many different characters of a
cultivar ideotype. QTLs clearly showed potential as molecular markers . How-
ever, in applied pea breeding, the same problems still exist and must be over-
come, e.g., increasing protein content and decreasing oligosaccharide content
in seeds as well as improving resistance to lodging and to ascochytosis. Are
breeders’ expectations too high or are they not able to use the available tools?
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II.6 Molecular Markers in Vigna Improvement:
Understanding and Using Gene Pools

A. Kaga, D.A. Vaughan, and N. Tomooka1

1 National Institute of Agrobiological Sciences, Kannondai 2-1-2, Tsukuba, Ibaraki 305-8602,
Japan

1 Introduction

The genus Vigna is a large genus with about 90 species distributed worldwide
in warm and tropical regions. The genus includes 13 cultigens (Table 1), of
these cowpea, mungbean and azuki bean are the most important (Table 2).
Perhaps due to Vigna cultigens being mainly crops in the developing world,
molecular marker and genomic studies have lagged behind those of other
major crops. For example, genome designations are known for species in
many crop genera, such as Glycine, but these have not been established for
Vigna species. There has recently been considerable progress in using molec-
ular markers to understand Vigna genetic resources and in developing
genome maps and associating molecular markers to agronomically impor-
tant traits in the Vigna cultigens. However, the actual use of molecular mark-
ers in Vigna breeding at the end of 2002 is still being planned.

In this chapter we review recent progress in the use of molecular markers
in understanding Vigna genetic resources, Vigna linkage map development,
particularly in relation to the location of genes for agronomic traits, and
transformation systems.

2 Application of Molecular Markers to Understand
the Vigna Crop Gene Pools

2.1 Genus Vigna

Current understanding of the taxonomy of the genus Vigna rests largely on
the work of Maréchal and coworkers (1978). Several insights into Vigna tax-
onomy have resulted from molecular analyses of Vigna. Restriction fragment
length polymorphism (RFLP) analysis supports the taxonomic opinion that
Phaseolus and Vigna belong to a common complex of species particularly
when the poorly studied New World Vigna species are considered (Fatokun et
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al. 1993). Chloroplast DNA, RFLP and isozyme analyses suggest that both
section Catiang (the cowpea section) of the subgenus Vigna and subgenus
Ceratotropis are well-defined groups (Jaaska and Jaaska et al. 1988, 1990;
Fatokun et al. 1993; Vaillancourt and Weeden 1993)

Table 1. The cultivated and domesticated Vigna species

Subgenus
Section

Cultigen species name (common name) Presumed progenitor

Vigna
Catiang V. unguiculata (L.) Walpers subsp. ungui-

culata var. unguiculata (cowpea)
ssp. unguiculata var. spontanea
(Schweinf.) Pasquet

Vigna V. subterranea L. (bambara groundnut)a V. subterranea L.
V. luteola (Jacq.) Benth.a V. luteola (Jacq.) Benth.
V. marina (Burm.) Merrilla V. marina (Burm.) Merrill

Plectotropis V. vexillata (L.)A. Richarda V. vexillata (L.) A. Richard
Ceratotropis
Angulares V. angularis (Willd.) Ohwi and Ohashi

var. angularis (azuki bean)
var. nipponensis (Ohwi) Ohwi and
Ohashi

V. reflexo-pilosa Hayata var. glabra (Roxb.)
N. Tomooka and Maxted

var. reflexo-pilosa

V. trinervia (Heyne ex Wight and Arnott)
Tateishi and Maxteda

V. trinervia (Heyne ex Wight and
Arnott) Tateishi and Maxted

V. umbellata (Thunb.) Ohwi and Ohashi
(rice bean)a

V. umbellata (Thunb.) Ohwi and
Ohashi

Ceratotropis V. mungo (L.) Hepper var. mungo
(black gram)

var. silvestris Lukaki, Maréchal
and Otoul

V. radiata (L.) Wilczek var. radiata
(mungbean)

var. sublobata (Roxb.) Verdcourt

Aconitifoliae V. aconitifolia (Jacquin)Maréchal
(moth bean)

Unknown

V. trilobata (L.) Verdcourt (jungli bean)a V. trilobata (L.) Verdcourt

a Species cultivated, but not fully domesticated

Table 2. The production, production area and main areas of production of the main Vigna cul-
tigens. (Sources: Poehlman 1991; Lumpkin and McClary 1994; Singh et al. 1997)

Species Production
(103 tonnes)

Area (103 ha) Main areas of production

Cowpea 3000 12,500 64% Western and central Africa
Mungbean 2500–3000 5000 45% India
Azuki bean 600 1000 60% China
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2.2 Subgenus Vigna

Cowpea was domesticated in Africa, though where is unclear (Pasquet 1999),
from the wild annual form (V. unguiculata ssp. unguiculata var. spontanea).
Amplified fragment length polymorphism (AFLP), chloroplast DNA and iso-
zyme data reveal that domestication resulted in a major reduction in genetic
diversity, suggesting a single domestication event followed by genetic differ-
entiation under domestication (Weeden et al. 1996; Pasquet 1999; Coulibaly
et al. 2002). Despite much effort to collect cowpea genetic resources from
throughout Africa (Ng and Monti 1990), large gaps in the collection remain
(Pasquet 1999). Cultivated cowpea (var. unguiculata) can intercross with wild
annual (var. spontanea) and some wild perennial (various subspecies of V.
unguiculata) forms (Ng 1995; Pasquet 1996). Gene flow between wild and
domesticated cowpea, revealed by AFLP analysis, has resulted in a large crop
weed complex and thus broadened the genetic diversity of V. unguiculata
(Coulibaly et al. 2002).

Chloroplast DNA analysis suggests the cowpea section is phylogenetically
closer to subgenus Plectotropis than other species of subgenus Vigna and this
may have importance in relation to introducing useful characters into cowpea
(Vaillancourt and Weeden 1993). Studies of diversity within V. unguiculata
have shown the usefulness of random amplified polymorphic DNA (RAPD)
over isozymes for revealing variation (Vaillancourt and Weeden 1993; Mig-
nouna et al. 1998). Microsatellite markers developed by Li et al. (2001) will be
powerful tools to understand the genetic diversity of the cowpea gene pool.

RAPD markers have been used to analyse diversity in V. subterranea
(Amadou et al. 2001), V. luteola and V. marina (Sonnante et al. 1997). V. sub-
terranea accessions were shown to be differentiated based on geographic ori-
gin, western and southern Africa. V. marina ssp. oblonga was found to be
more closely related to V. luteola than V. marina ssp. marina, suggesting that
taxonomic revision of V. marina may be in order.

2.3 Subgenus Ceratotropis

The subgenus Ceratotropis, which includes eight cultigens (Table 1), is a diffi-
cult group of species to distinguish based on morphological characters (Bau-
doin and Maréchal 1988). However, the application of various molecular
marker techniques has greatly improved understanding of the subgenus.
Molecular analyses based on AFLP, chloroplast and rDNA variation have sup-
ported the division of the subgenus Ceratotropis into three sections (Doi et al.
2002; Tomooka et al. 2002a, b). These three sections, section Angulares (azuki
and rice bean group), section Ceratotropis (mungbean and black gram
group) and section Aconitifoliae (moth bean group), can be considered sepa-
rate gene pools for breeding purposes. Of the three sections, section Angula-
res is the most complex and speciation appears to be recent as interspecific
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genetic divergence is not great, although between some species interspecific
hybridization barriers exist (Tomooka et al. 2002b, c). There remains much to
be understood about barriers to hybridization and speciation processes in
the genus Vigna.

Studies of V. radiata suggest that Afghanistan-Iran retains more genetic
diversity than other regions (Tomooka et al. 1992). However, the presence of
wild and weedy races of mungbean, archaeological remains of Vigna and
landrace diversity suggest that India is the most likely area of domestication
(Tomooka et al. 2003). Studies of the diversity of V. radiata var. sublobata,
using RAPD and AFLP methods, suggest considerable geographic variation
in this presumed progenitor of mungbean (Savaranakumar et al. 2004), but
comprehensive studies of this taxa from throughout its range from Africa to
Australia are lacking.

RAPD and AFLP markers have also been used to understand the domesti-
cation process in azuki bean, V. angularis (Yee et al. 1999; Mimura et al. 2000;
Xu et al. 2000a, b; Isemura et al. 2002; Zong et al. 2003). The most compre-
hensive of these studies suggests that there are four different groups of germ-
plasm related to geographic origin, China, Korea (and some Japanese germ-
plasm), Japan and the Himalayan region. Among these, Himalayan germ-
plasm is well differentiated from the other groups (Zong et al. 2003). The
results suggest that azuki bean was probably domesticated independently in
the Himalayan region and East Asia.

3 Linkage Maps

To date there have been ten different linkage maps based on eight different
crosses developed for Vigna species. Four have been developed for V. radiata
(Menancio-Hautea et al. 1992; Lambrides et al. 2000), four have been devel-
oped for V. unguiculata (Fatokun et al. 1992b; Menendez et al. 1997; Ubi et al.
2000; Ouédraogo et al. 2002a) and two have been developed for V. angularis
(Kaga et al. 1996, 2000). A comparison among these maps is shown in Table 3.
Only one of the maps developed so far has resolved the 11 linkage groups
(Ouédraogo et al. 2002a), equivalent to the haploid chromosome number of
these three Vigna species (Sinha and Roy 1979). To overcome the limited
number of marker clones available for Vigna species, many DNA clones from
related species such as Glycine max and Phaseolus vulgaris have been used to
increase the saturation of the Vigna genome maps (Menacio-Hautea et al.
1992; Boutin et al. 1995; Kaga et al. 2000; Lambrides et al. 2000; Chaitieng et
al. 2002). Recently, microsatellites have been identified in Vigna species based
on database searches (Yu et al. 1999) and microsatellite libraries have been
specifically developed from cowpea (Li et al. 2001), mungbean (Kumar et al.
2002) and azuki bean (Wang et al. 2004).
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The linkage maps for V. radiata have been based on crosses between V.
radiata var. radiata and V. radiata var. sublobata. In one linkage map the V.
radiata var. sublobata accession came from Madagascar, in the other the
accession came from Australia. In the resulting genome maps the order of
markers was similar. However, the level of distortion was higher in the cross
that involved the Australian accession and regions of distortion did not coin-
cide with those produced using the Madagascar accession. This suggests that
V. radiata var. sublobata has considerable intraspecific genetic diversity and
that the Australian form of var. sublobata is more distantly related to culti-
vated V. radiata than the Madagascar form (Lambrides et al. 2000).

Of the genome maps reported that between V. angularis and V. umbellata
had the highest level of segregation distortion (29.8%; Table 3). High levels of
segregation distortion may not enable the trait(s) of interest to be found in
segregating populations. When using distantly related species in crosses, it is
necessary to generate very large segregating populations, since the likelihood
of recombination drops and thus, the likelihood of getting the traits needed in
the desired background is low. However, large populations may not be easy to
obtain as weak or sterile F2 plants can limit seed production (Kaga et al. 1996).
Ways to overcome this problem in Vigna section Angulares may include using
bridging species to facilitate gene transfer (Tomooka et al. 2002c).

The latest and most detailed genetic linkage map of cowpea spans a total
of 2670 cM with an average of 6.43 cM between markers (Ouédraogo et al.
2002a). This cowpea linkage map revealed how important using a variety of
molecular markers is to obtain a saturated linkage map. Ouédraogo et al.
(2002a) added AFLP markers to the cowpea linkage map and this revealed a
large segment of 580 cM on linkage group 1 that was undetected when only
RFLP and RAPD markers were used to create the linkage map. Thus, further
major improvement to the genetic linkage map for cowpea and other Vigna
species may be expected when microsatellite markers are used.

4 Synteny

4.1 Vigna and Other Genera

There have been efforts to understand the comparative genome organization
across Vigna and related cultigens (Menacio-Hautea et al. 1993; Boutin et al.
1995). Comparisons of genome maps of V. radiata with V. unguiculata and
Phaseolus vulgaris have revealed conserved blocks of considerable size some
containing loci for important traits. The comparison with P. vulgaris showed
that average size of conserved blocks is about 36.6 cM with the longest being
103.5 cM (Table 4). Therefore, there is considerable scope for understanding
genome organization in cultigens of genus Vigna by using probes from and
comparison with better developed genome maps in other related species.
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Table 4. Comparison of lengths of genome blocks conserved between mungbean and soybean,
and common bean and soybean. (Adapted from Boutin et al. 1995)

Species compared Average length of
conserved block (cM)

Standard
deviation

Length of the longest
conserved block (cM)

Mungbean and soybean 12.2 9.4 37.8
Common bean and soybean 13.9 9.5 34.8

One of the best-developed genome maps among legumes is that of soy-
bean. Comparison of V. radiata and Glycine max revealed a different type of
genome organization than the comparison of Glycine max and Phaseolus vul-
garis. Conserved linkage blocks are smaller and are highly scattered in the V.
radiata comparison compared to P. vulgaris (Table 4). However, specific anal-
ysis of a genomic region influencing seed weight in soybean showed co-
linearity of RFLP markers with mungbean (Maughan et al. 1996).

Comparative mapping of V. radiata and Lablab purpureus (hyacinth pea),
both belonging to subtribe Phaseolinae, revealed that the order of markers is
highly conserved and enabled suggestions of which linkage group belonged
on the same chromosome in lablab and mungbean (Humphrey et al. 2002).
Surprisingly, the results suggest that mungbean shares a higher level of
genome organization with lablab than taxonomically more closely related
species in the subgenus Ceratotropis (V. angularis and V. umbellata). How-
ever, while mungbean and lablab maintain the same marker order, they have
accumulated a large number of deletions/duplications after divergence
(Humphrey et al. 2002).

Despite the incompleteness of the genetic map data, comparisons between
Phaseolus vulgaris and V. radiata and Arabidopsis have enabled a reconstruc-
tion of a proposed ancestral DNA segment in the present genome of soybean
(Lee et al. 2001).

4.2 Within the Genus Vigna

Early comparison of cowpea and mungbean linkage maps revealed that 90%
(48 out of 53) RFLP probes hybridized with both species. While marker order
was often similar, distances between markers varied. Ten regions of the link-
age maps of these two cultigens showed syntenic association (Menacio-
Hautea et al. 1993). A specific study of the genetics of seed weight resulted in
finding quantitative trait loci (QTLs) that accounted for 52.7 and 49.7% of the
variation for this trait in cowpea and mungbean, respectively (Fatokun et al.
1992a). The genomic region with the greatest effect on seed weight spanned
the same RFLP markers in the same order (Fatokun et al. 1992a)
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4.3 Within Vigna Subgenus Ceratotropis

Comparison of two interspecific linkage maps (rice bean × azuki bean and
azuki bean × V. nakashimae) revealed seven conserved linkage blocks (size
range 7–115 cM; Kaga et al. 2000). Comparison of the rice bean × azuki bean
linkage map with the mungbean linkage map of Menacio-Hautea et al. (1993)
revealed 16 conserved segments without regions of inversion and transloca-
tion (size range 2–95 cM; Kaga et al. 2000). This study enabled orthologous
linkage groups in the different maps to be proposed.

5 Gene Mapping

A list of the loci for major agronomic traits that have been associated with
linkage groups in Vigna is provided (Table 5). Among these, the progress in
cowpea in mapping for resistance to the parasitic plant Striga and in mung-
bean mapping resistance to bruchid beetles and powdery mildew provide the
best examples of the state of gene mapping in Vigna. These examples are dis-
cussed here.

The parasitic plant Striga gesnerioides can result in 100% yield loss in cow-
pea. AFLP markers were used to finely map Striga resistance. Five races of
Striga are known to affect cowpea. Of these five races, AFLP markers have
been found linked to genes for resistance to races 1 and 3 (Ouédraogo et al.
2001, 2002b). The AFLP marker studies revealed that the genes (or alleles) for
resistance are clustered on at least one linkage group (linkage group 1 of the
genome map of Ouédraogo et al. 2002a; Fig. 1). The identification of molecu-
lar markers associated with clustered Striga resistance genes are now leading
to plans to use molecular marker selection in cowpea breeding (B.B. Singh
2002, pers. comm.).

RFLP analysis was used to map a bruchid resistance gene in wild mung-
bean. The gene was a single major locus on linkage group 8 (subsequently
revised to linkage group 9; Young et al. 1992; Fig. 2a, b). In a mapping popula-
tion between azuki bean and rice bean the main QTL for bruchid resistance
in rice bean was linked to one of the same RFLP probes (pR26) linked to bru-
chid resistance in mungbean (Kaga 1996). The nearest RFLP marker to the
bruchid resistance gene in the mungbean map was 3.6 cM distant (Fig. 2a).
Since this resistance gene, from V. radiata var. sublobata (TC1966), also has
an inhibitory activity against bean bug (Riptortus clavatus Thunberg) and it
was associated with novel cyclopeptide alkaloids, further efforts were made
to map this gene (Kaga and Ishimoto 1998). The resulting genetic map
enabled the resistant dominant gene to be located to within 0.2 cM of the
nearest RFLP markers (Fig. 2c). This map distance may enable the gene to be
cloned within a large genomic library for eventual introduction into suscepti-
ble mungbean lines or other crops.
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Table 5. Molecular mapping of agronomically important traits in Vigna

Species Molecular
markers
used

Trait of interest Linkage Group (LG) Reference

V. unguiculata RFLP Aphid resistance LG.1 (Fatokun et al.
1992b)

Myers et al. (1996)

V. unguiculata AFLP Striga resistance Resistance to race 1
and 3 on LG.1 and 6
(Ouédraogo et al.
2002a)

Ouédraogo et al.
(2001, 2002a, b)

V. unguiculata AFLP Cowpea mosaic
virus

LG.3 (Ouédraogo
et al. 2002a)

Ouédraogo et al.
(2002a)

V. unguiculata AFLP Cowpea severe
mosaic virus

LG.3 (Ouédraogo
et al. 2002a)

Ouédraogo et al.
(2002a)

V. unguiculata AFLP Blackeye cowpea
mosaic virus
(BlCMV)

LG.8 (Ouédraogo
et al. 2002a)

Ouédraogo et al.
(2002a)

V. unguiculata AFLP Southern bean
mosaic virus
(SBMV)

LG.6 (Ouédraogo
et al. 2002a)

Ouédraogo et al.
(2002a)

V. unguiculata AFLP Fusarium wilt LG.3 (Ouédraogo
et al. 2002a)

Ouédraogo et al.
(2002a)

V. unguiculata AFLP Root-knot
nematode

LG.1 (Ouédraogo
et al. 2002a)

Ouédraogo et al.
(2002a)

V. radiata RFLP Bruchid resistance LG.8 (Menancio-
Hautea et al. 1992)

Young et al. (1992)

V. radiata RFLP,
RAPD

Bruchid resistance LG.8 (Menancio-
Hautea et al. 1992)

Kaga and Ishimoto
(1998)

V. radiata RFLP,
AFLP

Powdery mildew
resistance

QTL Chaitieng et al.
(2002)

V. radiata RFLP Powdery mildew
resistance

QTL Young et al. (1993)

V. unguiculata RFLP Seed weight QTL Fatokun et al.
(1992a)

V. radiata RFLP Seed weight QTL Fatokun et al.
(1992a)

V. unguiculata RFLP,
RAPD

Multiple quantita-
tive traits

QTL Menéndez et al.
(1997)
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Fig. 1. The use of DNA markers (boxes) to finely map the location of genes (alleles) for resis-
tance to Striga (based on Ouédraogo et al. 2001, 2002a, b). 1a AFLP markers found linked to
resistance (Rsg2–1) for Striga race 1 from Burkino Faso in cross Tvx3236 (sus) × IT82D-849
(res). 1b AFLP markers found to be linked to resistance (Rsg4–3) for Striga race 3 from Niger
in cross IT84S-2246–4(sus)×Tvu14676 (res). 2a Location of RFLP markers on linkage group 1 of
cowpea linkage map. 2b Location of RFLP and AFLP markers on linkage group 1 of the cowpea
linkage map

Powdery mildew resistance is a multi-genic trait. The first attempt to map
resistance in a breeding line of mungbean identified three QTLs on three dif-
ferent linkage groups accounting for 58% of the total variation (Young et al.
1993). Using a different powdery mildew-resistant line to develop a mapping
population, 96 RFLP probes failed to identify any QTL associated with resis-
tance (Chaitieng et al. 2002). Subsequently, 100 AFLP primer pair combina-
tions were tested and 4 out of more than 5000 AFLP bands were found to be
associated with resistance. The main QTL associated with resistance was
found on a new linkage group and accounted for 68% of the total variation.
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Fig. 2. Use of RFLP markers (boxes) to finely map the location of bruchid resistance on the
mungbean linkage map. Distances in cM. a Initial location of bruchid resistance in the cross V.
radiata (VC3890) × V. radiata var. sublobata (TC1966) (Young et al. 1992). b Revised linkage
map of part of linkage group 9 with information from Bng probes added (Mungbean:
U–Minnesota-9 at http://beangenes.cws.ndsu.nodak.edu/). c Fine mapping of the location of
bruchid resistance in the cross V. radiata (Osaka-ryokuto) × V. radiata var. sublobata (TC1966)
based on combination of previously used RFLP probes and newly developed probes from RAPD
markers (Kaga and Ishimoto 1998). Distance differences between these figures reflect different
parents in the crosses and mapping population size

6 Transformation Systems

Only in azuki bean (V. angularis) has genetic transformation been reported
to result in improved breeding lines. Ishimoto et al. (1996) developed a
bruchid-resistant azuki bean line that had an § -amylase inhibitor gene
driven by a seed-specific promoter from common bean (Phaseolus vulgaris).
This gene was introduced using Agrobacterium-mediated gene transfer. The
transgenic azuki bean could completely block larvae development of three
bruchid species that are the major storage pests of mungbean and cowpea.
The method was refined by Yamada et al. (2001) and was found to be repro-
ducible with high transformation efficiency. Using the same method, 15 inde-
pendent transgenic lines with sGFPs65T (modified green fluorescent protein
gene) and 15 independent lines with mt-sHSP (heat shock protein gene) from
tomato have been produced (Kaga et al. 2003). Thus, the transformation sys-
tem of azuki bean can be used for routine transformation.
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Table 6. Status of plant transformation in the main Vigna crops

Species Transformed plants produced Method for gene transfer

V. unguiculata hpt (hygromycin phosphotransferase) genea Agrobacterium
uidA ( g -glucuronidase, GUS) geneb In planta electroporation
uidA and nptII genec Agrobacterium

V. radiata uidA and nptII genesd Agrobacterium
uidA and nptII (neomycin phosphotransferase)
genese

Particle bombardment

uidA, nptII and hpt genesf Agrobacterium

V. angularis § AI ( § -amylase inhibitor) and nptII genesg Agrobacterium
sGFP(S65T) (modified green fluorescent protein),
uidA and nptII genesh

Agrobacterium

V. aconitifolia nptII genei Electroporation
nptII genej Agrobacterium
uidA and nptII genese Particle bombardment

V. mungo uidA and nptII genese Particle bombardment

a Muthukumar et al. (1996); b Ignacimuthu (2000); c Chowrira et al. (1996); d Pal et al. (1991);
eBhargava and Smigocki (1994); fJaiwal et al. (2001); gIshimoto et al. (1996); hYamada et al.
(2001); iKöhler et al. (1987); jEapen et al. (1987)

Another well-established transformation system is in moth bean (V. aconi-
tifolia) using protoplasts. Although it has been shown that transformation
success is cultivar-dependent, the efficiency is the highest among Vigna spe-
cies. Plant transformation systems have been reported for six Vigna cultigens
(Table 6).

Since the success of Agrobacterium-mediated gene transfer, on which most
methods rely, is largely influenced by a combination of culture condition, tis-
sue type or genotype of cultivar, the direct gene transfer is an attractive alter-
native approach to overcoming these complicating factors. Using particle
bombardment, Bhargava and Smigocki (1994) obtained transformants of
mungbean, black gram and moth bean, but molecular evidence of gene inte-
gration was not shown. In planta electroporation-mediated gene transfer has
been demonstrated in cowpea and several other grain legumes (Chowrira et
al. 1996) and may be a more practical and rapid method to produce plants in
Vigna species. Plans have been made to transform cowpea using gene con-
structs encoding Bt toxin, § -amylase inhibitor and cysteine proteinase inhib-
itor for resistance to Maruca pod borers and cowpea bruchids. A separate
project has been proposed to transfer gene constructs for resistance to cow-
pea aphid-borne mosaic virus (de Vries and Toenniessen 2001).

Further information on transformation and regeneration systems in Vigna
cultigens can be found in Nagl et al. (1997).
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7 Conclusions

The genome size of cowpea and mungbean are small, ranging from
470–613 Mb, about half that of soybean (Murray et al. 1979; Arumuganathan
and Earle 1991). Therefore, Vigna species are good candidates for more in-
depth genome analysis in the future. The results of such research would likely
have an impact beyond Vigna as the discussion above on comparative
genome mapping suggests.

Published information on the actual use of molecular markers in Vigna
improvement is lacking. It is only in the last year that a Vigna linkage map
has resolved the 11 linkage groups that correspond to the haploid chromo-
some number of diploid Vigna. The latest cowpea linkage map has associated
many agronomically important traits to molecular markers, thus, we may
also be “cautiously optimistic” (Young 1999) that molecular markers will play
a role in the future improvement of the Vigna cultigens.

This is a field where information rapidly becomes out of date. Recent
information related to this topic may be found at:

– http://beangenes.cws.ndsu.nodak.edu
– http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=3913
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II.7 Molecular Markers for Genetics and Breeding:
Development and Use in Pepper (Capsicum spp.)

V. Lefebvre1

1 Institut National de la Recherche Agronomique, Unité de Génétique et Amélioration des Fruits
et Légumes, Domaine Saint Maurice, BP94, 84143 Montfavet cedex, France

1 Introduction

The genus Capsicum is a member of the Solanaceae family that includes
tomato, potato, eggplant, tobacco, petunia and others. Pepper is grown world-
wide. It is the world’s second most important Solanaceae vegetable after
tomato. Because of its very large variability and its great geographical distri-
bution, pepper has multiple uses. It can be consumed fresh, cooked or dried.
It is also used as an alimentary colorant or by the chemical industries for the
composition of drugs. Finally, it is being used more and more as an ornamen-
tal plant (Palloix et al. 2003). In 2002, world production was more than 22 mil-
lion tons (FAO 2002; http://www.fao.org/) on about 1.6 million ha, with China,
Mexico, and Turkey as the main growers. Spain, Italy and now the Netherlands
are the main growers in Europe. The seed industries are very active in Europe
and particularly in France, with an increasing number of inscriptions of F1

hybrids. The breeding objectives are essentially yield improvement, environ-
ment adaptation, fruit traits, and disease resistance. Because of its widespread
geographical distribution all over the world from the intertropical belt to
northern Europe latitudes, pepper is vulnerable to a great number of patho-
gens. Complexes of viruses transmitted by aphids and the Oomycete Phytoph-
thora capsici cause major damage all over the world (Yoon et al. 1991). The
great intra- and interspecific variability is of great help for breeding programs.
In Europe, the germplasm numbers about 12,000 accessions, located mainly in
seven European research centres (Daunay et al. 2001). In addition, numerous
tools of cellular biology are available, such as the immature embryo rescue, in
order to assist interspecific crosses, and the production of doubled haploid
lines, to accelerate the fixation of improved material. The stable transforma-
tion to produce transgenic plants is really difficult in pepper. Some research
groups published positive results (Lim et al. 1999; Shin et al. 2002; Li et al.
2003). Finally, the advent of DNA-based genetic markers offers useful tools for
genome-wide studies and for assisting selection.

This chapter gives an overview of the development and use of molecular
markers in plant breeding and crop improvement related to pepper. It is sub-
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divided into seven subsections dealing with a survey of molecular markers
developed on pepper, diversity examination, variety identification, genetic
maps, trait locus mapping, available genomic resources, and I conclude with
the exploration of these different resources for marker-assisted selection in
pepper and its perspectives.

2 Molecular Markers

Different kinds of molecular genetic markers were developed on Capsicum.
Isozymes revealed low polymorphism. A very few isozyme polymorph mark-
ers were detected inside C. annuum (Conicella et al. 1990). In general, restric-
tion fragment length polymorphism (RFLP) markers enable the detection of
more polymorphism among C. annuum accessions than isozyme markers
(Lefebvre et al. 1993). A few pepper libraries of cDNA clones and selected
single-copy genomic clones (prefixed PC and PG clones) were used as a
source of probes for RFLP markers. However, tomato-derived probes (desig-
nated CD, CT, TG) were often preferred to identify orthologous genes and to
gain a better understanding of genome organisation within the Solanaceae.
They particularly allowed the comparative mapping of genomes of sexually
incompatible species. Previously, most molecular maps were constructed by
using RFLPs. However, RFLPs require a great deal of time and effort, limiting
their use in plant breeding. The random amplified polymorphic DNA
(RAPD) and amplified fragment length polymorphism (AFLP) markers have
largely been explored in pepper by different research groups. Presently,
AFLPs are becoming more and more important. A few simple sequence
repeat (SSR) markers, characterised from Capsicum sequences available in
databases, have been published (Huang et al. 2001). Finally, several locus-
specific PCR-based markers or STS (sequence tagged sites) have been
described for use in molecular-assisted selection (see below). In the next
decade, many single nucleotide polymorphisms (SNPs) are expected (Cheng
et al. 2002), and should be mapped. Studying sequence variation of genes
across a range of cultivars, primitive cultivated and wild species, will provide
unlimited molecular genetic markers with diverse genetic backgrounds
which will be useful for breeding.

3 Genetic Diversity

The genus Capsicum includes 22 wild species and five domesticated species.
The five domesticated species are C. annuum L., C. frutescens L., C. chinense
Jacq., C. baccatum L., and C. pubescens R. & P. (Eshbaugh 1980; IBPGR 1983).
C. annuum is the most dispersed and cultivated species through the world.

190 V. Lefebvre



The Capsicum genus originates from the New World. It spread rapidly
throughout the world after the voyage of C. Columbus who first introduced it
to Europe at the end of fifteenth century. It was further dispersed, first to
Mediterranean countries, second, to Africa, India, China, and at last,
returned to oriental Europe through Asia.

The assessment of genetic variability is of interest for cultivar protection
and also for practical applications such as the establishment of core collec-
tions for the conservation of genetic resources and the choice of parental
lines to be used for crossing in order to broaden the genetic basis of the culti-
vars. Molecular markers are very useful in complementing the morphological
characterisation to describe the genetic diversity available in the centres of
diversification, and to allow the detection of additional sources of genetic
variation useful for pepper improvement as has been recently experienced on
a Nepalese collection of C. annuum landraces (Baral and Bosland 2002). The
genetic diversity among and within the Capsicum species has been investi-
gated in several studies using DNA markers (Loaiza-Figueroa et al. 1989; Liv-
neh et al. 1990; Prince et al. 1992, 1995; Lefebvre et al. 1993, 2001; Rodriguez
et al. 1999). A molecular classification of the Capsicum genus was proposed
based on a phylogenetic study using DNA sequences from one non-coding
chloroplast region and one non-coding nuclear region. The phenetic tree
based on molecular data was consistent with the previous morphological and
cytological botany classification. This study demonstrated that species of
Capsicum (excluding C. ciliatum) form a monophyletic group, and supplied
sufficient data to be useful in species delimitation (Walsh and Hoot 2001).
Multidimensional scaling analysis of the genetic distances among 134 acces-
sions analysed with 110 RAPD markers resulted in clustering corresponding
to a previous species assignment, except for six accessions. Diagnostic
RAPDs were identified which discriminate the Capsicum species (Rodriguez
et al. 1999). A larger molecular diversity was demonstrated among and
within the wild species compared to those measured within the cultivated
species, although the cultivated species display a larger phenotypic diversity
for numerous traits. It was easy to distinguish exotic lines from large-fruited
improved pepper lines that are based on a narrow genetic basis (Lefebvre et
al. 1993, 2001; Paran et al. 1998).

4 Variety Identification and Hybrid Purity

Most of the present-day commercial cultivars are F1 hybrids of C. annuum L.
species. The species C. annuum is preferentially autogamous, which is sup-
posed to largely result from the domestication process. Geno-cytoplasmic or
genic male sterility has been used for F1 seed production in a few cultivars,
but the unstable behaviour of the male sterility as well as its unfavourable
effect on fruit quality did not permit hand pollination being avoided in most
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of the cases. Finally, the hermaphrodite type of the flowers requires great
attention to castration before anthesis for F1 production.

Molecular markers are now largely used by seed companies for hybrid
purity control and cultivar identification in pepper. Paran et al. (1998) and
Ballester and de Vicente (1998) evaluated the effectiveness of PCR-based
markers to detect polymorphism among closely related sweet pepper culti-
vars. Other authors developed cultivar-specific markers suitable for large-
scale quality-control assessment (Livneh et al. 1992; Ilbi 2003). Despite fre-
quent dominant inheritance, PCR-based markers are efficient for routine
assessment of F1 hybrid seed purity.

DNA profiling may be a useful tool for cultivar identification as well as for
variety protection. The cultivated C. annuum species were classified accord-
ing to the fruit shape (Pochard 1966) as blocky, triangular, long or half-long
types. RAPD and AFLP markers allow us to easily split pepper large-fruited
lines into the blocky types and the long types; the half-long types being
located at an intermediate position resulting from a cross between the two
former types. Within the blocky types, the US, the Dutch, and the Italian
types are currently distinguished. They correspond to different markets and
resulted from distinct genetic pools, as was confirmed at the molecular level
(Lefebvre et al. 2001).

5 Genetic Maps

The Capsicum genus is diploid, with rare exceptions mentioned, with a total
number of 24 chromosomes (2n=2x=24). It shares the same basic chromo-
some number as the other members of the family (x=12). The haploid DNA
content of Capsicum annuum was estimated to be 2.76 pg and its genome size
to be 2702–3420 Mbp per haploid genome (Galbraith et al. 1983; Arumugana-
than and Earle 1991). Its haploid genome is three- to four-fold larger than
that of tomato, potato and eggplant, and about 20 times larger than that of
Arabidopsis thaliana.

The basic Capsicum karyotype consists of one pair of acrocentric chromo-
somes (the XI) and 11 pairs of metacentric or submetacentric chromosomes
that are very difficult to distinguish from each other. However, variations
between the species exist with two pairs of acrocentric chromosomes (the XI
and the XII) in most of the domesticated C. annuum, and the number of
chromosomes bearing satellites (nucleolar organiser) that vary from one in
C. annuum and C. pubescens to two in the other species (Pickersgill 1991).
The domesticated C. annuum karyotype is thus characterised by three easily
cytogenetically recognisable chromosomes: chromosome I is the largest,
chromosomes XI and XII are both acrocentric, and chromosome XII brings
a satellite with the nucleolar organiser (Pochard 1970). Chromosome pairing
at meiosis of interspecific hybrids also indicates that reciprocal translocations
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occurred during speciation involving at least five chromosome pairs (Green-
leaf 1986; Pickersgill 1991).

The first studies on chromosome mapping in pepper were performed
thanks to a collection of 12 primary trisomics obtained by Pochard (1970).
The 12 chromosomes were named by French colour names (violet, indigo,
bleu, vert, jaune, orange, rouge, pourpre, noir, brun, bistre, gris). The pri-
mary trisomics permitted the identification, by cytogenetic observations, of
the three recognisable chromosomes (the I corresponds to the Violet, the XI
to the Jaune, and the XII to the Pourpre) and the localisation of ten mono-
genic traits (Pochard 1977; Pochard and Dumas de Vaulx 1982). Tanksley
published isozyme markers in interspecific crosses in 1984, and developed
a linkage map of pepper based on nine isozymes arranged in four linkage
groups. However, he revealed a very low level of polymorphism even in an
interspecific cross. Advances in marker technologies allowed the construc-
tion of more complete genetic maps. The two first molecular linkage maps
of pepper were constructed with tomato-derived RFLP markers from inter-
specific crosses C. annuum × C. chinense in order to maximize the poly-
morphism level (Tanksley et al. 1988; Prince et al. 1993). These studies
demonstrated that the gene repertoire was conserved in pepper and tomato,
but the gene order was different. Several other molecular linkage maps have
been constructed for pepper, based mainly on RFLP, RAPD, and AFLP
markers (Table 1). Most interspecific maps were constructed using C.
annuum × C. chinense crosses, probably because these crosses present rela-
tively good fertility and a high level of polymorphism. A linkage map from
a cross of C. annuum × C. frutescens was also reported by Rao et al. (2003).
A few linkage maps were constructed from intraspecific crosses within C.
annuum by crossing bell-pepper lines with small-fruited exotic lines;
Lefebvre et al. (1993) demonstrated that polymorphism could reach up to
40% in these kinds of crosses whatever kind of molecular marker was
observed. Intraspecific crosses are advantageous for mapping because they
help to prevent the low fertility, low recombination, distorted segregations
and chromosomal aberrations often encountered with interspecific crosses.
Moreover, mapping loci determining agronomic traits in intraspecific
crosses facilitate the exploitation of results for marker-assisted selection
since breeding schemes in pepper abundantly use the intraspecific variabil-
ity, particularly for polygenic traits (Lefebvre et al. 1995). Three reference
intraspecific genetic linkage maps were constructed. RFLP-based anchoring
of pepper genetic maps demonstrated that comigrating RAPD (Lefebvre et
al. 1997) and AFLP (Lefebvre et al. 2002) markers correspond to homolo-
gous loci across crosses. The alignment of the three individual maps per-
mitted the arrangement of 12 consensus major linkage groups that contain
100 known function gene markers and on which nine phenotypic loci were
positioned (L, pvr2, Pvr4, Tsw, Me3, Bs3, C, up, y; Lefebvre et al. 1995, 1997,
2002). Finally, another C. annuum intraspecific map was constructed by
Ben Chaim et al. (2001b).
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The integration of the French, Israeli, and American maps was performed
(Paran et al. 2004) using 320 common RFLP and AFLP markers. The inte-
grated map consisted of 2262 markers and gave an average marker density in
the genome of one marker per 0.8 cM. This allows one to precisely compare
the location of loci and genes between the different crosses used in genetic
analyses. The integration of the different maps is very useful for the breeders:
for each map position they can choose a large set of markers that will be use-
ful with different recurrent germplasms. Scientists could also use the inte-
grated map to develop core maps in new crosses or to add markers in a par-
ticular region in order to clone a gene.

To date, there is not yet a saturated linkage map even if the integration of
several maps allow one to design the 12 consensus major linkage groups
(Lefebvre et al. 2002; Paran et al., online 2003). A discrepancy between all the
published maps concerned the P1 and P8 chromosomes. Indeed, the recipro-
cal translocations between C. annuum and C. chinense would cause pseudo-
linkage between markers near the interchange breaks on the chromosomes
involved. For example, markers from the P1 linkage group published by Liv-
ingstone et al. (1999) in C. annuum × C. chinense map split into the P1 and
the P8 chromosomes of the C. annuum × C. annuum map of Lefebvre et al.
(2002); this is in agreement with the chromosomal interchanges reported by
Pickersgill (1991).

A great variability in marker density along the linkage groups was
observed on pepper maps, similar to that already observed in tomato
(Tanksley et al. 1992), where cytogenetic data enable one to show that the
marker clusters probably figure the centromeres. The majority of the AFLP
markers clustered in each linkage group, although PstI/MseI markers were
more evenly distributed than EcoRI/MseI markers within the linkage groups
(Kang et al. 2001). No more than one marker clustering region was observed
per linkage group. Moreover, marker clusters observed in the pepper maps
contain markers located in tomato centromeres. The clusters of markers are
thus presumed to correspond to the centromeric regions of pepper chromo-
somes (Lefebvre et al. 1997; Livingstone et al. 1999).

A total of seven linkage groups were assigned to pepper chromosomes
(Fig. 1; Table 2). Tanksley (1984) and Tanksley et al. (1988) assigned two link-
age groups to the chromosomes Pourpre and Noir by allele dosage of isozyme
markers and by in situ hybridisation assays in primary trisomics. Other link-
age groups were assigned through mapping major genes (L, C, up, pvr2, y)
previously assigned to a chromosome by segregation analyses of the primary
trisomics. It concerns respectively the chromosomes Brun, Jaune, Noir,
Orange and Indigo (Lefebvre et al. 1995, 1997, 1998, 2002). The linkage group
10 was recently assigned to the chromosome Rouge thanks to the anchor phe-
notypic marker A controlling the presence of anthocyanin pigments in the
plant tissues (Chaim et al. 2003).

Although most of the tomato and pepper clones reciprocally hybridised to
pepper and tomato genomic DNA, the linear order of clones along the chro-
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Table 2. The different nomenclatures of the pepper linkage groups, their anchor markers and
correspondence with the tomato chromosomes

Pepper
chromosome
on molecular
linkage maps

Anchor
markers

Correspond-
ing primary
trisomic

Cytogenetic
pepper
chromosome
number
(Pochard 1977)

References Correspond-
ing tomato
chromosomes
(in Lefebvre
et al. 2002)

P1 – – – – T1, T8

P2 C Jaune XI Lefebvre et al.
(1995, 2002)

T2

P3 – – – – T3, T9

P4 pvr2 Orange – Lefebvre et al.
(1997, 2002)

T3, T4

P5 – – – – T2, T4, T5

P6 y (CCS) Indigo – Lefebvre et al.
(1998, 2002)

T6

P7 – – – – T7

P8 R45s, Idh-1 Pourpre XII Tanksley
(1984);
Lefebvre et al.
(2002)

T1, T8

P9 – – – – T1, T9, T12

P10 A Rouge – Chaim et al.
(2003)

T4, T10

P11 L Brun – Lefebvre et al.
(1995, 2002)

T5, T11, T12

P12 up, 6Pgdh-1 Noir – Tanksley
(1984);
Lefebvre et al.
(1995, 2002)

T4, T11, T12

mosomes was not conserved between the two species. No important gene
losses were observed between the two maps, but many rearrangements were
observed between the two species with many pepper chromosomes contain-
ing several distinct tomato segments (Table 2). At a microsynteny level, rear-
rangements appeared more complex (Lefebvre et al. 2002). Comparison of
the pepper and tomato genetic maps showed that 18 homeologous linkage
blocks cover 98.1% of the tomato genome and 95.0% of the pepper genome.
By comparing the saturated tomato map (Tanksley et al. 1992) with the pep-
per map, a minimum of 32 chromosome breaks are necessary to transform
the order and position of orthologous genes in the tomato map to that
observed in pepper (Livingstone et al. 1999). The comparison of the number
of loci revealed by tomato-derived RFLP probes demonstrated that dupli-
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cated loci are not confined to the pepper genome, thus ruling out gene dupli-
cation as an explanation for the three- to four-fold higher DNA content in
pepper (Tanksley et al. 1988). Livingstone et al. (1999) suggested that the dif-
ference in nuclear DNA content between pepper and tomato could be
accounted for by retrotransposons and by constitutive heterochromatin (An
et al. 1996).

6 Map Position and Markers of Loci Governing Traits
of Interest

Many genes have been characterised in pepper, particularly for fruit charac-
teristics and disease resistance (Lippert et al. 1965). Some were previously
assigned to pepper chromosomes by using the 12 primary trisomics, but
much progress was recently made from molecular mapping of major genes
and quantitative trait loci (QTLs). Narrowly linked genetic markers are now
available for marker-assisted selection (Tables 3, 4). Development of QTL-
linked PCR-based markers is underway in several laboratories.

For the past few years, a large effort has been concentrated on disease
resistance loci. Among all the resistance reactions characterised in pepper,
numerous are under a polygenic control compared to other crops such as
tomato. Regarding certain pathogens, total resistance under a monogenic
control (R gene) has been described. It is the case in resistance to tobamovi-
ruses, potyviruses, to tomato spotted wilt virus (TSWV), to Xanthomonas
campestris and to Meloidogyne spp. Partial resistance with a polygenic con-
trol was also found for certain pathogens. For other pathogens, only partial
and polygenic resistance was described, such as the resistance to cucumber
mosaic virus (CMV), Phytophthora capsici, Verticillium dahliae, and Leveil-
lula taurica. Figure 1 illustrates the organisation of pathogen resistance loci
on the pepper genome, and demonstrates that resistance loci were clustered
on several resistance hot spots dispersed on several chromosomes. Resistance
hot spots suggest that the same resistance gene could have a common action
regarding several pathogens or that linked genes could evolve from a com-
mon ancestral gene.

DNA markers make the identification of complex loci having several R
genes possible. At least three dominant R genes (Tsw-Pvr4-Pvr7) for resis-
tance to potyviruses and to the tospovirus TSWV are organised in a cluster
linked to the marker loci CD72, CT124 and GC082 on the distal portion of
chromosome P10 (Grube et al. 2000a; Lefebvre et al. 2002). The loci Me3 and
Me4 conferring resistance to Meloidogyne species are separated by 10 cM
near the marker locus CT135 on the chromosome P9 (Djian-Caporalino et al.
2001). Allelism tests could also indicate or confirm the observation of clus-
ters. At least three recessive loci (pvr1, pvr2 and pvr5) for resistance to poty-
viruses in different Capsicum species clustered on chromosome P4 (Caranta
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Table 3. Major gene mapping in pepper

Locus
name

Effect (gene) Useful marker Carrier-
chromosome

Reference

L Resistance to TMV RFLP (tg036) at
6 cM

P11 Lefebvre et al.
(1995)

pvr2a Resistance to PVY(0),
PVY(1) (gene encoding
eIF4E)

Cloned gene:
SCAR

P4 Caranta et al.
(1997a); Ruffel et al.
(2002)

Pvr4 Resistance to PVY(0),
PVY(1), PVY(1–2)

CAPS at 2.1 cM +
SCAR

P10 Caranta et al.
(1999); Arnedo-
Andres et al. (2002)

pvr6 Resistance to PVMV when
associated to pvr22 gene

RFLP marker
(tg057)

P3 Caranta et al.
(1996)

Pvr7 Resistance to PVY(0),
PVY(1), PVY(1–2)

CAPS linked to
Pvr4

P10 Grube et al. (2000a)

Tsw Resistance to TSWV CAPS at 0.9 cM P10 Moury et al. (2000)

Bs2a Resistance to Xanthomonas
campestris race 1 (gene
encoding a NBS-LRR)

AFLP at 0 cM Unknown Tai et al. (1999a, b);
Kim et al. (2001)Cloned gene +

SCAR at 4.9 and
5.3 cM

Bs3 Resistance to Xanthomonas
campestris race 2

SCAR at 2.1 cM P2 Pierre et al. (2000)

Me3, Me4 Heat-stable resistance to
root-knot nematodes
(Meloidogyne spp.)

AFLP at 0.5 cM
and at 10.0 cM

P9 Djian-Caporalino et
al. (2001)

up Erected fruit AFLP at 5 cM P12 Lefebvre et al.
(1995, 2002)

C Fruit pungency AFLP at 5 cM P2 Lefebvre et al.
(1995, 2002);
Blum et al. (2002)

RFLP (TG205) at
0 cM
CAPS at 0.4 cM

ya Red versus yellow fruit
colour (gene encoding
capsantin-capsorubin
synthase)

Cloned gene:
SCARs

P6 Lefebvre et al.
(1998); Popovsky
and Paran (2000)

C2a Orange fruit colour
(gene encoding phytoene
synthase)

Cloned gene:
RFLP

P4 Thorup et al.
(2000); Huh et al.
(2001)

A Anthocyanin pigments in
the tissues

RFLP (TG63) P10 Chaim et al. (2003)

Rf Fertility restorer RAPD at 0.37 cM Unknown Zhang et al. (2000)

Sa Soft flesh and deciduous
fruit (gene encoding a
polygalacturonase)

RFLP at 0 cM
(PG)

P10 Rao and Paran
(2003)

(Without
name)

Stunted growth when asso-
ciated with the cytoplasm
of C. chinense

RAPD at 6 cM Unknown Inai et al. (1993)

a Cloned gene
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et al., pers. comm.). Clusters can consist of a series of allelic genes such as in
the L locus located on the chromosome P11 (Lefebvre et al. 1995) where five
alleles were described (Boukema 1980), or in the pvr2 locus where at least
three alleles are known (pvr21, pvr22, pvr2+, Kyle and Palloix 1997). Regard-
ing the potyviruses, Kyle and Palloix (1997) described seven major genes
that display different specificity actions against strains of potato virus Y
(PVY), tobacco etch virus (TEV), pepper mottle virus (PepMov), and pepper
veinal mottle virus (PVMV). Mapping results showed that these genes were
mainly organised in two clusters: one cluster of recessive genes on the chro-
mosome P4 and one cluster of dominant resistant genes on the chromosome
P10. So far, no R gene cluster has been mapped close to the pvr6 locus on the
chromosome P3 (Caranta et al. 1996) and the pvr3 locus has not yet been
mapped.

Independent QTL maps can also be compared using anchor markers. Inte-
gration of QTLs for resistance to P. capsici, L. taurica, CMV and potyviruses,
and R genes on a synthetic representation of the pepper genome reveals link-
ages between QTLs and between QTLs and R genes. Regarding several geni-
tors, QTLs were detected in the vicinity of all the R genes presently mapped.
Clusters of QTLs were also mapped at other loci, for instance on the chromo-
somes P5 and P12. The most evident clusters of resistance loci to different
pathogens are located on the chromosomes P2, P5, P9, P10, P11 and P12. For
instance, QTLs for resistance to P. capsici and to L. taurica located in the
vicinity of the R gene cluster Tsw-Pvr4-Pvr7 on the chromosome P10. QTLs
for resistance to potyvirus, to CMV, to P. capsici, and to TSWV (Moury 1997)
were mapped in the vicinity of the locus L on the chromosome P11. One clus-
ter of R genes and QTLs for resistance to potyviruses, located on P4, is under
characterisation since the pvr2 gene was recently cloned. This gene belongs
to a new class of resistance genes. It codes for eIF4E, an eukaryotic initiation
factor involved in RNA translation (Ruffel et al. 2002).

Epistasis interactions were often evoked as probably involved in the deter-
mination of disease resistance in pepper (e.g. Bartual et al. 1994; Daubèze et
al. 1995). QTL dissection with molecular markers confirmed this hypothesis.
One obvious example concerns the complementation between pvr2 and pvr6
that confers a complete resistance to PVMV though none of these two single
genes confer any resistance to this virus (Caranta et al. 1996). Important
digenic effects were reported for the partial resistance to P. capsici (Lefebvre
and Palloix 1996; Thabuis et al. 2003), to CMV (Caranta et al. 1997b, 2002;
Ben Chaim et al. 2001a), to potyviruses (Caranta et al. 1997a) and to L. tau-
rica (Lefebvre et al. 2003). One major digenic interaction associated with the
resistance to P. capsici was validated between the chromosomes P5 and P10
by isolating one plant having both the concerned QTLs and studying its self-
ing progeny (Thabuis et al. 2004). Whereas the loci involved in epistasis were
not reported in the Fig. 1, it was observed that QTLs involved in digenic inter-
actions mapped frequently in the vicinity of QTLs having an additive effect to
the same pathogen or to another.
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More and more time is being invested in horticultural and fruit traits. Sev-
eral genes determining fruit colour were mapped and characterised by a can-
didate gene approach, thanks to the well-known biosynthesis pathway of pig-
ments. The molecular characterisation of the y locus controlling the red vs.
yellow fruit colours and the C2 locus involved in the red vs. orange colours
supplied powerful markers for selection since they correspond to the func-
tional gene itself and therefore cancel the recombination risk between the
gene and the marker (Lefebvre et al. 1998; Huh et al. 2001). The dominant S
gene determining the soft flesh and deciduous fruit of pepper was mapped on
the chromosome P10 and was demonstrated to cosegregate with a tomato
polygalacturonase gene marker (Rao and Paran 2003). Male sterility is a very
important trait for hybrid production. Both nuclear recessive and geno-
cytoplasmic sterilities were characterised (Shifriss 1997). A major fertility
restorer was flanked by PCR-based markers (Zhang et al. 2000), and a quanti-
tative restoration system has been mapped (Wang et al. 2004). The level of
pungency is also a breeding objective for most of the commonly grown varie-
ties of hot peppers. The major gene C for fruit pungency was mapped on the
chromosome P2 (Lefebvre et al. 1995), and a cleaved amplified polymorphic
sequence (CAPS) marker located 0.4 cM from C was developed (Blum et al.
2002) using the sequence of the Capsicum fibrillin gene that encodes a pro-
tein strongly regulated during fruit ripening (Deruère et al. 1994). The com-
petition is now open between several research groups for the isolation of the
C locus controlling the capsaicin synthesis, a characteristic of the Capsicum
genus. Pungency is also a very complex trait since it is determined by the
quantitative control of several capsaicinoids. QTLs for the capsaicin and
dihydrocapsaicin contents were recently mapped (Blum et al. 2003). Capsaici-
noids, amino acids, carotenoids, and vitamins are major components of the
pepper fruit that determine pigment contents, taste and nutritive quality. The
integration of these components is now being considered more and more.
Chemical fingerprints of these secondary metabolites will be integrated into
the molecular maps in the near future.

Concerning the fruit architecture, QTLs influencing horticultural charac-
teristics were reported in an intraspecific C. annuum cross (Ben Chaim et al.
2001b) and in an interspecific C. annuum × C. frutescens cross (Rao et al.
2003). Some QTLs for fruit traits, including fruit diameter and fruit weight,
are closely linked, reflecting the high genetic correlations observed among
these traits. A major effect QTL influencing the fruit shape located on the
chromosome P3 is conserved in intraspecific C. annuum crosses and in
crosses of C. annuum with C. chinense and C. frutescens (Ben Chaim et al.
2003).

The genomic positions of resistance loci mapped in pepper were compared
to those of tomato and potato (Grube et al. 2000b). Resistance to tobacco
mosaic virus (TMV) is controlled by the genes Tm-1 and Tm-2 in tomato and
L in pepper. These three genes do not map to syntenic regions in the two spe-
cies (Young et al. 1988; Levesques et al. 1990; Lefebvre et al. 1995). The tomato
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Sw-5 locus and the pepper Tsw locus, controlling the resistance to TSWV, do
not map to corresponding genomic regions either (Jahn et al. 2000). Despite
these two examples, several cases of functional colinearities were described:
a corresponding position in at least two genera of Solanaceae controls a simi-
lar trait. The tomato pot-1 gene conferring resistance to PVY and TEV was
identified in a colinear genomic region to the pvr2 pepper locus (Parrella et
al. 2002) and was demonstrated to correspond to the same coding gene (S.
Ruffel et al., pers. comm.). The Me3-Me4 cluster was supposed to be in a
colinear region of the tomato Mi-3 mapped on chromosome T12 and potato
Gpa2 on chromosome XII (Djian-Caporalino et al. 2001). These loci are all
involved in the resistance to nematodes. Colinearities were also suspected for
QTLs. The major-effect resistance QTL to P. capsici on the chromosome P5 in
pepper is in a syntenic position to a resistance QTL to P. infestans on the
potato chromosome IV (Pflieger et al. 2001b; Thabuis et al. 2003). Two resis-
tance QTLs to powdery mildew due to L. taurica, which have been mapped on
the pepper chromosomes P6 and P9, show colinear positions with R genes
and QTLs involved in the resistance to powdery mildew on the tomato chro-
mosomes T6 and T12 (Lefebvre et al. 2003). Several pepper fruit-related QTLs
also appeared to correspond to positions in tomato for loci controlling the
same traits, suggesting the hypothesis that these genes may be orthologous in
the two species (Ben Chaim et al. 2001b). More recently, comparison of the
genomic locations of the eggplant fruit weight, shape and colour QTLs with
the positions of similar loci in tomato, potato and pepper revealed that 40%
of the different loci have putative orthologous counterparts in at least one of
these crop species (Doganlar et al. 2002). Thorup et al. (2000) demonstrated
two cases of orthologous loci involved in the organ pigmentation: in pepper
and potato for the CrtZ-2 marker locus encoding the g -carotene hydroxylase,
and in pepper and tomato for the CCS marker locus encoding the capsanthin
capsorubin synthase. These results suggest that the colinear genes originated
from common ancestral genes. These observations support the hypothesis
that orthologous genetic networks could control related complex phenotypes.

7 Genomic Resources

Genomic resources constitute useful tools for exploring the genome of an
organism on a large scale, for cataloguing all its genes and understanding
their functions. They include high-through-put sequencing, analysis of gene
expression, integration of high density genetic, physical and functional maps.
In pepper, genomic resources are still weakly developed compared to model
plants or certain important crops, such as maize or tomato. However, several
research programs are underway for increasing them.

A number of known genes were mapped in pepper (Lefebvre et al. 1998,
2002; Pflieger et al. 1999, 2001b; Thorup et al. 2000; Huh et al. 2001; Cheng et
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al. 2002; Blum et al. 2003; Rao and Paran 2003). Functional genetic maps
facilitate the identification of positional candidate genes to characterise loci
of interest (Pflieger et al. 2001a). Several examples of the candidate gene
approach were described in pepper. The first one concerned the molecular
characterisation of the y locus controlling the yellow vs. red fruit colour that
was attributed to the capsanthin-capsorubin synthase gene (Lefebvre et al.
1998). Another candidate gene, phytoene synthase, was proposed to be
responsible for the C2 gene involved in the orange fruit colour (Thorup et al.
2000; Huh et al. 2001). Resistance gene homologues and defence response
gene homologues were proposed as candidate genes for quantitative resis-
tance gene loci (Pflieger et al. 1999, 2001b; Grube et al. 2000b). Pepper homo-
logues of cloned tomato R genes were found in syntenous positions in other
Solanaceous genomes, but can also be mapped to additional positions (Pflie-
ger et al. 1999; Grube et al. 2000b). Colocalisations between nucleotide-
binding-site (NBS)-containing sequences and resistance QTLs suggest that
mechanisms of qualitative and quantitative resistance may be similar (Pflie-
ger et al. 1999). More recently, Ruffel et al. (2002) demonstrated by a candi-
date gene approach that the pvr2 locus corresponds to an eukaryotic initia-
tion factor 4E gene. A number of pepper sequences were isolated by differen-
tial expression analysis from pepper cDNA libraries constructed with the
mRNA from pepper plants infected with various pathogens. They correspond
to genes induced by biotic or abiotic stresses, and could further serve the
candidate gene approach.

In June 2003, more than 22,500 expressed sequence tags (ESTs) from C.
annuum and C. chinense were available in genomic databases. This number is
still low compared to the genus Lycopersicon that counts more than 160,000
ESTs and the genus Solanum that counts more than 94,000 ESTs (mostly
potato). However, some of these clones were spotted on glass slides to study
the expression profiling (Lee and Choi 2002). More than 22,000 other pepper
nucleotide sequences were deposited in databases that have also gathered
more than 175,000 tomato sequences and 95,000 potato sequences
(http://www.ncbi.nlm.nih.gov/).

A yeast artificial chromosome library of 19,000 clones with an average
insert size of 500 Kb and representing approximately three haploid genomes
was constructed from high-molecular weight DNA isolated from Capsicum
annuum leaf protoplasts (Tai and Staskawicz 2000). This YAC library was
used to isolate the Bs2 gene (Tai et al. 1999a). A bacterial artificial chromo-
some library consisting of 235,000 clones with an average insert size of
130 Kb was constructed from the Mexican pungent Capsicum annuum
‘CM334’ line. It was estimated to contain approximately 12 genome equiva-
lents and to represent at least 99% of the pepper genome (Yoo et al. 2003).
Another BAC library was obtained from a doubled haploid line issued from
the cross Perennial × Yolo Wonder, segregating for several resistance and
horticultural traits (Ruffel et al. 2004). It comprised more than 239,000 BAC
clones with an average insert size of 125 Kb and was estimated to represent
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10.8 genome equivalents. It was used for isolating the genomic sequence of
the pvr2 locus (Ruffel et al. 2002). BAC libraries constitute a useful tool for
studying microsynteny and for aligning contigs from different species.

By considering the pepper genome size (2702–3420 Mbp) and the average
length of the different linkage maps of pepper (about 1500 cM), 1 cM should
correspond to an average of 1800–2200 Kb. However, this correspondence
between physical and genetic size may vary greatly along the genome as
shown by the physical and genetic data around the region of the Bs2 gene,
where 1 cM is about 250 Kb (Tai et al. 1999b).

8 Marker-Assisted Selection

Selecting simultaneously for multigenic resistance and for polygenic fruit
quality traits may be eased by the development of molecular markers and
molecular linkage maps. Several molecular markers are already available in
Capsicum for marker-assisted selection (Table 3). Some of them are supposed
to correspond to the gene itself, such as for the loci y (Lefebvre et al. 1998)
and C2 (Huh et al. 2001). Easy-to-use specific markers for QTLs are in devel-
opment. Until now, breeders have mainly exploited monogenic trait markers
(y, Tsw, Pvr4, pvr2, Me3 and L) for breeding commercial cultivars with resis-
tance and fruit colour traits. The marker-assisted selection was particularly
interesting for the lately expressed traits like colour of matured fruit or for
breeding for multi-resistance.

Different marker-assisted selection programs in pepper are now in use for
QTL exploitation. For instance, two introgression populations were bred for
improving the resistance to P. capsici that was previously dissected in QTLs
(Thabuis 2002; Thabuis et al. 2003). One aimed at transferring five QTL-
resistant alleles from Criollo de Morelos into a partially resistant bell pepper
genetic background. One out of 450 plants obtained from a recurrent pheno-
typic selection population using Criollo de Morelos 334 as the resistant par-
ent was selected as having the five QTL-resistant alleles, thanks to 12 linked-
markers covering the whole confidence interval of the five QTLs selected
(Thabuis et al. 2001). Another experimental study aiming at transferring four
QTL-resistant alleles from the small fruited genitor Perennial into a bell pep-
per recipient line was performed by marker-assisted backcrosses during three
cycles (Thabuis et al. 2004). A population size of 350 plants enabled both effi-
cient control of the QTLs and efficient background selection. This experiment
permitted the effect of the genomic regions detected in the mapping popula-
tion to be validated, while a decrease of effect was noted for low-effect QTLs
and epistatic interactions. The phenotypic evaluations of each backcross gen-
eration demonstrated an increased level of resistance and an efficient return
to the recipient phenotype for the fruit weight. Taking into account the confi-
dence intervals of the QTL positions by using several markers, contributes to
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the optimisation for a successful QTL transfer. Using markers of the genetic
background accelerates the recovery of the recipient parent genome and lim-
its the number of selection cycles (Hospital and Charcosset 1997). QTL-
linked markers also enabled the a posteriori analysis of a phenotypic selec-
tion program for P. capsici resistance. Thabuis et al. (2004) demonstrated that
low-effect resistance QTLs were not retained through the phenotypic selec-
tion cycles and that selection for P. capsici had no significant impact on the
horticultural advance. These different experiences demonstrated the feasibil-
ity of marker-assisted selection for polygenic traits in pepper.

Map integration of QTL information from various analyses, such as horti-
cultural and resistance genetic dissection, will help breeders to challenge the
unlikely genetic linkage between favourable and unfavourable traits. Marker-
assisted selection should help to pyramid QTLs and to control the genetic
background by using a limited population size. More and more specific easy-
to-use markers are expected to be described in the literature. Finally, fine-
mapping experiments of particular genomic regions and creation of near-
isogenic lines except for one QTL (so-called NIL-QTLs) will contribute to a
better assessment of a single QTL effect and to construct elite genotypes hav-
ing a chosen set of loci.

9 Conclusion

Saturated maps and global genome knowledge still have much progress to
make in the Capsicum genus although some original traits, such as capsaicin
synthesis, fruit colour control and certain resistance to diseases, brought this
species into the spotlight. Its large genome size and lower research invest-
ment, compared to major important crops, hinder the genomic advance-
ments in the Capsicum genus. More genetic and genomic tools have to be
produced to complement those already available. Several introgression line
populations of related Capsicum species in a C. annuum genetic background
are under production in several laboratories. This genetic resource will facili-
tate the identification and fine-mapping of agronomically interesting loci,
particularly QTLs. Moreover, the association studies aiming at investigating
the natural allele diversity are very promising in Capsicum since this genus
possesses a particularly rich germplasm collection and shows a very large
phenotypic variability. Finally, extensive comparative genomic approaches
will benefit pepper genome analysis for exploring gene functions and regula-
tions. Indeed, the Capsicum genus constitutes a good model to transfer and
validate tools and knowledge generated in model genomes, and especially
from the related genus such as tomato and potato, given that the synteny rela-
tionships with pepper have been well described.
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1 Introduction: The Potato as an Object of Genetic Analysis

With 300,000 million tons produced per year, the potato is the fourth most
important crop worldwide, after maize, rice and wheat (FAO statistics). The
largest producers in terms of area planted and million tons harvested are
China, Russia and India, whereas the most efficient producers with 37–45 t/
ha are the western European countries and the United States (Graf 2002).
Potatoes are grown for direct consumption, for processed food products such
as chips and french fries, for animal feed and for industrial production of
starch and starch derivatives. Potatoes may also be used in the future as bio-
reactors for producing specific organic molecules (Börnke et al. 2002).

After the rediscovery of Mendel’s laws, potato was among the first plant
species investigated for the mode of inheritance of an agronomic character.
This was resistance to wart disease caused by the fungal pathogen Synchyt-
rium endobioticum (Salaman and Lesley 1923). During the following 60 years,
genetic analysis of potato was restricted mainly to single dominant charac-
ters (e.g., Cockerham 1970). The construction of classical genetic linkage
maps based on morphological characters as done, for example, for the closely
related tomato (Rick 1975), was not practical in potato, due to the tetraploidy
of this crop species combined with tetrasomic inheritance, which aggravates
the detection of linkage and largely prevents the recovery of recessive pheno-
types.

Two technical developments made the construction of detailed genetic
maps for the potato over the last 15 years possible: the ploidy reduction from
the tetraploid to the diploid level, and the advent of DNA-based markers.

Diploid fertile plants can be generated from 2n gametes either by pollina-
tion of tetraploid plants with certain genotypes of Solanum phureja, which
induces the parthenogenetic development of 2n female gametes into plants
(Hougas et al. 1964; Hermsen and Verdenius 1973) or by regenerating plants
from in vitro cultures of 2n microspores of tetraploid parents (Dunwell and
Sunderland 1973; Powell and Uhrig 1987). Diploid potato plants are, however,
largely self-incompatible and, therefore, highly heterozygous. Linkage analy-
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sis in progeny of diploid potato parents follows the same principles as human
genetics: Partially heterozygous parents generate segregating F1 offspring.
The heterozygosity of the parents allows the construction of two linkage
maps in a single F1 mapping population, based on meiotic recombination in
the female parent and in the male parent (Ritter et al. 1990).

DNA-based markers originate from the natural DNA variation present in
a population of individuals of the same species. The molecular basis of the
variation are point mutations (SNP, single nucleotide polymorphism) and
insertions, deletions (InDels) or inversions of DNA fragments in one allele
versus another. In contrast to induced mutations that often have a severe phe-
notypic effect, these DNA polymorphisms have survived evolutionary times
because they did not compromise the viability and competitiveness of the
individuals that carry them. Over the last 23 years, molecular genetics has
developed an array of tools to detect natural DNA variation, beginning with
hybridization-based analysis of restriction fragment length polymorphisms
(RFLP; Botstein et al. 1980), progressing to PCR-based marker systems and
currently ending with the detection of SNPs by comparative sequencing of
alleles (reviewed by Reiter 2001).

2 Reference Molecular Maps of Potato

Using various types of DNA-based markers, detailed molecular linkage maps
have been constructed for the 12 potato chromosomes in several diploid
mapping populations, as summarized in Table 1. In most cases, the parents
crossed for generating the mapping population included, in addition to Sola-
num tuberosum, other closely related tuber-bearing Solanum species that can
easily be hybridized with S. tuberosum. One linkage map covering parts of
the 48 linkage groups of tetraploid potato was also constructed (Meyer et al.
1998), based on AFLP markers (amplified fragment length polymorphism;
Vos et al. 1995). The cytogenetic map of potato was anchored to the molecu-
lar maps by FISH (fluorescence in situ hybridization) markers derived from
12 chromosome-specific RFLP markers of known position on the molecular
maps (Dong et al. 2000). These molecular maps and the DNA markers consti-
tuting them are the current backbone of genome analysis in cultivated potato
and related tuber-bearing Solanum species.

3 Synteny of Potato with Other Plant Genomes

The RFLP assay is based on nucleic acid hybridization between a labeled
marker probe and a membrane-bound genomic target sequence. Hence,
depending on the experimental conditions used, cross-hybridization is

216 C. Gebhardt



Table 1. Reference molecular maps constructed for potato chromosomes

Parental
speciesa

Popula-
tion
name

Size and
type of
progeny

Marker type No. of
marker
loci

Reference

S. phu ×
[S. tbr ×
S. chc]

? 65 F1 Isozyme, RFLP 134 Bonierbale et al. (1988)

[S. tbr ×
S. tbr] ×
S. tbrb

BC9162 67 BC1 RFLP, SSR ˚ 450 Gebhardt et al. (1989, 1991,
2001); Milbourne et al.
(1998)

[S. tbr ×
S. ber] ×
S. ber

? 155 BC1 RFLP ˚ 180 Tanksley et al. (1992)

[S. phu ×
S. tbr] ×
([S. phu ×
S. tbr] ×
S. tbr)

CxE 67 BC1 Morphological,
isozyme, RFLP,
AFLP, cDNA-AFLP

˚ 1200 Jacobs et al. (1995); van Eck
et al. (1995); Brugmans et al.
(2002)

S. tbr ×
[S. tbr ×
S. spg]

F1840 92 F1 RFLP 445 Gebhardt et al. (1991, 2003);
Leister et al. (1996)

S. tbr ×
S. tbrb

SHxRH 136 F1 AFLP ˚ 10,000 Rouppe van der Voort et al.
(1997);
http://www.dpw.wageningen-
ur.nl/uhd/

a tbr, tuberosum; ber, berthaultii; phu, phureja; chc, chacoense; spg, spegazzinii
b S. tuberosum clones with genetic material from several wild species in their pedigree

detected between DNA sequences that are not identical, but similar, and
RFLP markers originating from one species can be used for the construction
of linkage maps in related species. Conserved genetic linkage between loci
that share sequence similarity in different species indicates structural simi-
larity between the different genomes. RFLP markers made it possible to com-
pare the genome structure of potato, tomato and pepper, the three most
important crop species of the Solanaceae family (Bonierbale et al. 1988; Geb-
hardt et al. 1991; Tanksley et al. 1992; Livingston et al. 1999). Comparative
mapping revealed that the genomes of potato and tomato are co-linear except
for paracentric inversions of five chromosome arms (Bonierbale et al. 1988;
Tanksley et al. 1992). The larger genome of pepper is also syntenic with
tomato/potato, but shows numerous rearrangements of chromosome frag-
ments (Livingston et al. 1999). Synteny with potato/tomato, although with
rearrangements, has also been demonstrated for genomes of nontuber-
bearing Solanum species (Perez et al. 1999). Structural similarity between
genomes makes it possible “to look over the fence”, i.e., to make functional
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gFig. 1. Potato function map for pathogen resistance, modified after Gebhardt and Valkonen
(2001, with permission from the Annual Review of Phytopathology, Vol. 39 2001 by Annual
Reviews). The 12 schematic linkage groups correspond to the 12 potato chromosomes, with
RFLP anchor markers shown to the left. Candidate gene loci are shown to the right. Candidate
gene loci that were detected by resistance gene-like (RGL) markers are underlined (Leister et al.
1996; Hehl et al. 1999; Zimnoch-Guzowska et al. 2000). Other candidate gene loci were detected
by pathogenesis-related (PR) markers (Leonards-Schippers et al. 1994; Gebhardt et al. 2001,
2003; Trognitz et al. 2002). R-genes and major resistance QTL of potato shown (bold) on the
map are: virus resistance genes Rx1, Rx2, Na, Nb, Ns, Nx, Ry and PLRV.1; nematode resistance
genes Gro*, Gpa*, H1 and Rmc1; resistance genes to oomycetes or fungi R1, R2, R3, R6, R7, RB,
Rber and Sen1. Some resistance loci of tomato, tobacco and pepper that can be anchored to
potato linkage groups are shown (outlined) at syntenic positions: Virus resistance genes: Tm-1,
Tm-2a, TY-1, Sw-5 (all from tomato), L (from pepper) and N (from tobacco); tomato nematode
resistance genes Hero, Mi and Mi-3; tomato resistance genes to fungi Cf*, I*, Asc, Ol-1, Lv and
Sm; tomato resistance genes to bacteria Pto and Ve; tomato gene Meu1 for resistance to aphids.
Potato QTL for resistance to Phytophthora infestans (late blight) and Erwinia carotovora ssp.
atroseptica are indicated as black and gray bars, respectively, on the linkage groups. For more
detailed information and further references, see Leister et al. (1996), Grube et al. (2000) and
Gebhardt and Valkonen (2001)

comparisons between sexually incompatible species based on positional
information. For example, the positions of genes controlling quantitative and
qualitative resistance to pathogens can now be compared between potato,
tomato and pepper (Leister et al. 1996; Grube et al. 2000; Gebhardt and Valko-
nen 2001). Recently, the comparison of a potato genetic map with the physi-
cal map of the sequenced Arabidopsis genome (Arabidopsis Genome Initia-
tive 2000) revealed syntenic relationships between circa 40% of the potato
genetic map and circa 50% of the physical map of this very distantly related
plant species (Gebhardt et al. 2003).

4 Potato Function Map for Pathogen Resistance

The prevention of crop losses in yield and quality by disease is of primary
importance in potato cultivation. Due to the changing populations of pests
and pathogens, the selection of cultivars with improved genetic resistance
continues, therefore, to be high on the agenda in potato breeding. Knowledge
of the genetic basis of pathogen resistance in potato has broadened tremen-
dously over the last 15 years, thanks to DNA-marker technologies. DNA-
based markers have been used to localize on the potato molecular maps
genes for qualitative (R genes) and quantitative (QTL, quantitative trait
locus) resistance to various pests and pathogens: Potato Viruses X, Y, N and
A, Potato Leaf Roll Virus (PLRV), the oomycete Phytophthora infestans (late
blight), the fungus Synchytrium endobioticum (wart disease), the root nema-
todes Globodera rostochiensis, Globodera pallida and Meloidogyne chitwoodi
and the soil bacterium Erwinia carotovora ssp. atroseptica (reviewed in Geb-
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hardt and Valkonen 2001; see also Marczewski et al. 2001, 2002). Most genes
for resistance have been introgressed into potato breeding lines over the last
80 years from other tuber-bearing Solanum species by sexual hybridization
and back-crossing (Ross 1986). More recently, somatic hybridization has also
been used for introgression of resistance factors (Brown et al. 1996; Helgeson
et al. 1998). Mapping experiments performed in potato are very heteroge-
neous. They are carried out in different genetic materials, either based on
whole genome mapping or bulked segregant analysis and using different sets
of RFLP, RAPD (random amplified polymorphic DNA), AFLP and SSR (sim-
ple sequence repeat) markers. In many cases, however, at least some RFLP or
SSR markers from the potato/tomato reference maps (Table 1) were included
in the mapping experiments. Such anchor markers make it possible to com-
pare the positions of resistance factors across otherwise independent map-
ping experiments, even across species borders, and to integrate this informa-
tion into a potato function map for pathogen resistance (Fig. 1).

From this map the following observation is evident: a number of R genes
and QTL for resistance to different types of pathogens map to similar posi-
tions, so-called hot spots for resistance in the potato genome. For example,
there is such a hot spot for resistance on potato chromosome V, which
includes major genes Rx2 and Nb both for resistance to Potato Virus X, the R1
gene for race-specific resistance to late blight, QTL for resistance to late blight
and QTL for resistance to the nematode G. pallida (Fig. 1). At least three fur-
ther resistance hot spots are located in both distal regions of chromosome XI
and on chromosome XII. From classical genetic studies in plants, it is known
that single genes for resistance to different races of a pathogen may be tightly
linked, either because they are multiple alleles of one gene, or because several
related genes are located next to each other in the same narrow genome seg-
ment (Pryor and Ellis 1993). Such clustered gene families evolve from com-
mon ancestors by local gene duplications followed by structural and func-
tional diversification. The same model may be used to explain the observed
clustering of genes for qualitative and quantitative resistance to different
pathogens.

Molecular characterization of the first four resistance genes from potato
showed that they all belong to the same superfamily of plant genes for patho-
gen resistance, which share a putative nucleotide-binding and a leucine-rich
repeat domain (NB-LRR type genes; Bendahmane et al. 1999, 2000; van der
Vossen et al. 2000; Ballvora et al. 2002). Moreover, RFLP mapping of DNA
fragments with sequence similarity to NB-LRR type genes revealed close
linkage of RGLs (resistance-gene-like sequences) to resistance loci, particu-
larly in resistance hot spots (Fig. 1; Leister et al. 1996). This suggests that NB-
LRR type genes are candidates for being the molecular basis of a considerable
proportion of qualitative and quantitative resistance factors in potato. Based
on this candidate gene hypothesis, the Gro1 gene for resistance to the root
cyst nematode G. rostochiensis has been cloned (Paal et al. 2004). Candidates
for participating in the control of quantitative resistance may be, in addition
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to NB-LRR type genes, genes functional in pathogenesis (pathogenesis-
related, PR genes). A number of such genes have also been mapped
(Leonards-Schippers et al. 1994; Gebhardt et al. 2001, 2003; Trognitz et al.
2002) and are included in the function map for resistance (Fig. 1).

5 Potato Function Map for Tuber Traits

Most characters relevant for the tuber crop show continuous phenotypic vari-
ation because they are controlled by multiple genes and by environmental
factors. Tuber flesh color, tuber skin color and tuber shape segregated and
were mapped, however, as Mendelian factors (Bonierbale et al. 1988; Geb-
hardt et al. 1991; van Eck et al. 1994). DNA-based markers made it possible to
dissect the genetic components of quantitative tuber traits for the first time.
QTL analysis has been done for tuberization (van den Berg et al. 1996a),
tuber dormancy (Freyre et al. 1994; van den Berg et al. 1996b), tuber shape
(van Eck et al. 1994), tuber starch content (Freyre and Douches 1994; Schäfer-
Pregl et al. 1998), tuber yield (Schäfer-Pregl et al. 1998), chip color (Douches
and Freyre 1994) and cold sweetening (Menendez et al. 2002). Similar to
resistance factors, it is possible to compile, based on anchor markers, the
results of mapping experiments in different genetic materials into a potato
function map for tuber traits (Fig. 2). This function map also contains the
approximate chromosomal positions of candidate gene loci for controlling
starch and sugar QTL (Chen et al. 2001; Gebhardt et al. 2001; Menendez et al.
2002). Candidate genes for controlling natural variation of tuber starch and
sugar content are particularly genes that function in carbohydrate metabo-
lism and transport.

It may be observed on this map that some QTL for tuber starch content
map to similar positions as QTL for sugar content and even yield QTL. Par-
ticularly intriguing is a segment of chromosome V, where QTL for tuber
starch content, sugar content and yield are linked. This same genomic region
also harbors QTL for plant maturity and vigor (Collins et al. 1999; Oberhage-
mann et al. 1999; Visker et al. 2003). The resistance hot spot mentioned above
is also located in this same region. Overlapping of QTL for different traits is
expected if the observed phenotypes result either from pleiotropic effects of
a single gene or from the effects of closely linked, but otherwise unrelated
genes. Which of these possibilities applies, is subject to detailed molecular
and functional analysis in such genomic regions. Some genes functional in
carbohydrate metabolism or transport are closely linked to QTL for tuber
traits (Fig. 2; Menendez et al. 2002). Allelic variants of such genes may,
indeed, be responsible for the observed QTL effects.
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Fig. 2. Potato function map for tuber traits. The 12 linkage groups are based on the RFLP map
constructed for population K31 described in Schäfer-Pregl et al. (1998). Anchor RFLP markers
are shown to the left, and candidate gene loci (Chen et al. 2001; Gebhardt et al. 2003) are shown
to the right of the linkage groups. QTL for tuber starch, tuber yield (Schäfer-Pregl et al. 1998)
and cold sweetening (Menendez et al. 2002) are shown as black, white and gray bars, respec-
tively. Some promising candidate gene loci for QTL for tuber traits (Menendez et al. 2002) are
framed

6 Potato Function Maps as Basis for Innovative Approaches
to Breeding

Integrating positional information of genetic factors controlling agronomic
characters across mapping experiments and even across related species gives
access to numerous, potentially useful DNA markers beyond those employed
within an individual mapping experiment. Based on positional information,
crossing strategies can be designed for combining genes from different
sources. Linked markers can be selected for the development of PCR-based,
allele-specific, diagnostic assays (examples in: Niewöhner et al. 1995; Mar-
czewski et al. 2001; Bryan et al. 2002). Allele-specific markers can then be
used to select in crosses plants that have or do not have a particular trait
allele. The reliability of the marker test depends, however, on the rate of
recombination between the marker and the gene of interest. The predictive
value of a marker decreases with increasing genetic distance and is often
restricted to specific crosses where the marker allele is known to be linked in
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coupling phase with the trait allele (known marker phase). Breeding potato
cultivars, however, is based on intercrossing hundreds of genotypes of vari-
ous pedigrees. In such a wide gene pool, prediction of phenotype based on
marker genotype is not straightforward because, due to an unknown number
of meiotic generations separating the individuals in the population, linkage
equilibrium may have been reached between a specific trait allele and a
linked marker allele (unknown marker phase). Only when the marker resides
within or is physically close to the gene that controls the phenotype, recombi-
nation between marker allele and trait allele is absent or rare even after many
generations of meiotic recombination. In this case, linkage disequilibrium
between marker allele and trait allele persists, even in wide gene pools (Col-
lins et al. 1997). Markers based on DNA polymorphism in those genes that
control agronomic characters are, therefore, the ultimate diagnostic tools for
marker-assisted breeding.

7 Conclusions

The first potato markers have been identified that have more general diag-
nostic value. Markers based on a candidate resistance-gene-like sequence
mapping to the resistance hot spot on potato chromosome XI, which includes
the Ry gene for resistance to Potato Virus Y (Fig. 1; Leister et al. 1996) were
diagnostic for the presence of the Ryadg gene in different potato germplasm
(Sorri et al. 1999; Kasai et al. 2000). Thus, candidate gene markers are excel-
lent tools when searching for “universal” markers for use in marker-assisted
breeding. A marker diagnostic for a DNA segment introgressed from Sola-
num vernei, which carries genes for resistance to the root cyst nematode Glo-
bodera pallida on chromosome V has also been found (Bryan et al. 2002).
Markers located in the resistance hot spot on potato chromosome V that
includes the R1 gene for resistance to late blight (Fig. 1) were associated with
QTL for late blight resistance and plant maturity when scored in more than
400 potato cultivars (Gebhardt et al. 2004). Thus, function maps, which inte-
grate positions of candidate genes with positions of factors controlling agro-
nomic traits can provide a knowledge base for selecting the most appropriate
markers to develop marker-assisted breeding.
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1 Introduction

Barley (Hordeum vulgare L.) is an important staple crop ranking fourth in the
world food production area. It is grown mainly for animal feed and as raw
material for beer production in a wide range of temperate and semi-arid
environments with major areas of production in the European Union, Russia,
and North America.

It belongs to the Triticeae tribe of the Poaceae, the largest family within the
monocotyledonous plants. The genus Hordeum comprises 32 species and
altogether 45 taxa of which H. vulgare ssp. vulgare is the only species that
underwent domestication (von Bothmer et al. 1995). Indeed, barley is consid-
ered as one of the founder species of modern agriculture as it was domesti-
cated about 10,000 years ago from the wild progenitor, Hordeum vulgare ssp.
spontaneum most probably in the western part of the Fertile Crescent (Zoh-
ary and Hopf 2001; Salamini et al. 2002). Barley is a self-pollinating diploid
with 2n=2x=14 chromosomes. Its genome has been estimated to comprise
approximately 5.3×109 bp (Bennett and Smith 1976). Like other cereals, its
genome consists of a complex mixture of unique and repeated nucleotide
sequences (Flavell 1980). While repeated sequences frequently may present
an obstacle to genome analysis, several other features make barley the organ-
ism of choice for genome analysis within the Triticeae tribe. These include
the possibility to develop doubled haploid (DH) lines, the availability of
numerous mutants and cytogenetic stocks like wheat-barley addition lines,
and the availability of large DNA-insert libraries (for details see Kleinhofs
and Graner 2001). Moreover, after more than a decade of intense research,
efficient transformation protocols in barley have been developed for the sta-
ble transformation of both immature embryos and microspores (for review,
see Lemaux et al. 1999). In this chapter, we will review recent progress related
to the generation of genetic and physical maps in barley. Moreover, we will
summarize the available data on comparative mapping between rice and bar-
ley and discuss strategies of how to use that knowledge for various aspects of
basic and applied genome research.
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2 Molecular Markers

During the last two decades, a variety of molecular markers have been devel-
oped. Restriction fragment length polymorphism (RFLP) markers became
available as early as 1980 (Botstein et al. 1980), which opened an era of
molecular plant genetics. A second marker type, randomly amplified poly-
morphic DNA (RAPDs) markers became available in 1990 (Williams et al.
1990). Although these two markers systems were used in many plant species,
they did not prove to be the markers of choice because RFLPs involve much
time and labor while RAPDs suffer from reproducibility. Consequently, new
molecular markers like SSRs (simple sequence repeats; Tautz 1989), AFLPs
(amplified fragment length polymorphisms; Vos et al. 1995) and their modi-
fied forms were developed (for review, see Gupta et al. 2002). More recently,
SNP markers (single nucleotide polymorphisms; Wang et al. 1998) have been
added to this list. In addition to these generic marker systems, DNA markers
that exploit the specificities of the barley genome have been developed. They
are based on the presence of highly abundant, dispersed repetitive retroele-
ments. In particular, sequence features of the long terminal repeats have been
exploited for the development of marker assays such as sequence-specific
amplification polymorphism (S-SAP; Waugh et al. 1997), inter-retro-
transposon amplified polymorphism (IRAP; Kalendar et al. 1999), retro-
transposon-microsatellite amplified polymorphism (REMAP, Kalendar et al.
1999), and copia-SSR (Provan et al. 1999). The association of miniature
inverted repeat elements (MITEs) with transcribed regions as has been
described for the maize genome (Bureau and Wessler 1994; Bhattarammaki et
al. 2002), has been exploited in barley for the detection of inter-miniature
repeat polymorphisms (IMP; Chang et al. 2001). Each marker system men-
tioned above has some advantages as well as disadvantages (discussed in
Gupta et al. 2002) and the user has to make his choice based on the intended
objective, convenience and costs.

3 Construction of Molecular Maps

In the past, genetic maps of higher plants were based almost entirely on mor-
phological and biochemical markers. However, these markers did not prove
useful in the preparation of maps with good resolution as their numbers are
limited and allelic variants are frequently restricted to exotic germplasm,
which precludes their application in breeding programs. The availability of
DNA-based markers facilitated the construction of maps with a high marker
density in almost all the crop species (Phillips and Vasil 2001). These genetic
maps proved very useful for trait mapping, QTL identification, and the char-
acterization of germplasm collections (see Jain et al. 2002). Moreover, the cor-
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relation of genetic and physical maps provides insight in the organization of
the barley genome in terms of recombination frequency and the distribution
of genes along the individual chromosomes.

3.1 Genetic Maps

In barley the first report of a molecular marker map for chromosome 6H
appeared in 1988 and a partial map of the whole genome incorporating
RFLPs, morphological, isozyme and PCR markers was published in 1990 (Kle-
inhofs et al. 1988; Shin et al. 1990). The first comprehensive marker maps were
developed using three different F1-derived doubled haploid populations,
namely Igri × Franka (Graner et al. 1991), Proctor × Nudinka (Heun et al.
1991), and Steptoe × Morex (Kleinhofs et al. 1993). Since then the number of
maps has further increased. Due to the more or less unlimited availability of
DNA from the DH-populations, the initial RFLP maps could be further
extended as new marker types emerged, thus forming a dynamic resource that
can be continuously improved. The majority of mapping efforts were confined
to germplasm of the primary gene pool, which comprises only cultivated bar-
ley (Hordeum vulgare ssp. vulgare) and its wild progenitor (H. vulgare ssp.
spontaneum). More recently, however, a map of H. bulbosum has been pub-
lished (Jaffe et al. 2000; Salvo-Garrido et al. 2001). This is the only species rep-
resenting the secondary genepool of barley. The availability of a marker map
for H. bulbosum may represent the first step in systematically exploring the
genetics of resistance to biotic and abiotic stress that is characteristic for this
species. The same will apply to the map of H. chilense, being a member of the
tertiary gene pool (Hernandez et al. 2001). Although there is a sterility barrier
preventing the meiotic transfer of genes from the corresponding species into
H. vulgare, transgenic strategies may provide a means to access the genetic
diversity of this gene pool. A list of all major maps is shown in Table 1.
Detailed and updated information on most of these maps is available at the
GrainGenes website (http://wheat.pw.usda.gov/ggpages/maps.shtml).

So far, more than 3000 genetic markers have been mapped in barley. How-
ever, this large number may not belie the difficult integration of the individ-
ual maps. Only a limited number of maps contain sufficient common mark-
ers to merge their information in consensus maps as they were constructed
by several groups (Langridge et al. 1995; Sherman et al. 1995; Qi et al. 1996).
These consensus maps display higher marker densities than their individual
components, which makes them a highly useful resource, if markers are
required for specific chromosomal regions. On the other hand, the accuracy
of consensus maps may decrease at higher resolution, in particular in those
regions where marker densities are high and the number of markers in com-
mon to the maps that were merged is low.

In an attempt to develop a more generic solution for the integration of
information from the different genetic maps at medium genetic resolution,
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Table 1. List of some comprehensive genetic mapsa available for barley

Map
type

Population used for mapping Number of
mapped
loci

Genome
coverage
(cM)

References

RFLP
maps

Doubled haploids (DH; Proctor ×
Nudinka)

154 1091 Heun et al. (1991)

2 DH populations (Igri × Franka,
H. vulgare ssp. Vada × H. vulgare
ssp. spontaneum line 1B-87)

226 1453 Graner et al. (1991)

DH (Steptoe × Morex) 295 1250 Kleinhofs et al. (1993)
DH (Harrington × TR306) 216 1060 Kasha et al. (1994)
F2 population (Ko A × Mokusekko) 222 1389 Miyazaki et al. (2000)
F1 full-sib families (H. bulbosum;
PB1 × PB11)

136 621 Salvo-Garrido et al.
(2001)

SSR
maps

DH (H. vulgare var Lina × H. spon-
taneum Canada Park)

242 1173 Ramsay et al. (2000)

AFLP
maps

DH (Proctor × Nudinka) 118 1096 Becker et al. (1995)
Recombinant inbred lines
(RILs; L94 × Vada)

561 1062 Qi et al. (1998)

DH (Proctor × Nudinka) 511 2673 Castiglioni et al. (1998)

Com-
posite
mapsb

Consensus map from 7 maps 587 1087 Langridge et al. (1995)
Consensus map from 4 maps 898 1060 Qi et al. (1996)
F2 population (H. chilense) 123 694 Hernandez et al.

(2001)
DH (OWBDom × OWBRec) 713 1387 Costa et al. (2001)
RILs (Azumamugi × Kato Nakate
Gold)

272 925.6 Mano et al. (2001)

RILs (Russia 6 × H.E.S. 4 1172 1596 Hori et al. (2003)

a Only maps comprising more than 100 loci are listed
b Composite maps include more than one type of marker types. An updated version of these

maps can be found at GrainGenes website (http://wheat.pw.usda.gov/)

Kleinhofs and Graner (2001) have divided the barley genome into approxi-
mately 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. The BIN map readily allows the placement of markers mapped
in different mapping populations. Although its genetic resolution is only lim-
ited, it accommodates the information from a large number of maps. Thus, it
is relatively easy to identify a large number of markers for a given chromo-
somal region, which is sufficient for most issues that are addressed in map-
ping projects. An updated version of the barley BIN map can be found at
(http://barleygenomics.wsu.edu).

Based on the data of the most comprehensive maps, the genetic length of
the barley genome can be estimated to be somewhere between 1050 and
1400 cM. Several factors may account for the differences in map size. Säll
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(1991) observed genotypic effects that influence map distances. In addition,
some maps may not cover the complete genome, since the parents may share
the portion of their genomes that are identical by descent. An example for
this is chromosome 2HL of the Igri/Franka map, where a large portion of this
chromosome arm is devoid of markers (Graner et al. 1994). Moreover, double
crossovers increase the map length of chromosomes. Apart from their real
existence, e.g., as a result of (rare) gene conversion events, the occurrence of
double crossovers in the range of a few centiMorgans is very unlikely. Hence,
closer examination in most cases reveals that double crossovers are the
results of scoring errors. In conjunction with AFLP marker technology, it was
observed that partial cytosine methylation of CpG or CpXpG motifs within
restriction sites may result in the occurrence of “double crossovers” (unpubl.
data). The commonly used mapping software treats double crossovers in dif-
ferent ways. As a result, one and the same data set may yield maps of different
lengths, depending on the software used. Despite these inaccuracies and
varying chromosome numbers and genome sizes, there is striking conserva-
tion of the genetic length of individual chromosomes between the various
grass genomes, suggesting that the crossover frequency during meiosis
underlies a relatively stringent, evolutionary conserved control mechanism.

3.2 Physical Maps

While genetic maps are based on statistical frequencies, physical maps rely
on direct size estimates as they can be obtained using microscopic analysis
or, at the highest possible resolution, via DNA sequencing.

By means of in situ hybridization, the localization of a given gene may be
directly visualized on a mitotic metaphase chromosome. Examples are the B-
hordeins (Lehfer et al. 1993), or 5S rDNA (Leitch and Heslop-Harrison 1993;
Fukui et al. 1994). Using a fluorescent in situ hybridization technique, the
relationship between physical and genetic distances at Hor1 and Hor2 loci
was investigated (Pedersen and Linde-Laursen 1995). However, in situ
hybridization techniques are laborious and not routinely practicable on a
genome-wide scale. Its strength lies in the visualization of repeated DNA ele-
ments, whose distribution provides clues regarding genome structure and
genome evolution (Vershinin et al. 2002). In wheat, physical mapping of sin-
gle and low copy sequences was started using terminal chromosomal deletion
stocks (Endo and Gill 1996). By using defined deletions, the distribution of
markers and recombination events can be studied for all wheat chromosomes
(for review, see Gupta et al. 1999). Although there is a report on deletion-
based physical mapping in barley by using chromosome 7H-specific AFLP
and STS markers (Serizawa et al. 2001), the diploid nature of the barley
genome so far prevented the generation of such stocks for all barley linkage
groups. To achieve direct physical mapping of single copy sequences, Sorokin
et al. (1994) devised a PCR-mediated technique to integrate translocation
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breakpoints (TBs) into the genetic map of barley. By using this approach, 240
translocation breakpoints were integrated as physical landmarks into the
linkage maps of all the seven chromosomes of barley (Künzel et al. 2000). The
comparison of the genetic and the physical TB-map provided experimental
evidence of the uneven distribution of recombination along the barley chro-
mosomes. These could be partitioned into regions of high recombination
( X 1 Mb/cM), medium recombination (1.1–4.4 Mb/cM) and low recombina-
tion (7.9 n 200 Mb/cM). Regions of high or medium recombination are mainly
confined to a few relatively small areas located in the distal parts of the chro-
mosomes while in the proximal regions recombination is highly suppressed.
Regions of high recombination amount to only 4.9% of the physical size of
the barley genome, but they harbor 47.3% of the 429 markers from the Igri ×
Franka map. This lends strength to the hypothesis that there is a “gene
space”, which is characterized by high recombination frequencies, whereas
the gene-poor regions are characterized by low recombination frequencies.
Since similar findings were observed for wheat, it may be speculated that the
above-mentioned observations represent general features of the Triticeae
genomes (Sandhu and Gill 2002). The availability of genome-wide BAC-
contigs has been a prerequisite for sequencing the model genomes of Arabi-
dopsis and rice (Sasaki and Burr 2000; TAGI 2000). Similar efforts are cur-
rently underway to prepare contig maps of the genomes of maize
(http://www.maizemap.org/iMapDB/iMap.html) and sorghum (Klein et al.
2000). As a resource for contig construction, several large insert DNA librar-
ies have been constructed for barley. These include two YAC libraries having
2× and 4× genome coverage (Kleine et al. 1993; Simons et al. 1997) and two
BAC libraries having 6.3× and 1× genome coverage, respectively (Yu et al.
2000; Saisho et al. 2002). However, the large size of its genome and the limited
financial resources presently available oppose the development of a full
genome contig map for barley. Therefore, attempts for the construction of
physical maps remain restricted to distinct regions that are targeted in the
context of map-based cloning projects (Lahaye et al. 1998; Druka et al. 2000).

As an alternative to the resource-intense development of contig maps,
efforts are underway to establish subgenomic physical maps from radiation
hybrid (RH) populations (Cox et al. 1990) or by the so-called HAPPY (hap-
loid genome polymerase chain reaction) mapping procedure (Dear and Cook
1989). Both methods do not require BAC contigs or cloned DNA fragments
and may be suitable for the high throughput mapping of PCR-based markers
independent of the presence of polymorphism once their successful applica-
tion in barley has been demonstrated (Waugh et al. 2002; Thangavelu et al.
2003).
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Table 2. Progress in the preparation of the ‘transcript map’ of barley

Markers Barley-chromosome Total
1H 2H 3H 4H 5H 6H 7H

RFLP 73 91 82 48 82 51 83 510
SNP 27 36 42 25 41 26 37 234
SSR 25 31 35 26 22 25 21 185
Total 125 158 159 99 145 102 141 929

3.3 Functional Maps

In the course of systematic attempts of gene isolation, EST sequencing pro-
jects are underway in several laboratories (see Close et al. 2001; Michalek et
al. 2002). As of June 2003 the total number of barley ESTs listed in dbEST
amounts to 370,258 (http://www.ncbi.nlm.nih.gov/dbEST/dbEST–summary.
html). After cluster analysis, this set has been estimated to contain about
40,000 distinct genes, which may represent some 85% of the gene comple-
ment of barley (unpubl. data). Ideally, all of these genes should be placed on
a genetic map, to facilitate their integration with agronomic traits. Since this
represents an insurmountable task, present activities aim at construction of
a high-density transcript map comprising about 1000 mapped ESTs. These
will form anchor points for the construction of subgenomic physical maps
(see above) and for the analysis of evolutionary relationships between the
individual grass genomes. Moreover, EST-derived markers complement exist-
ing marker resources regarding diversity analysis and trait mapping. Apart
from being mapped as RFLPs, the available sequence information makes
ESTs ideally suitable for the development of SSR and SNP markers (Kota et al.
2001a, b). Software tools have been developed that allow the rapid screening
of any EST collection for the presence of SSR motifs and the development of
the corresponding primers for PCR detection in genomic DNA (Varshney et
al. 2002; Thiel et al. 2003). Similarly, the availability of EST sequences derived
from different cultivars has been exploited for the computational identifica-
tion of SNP-markers (Kota et al. 2003). Using this strategy, genes that display
threefold increase in sequence diversity can be selected as can be seen from
the sequence diversity ( œ )-values of 0.0028 for unselected and 0.009 for the
computationally selected ESTs. Based on RFLPs, SSRs, and SNPs a nonredun-
dant set of G 900 EST-derived markers has been recently placed on a barley
consensus map (Table 2). Along with those cDNA-markers that were previ-
ously mapped, the number of genetically mapped genes exceeds 1100.
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Table 3. Syntenic relationship between barley and other cereals, studied on basis of molecular
markers

Cereal species References

Barley, wheat Hohmann et al. (1995); Dubcovsky et al. (1996); Hernandez et al.
(2001); Salvo-Garrido et al. (2001)

Barley, rye Wang et al. (1992)
Barley, rice Kilian et al. (1995, 1997); Saghai-Maroof et al. (1996); Han et al.

(1998, 1999); Smilde et al. (2001)
Barley, wheat, rye Devos and Gale (1993); Devos et al. (1993); Börner et al. (1998)
Barley, oat, maize Yu et al. (1996)
Barley, wheat, rice Dunford et al. (1995); Kato et al. (2001)

4 Comparative Mapping and Synteny

Despite more than 60 million years of evolution within the subfamily of the
Poaceae, the individual grass genomes are characterized by large segments of
conserved linkage blocks that display colinear marker orders between differ-
ent species (in the context of this paper, the term synteny refers to a colinear
marker order). Similar to a LEGO-model, grass genomes are considered to be
made up from conserved segments (Moore 1995). As an extension of this
model, the individual grass genomes can be arranged in concentric circles in
which orthologous genes, which are derived from a common ancestor locus,
are located on a radial line (Devos and Gale 2000). Our present knowledge of
synteny is mainly based on comparative mapping of cross-hybridizing RFLP
markers requiring extensive experimental efforts. Because of their conserved
nature, gene-derived sequences such as cDNA probes proved superior to
genomic RFLP probes because the latter detect less conserved sequences and,
therefore, show less interspecific cross hybridization. A summary of studies
on comparative mapping in barley and other cereals is presented in Table 3.

In addition to revealing evolutionary patterns within the Poaceae subfam-
ily, comparative mapping provides access to the model genome of rice. An
obvious strategy emerging from the concept of syntenous relationships is the
transfer to the barley genome of the vast amount of genomic information and
resources available for rice. In this context, ESTs from the barley transcript
map provide entry gates to identify markers or genes in the rice genome that
can be used for the saturation of a target region of interest in barley.

Together with the barley ESTs, the availability of (1) a nearly complete
physical contig map of the rice genome (Chen et al. 2002), (2) a large number
of rice ESTs (6591) that have been anchored to this map (Wu et al. 2002) and
(3) the availability of the complete draft sequence of rice chromosomes (Goff
et al. 2002; Yu et al. 2002; http://rgp.dna.affrc.go.jp/IRGSP/) facilitate compu-
tational approaches to identify syntenic regions between rice and barley at
high resolution. Based on BlastN analysis of 894 mapped barley EST against
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Fig. 1. Comparative maps of barley chromosome 7H and rice chromosomes 6 and 8. Barley
chromosome 7H is represented as a consensus map of three different crosses (for details, see
text). For clarity, only anchor markers and markers colinear with rice are shown. Cumulative
map distances are given on the left side and marker designations on the right side of the maps.
Colinear loci are connected by lines and were identified in silico by comparing the mapped bar-
ley EST sequences to the rice BAC/PAC database (RGP). The position of the centromere in bar-
ley is indicated by an arrow. The complete length of the respective chromosomes is indicated at
the bottom of each map

the rice BAC/PAC database, a total number of 650 hits with an expected value
less than 1E-5.0 (sequence identity is more than 80%) were observed. Of
these rice entries, 414 (63%) displayed a syntenic relationship to the corre-
sponding barley entries at the chromosomal level of which 242 showed colin-
earity at marker order level. Using this computational approach, we identi-
fied G 30 syntenic genes (ESTs) on every chromosome of barley (Fig. 1). As a
result, the ‘transcript map’ will enable barley geneticists to rapidly identify a
target region in rice, which may be already available as a final sequence, or
will be before long. In the case of map-based cloning, the rice sequence can
then be searched for the presence of candidate genes. Although in several
cases the conservation of synteny between barley and rice extends to the
sequence level (Dubcovsky et al. 2001), there is ample evidence for the occur-
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rence of rearrangements at the level of microsynteny, i.e., at the physical level
(see Bennetzen and Ma 2003). For instance, no rice ortholog of the barley stem
rust resistance gene Rpg1 exists in rice although the gene order surrounding
the locus was highly conserved between the two species (Kilian et al. 1997; Han
et al. 1999). Similarly, in a study on comparative mapping of the barley ppd-h1
(photoperiod response) on barley chromosome 2HS and its orthologous region
Hd2 (heading date) on rice chromosome 7L, disruption of colinearity was
observed (Dunford et al. 2002; Griffiths et al. 2003). However, even if no candi-
date gene is present, the rice sequence information can be used to identify
homologous barley ESTs for marker saturation of the target interval region.

5 Conclusions

During the past decade, molecular marker maps have been the basis for success-
ful tagging a number of agronomically important traits and an even larger num-
ber of quantitative trait loci (e.g., Graner et al. 2000; Hayes and Jones 2000).
However, further progress in trait mapping will critically depend on the avail-
ability of appropriate plant material. In this context, the generation and pheno-
typic analysis of experimental populations (F2, DH, RIL, etc.) is time consum-
ing. Moreover, only two alleles will segregate in a conventional progeny, thus
limiting the scope of genetic analysis. The development of novel approaches of
association genetics based on the exploitation of linkage disequilibrium (LD)
may lead to the verification of candidate genes in natural populations or collec-
tions of various genotypes (Rafalski and Morgante 2004). As to barley, the suc-
cessful application of this approach will require further knowledge of popula-
tion structures and the decay of LD with physical distance.

The available resource of barley ESTs already includes the vast majority of
the genes. Their systematic correlation with phenotypes not least suffers
from the lack of a comprehensive physical map. As a result, the available
genetic maps need to be further refined and complemented by physical maps
for selected chromosomal regions. In the future, intergenomic approaches
which are based on the exploitation of the genomic information and the
resources that are available for rice will blaze the trail for the establishment of
high-density EST-based maps. Together with procedures such as HAPPY
mapping, these could provide improved access to candidate genes underlying
the traits of interest.

While on the one hand, the isolation of a given gene is a prerequisite to
understanding its cellular function, the identification and subsequent intro-
gression of superior alleles will be of seminal importance for breeding
improved cultivars. With about 485,000 barley accessions stored in ex situ
collections worldwide, the approaches outlined above may help to tap into
the vast reservoir of genetic diversity waiting in the gene banks to unlock the
future.
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II.10 Genomics of Rice: Markers as a Tool for Breeding

Y. Kishima, K. Onishi, and Y. Sano1

1 Laboratory of Plant Breeding, Graduate School of Agriculture, Hokkaido University, Kita-9,
Nishi-9, Kita-ku, Sapporo 060-8589, Japan

1 Introduction

Rice is unique among plants because of its dual utility as food and genetic
material, i.e., it is the principal food of nearly half of the world’s people, and
it possesses a small and thus tractable genome size (430 Mb pairs) relative to
those of other monocotyledonous plants. Due to its being the staple diet in a
number of countries, rice improvement programs have aimed at diverse
breeding objectives. To satisfy these various demands, rapid, efficient and
reliable breeding programs have been required. Consequently, rice has
become one of the crops with the most advanced application of molecular
marker techniques for marker-assisted selection in breeding. Furthermore,
early in 2002, draft data of the entire genomic sequences of Japonica and
Indica were published (Goff et al. 2002; Yu et al. 2002), and at the end of the
year, the International Rice Genome Sequencing Project announced the high-
accuracy sequence of every chromosome (http://rgp.dna.affrc.go.jp/rgp/
Dec18–NEWS.html). The release of these high-quality data to the public pro-
vides great advantages for rice breeding and will open a new era of rice
breeding strategies associated with sophisticated DNA marker technology.
The development of DNA markers has made it possible to identify quantita-
tive trait loci (QTL) through high-density molecular linkage maps (McCouch
et al. 1988; Saito et al. 1991; Causse et al. 1994; Kurata et al. 1994; Harushima
et al. 1998). Many traits dealt with by plant breeders are the genetic variation
of quantitative traits in nature. Most traits of agricultural significance vary
continuously in natural populations due to the segregation of multiple QTLs
with small and conditional effects. One of the most important applications of
DNA markers is thus to dissect the naturally occurring allelic variations
underlying complex traits at QTLs. In this review, we would like to summa-
rize the status of the development of molecular markers for use in a genome-
wide survey of rice. We will also discuss the use of DNA marker technology
in rice breeding in the post-genome era.
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2 Conventional Markers

Classical markers are genetically determined morphological characteristics
that can be monitored visually. Isozymes that can detect variant forms of the
same enzyme are also another type of classical marker (Ishikawa et al. 1992).
In rice, a total of 463 classical markers have been identified and assigned
since Nagao and Takahashi (1963) proposed the first rice map consisting of
12 linkage groups, and 174 of these markers have been mapped. Compared to
other crops, rice has a greater number of conventional markers that have
been characterized and located on the chromosomes. However, the useful-
ness of these markers is limited by factors such as the number of distinct
traits to be detected and the reliability of assessment. All the classical mark-
ers correspond to major gene traits and have now become attractive targets
for gene isolation. Several of these genes have already been isolated using
modern molecular marker techniques.

3 The Beginnings of Molecular Marker Analysis

The advent of DNA marker technology commenced with restriction fragment
length polymorphism (RFLP) analyses based on the Southern hybridization
technique (Bostein et al. 1980). RFLP analysis requires a specific probe to
hybridize with a single-copy region in genomic DNA. Based on RFLP analy-
sis, linkage maps of the rice genome were constructed by several groups. In
the beginning, using mainly genomic DNA segments as probes, McCouch et
al. (1988) and Saito et al. (1991) located 135 and 347 loci, respectively. Subse-
quently, Causse et al. (1994), Kurata et al. (1994) and Harushima et al. (1998)
developed high-density maps with more than 2000 loci, and in the latest
report (as of the end of 2002), 3267 loci were mapped, mostly using cDNA
probes. The number of RFLP markers located on the rice genetic map
increased tenfold in just a decade. RFLP markers are generally thought to be
suitable for testing F2 progeny in Japonica-Indica crosses via the detection of
polymorphism of restriction fragments (Zhang et al. 1992). However, this
technique is laborious owing to its need for a large quantity of DNA and time
for various procedures (Kumar 1999). Therefore, researchers are not cur-
rently employing this technique much for mapping in rice.

Because of the simplicity and convenience of PCR-based techniques employ-
ing random primers, random amplified polymorphic DNA (RAPD) used to be
popular for exploring markers linked to specific traits starting in the early
1990s (Williams et al. 1990). However, RAPD often generates artifacts or uncer-
tain results and also has a reputation of being highly unreliable (Mackill and Ni
2001). Therefore, RAPD is being replaced by other PCR techniques that require
specific primers designed based on sequences in the database.
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Although RFLP and RAPD still have advantages in providing markers for
some specific traits or acting as a means of surveying linkage with particular
phenotypes, the demand for their use as a source of DNA markers in map-
ping is decreasing since the sequence of the entire rice genome has been pub-
lished.

4 Molecular Markers Currently Used in Rice Breeding

Following Arabidopsis, rice has entered the post-genomic era (The Arabidop-
sis Genome Initiative 2000). The rice genomic sequence is available from the
database, so we can design specific primers at desired sites. The public avail-
ability of rice genomic sequences has dramatically altered the strategies used
for marker development and has largely removed technical and economic
limitations. Specific PCR markers have been applied to mapping and marker-
assisted selection at a number of loci. Sequence tagged sites (STSs) are avail-
able for any single-copy region, and include expressed sequence tag (EST)
sites. Even if a PCR product does not show length polymorphism, it often
becomes a marker that generates a polymorphism after cutting with a suit-
able restriction enzyme (CAPS: cleaved amplified polymorphic sequence).
The rice genome website (http://rgp.dna.affrc.go.jp/Publicdata.html) pro-
vides information about specific locations, primers and resultant band pat-
terns of STSs and CAPSs. Simple sequence repeats (SSRs, also referred to as
microsatellites) are abundant and distributed throughout the rice genome
(Wu and Tanksley 1993; Panaud et al. 1995, 1996; Akagi et al. 1996; Chen et al.
1997; Temnykh et al. 2000, 2001). This kind of repeats consists of di- to tetra-
nucleotide sequence motifs flanked by unique sequences (Temnykh et al.
2001). The length of an SSR locus generally shows a high level of allelic diver-
sity, marking SSRs as valuable genetic markers (Weber and May 1989;
McCouch et al. 1997). Specific primers in the flanking sequences are used for
PCR amplification. More than 500 microsatellite markers have been located
on the rice genetic map (McCouch et al. 2001). Furthermore, more than 7000
uncharacterized SSR sequences have been recently released from the Interna-
tional Rice Microsatellite Initiative (IRMI; http://www.gramene.org/micro-
sat/). IRMI also distributes information about primer sequences, PCR condi-
tions, polymorphism, and map positions. STS, CAPS and SSR markers are
expressed in a co-dominant manner, and are thus more useful for analyzing
genetic differences than markers expressed in a dominant manner such as by
RAPD markers. They are increasingly available at a number of mapped loci
in the rice genome due to their technical advantages and efficiency in obtain-
ing polymorphisms (Kumar 1999).
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5 Amplified Fragment Length Polymorphism Analysis in Rice

The objectives of rice breeding are remarkably diverse because of the rich
genetic diversity and local differences in consumer preferences in rice. There-
fore, it will be important to involve thousands of landraces and the wild rela-
tives of rice in the breeding programs. It will be necessary to prepare molecu-
lar markers specific to these materials, in addition to the popular markers
provided by international projects. For certain purposes among the breeding
objectives, amplified fragment length polymorphism (AFLP) markers are
useful in order to identify hundreds of fragments (Vos et al. 1995). The AFLP
technique has the capacity to detect thousands of independent loci with min-
imal cost and time. AFLP analysis has performed well at producing polymor-
phic bands in Oryza species (Maheswaran et al. 1997; Zhu et al. 1998; Aggar-
wal et al. 1999). For instance, Maheswaran et al. (1997) reported that AFLP
detected an average of 47.3 bands using a single primer pair and 10.4 bands
(21.8% of the total number of bands) as polymorphism between Indica
(IR64) and Azucena (Japonica). The use of AFLP for finding linkage markers
of specific traits or for the evaluation of genetic relationships is rapidly
increasing.

6 MITE-Transposon Display in Rice

Abundant miniature inverted repeat transposable elements (MITEs) have
been found in the spacer regions of the rice genome (Bureau and Wessler
1994a, b; Lisch et al. 2001; Nagano et al. 2002). MITE is a collective name for
small transposon-like elements with terminal inverted repeats (TIRs) at the
ends (Wessler et al. 1995). MITE families have been found in plants and ani-
mals, and most seem to be inactive (Feschotte et al. 2002). In contrast to
active inverted repeat elements such as Ac/Ds and En/Spm, MITEs are char-
acterized by their uniformly small size ( X 500 bp) and by target site prefer-
ences (Feschotte et al. 2002). MITEs also display a very high copy number
and an even distribution throughout the chromosomes (Casa et al. 2000).
They are known to be major elements contributing to the repetition in the
rice genome architecture (Bureau et al. 1996; Turcotte et al. 2001; Nagano et
al. 2002). High-copy number, conserved structure and unique insertion sites
are the essential features of MITEs as efficient DNA markers used at the
whole-genome level. Via a computer-assisted search of 30 Mb of a bacterial
artificial chromosome (BAC)-end sequence, Mao et al. (2000) estimated the
copy number of six MITEs; namely, Tourist: 4000, Stowaway: 3000, Gaijin:
2200, Ditto: 2000, Olo24: 2000 and Castaway: 1500. MITE-transposon display
(MITE-TD) is an AFLP-related technique that is based on MITE sequences
and used to detect polymorphisms (Fig. 1). MITE-TD provides the most effi-
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Fig. 1. A new tool for the whole-genomic marker system, MITE-Transposon Display, using four
MITE elements (Stowaway, Tabito II, Onaga I and Mashu) in rice. Three different lines from
each of Japonica and Indica were subjected to the MITE-TD. (Takagi et al. 2003)

Fig. 2. The frequencies of occurrence of the polymorphisms in Japonica–Japonica, Japonica–
Indica and Indica–Indica detected by transposon displays of the four MITE elements (Stow-
away, Tabito II, Onaga I and Mashu) and by AFLP. The results of the MITE-TD analyses per-
formed here revealed that each of the four trials was superior to AFLP analysis in terms of the
frequencies of polymorphisms between Indica and Japonica (Nagano et al. 2002; Takagi et al.
2003). The level of polymorphisms between a pair of two lines was estimated as frequency of
polymorphisms=N/(Ni+Nj–N) where N is the number of shared fragments and Ni and Nj are
the total numbers of fragments for entries i and j
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cient detection of polymorphisms of all the molecular marker techniques
applied to date in Oryza species. In fact, MITE-TD analysis was superior to
AFLP analyses in terms of the frequency of occurrence of the polymorphisms
between Indica and Japonica (Fig. 2).

Nagano et al. (2002) characterized repetitive sequences in a 200-kb region
around the rice waxy locus, and identified 55 transposable element (TE)-like
sequences therein. Fifty out of the 55 TE-like sequences consisted of MITEs
or MITE-like sequences, most of which were categorized into three represen-
tative MITE families, the Stowaway, Tourist and Mu-like families (the Mu-like
family is usually distinguishable from MITEs, since it normally consists of
copies larger than 500 bp). Each of these three families comprises several sub-
families (Nagano et al. 2002). In addition, five new MITE families were identi-
fied around the rice waxy locus. Of the new MITE families, four subfamilies
showed a high copy number in a BLAST search (version 2.0, http:
//www.ncbi.nlm.nih.gov/blast/) against the rice genome sequence. Tabito II
(Tourist family), Stowaway OS-1 (Stowaway/Tnr1 family), Onaga I (Mu-like
family) and Mashu (a new MITE family) were selected, and Mashu was found
to have a markedly conserved copy organization, and to create polymor-
phisms at high frequency (Figs. 1, 2). So far, the MITE-TD system using
Mashu is the best system for the detection of the polymorphisms, and
resulted in detection at frequencies 1.5–3 times higher than the other rice
MITE elements. Mashu-mediated TD analysis is useful for the identification
of Japonica varieties (Fujino, Kishima and Sano, unpubl. data).

7 Transposable Elements as Markers for Major Genes

A “major gene” has been defined as a locus conferring discrete phenotypes in
a segregating population (Mackill and Ni 2001). Identification of a mutation
in a major gene often leads to understanding the function of the gene. Func-
tional genomic studies in Arabidopsis are undertaken using DNA transpo-
sons like those found in maize, such as Ac/Ds (Smith et al. 1996; Parinov et al.
1999; Ito et al. 2002) and Spm (Tissier et al. 1999). In rice, an alternative way
of gene targeting has been developed using a retrotransposon, Tos17 (Hiro-
chika et al. 1996). Tos17 is highly active in tissue-cultures and is suitable for
practical use in the systematic analysis of gene functions (Hirochika 2001).
Compared with other plant retrotransposons, its copy number is very low
(1–5 copies in the rice genome), and 5–30 copies were observed in regener-
ated plants after tissue-culture (Hirochika et al. 1996; Yamazaki et al. 2001).
Most of the mutagenized lines were derived from 5-month-old cultures and
the mean number of newly transposed copies was eight per line. In order to
provide a 99% chance of finding a mutant of any one gene, a total of 50,000
mutant lines are expected to be required. According to Hirochika (2001), a
rice mutagenized system using Tos17 has been developed with a collection of
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32,000 regenerated lines carrying about 256,000 insertion sites, and several
important genes have been cloned in these lines. It is also possible to map the
insertion sites on the chromosomes by searching the flanking sequences
against the rice database.

To construct a saturated mutant line, it will be necessary to develop several
other systems, because each element seems to have different target-site pref-
erence. Very recently (January 2003), the discovery of an active endogenous
transposon in the rice genome has been reported. This transposon, named
Ping, is the first movable MITE element family and carries 15-bp TIRs that
are flanked by a 3-bp AT-rich target site duplicated sequence (Jiang et al.
2003; Kikuchi et al. 2003; Nakazaki et al. 2003). The putative autonomous ele-
ments (Pong) of Ping contain two putative ORFs, one of which has partial
homology with putative transposases in the PIF family. The copy number of
the Ping family in Japonica is about 60–80, which is much lower than that of
other MITEs. Moreover, in Indica and O. rufipogon strains, no Ping sequence
has been identified so far. These facts indicate that the Ping family has been
activated relatively recently. It is notable that Ping is active in cells derived
from anther cultures of Japonica rice. Like Tos17, Ping will be useful for rice
functional genomics and identification of specific molecular markers of rice
genes.

8 Conclusions: Quantitative Trait Loci and Future Prospects

QTLs are involved in many agronomical traits such as those for yield, adap-
tation and stress tolerance, which are complex traits in the naturally occur-
ring genetic diversity (Tanksley 1993; Paterson 1995). Fine mapping of a QTL
is required if it should be feasible to delimit a candidate genomic region. To
reduce the genetic factors involved in a QTL, recombinant inbred lines
(RILs) or nearly isogenic lines (NILs) have been effectively utilized in rice
(Yano and Sasaki 1997). In fact, a number of the QTLs of rice have been
extracted by using RILs and NILs (Yano 2001). A high-density map is also
required to narrow down the candidate genomic region to within a span
about the size of a single BAC clone (150 kb). In rice, several high-density
molecular linkage maps have been constructed (McCouch et al. 1988; Saito
et al. 1991; Causse et al. 1994; Kurata et al. 1994; Harushima et al. 1998).
These maps integrated with SSR and CAPS markers provide a framework for
the detection of individual factors controlling complex traits. Heading-date1
(Hd1), which controls the heading date of rice, was the first QTL identified
by a map-based strategy using advanced backcross progenies (Yano et al.
2000). This gene was found to be a homologue of CONSTANS in Arabidopsis
(Putterill et al. 1995). This is an example of a QTL that was successfully
extracted as a major gene by using sophisticated materials and a high-
density molecular map.
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Use of the advanced molecular mapping method will promote identifica-
tion of more of the genes at QTLs for traits of interest. Integration of the
information from various genetic linkage maps will be necessary to facilitate
comparison between detected QTLs and known major genes. A comprehen-
sively integrated genetic map including QTL information would enhance our
understanding and facilitate positional cloning of genes underlying quantita-
tive traits in rice. Consequently, molecular markers are required for the pro-
cess of marker-assisted selection in the advanced rice breeding program.
Since efficient molecular markers are now available in rice, as described
above, elucidating the genetic architecture associated with quantitative traits
is a challenge that can be tackled by the advanced rice breeding program.
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II.11 Wheat Microsatellites: Potential and Implications
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1 Introduction

Microsatellites, also called simple sequence repeats (SSRs) are a PCR-based
marker system which exploits the high variability in the repeat number of sim-
ple tandemly repeated DNA motifs. In most cases, microsatellites containing
dinucleotide or trinucleotide motifs are used for marker development. Micro-
satellite markers consist of a defined primer pair flanking a specific microsatel-
lite site in the genome, which can be used for PCR amplification. The variation
in repeat number of the microsatellites results in PCR products of varying
lengths, which are stably inherited and thus can serve as genetic markers.
Microsatellite markers combine a number of advantages for practical applica-
tions: they are codominant and multiallelic; they are amenable for automation
and high throughput analysis; they are highly variable and in many plant spe-
cies they detect a higher level of polymorphism per locus than other marker
systems such as restriction fragment length polymorphism (RFLPs) or ampli-
fied fragment length polymorphisms (AFLPs; Röder et al. 1995). A special
advantage in wheat is the genome specificity of most microsatellite markers,
which allows the analysis of the three homoeologous genomes of this allohex-
aploid species individually. Microsatellite markers can be easily transferred
between wheat mapping populations, since they identify a specific locus in var-
ious genetic backgrounds. This property makes wheat microsatellite markers a
valuable tool for determining the chromosomal identity of anonymous linkage
groups created by other marker systems such as AFLPs.

2 Development of Microsatellite Markers

The development of good functional wheat microsatellite markers, i.e., high
amplifying primer pairs yielding one specific amplification product is a cum-
bersome task because of the complex nature of the genome which contains an
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Table 1. The present status of development of microsatellite markers in wheat

Designation
of SSR

Number
of SSR
published

Remarks Reference

taglgap,
taglut

2 Isolated from gene sequences of wheat storage
proteins; chromosomal location via NT lines

Devos et al. (1995)

gwm 230 Isolated from genomic libraries of A, B, and
D-genomes; mapped in the ITMI population

Röder et al. (1998b)

psp 53 Isolated from genomic libraries of A, B, and D-
genomes; mapped in CS × synthetic population

Stephenson
et al. (1998)

gdm 65 Isolated from genomic libraries of D-genome;
46 SSR mapped in the ITMI population;
chromosomal location of 19 SSR via NT lines

Pestsova et al.
(2000)

barc 168 Isolated from genomic libraries of A, B, and
D-genomes; mapped in the ITMI population;
and in CS deletion lines

Song et al. (2002)
http://www.scabusa.
org/research–
bio.html

DupW 22 Isolated from ESTs; mapped in the ITMI
population

Eujayl et al. (2002)

cfd 84 Isolated from genomic libraries of D-genome;
mapped in Courtot × CS population

Guyomarc’h et al.
(2002)

wmc 225 Isolated from genomic libraries of A, B, and
D-genomes; mapped in ITMI population

Gupta et al. (2002)
http://res2.agr.ca/
winnipeg/mg–
wmcinfo–e.htm

No symbol 56 Isolated from ESTs; chromosomal location via
NT lines

Holton et al. (2002)

gwm 638 Isolated from genomic libraries of A, B, and
D-genomes; mapped in ITMI population; or
located via NT lines

Röder and Trait
Genetics (unpubl.)

Total 1543

Abbreviations: NT lines nulli-tetrasomic lines, ITMI International Triticeae mapping initiative,
CS Chinese Spring

excess of repetitive sequences. Nevertheless, a number of sources have pub-
lished wheat microsatellite markers available for practical application
(Table 1). The primer pairs were derived from genomic sequences either
enriched for microsatellites (Gupta et al. 2002), or for low-copy DNA (Röder
et al. 1998b). A few microsatellites derived from expressed sequences (ESTs)
have recently become available (Eujayl et al. 2002; Holton et al. 2002). For
chromosomal location, the international wheat community is relying mainly
on one mapping population, the so-called ITMI-population (International
Triticeae Mapping Initiative). This recombinant inbred population was
derived from a cross of the Mexican cultivar ‘Opata’ and a synthetic wheat
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generated at CIMMYT, Mexico. An RFLP map was created for the ITMI popu-
lation (Nelson et al. 1995a–c; van Deynze et al. 1995; Marino et al. 1996),
which was also used as a framework to map microsatellite markers. Besides
segregating populations for genetic mapping, cytogenetic stocks such as
nulli-tetrasomic lines or defined deletion stocks (Endo and Gill 1996), were
employed for the location of microsatellite markers onto defined chromo-
somes or chromosomal regions (Plaschke et al. 1996; Bryan et al. 1997; Röder
et al. 1998a).

3 The Bridge to Practical Applications

Microsatellite markers have been exploited for three main types of investiga-
tions: these are the genetic mapping of single genes, the dissection of quanti-
tative traits (QTLs) and the analysis of genetic diversity. Here, we will discuss
the application of wheat microsatellite markers for practical use in plant
breeding.

4 Diagnostic Markers for Traits of Interest

Microsatellite markers are ideally suited for genetic mapping of genes of
agronomic interest in segregating populations and is documented by a wealth
of publications (for review: Gupta et al. 1999; Table 2). However, for the prac-
tical utility of a marker, not only is the tight linkage of the marker to a gene
of interest required, but the marker has to be diagnostic in various genetic
backgrounds. This goal is most efficiently achieved when the gene of interest
has been introduced into the breeding material from only one well-defined
source. The ideal marker is tightly linked and exhibits a unique allele which
is not observed in the plant material serving as genetic background. These
aspects are illustrated in the following examples:

> The gibberellin-sensitive dwarfing gene Rht8 was introduced in the 1930s
from the Japanese variety ‘Akakomugi’ into Italian bread wheat varieties. It
was possible to map Rht8 using single chromosome recombinant lines and
to identify a tightly linked microsatellite marker Xgwm261 on the short
arm of wheat chromosome 2D (Korzun et al. 1998). Three main alleles of
Xgwm261 were diagnostic for three phenotypes of Rht8 and allowed to
investigate the distribution of allelic variants of Rht8 in over 100 wheat
varieties (Worland et al. 1998). The results indicated a predominance of the
Rht8 allele for reduced plant height derived from ‘Akakomugi’ in varieties
of southern and southeastern Europe, while in central and northern Euro-
pean varieties the allele for a neutral phenotype of Rht8 predominated
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Table 2. Molecular mapping of major genes/QTL in wheat using SSR markers

Trait Gene/QTL Chromosomal
location

Population type/
strategy

Reference

Powdery mildew
resistance

Pm5e 7BL F2:3 lines, BSA Huang et al. (2003a)
Pm24 1DS F2:3 lines, BSA Huang et al. (2000)
Pm27 6B-6G F2 lines Järve et al. (2000)
Pm30 5BS BC2F2 lines, BSA Liu et al. (2002b)
MlG 6AL BC2F2 lines, BSA Xie et al. (2003)
MlRE 6AL F3 lines, BSA Chantret et al. (2000)

Adult plant resistance
to powdery mildew

QTL 5D F3 lines, BSA Chantret et al. (2000)
QTL 1B, 2A, 2B F2:3 lines, BSA Liu et al. (2001a)
QTL 2B, 5D, 6A DH Mingeot et al. (2002)

Leaf rust resistance Lr13 2B F2 lines Seyfarth et al. (2000)
Lr39 2DS F2 lines Raupp et al. (2001)
LrTr 4BS F2 lines Sarbarzeh et al. (2001)

Yellow rust resistance Yr10 1B F3 lines Bariana et al. (2002)
Yr10 1B F2 lines Wang et al. (2002)
Yr15 1B F2 lines, BSA Chagué et al. (1999)
Yr26 1BS F2 lines, BSA Ma et al. (2001)
YrH52 1B F2 lines Peng et al. (1999)

Adult plant resistance
to yellow rust

Yrns-B1 3B F2:3 lines Börner et al. (2000)

Septoria tritici blotch
resistance

Stb5 7D Chromosome-
recombinant lines

Arraiano et al. (2001)

Stb6 3AS F2 lines Brading et al. (2002)

Fusarium head blight
resistance

QTL 5A, 3B DH lines Buerstmayr et al. (2002)
QTL 3BS, 6BS RILs Anderson et al. (2001)
QTL 3B Advanced lines del Blanco et al. (2003)
QTL 2AS, 2BL, 3BS RILs Zhou et al. (2002)

Russian wheat
aphid resistance

Dn1, Dn2,
Dn5, Dn8,
Dnx

7DS F2 lines Liu et al. (2001b)

Dn2 7DS F2 lines Miller et al. (2001)
Dn4 1D F2 lines Liu et al. (2002a)
Dn6 7D F2 lines Liu et al. (2002a)
Dn9 1DL F2 lines Liu et al. (2001b)

Greenbug resistance Gb3 7D F2:3 lines Weng and Lazar (2002)

Cyst nematode
resistance

Cre5 2AS NILs Jahier et al. (2001)

Pseudocercosporella
herpotrichoides
resistance

Pch1 7A F3 lines Huguet-Robert et al.
(2001)

Barley yellow dwarf
virus

BYDV 7DL Recombination
lines

Ayala et al. (2001)

Preharvest sprouting
tolerance

Major gene 6BS RILs, BSA Roy et al. (1999)
QTL 6A, 3B, 7B RILs Zanetti et al. (2000)
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Table 2. (Continue)

Trait Gene/QTL Chromosomal
location

Population type/
strategy

Reference

Vernalization response Vrn1 5AL F2 lines Korzun et al. (1997)

Dwarfing genes Rht8 2DS Single chromo-
some substitution
lines

Korzun et al. (1998)

Rht12 5AL F2 lines Korzun et al. (1997)

Induced sphaerococc-
oid mutation genes

S1,S2,S3 3D, 3B,3A F2 lines Salina et al. (2000)

Grain protein content QTL 2DL RILs, BSA Prasad et al. (1999)
QTL 6BS RSL Khan et al. (2000)
QTL 5A RILs, BSA Singh et al. (2001)
QTL 2A, 2B, 2D, 3D,

4A, 6B, 7A, 7D
RILs Prasad et al. (2003)

Waxy Wx-D1 7D – Shariflou and Sharp
(1999)

Milling yield QTL 3A, 7D SSD lines, BSA Parker et al. (1999)

Milling and baking
quality

QTL 2B, 5D RILs Campbell et al. (2001)

Grain weight QTL 1AS RILs, BSA Varshney et al. (2000)

Yield and yield
components

QTL See reference Advanced BC2F2

lines
Huang et al. (2003b)

Abbreviations: BSA bulked segregant analysis, DH doubled haploids, RIL recombinant inbred
line, NIL near-isogenic line, RSL recombinant substitution line, SSD single seed descent

(Worland et al. 1998; Röder et al. 2002). This observation is possibly
explained by the close linkage of the Ppd1 gene rendering photoperiodic
insensitivity in short day conditions to Rht8, so that both genes are often
transferred as a linkage block and have a selective advantage at lower lati-
tudes. A pedigree analysis in varieties of breeding programs using micro-
satellite markers of chromosome 2D illustrated the linkage drag around
the Rht8/Ppd1 genes through the generations resulting in a slow diminu-
tion of the chromosomal segment originally introduced from ‘Akakomugi’
(Pestsova and Röder 2002).
> The dominant powdery mildew resistance gene Pm24 from the Chinese

landrace ‘Chiyacao’ was mapped on wheat chromosome 1D. The fragment
size of the closely linked wheat microsatellite Xgwm337 was specific for
‘Chiyacao’ in comparison to 35 wheat cultivars carrying known powdery
mildew resistance genes from other sources (Huang et al. 2000). Therefore,
Xgwm337 can be used to monitor and control the introduction of the novel
resistance gene Pm24 into the European breeding material.
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In a similar manner, the wheat powdery mildew resistance gene Pm5e orig-
inating from the Chinese wheat variety ‘Fuzhuang 30’ was mapped in the
distal region of chromosome 7BL. It was suggested that the allele of micro-
satellite Xgwm1267 linked to Pm5e in ‘Fuzhuang 30’ can be used for
marker-assisted selection in the background of European breeding mate-
rial (Huang et al. 2003a).
> Several research groups mapped QTLs for Fusarium head blight resistance

originating from the Chinese cultivar ‘Sumai 3’ or its descendants. A main
QTL was found on chromosome arm 3BS in all studies associated with the
microsatellite markers Xgwm533, Xgwm493, Xgwm389 and Xbarc147
(Anderson et al. 2001; Buerstmayr et al. 2002; Zhou et al. 2002). Further
QTLs were detected on chromosomes 3AL, 6AS and 6BS (Anderson et al.
2001), on chromosome 5A associated with the markers Xgwm293,
Xgwm304 and Xgwm156 and on chromosome 1B associated with the high-
molecular-weight glutenin locus XgluB1 (Buerstmayr et al. 2002) and on
chromosome arms 2BL and 2AS (Zhou et al. 2002). The diagnostic value of
the linked markers remains to be established. However, since the resistance
was introduced from one defined source, it is likely that combinations of
marker alleles originating from ‘Sumai 3’ will be of diagnostic value in
other genetic backgrounds. This assumption is confirmed by the observa-
tion that the QTL on 3BS was detected in various crosses.

4.1 Complex Agronomic Traits: Marker-Based Quantitative Trait Loci
Detection in Advanced Backcross Populations

Most characters of economic interest such as quality and yield are defined by
multiple genes. While in the past, QTL mapping was often accomplished in
recombinant inbred populations or doubled haploids (Keller et al. 1999a, b;
Perretant et al. 2000; Börner et al. 2002), the so-called advanced backcross
breeding has been suggested to combine marker-based QTL detection with
the introduction of novel germplasm into breeding material (Tanksley and
Nelson 1996). An exotic donor line, which may be a wild species or
unadapted germplasm is introduced into the background of an elite cultivar
and reduced to few genomic introgressions by several backcrosses. The phe-
notypic variation caused by the introgressions is measured in the BC2 or BC3

generation and a marker analysis is performed in order to locate the respec-
tive QTLs. The first advanced backcross analysis described in wheat was per-
formed in a BC2-population derived from a cross between the winter wheat
variety ‘Prinz’ and a synthetic wheat. A total of 40 putative QTLs were
detected of which 11 were for yield, 16 for yield components, 8 for ear emer-
gence time and 5 for plant height (Huang et al. 2003b). For 24 of them, alleles
from the synthetic wheat were associated with a positive effect on agronomic
traits, despite the fact that the synthetic wheat was overall inferior with
respect to agronomic appearance and performance.
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Using the advanced backcross strategy markers linked to QTLs, i.e., genes
from a defined source can be identified. Such markers have a high potential
of being diagnostic in the genetic background of adapted breeding material
and, therefore can serve as tools for marker-assisted breeding and the pyra-
miding of QTLs.

5 Analysis of Genetic Diversity

Since microsatellite markers detect a high level of variability, they are ideal
markers for the identification of varieties, the analysis of germplasm in germ-
plasm collections and the analysis of genetic relationships (Plaschke et al.
1995; Donini et al. 1998; Prasad et al. 2000; Stachel et al. 2000). For example,
a limited set of 19 wheat microsatellite markers was able to discriminate
nearly all European wheat varieties in a study of 500 varieties (Röder et al.
2002). Thus, with a few microsatellite markers, varieties can be identified in
a fairly cheap and routine manner. This could have long-term implications
during the variety registration process, where related varieties are currently
compared based on morphological characters and can now be discriminated
by microsatellite fingerprinting and a comparison to a marker database.

For the management of germplasm collections, microsatellite fingerprint-
ing can provide information concerning potential duplicates and the genetic
relationships of accessions collected in certain habitats and provide informa-
tion for an eventual need of further collections. An example of a large-scale
analysis of wheat gene bank material has been published by Huang et al.
(2002). A comparison of data from gene bank material and currently grown
varieties will, in the long term, provide information which alleles have not yet
been introduced into varieties and, thus, could increase the genetic base for
breeding. The hypothesis that during modern plant breeding there is a nar-
rowing of the genetic base on which new varieties are developed was investi-
gated in several studies comparing new and old varieties. In three studies no
apparent loss of genetic diversity was observed (Donini et al. 2000; Manifesto
et al. 2001; Christiansen et al. 2002).

Analysis of genetic relationships by microsatellite markers is also impor-
tant for the prediction of variance in progenies and the definition of heterotic
groups during hybrid breeding (Bohn et al. 1999).

6 Conclusions

The use of microsatellite markers during wheat improvement will certainly
increase in the next couple of years. More markers will be available and more
linkages of individual markers to traits of interest will be found. Many breed-
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ing companies will use these markers for marker-assisted backcrossing and
marker-assisted selection. While up to now molecular markers are in most
cases tightly linked to the target gene, there is always the possibility that
marker and gene will be separated by a recombination event. Thus, in the
long term, the ideal marker is defined by a fixed polymorphism in the target
gene itself. Such polymorphism will in most cases be a single nucleotide
polymorphism (SNP) caused by a base exchange or even a small deletion.
Nowadays, the number of known target genes is still very limited and will
remain so in the next couple of years. The situation may improve in the long
term, when the molecular structure of more genes will be elucidated by
detailed mapping of traits using microsatellite markers, map-based cloning
approaches or genomic research. An example for so-called perfect markers
are SNP markers derived from the isolated dwarfing genes Rht-B1b and Rht-
D1b on chromosomes 4B and 4D (Ellis et al. 2002). In barley, an example of
high practical value was that SNP markers were identified in a thermostable
g -amylase which can serve to monitor superior malting quality (Kaneko et al.

2000; Paris et al. 2002).
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II.12 Comparative Genetic Mapping in Trees:
The Group of Conifers

D.B. Neale and K.V. Krutovsky1

1 Institute of Forest Genetics, Pacific Southwest Research Station, USDA Forest Service, Davis,
California 95616, USA

1 Introduction

The power of comparative genomics is widely accepted and applies to all taxa
(Sankoff and Nadeau 2000). The genomes of the model systems Arabidopsis
(The Arabidopsis Genome Initiative 2000) and rice (Goff et al. 2002; Yu et al.
2002) have been completely sequenced and are used to aid in positional clon-
ing of genes from related species having much larger genomes and lacking a
complete genome sequence. Comparative mapping among nonmodel species
helps to understand the evolution of plant genomes (Bennetzen and Freeling
1993; Gale and Devos 1998) and can help validate quantitative trait loci (QTL)
from one crop species to another (Paterson et al. 1995). Although there is no
known small genome model species in conifers to be the equivalent of Arabi-
dopsis and rice, conifers would still benefit significantly from an organized
comparative mapping effort.

Comparative mapping in plants began with the rather simple demonstra-
tion that maps in one species could be constructed using restriction fragment
length polymorphism (RFLP) probes from a related species and once such
maps were made, they could be compared (Bonierbale et al. 1988; Ann and
Tanksley 1993). Loci revealed by RFLP probes are assumed to be orthologous
between species, meaning that the gene was present in a common ancestor
(Fig. 1). In contrast, paralogous loci result from duplications following speci-
ation. Comparative maps have now been made for species in several impor-
tant plant families including Brassicaceae (Paterson et al. 2000; Barnes 2002;
Hall et al. 2002), Poaceae (Feuillet and Keller 2002; Laurie and Devos 2002;
Ware et al. 2002; Ware and Stein 2003) and Solanaceae (Doganlar et al. 2002).
The syntenic relationship among species provides insight into the type and
number of chromosomal rearrangements that have occurred in the evolution
of these plant groups.

The international genome mapping community in forestry is very small
and many different tree species are involved. For example, there are probably
no more than 20 labs worldwide actively constructing forest tree genetic
maps and there are at least an equal number of species being mapped. Forest
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Fig. 1. Gene duplication. A and A' are orthologs because they are related by descent, whereas B
and B' are paralogs because they are not directly related by descent, but rather are formed from
duplication of individual genes in one species following speciation

tree mapping efforts include species from both angiosperms (Eucalyptus,
Populus, Quercus) and gymnosperms (Pinus and other conifers). Comparative
maps have been constructed in Eucalyptus (Marques et al. 2002), and between
Quercus and Castanea (Fagaceae) (Barreneche et al. 2004). In this chapter, we
review the progress toward constructing comparative genetic maps in conifers.

2 Conifer Genomes

Conifer genomes are among the largest of plant genomes. Genome size esti-
mates range from 5.8–32.2 pg per 1 N nucleus (Leitch et al. 2001; Bennett and
Leitch 2003). All conifers are diploids with just a couple of exceptions, such as
hexaploid Sequoia sempervirens (coast redwood; 2n=6x=66; Ahuja and Neale
2002). It is not known how or why conifer genomes became so large, although
it is clear that genes have been amplified by some mechanism, resulting in a
large number of pseudogenes (Kinlaw and Neale 1997). Pseudogenes are
much more likely to be paralogs than orthologs, thereby making comparative
mapping quite challenging. In terms of genetic map distance, however, coni-
fers are not much different from many of the crop species with estimated
sizes of around 2000 cM (Echt and Nelson 1997). Except for the Podocarpa-
ceae and Pseudolarix amabilis, the base chromosome number in conifers
ranges from 11 to 13. In fact, all members of the Pinaceae have 12 pairs of
chromosomes, with Pseudotsuga menziessii (Douglas fir) being the only
exception with 13 pairs (O’Brien et al. 1996). Comparative karyotype analysis
suggests that conifer chromosomes have undergone little rearrangement in
their evolutionary history (Sax and Sax 1933; Prager et al. 1976).
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Genetic maps have been constructed for about 20 conifer species (Cervera
et al. 1999; http://dendrome.ucdavis.edu/treegenes). Most are from Pinus
(brutia, elliottii, lambertiana, palustris, pinaster, radiata, strobus, sylvestris,
taeda) and from a few other genera (Cryptomeria, Larix, Picea, Pseudotsuga,
Taxus). Maps have been constructed using an array of genetic marker types
[isozymes, RFLPs, random amplified polymorphic DNAs (RAPDs), amplified
fragment length polymorphisms (AFLPs), and simple sequence repeats
(SSRs)], but in very few cases have the same genetic markers been used on
more than one map. Classical (based on visible mutations) or cytogenetic
maps have not been constructed for conifers. Thus, the genetic marker maps
cannot be assigned to chromosomes nor can the marker maps be compared
to one another.

To address this problem in conifer genetics, the Conifer Comparative
Genomics Project (CCGP, http://dendrome.ucdavis.edu/ccgp) was established
in 1999. The project had two primary goals: (1) to develop and distribute
orthologous genetic markers and (2) to construct comparative genetic maps
for several of the more important conifer species. These goals are nearly com-
plete and will be summarized in the remainder of this chapter.

3 Loblolly Pine Reference Genetic Map

Pinus taeda (loblolly pine) was chosen for the reference genetic map simply
because it possesses the greatest wealth of genetic marker information. RFLP
genetic maps were constructed using two 3-generation mapping populations
(Devey et al. 1994; Groover et al. 1994). The mapping populations were given
the names base and qtl, respectively. These maps were merged into a single
consensus genetic map (Sewell et al. 1999). The base and qtl reference map-
ping populations are distributed freely along with framework marker segre-
gation data (http://dendrome.ucdavis.edu/ccgp/refmap.html). This has
enabled researchers developing markers in other species to map those mark-
ers to the reference genetic map.

4 Genetic Markers for Comparative Mapping in Conifers

Orthologous genetic markers are essential for comparative mapping. RFLPs
have been used almost exclusively for comparative mapping in other plant
taxa. Ahuja et al. (1994) showed that cDNA RFLP probes derived from P.
taeda would hybridize to genomic DNA from other species of Pinus and even
other members of the Pinaceae and Coniferales, suggesting that RFLP probes
could be shared among labs for mapping purposes and that comparative
maps would result from such exchanges. This has not occurred due to the dif-
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Table 1. Conifer comparative maps. Pinus taeda serves as the reference map for all comparative
maps

Genus Species Subsection Homologous
LGs

Comparative
markers

Reference

Pinus elliottii Australes 12 57 Brown et al. (2001)
Pinus radiata Attenuatae 12 67 Devey et al. (1999)
Pinus pinaster Pinus 10 31 Chagné et al. (2003)
Pinus sylvestris Pinus 12 37 Komulainen et al. (2003)
Pseudotsuga menziesii – 10 46 Krutovsky et al. (2004)
Picea abies – 7 26 Troggio et al. (unpubl.)

gFig. 2. Comparative mapping in the genus Pinus (linkage group 6). Orthologous comparative
mapping markers are underlined and shown in bold. The high level of synteny and conservation
of gene order allowed homologous linkage groups among pine species to be easily identified

ficulty in performing RFLP analyses in conifers and the preference for using
PCR-based markers. Most genome mapping projects in conifers have used
one of the PCR-based marker systems (RAPDs, AFLPs, or SSRs). Unfortu-
nately, these marker types do not have the potential for providing ortholog-
ous markers that can be used across many species. Even SSRs can only be
used within a narrow range of related species (Echt et al. 1999).

The CCGP has developed and mapped 135 new genetic markers based on
expressed sequenced tags (Harry et al. 1998; Temesgen et al. 2000, 2001;
Brown et al. 2001). These markers are called expressed sequence tagged poly-
morphisms (ESTP) because they are derived from expressed genes. Brown et
al. (2001) showed that ESTP primers amplify subgenus Pinus DNA at nearly
a 100% success rate and at about a 50% rate in the subgenus Strobus. Fur-
thermore, many of these primers amplified DNA from other genera of the
Pinaceae. The orthology of ESTP markers was established through a combi-
nation of conserved map location and comparative sequence analysis (Brown
et al. 2001). This set of orthologous ESTP markers was used to construct
comparative maps between P. taeda and several species of Pinus and genera
of Pinaceae.

5 Comparative Mapping in Pinus

The CCGP was formed to construct comparative maps between a few of the
more important Pinus species found worldwide (Table 1; Fig. 2). Taxonomic
representation is limited as only three subsections are included. Nevertheless,
the species included are of the highest economic importance and possess sig-
nificant genomic resources (e.g., maps, gene sequences, phenotypic data).
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Fig. 3. Comparative mapping among three Pinus species (P. taeda, P. sylvestris and P. elliottii;
linkage group 11). This example illustrates how multi-species comparisons identify and coa-
lesce homologous linkage groups

The two most closely related species to share a comparative map are P.
taeda and P. elliottii (Brown et al. 2001). The P. elliottii reference map was
based on RAPDs, RFLP probes from P. taeda and isozymes. The map con-
sisted of 15 linkage groups (LG) of three or more markers. Thirteen of the P.
elliottii linkage groups could be aligned to the homologous linkage groups in
P. taeda. In three cases (LGs 2, 3 and 8), two unlinked P. elliottii LGs were
assigned to a single P. taeda LG. This illustrates how partial linkage maps can
be coalesced by comparative mapping. The P. taeda × P. elliottii map had ten
homologous LGs, the 11th and 12th homologous groups could not be deter-
mined. However, by comparing these remaining groups to the P. taeda × P.
sylvestris comparative map (Komulainen et al. 2003), it can be inferred based
on common markers that P. taeda LGs 11 and 12, and P. elliottii LGs 14 and
13, respectively, are homologous groups. Linkage group 11 provides a nice
example of how multi-species comparisons can identify and coalesce linkage
groups (Fig. 3). A small LG in P. taeda that included the marker estPTIFG–
1750–a was merged with LG 12 based on a comparison to P. sylvestris. Next,
the homologous LG 11 in P. elliottii could be identified based on the three-
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way comparison of P. elliottii, P. sylvestris and P. taeda. This example illus-
trates the synthesis power of comparative mapping.

Comparative genetic maps have been constructed for two members of the
subsection Pinus, P. pinaster (Chagné et al. 2003) and P. sylvestris (Komulai-
nen et al. 2003). Homologous LGs 1–10 were identified between P. taeda and
P. pinaster, however, orthologous ESTP markers could not be mapped to P.
pinaster LGs 11 and 12 and could not be assigned to homologous LGs in P.
taeda. All 12 homologous LGs were identified in the comparative map
between P. taeda and P. sylvestris. A number of very small linkage groups in
P. sylvestris were not linked to any of the 12 homologous groups in either P.
sylvestris or P. taeda.

The first comparative map constructed in Pinus species was between P.
taeda and P. radiata, subsection Attenuatae (Devey et al. 1999). This compar-
ative map was based on RFLP and SSR markers. Establishing the orthology of
RFLP and SSR markers in conifers is difficult due to the large number of
paralogs revealed by these markers. RFLP probes that revealed just a single
locus in both species were assumed to be orthologous, however, there were
few examples of this probe type. More frequently, RFLP probes revealed mul-
tiple loci in both species, thus making identification of orthologous loci diffi-
cult. In cases where a locus was mapped to nearly the same location in both
species, it was assumed to be orthologous. This interpretation is reasonable,
yet somewhat circular. Comparative maps based on RFLP markers in Pinus
should be viewed cautiously. Cross-amplification using SSR primers was low
and their utility for comparative mapping was limited.

The primary goal of the CCCP was to establish homologous linkage groups
among species and assign numbers to each of the 12 chromosomes in Pinus.
This goal was successful and the first step toward development of a compara-
tive map bioinformatic resource is complete. The comparative maps have
been submitted to the genome database for forest trees, TreeGenes
(http://dendrome.ucdavis.edu). For the first time it will be possible to com-
pare the map positions of QTLs and expressed genes among species of Pinus.
The power of comparative genomic analysis can now be realized.

6 Comparative Mapping in Pinaceae

The family Pinaceae includes ten genera (Abies, Cathaya, Cedrus, Keteleeria,
Larix, Picea, Pinus, Pseudolarix, Pseudotsuga, and Tsuga). Comparative maps
between P. taeda and Pseudotsuga menziesii (Douglas fir) and between P.
taeda and Picea abies (Norway spruce) have been constructed (Table 1;
Fig. 4). The P. taeda by Pseudotsuga menziesii comparative map was based on
46 comparative map markers (Krutovskii et al. 2004) and ten homologous
linkage groups were identified. ESTP markers derived from P. taeda and
RFLP probes from P. taeda were used as comparative map markers, just like
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Fig. 4. Comparative mapping in the family Pinaceae (linkage group 6). It has also been possible
to map the orthologous comparative mapping markers to other genera of the Pinaceae. The
comparative map structure enables the Pinaceae to be viewed as one large genetic system

the cases between Pinus species comparative maps. In addition, a third type
of comparative map marker was developed for the intergeneric maps. ESTP
markers were developed directly from Pseudotsuga menziesii based on a
database of ˚ 5000 Pseudotsuga menziesii ESTs (Krutovskii et al. 2004). Com-
parative sequence analyses were performed to identify putatively orthologous
ESTs from Pseudotsuga menziesii to mapped ESTPs in P. taeda. Orthology
was confirmed based on comparative sequence analyses of ESTP amplicons
from both species (Krutovskii et al. 2004). A comparative map between P.
taeda and P. abies has been partially constructed (Troggio et al., unpubl.). It
is reasonable to assume that comparative genetic maps could now be con-
structed for all genera of Pinaceae and that a comparative genomic infra-
structure could be built based on the family Pinaceae as a single genetic sys-
tem.
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7 Conclusions: Needs of Linking the Genetic Map
to Chromosomes

A future goal for the CCGP is to connect each of the pine genetic linkage
groups to each of the 12 chromosomes in pine. Our strategy is to: (1) identify
single- or low-copy subfragments of clones from a P. taeda bacterial artificial
chromosome (BAC) library, (2) genetically map subfragments of these clones
to the P. taeda consensus map, and (3) physically map the corresponding BAC
clones to pine chromosomes using fluorescence in situ hybridization (FISH).
A partial (approx. 5%) P. taeda BAC library has been constructed and BAC
clones have been screened by Southern hybridization to identify low/single-
copy subfragments (Kinlaw et al., unpubl.). Single nucleotide polymorphisms
(SNPs) have been identified in mapping populations within several subfrag-
ments. This approach should eventually lead to the mapping of all 12 P. taeda
genetic linkage groups to their respective chromosomes. Once completed,
this should facilitate the development of chromosome-specific libraries and
genomic sequencing of targeted regions of the P. taeda genome.
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Chagné D, Brown G, Lalanne C, Madur D, Pot D, Neale D, Plomion C (2003) Comparative
genome and QTL mapping between maritime and loblolly pines. Mol Breed 12:185–195

Devey ME, Fiddler TA, Liu BH, Knapp SJ, Neale DB (1994) An RFLP linkage map for loblolly
pine based on a three-generation outbred pedigree. Theor Appl Genet 88:273–278

Devey ME, Sewell MM, Uren TL, Neale DB (1999) Comparative mapping in loblolly pine and
radiata pine using RFLP and microsatellite markers. Theor Appl Genet 93:656–662

Doganlar S, Frary A, Daunay MC, Lester RN, Tanksley SD (2002) Conservation of gene function
in the Solanaceae as revealed by comparative mapping of domestication traits in eggplant.
Genetics 161:1713–1726

Echt CS, Nelson CD (1997) Linkage mapping and genome length in eastern white pine (Pinus
strobus L.). Theor Appl Genet 94:1031–1037

Echt CS, Vendramin GG, Nelson CD, Marquart P (1999) Microsatellite DNA as shared genetic
markers among conifer species. Can J For Res 29:365–371

Feuillet C, Keller B (2002) Comparative genomics in the grass family: molecular characteriza-
tion of grass genome structure and evolution. Ann Bot 89:3–10

Gale MD, Devos KM (1998) Plant comparative genetics after 10 years. Science 282:656–659
Goff SA, Ricke D, Lan TH, Presting G, Wang R et al. (2002) A draft sequence of the rice genome

(Oryza sativa L. ssp. japonica). Science 296:92–100
Groover AT, Devey ME, Fiddler TA, Lee JM, Megraw RA, Mitchell-Olds T, Sherman BK, Vujcic

SL, Williams CG, Neale DB (1994) Identification of quantitative trait loci influencing wood
specific gravity in loblolly pine. Genetics 138:1293–1300

Hall AE, Fiebig A, Preuss D (2002) Beyond the Arabidopsis genome: opportunities for compara-
tive genomics. Plant Physiol 129:1439–1447

Harry DE, Temesgen B, Neale DB (1998) Codominant PCR-based markers for Pinus taeda
developed from mapped cDNA clones. Theor Appl Genet 97:327–336

Kinlaw CS, Neale DB (1997) Complex gene families in pine genomes. Trends Plant Sci 2:356–359
Komulainen P, Brown GR, Mikkonen M, Karhu A, Garcia-Gil MR, O’Malley D, Lee B, Neale DB,

Savolainen O (2003) Comparing EST-based genetic maps between Pinus sylvestris and Pinus
taeda. Theor Appl Genet 107:667–678

Krutovsky KV, Troggio M, Brown GR, Jermstad KD, Neale DB (2004) Comparative mapping in
the Pinaceae. Genetics (in press)

Laurie DA, Devos KM (2002) Trends in comparative genetics and their potential impacts on
wheat and barley research. Plant Mol Biol 48:729–740

Leitch IJ, Hanson L, Winfield M, Parker J, Bennett MD (2001) Nuclear DNA C-values complete
familial representation in gymnosperms. Ann Bot 88:843–849

Marques CM, Brondani RPV, Grattapaglia D, Sederoff R (2002) Conservation and synteny of
SSR loci and QTLs for vegetative propagation in four Eucalyptus species. Theor Appl Genet
105:474–478

O’Brien IEW, Smith DR, Gardner RC, Murray BG (1996) Flow cytometric determination of
genome size in Pinus. Plant Sci 115:91–99

Paterson AH, Lin YR, Li Z, Schertz KF, Doebley JF, Pinson SRM, Liu SC, Stansel JW, Irvine JE
(1995) Convergent domestication of cereal crops by independent mutations at corresponding
genetic loci. Science 269:1714–1718

Paterson AH, Bowers JE, Burow MD, Draye X, Elsik CG, Jiang CX, Katsar CS, Lan TH, Lin YR,
Ming R, Wright RJ (2000) Comparative genomics of plant chromosomes. Plant Cell
12:1523–1540

Prager EM, Fowler DP, Wilson AC (1976) Rates of evolution of conifers. Evolution 30:637–649
Sankoff D, Nadeau JH (eds) (2000) Comparative genomics: empirical and analytical approaches

to gene order dynamics, map alignment and the evolution of gene families. Computational
biology series, vol 1. Kluwer, Dordrecht

276 D.B. Neale and K.V. Krutovsky



Sax K, Sax HJ (1933) Chromosome number and morphology in the conifers. J Arnold Arbor
14:356–375

Sewell MM, Sherman BK, Neale DB (1999) A consensus map for loblolly pine (Pinus taeda L.).
I. Construction and integration of individual linkage maps from two outbred three-
generation pedigrees. Genetics 151:321–330

Temesgen B, Neale DB, Harry DE (2000) Use of haploid mixtures and heteroduplex analysis
enhance polymorphisms revealed by denaturing gradient gel electrophoresis. BioTechniques
28:114–116

Temesgen B, Brown GB, Harry DE, Kinlaw CS, Sewell MM, Neale DB (2001) Genetic mapping of
expressed sequence tag polymorphism (ESTP) markers in loblolly pine (Pinus taeda L.).
Theor Appl Genet 102:664–675

The Arabidopsis Genome Initiative (2000) Analysis of the genome sequence of the flowering
plant Arabidopsis thaliana. Nature 408:796-815

Ware D, Stein L (2003) Comparison of genes among cereals. Curr Opin Plant Biol 6:121–127
Ware D, Jaiswal P, Ni J, Yap IV, Pan X, Clark KY, Teytelman L, Schmidt SC, Zhao W, Chang K,

Cartinhour S, Stein LD, McCouch SR (2002) Gramene, a tool for grass genomics. Plant Phy-
siol 130:1606–1613

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

Comparative Genetic Mapping in Trees: The Group of Conifers 277



II.13 Markers in Fruit Tree Breeding:
Improvement of Peach

E. Dirlewanger1

1 Unité de Recherches sur les Espèces Fruitières et la Vigne, INRA, BP 81, 33883 Villenave
d’Ornon, France

and P. Arús2

2 Laboratori CSIC-IRTA de Genètica Molecular Vegetal, Departament de Genética Vegetal,
Carretera de Cabrils s/n, 08348 Cabrils (Barcelona), Spain

1 Introduction

Peach [Prunus persica (L.) Batsch] belongs to the Prunus genus, member of
the Rosaceae family. The Prunus genus, within the subfamily Prunoideae, is
characterized by species that produce drupes as fruit (also referred to as
stone fruits), and contains a significant number of agriculturally important
fruit tree species [i.e., almond (Prunus dulcis Mill.), apricot (Prunus armeni-
aca Linn.), sweet cherry (Prunus avium L.) and sour cherry (Prunus cerasus
L.), and plum (Prunus japonica and Prunus domestica)]. Several other species
like myrobalan plum (Prunus cerasifera Ehrh.) or Sainte Lucie cherry (Prunus
mahaleb L.) are mainly used as Prunus rootstocks. Although Prunus is an
economically and biologically important genus, little was known about the
genome structure and organization until the breakthrough of DNA marker
technologies. Peach has distinct advantages that make it suitable as a model
species for comparative and functional genomics. It has a short juvenile
phase (2–3 years) compared to many other tree species, and a small genome:
5.9×108 bp or 0.61 pg/diploid nucleus (Baird et al. 1994). This is only about
twice the genome size of Arabidopsis thaliana (Arumuganathan and Earle
1991). All the Prunus species have a base chromosome number of x=8. Peach,
almond, sweet cherry and myrobalan plum have a diploid genome
(2n=2x=16), whereas sour cherry is tetraploid (2n=4x=32) and European
plum hexaploid (2n=6x=48). Moreover, peach is genetically the best-
characterized Prunus species with a fair number of genes controlling impor-
tant traits and having a Mendelian behavior (Hesse 1975; Monet et al. 1996;
Table 1). For all these reasons, peach was chosen as a model for Rosaceae and
a physical map has been initiated (Fig. 1; Abbott et al. 2002).

The development of molecular markers and linkage maps provides effi-
cient tools to locate genes or quantitative trait loci (QTLs) involved in agro-
nomical characters and could be helpful for monitoring a breeding program
through marker-assisted selection (Young 1996). Mapping genes of interest
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Fig. 1. The Prunus reference map TxE (Joobeur et al. 1998) and the genetically anchored physi-
cal map development (www.genome.clemson.edu/gdr)

will facilitate the breeding program by quickly combining the best traits iso-
lated in different varieties or in other species from the Prunus genus. In Pru-
nus, several linkage maps have been obtained and are based on intra- or
interspecific Prunus crosses (Table 2). One of these maps, entirely con-
structed with transferable markers [restriction fragment length polymor-
phisms (RFLPs) plus a few isozyme genes] in an almond ‘Texas’ × peach
‘Earlygold’ (TxE) F2 population (Joobeur et al. 1998), was considered to be
saturated and has been taken as a reference by the Prunus scientific commu-
nity. Markers from this map have been studied in many other Prunus popula-
tions allowing the comparison of their maps and the establishment of a com-
mon framework where major genes or QTLs found in different genetic back-
grounds could be located.

When compared to other Prunus crops, peach has a lower level of variation
(Byrne 1990) as a consequence of its self-compatible mating system, in con-
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trast to the gametophytic self-incompatibility of most species of this genus,
and of the narrow germplasm basis with which most of the modern cultivars
have been obtained (Scorza et al. 1985). Low polymorphism is a limitation to
marker-assisted selection and to realizing the full potential of the Prunus ref-
erence map. For example, only 39 (23%) of the 171 RFLP probes mapped in
the reference map produced polymorphic loci in an intraspecific peach ×
peach F2 progeny (Dirlewanger et al. 1998). This problem has been partly
solved with the development of microsatellite (or simple-sequence repeat,
SSR) markers (Table 3), most of them obtained from peach DNA sequences.
SSRs are highly polymorphic in peach and show a relatively high level of
observed heterozygosity (an average 37% of polymorphic SSRs was esti-
mated by Aranzana et al. 2002). Ninety-six of them have been recently used
to upgrade the reference map (Aranzana et al. 2003b) and about 30 more
have been located in other comparable Prunus maps (Joobeur et al. 2000;
Dettori et al. 2001; Dirlewanger et al. 2002; Yamamoto et al. 2002). Aranzana
et al. (2003b) suggested that the position of 200 or more SSRs should be

Markers in Fruit Tree Breeding: Improvement of Peach 281



Table 1. Documented single gene traits described in peach

Characters Genes
symbols

References

Genes affecting trees
With anthocyanins/anthocyanins less An/an Monet (1967)
Normal/albino C/c Bailey and French (1949)
Tall, normal/pillar (broom) Br/br or Pi/pi Lammerts (1945)
Tall, normal/ bushy Bu1/bu1 Lammerts (1945)

Bu2/bu2
Normal shape/compact shape Ct/ct Mehlenbaker and Scorza (1986)
Tall normal/ brachytic dwarf Dw/dw Lammerts (1945)

Dw2/dw2 Hansche (1988)
Dw3/dw3 Chaparro et al. (1994)

Normal shape/weeping shape Pl/pl Monet et al. (1996)
We/we Chaparro et al. (1994)

Genes affecting leaves
Red leaf/green leaf Gr/gr Blake (1937)
Glandular foliage/eglandular foliage E/r Connors (1922)
Deciduous/evergreen Evg/evg Rodriguez et al. (1994)
Leaf shape (narrow/wide) Nl/nl Yamamoto et al. (2001)
Smooth leaf margin/wavy leaf margin Wa/wa Scott and Cullinan (1942)

Wa2/wa2 Chaparro et al. (1994)

Genes affecting flowers
Single/double flower D1/d1 Lammerts (1945)
Pollen fertile/pollen sterile Ps/ps Scott and Weinberger (1944)

Ps2/ps2 Chaparro et al. (1994)
Colored/white flower W/w Lammerts (1945)
Pink/red flower R/r Lammerts (1945)
Dark pink/light pink P/p Lammerts (1945)
Pink/pale pink flower color Fc/fc Yamamoto et al. (2001)
Large showy flowers/small showy flowers L/l Lammerts (1945)
Nonshowy/showy flower Sh/sh Bailey and French (1949)

Genes affecting fruits
Monocarpel/polycarpel Pcp/pcp Bliss et al. (2002)
Normal anthocyanin/anthocyanins (blood/
flesh)

Bf/bf Werner et al. (1998)

Sweet fruit/normal fruit D/d Monet (1979)
Freestone/clingstone F/f Bailey and French (1949)
Pubescent skin/glabrous G/g Blake (1932)
Saucer shape/nonsaucer S/s Lesley (1939)
Bitter kernel/sweet kernel Sk/sk Werner and Creller (1997)
White flesh/yellow flesh Y/y Connors (1920)
Red/green skin color Sc/Sc Yamamoto et al. (2001)
Red/white flesh color around stone Cs/cs Yamamoto et al. (2001)
Melting flesh/nonmelting flesh M/m Bailey and French (1949)
Soft melting flesh/stony hard flesh St/st Bailey and French (1949)

Disease or pest resistances
Resistance to Myzus persicae/susceptible Rm1/rm1 Massonié et al. (1982)
Resistance to powdery mildew/susceptible Sf/sf Dabov (1983)
Resistance to M. incognita/susceptible Mi/mi Weinberger et al. (1943)
Resistance to M. javanica/susceptible Mj/mj Sharp et al. (1970)
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Table 3. Prunus microsatellites

SSR names Prunus
species

Repeats Origins References

UDP P. persica CT, GT Two enriched genomic
libraries from ‘Redhaven’

Cipriani et al. (1999);
Testolin et al. (2000)

CPPCT P. persica CT Enriched genomic library
from ‘O’Henry’

Aranzana et al. (2002)

BPPCT P. persica CT Enriched genomic library
from ‘O’Henry’

Dirlewanger et al.
(2002)

pchgms P. persica CT, CA Genomic library from
‘Bicentennial’

Sosinski et al. (2000)

pchcms P. persica cDNAlibrary from ‘Suncrest’

MA P. persica GA Genomic DNA from
‘Akatsuki’

Yamamoto et al.
(2002)

M P. persica CT, GA cDNA library from ‘Akatsuki’ Yamamoto et al.
(2002)

pms P. avium CT, CA,
GA

Genomic library from ‘Valerij
Tschakhalov’

Cantini et al. (2001)

PS P. avium GA, GT,
GTT

Enriched genomic library
from ‘Napoleon’

Joobeur et al. (2000);
Cantini et al. (2001)

PceGA P. cerasus GA Genomic library from ‘Erdi
Botermo’

Downey and Iezzoni
(2000); Cantini et al.
(2001)

ssrPaCITA P. armeniaca CT Genomic library from
‘Ungarische Beste’

Lopes et al. (2002)

determined in peach to have a high probability of finding at least one of them
heterozygous in each of the 24 bins (approximately 25 cM/bin) in which they
divided the Prunus genome, in an average genotype. This seems an objective
attainable in the short term, given the rapid progress of peach SSR develop-
ment and mapping.

2 Use of Molecular Markers for Fruit Quality Improvement

Fruit producers must satisfy consumers by producing fruits of good flavor,
color and texture and must also provide marketers with fruits resistant to
mechanical damage. Among temperate fruit crops, the peach breeding indus-
try is one of the most dynamic (Fideghelli et al. 1998). Peach breeders contin-
uously release new commercial cultivars, most of which are tasty and aro-
matic if ripened on the tree. However, in the last decade, the consumption of
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raw peaches and nectarines in the European Union and in the United States
has not increased. This trend is largely due to the low quality of fruit result-
ing from harvesting at an immature stage for storage and shipment reasons.
Thus, peach breeding objectives are to find the right compromise between
quality and immaturity at harvest.

At the same time, the organoleptic quality has to be associated with a good
healthy property of the fruit. The Rosaceae family has been increasingly
reported to be involved in adverse fruit allergy reactions (Rodriguez et al.
2000), it being one of the most frequent causes of food allergy in Europe (Pas-
torello et al. 1999). Lowering the allergenicity of peach fruits appears to be
one breeding goal for the near future.

2.1 Sugar and Acid Contents

The variation in fruit quality at harvest involves a large number of interre-
lated factors (Génard and Bruchou 1992). However, organic acid and soluble
sugar contents and composition are major determinants of peach quality
(Pangborn 1963). The predominant organic acids in ripe peach fruit are
malic and citric acids, whilst quinic acid accumulates in lower amounts
(Byrne et al. 1991; Moing et al. 1998). The soluble sugars present in peach are
sucrose, fructose, glucose and sorbitol. Sucrose is the predominant soluble
sugar at maturity while sorbitol accumulates at very low levels.

The ‘nonacid’ character, of mature fruits with a juice pH G 4.0, was first
reported to be controlled by a single dominant gene D (Monet 1979) located
on the genetic linkage map constructed by using the progeny of a cross
between two peach varieties, one with the ‘nonacid’ fruit and the other with
normal ‘acid’ fruit (Dirlewanger et al. 1998). However, the major determi-
nants of fruit flesh quality are usually inherited quantitatively and QTLs
involved in those characters were detected.

2.1.1 Quantitative Trait Loci Controlling Peach Fruit Quality

Significant QTLs controlling acidity and sugar composition, fruit size and
firmness were detected and mapped on several peach maps (Abbott et al.
1998; Dirlewanger et al. 1999; Quarta et al. 2000; Etienne et al. 2002b). On
linkage group 5, QTLs were located near the D gene, including QTLs for pH
and titratable acidity which correlate to the perception of acidity in the
mouth (Dirlewanger et al. 1999; Etienne et al. 2002b). Near the saucer gene S
of peach fruit shape, i.e., flat or round, QTLs for fresh weight and productiv-
ity were detected.

Quantitative trait loci detected on the different maps were compared and
putative conservation of QTLs identified (Lecouls et al. 2002). Using ampli-
fied fragment length polymorphism (AFLP) markers located in those QTLs
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and a peach bacterial artificial clone (BAC) library constructed from the
rootstock cultivar ‘Nemared’, BAC contigs around the markers were built by
fingerprinting (Georgi et al. 2002). SSR markers derived from the AFLP
markers were then located on the different maps in order to do a fine map-
ping of the region.

A QTL for soluble solid content (SSC) was detected on linkage group 6
(Etienne et al. 2002b), in the same group as a QTL detected in sour cherry,
indicating that this QTL might be conserved in both species (Wang et al.
2000).

2.1.2 Candidate Gene Approach

The identification of genes involved in variation of peach fruit quality would
assist breeders in creating new cultivars with improved fruit quality. Knowl-
edge of soluble sugar and organic acid accumulation in fleshy fruits has con-
siderably increased over the last decade. Critical steps for this process
include: (1) phloem unloading of sucrose, (2) sugar metabolism, (3) organic
acid metabolism and, (4) solute accumulation into the vacuole. In addition,
other processes that enable cell expansion such as cell wall loosening and
water transport may also be crucial. Eighteen peach fruit-related genes
encoding enzymes involved in the metabolism or storage of organic acids
were cloned and characterized (Rothan et al. 1999; Etienne et al. 2002a).
Twelve of them were mapped (Fig. 2) using the Texas × Earlygold (TxE) refer-
ence European Prunus map (Joobeur et al. 1998). PRUpe;Vp2 encoding a vac-
uolar pyrophosphatase involved in the establishment of an electrochemical
gradient across tonoplast, was co-located with QTLs controlling SSC and
sucrose (Fig. 3; Etienne et al. 2002b). This co-location has to be confirmed by
the fine mapping of the region.

2.2 Allergens of Peach Fruit

An increasing number of people show diverse reactions to foods often associ-
ated with fruit and vegetable consumption. It has been shown that the major
allergen of peach is a lipid transfer protein (LTP) with a low molecular weight
(9 kDa; (Pastorello et al. 1999; Sánchez-Monge et al. 1999)), stable after heat
treatment (Brenna et al. 2000), and under acid and proteasic conditions of the
stomach (Asero et al. 2000). Plant LTPs show common features, such as eight
conserved cysteines forming disulfide bridges, basic isoelectric point and
similar crystallographic structure. A 269-bp cDNA clone corresponding to an
LTP gene was isolated from peach fruit and the accumulation of the specific
transcript was evaluated in ripe fruit of different peach varieties (Botton et al.
2002). Expression data show that LTPs transcripts are totally absent in the
mesocarp of ripe fruit, but strongly accumulate in the epicarp, and the aller-
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Fig. 3. Co-location of the PRUpe;Vp2 proton pump and QTLs controlling SSC and sucrose accu-
mulation. Alignment of the homologous fragments at the end of linkage group 6 from the
‘Jalousia’ × ‘Fantasia’ (JxF) and the ‘Texas’ × ‘Earlygold’ (TxE) maps, shared markers are indi-
cated. Relative position of QTLs are indicated by vertical bars (fw fresh weight, suc sucrose con-
tent, SSC solid-soluble content). (Etienne et al. 2002b)

genic activity of peaches is largely concentrated in the skin. Different behav-
ior was observed among the peach varieties. The detection of polymorphisms
between peach varieties within the LTP clone sequence, and its possible asso-
ciation with different levels of allergenicity may prove to be useful when
selecting varieties with low allergen properties.

3 Use of Molecular Markers for Disease Resistance

For environmental reasons, it is essential to decrease the use of chemicals for
controlling pests and diseases in orchards. This would respond to the con-
sumer’s request for fruit without chemical residues and would help growers
to limit toxic residues in soil (Byrne 2002). As a result, breeding programs
focusing on fruit quality until recently, may be extended to the improvement
of resistance to pests and diseases.

Sharka, caused by the plum pox potyvirus (PPV), powdery mildew, caused
by Spaerotheca pannosa (Wallr.) var. persica and peach leaf curl, caused by
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the Taphrina deformans (Berk.) Tul., are among the most serious diseases in
European peach production areas. For peach rootstocks, root-knot nematodes
(RKN) are major crop pests in the Mediterranean basin. Most rootstock mate-
rial is susceptible to RKN. Only the peach ‘Shalil’ is reported to be resistant to
Meloidogyne arenaria and incognita, but susceptible to M. javanica and to an
RKN population from Florida (Esmenjaud et al. 1994). The peach ‘Nemared’
is also resistant to most M. javanica populations (Ramming and Tanner 1983),
but not to Meloidogyne sp. Florida. However, the narrow genetic base of com-
mercial peach varieties results in a low variability for resistance to pests and
disease, leaving only a few natural resistance genes for breeding purposes
(Scorza et al. 1985). Consequently, additional sources of resistance must be
sought in related wild species. P. davidiana and P. ferganensis, two close rela-
tives of peach resistant to several peach pests and diseases, have already been
used as genitors in breeding programs (Verde et al. 2002; Foulongne et al.
2003a). P. davidiana, originating from China, was found to be resistant to
powdery mildew (Smykov et al. 1982), the green aphid (Massonié et al. 1982;
Sauge et al. 1998), plum pox virus (Pascal et al. 1998) and leaf curl (Hesse
1975) and can be used to introgress these resistances into peach (Foulongne et
al. 2003a). P. ferganensis was reported to carry a source of resistance to pow-
dery mildew (Quarta et al. 2000; Verde et al. 2002). Among myrobalan plum
(P. cerasifera), often used as Prunus rootstock, three clones (P.2175, P.1079 and
P.2980) are resistant to Meloidogyne arenaria, incognita, javanica and the sp.
Florida (Lecouls et al. 1997). Marker-assisted selection (MAS) is already effec-
tive for the selection of resistance genes (Lecouls et al. 1999, 2004; Bergoug-
noux et al. 2002) and markers are currently being used to select in a progeny
of interspecific hybrids P. cerasifera × (P. dulcis × P. persica), obtained with the
Meloidogyne-resistant clones of each species, to develop a new generation of
peach rootstocks (Dirlewanger et al. 2003a).

The evaluation of sharka resistance is not easy. PPV-infected trees produce
a wide range of reactions and symptoms can take several years to appear.
Vilanova et al. (2003), working in apricot, located a major gene involved in
sharka resistance in linkage group 1, but results in P. davidiana × peach
crosses, suggest a more complex pattern of inheritance (Foulongne et al.
2003b). Alternatively, methods for powdery mildew and peach leaf curl
assessment are more reliable and QTLs controlling resistance to powdery
mildew (Dirlewanger et al. 1996; Quarta et al. 2000; Foulongne et al. 2003b)
and peach leaf curl (Viruel et al. 1998) have already been reported allowing
MAS of these characters.

3.1 Introgression of Polygenic Resistance to Powdery Mildew

Analysis of segregation data for powdery mildew resistance in the interspe-
cific progenies P. davidiana × P. persica F1 (Dirlewanger et al. 1996) and F2

(Foulongne et al. 2003b), suggested a polygenic inheritance of the resistance

290 E. Dirlewanger and P. Arús



carried by P. davidiana. The same was reported in a BC1 progeny of a cross
with P. ferganensis (Verde et al. 2002). A high agreement between QTL posi-
tions across generations (F1 and F2) were demonstrated and illustrated the
feasibility of marker-assisted selection (Foulongne et al. 2003b). The QTL
with the highest effect found by Verde et al. (2002) was detected on the same
position of a gene that controls the presence/absence and shape of the leaf
glands (E/e).

3.2 Marker-Assisted Selection Root-Knot Nematode Resistance
in Peach Rootstocks

Root-knot nematode (RKN) resistance is one of the characters of interest in
breeding new Prunus rootstocks. One or a few dominant genes control the
resistance found in several species of peach (P. persica), myrobalan plum
(P.cerasifera ) and almond (P. dulcis). Selection of these genes (R-genes) with
the aid of molecular markers tightly linked to them appears as a highly effi-
cient method compared to the complex, slow and space-consuming methods
of nematode inoculation.

All genes described so far to determine resistance to RKN coming from the
peach were placed on linkage group 2 of the Prunus map based on common
markers with the TxE map. These include the two genes (Mi and Mij) found
by Lu et al. (1998), the major QTL detected by Jáuregui (1998), the unique
gene (MiaNem) found by Arús et al. (2003). Most of these genes are located in
the first part (0–35 cM) of the linkage group, but not exactly at the same esti-
mated position.

The Ma gene coming from P. cerasifera is placed in linkage group 7 of the
Prunus map (Dirlewanger et al. 2003b). A sequence characterized amplified
region (SCAR) marker co-segregating with the gene has already been identi-
fied by bulked segregant analysis (BSA; Lecouls et al. 1999) and fine mapping
around the gene makes the chromosome walking for gene cloning possible
with the use of a BAC library from myrobalon P.2175 (Claverie et al. 2004).

4 Marker-Assisted Selection for Tree Architecture Characters

Several tree characters are controlled by single genes in peach: the evergrow-
ing, also called evergreen (evg) gene, the gene for columnar growth, also
termed ‘pillar’ or ‘broomy’ (br), and the gene controlling the wiping shape
(Pl), dwarf (Dw) or compact (Ct) habit (Table 1). Molecular markers linked to
some of them are already available.

Columnar trees are useful for high-density production systems. Tree fruit
breeding requires large numbers of seedlings in the field for selection, thus
the use of columnar growth trees would reduce the area occupied by the
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trees, and management expenses. Selection in the greenhouse would spare
much of the expense. A microsatellite marker has already been detected for
selecting columnar growth habit in peach (Scorza et al. 2002).

The ever-growing phenotype in peach has been used as a model to study
cold hardiness and dormancy in perennial tree species (Wang et al. 2002).
The ever-growing peach tree has a substantially different growing pattern in
winter to the deciduous peach tree. Most woody plants native to temperate
regions have an annual cycle alternating between active growth and winter
dormancy. Dormancy is a survival strategy that enables the plant to resist
unfavorable environments and is the most adaptable, regulatory function in
plant development (Dennis 1996). In temperate regions, the terminal shoots
on ever-growing trees keep growing in winter until killed by freezing temper-
atures, whereas the lateral buds go into dormancy. Cold hardiness is present
in both ever-growing and deciduous genotypes, but the maximum hardiness
level in deciduous trees is more than twice that of ever-growing trees. This
character is controlled by a single recessive allele named evg (Rodriguez et al.
1994). AFLP marker fragments linked to the evg gene were cloned and used
for screening the ‘Nemared’ BAC library and BAC contigs were identified.
Some of these clones were used for developing SSR markers in this region
that are used as the starting points of a chromosome walk; this will eventually
lead to the map-based cloning of this gene (Wang et al. 2002).

5 Synteny Among Prunus Species

Knowledge of the genetic basis of traits and their linkage with molecular
markers is important for breeding new varieties at higher speed and lower
cost. In Prunus, several linkage maps have been developed based on interspe-
cific crosses between peach and almond (Foolad et al. 1995; Joobeur et al.
1998; Jáuregui et al. 2001; Bliss et al. 2002) or intraspecific crosses of peach
(Chaparro et al. 1994; Rajapakse et al. 1995; Dirlewanger et al. 1998; Lu et al.
1998; Dettori et al. 2001; Yamamoto et al. 2001), almond (Viruel et al. 1995;
Joobeur et al. 2000), apricot (Hurtado et al. 2002; Lambert et al. 2004; Vila-
nova et al. 2003), and sour cherry (Wang et al. 1998). Most of these maps
share a sufficient number of markers with the reference Prunus map allowing
the marker position on the map and the marker order within each linkage
group to be compared.

A high colinearity between markers belonging to homologous linkage
groups was observed for all species studied, suggesting that the Prunus
genome can be treated as a single genetic entity. The linkage group 1, taken
as an example, is presented in Fig. 4. Given the colinearity between the maps
and the fact that many anchor loci are found between them, it was possible to
establish the approximate position of Mendelian agronomic characters from
several Prunus species (Fig. 5). Only one exception to the Prunus highly syn-
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Fig. 6. Reciprocal translocation between the groups 6 and 8 observed within the almond
‘[Garfi’ × peach ‘Nemared’]22 linkage map built by using the interspecific myrobalan plum
‘P.2175’ × [GN]22 population (Dirlewanger et al. 2003b). a Groups homologous to those
obtained in previous Prunus maps. b Linkage group that includes markers of groups 6 and 8 of
other maps. Gr is the red/green leaf gene

tenic pattern was found in the cross between ‘Garfi’ almond and ‘Nemared’
peach, where a reciprocal translocation occurs between linkage groups 6 and
8 of the the GxN map (Jáuregui et al. 2001). Exactly the same was observed in
the myrobalan plum P.2175 × [‘Garfi’ × ‘Nemared’] population (Dirlewanger
et al. 2003b). The markers studied in this population mapped to seven linkage
groups instead of the expected eight for Prunus and markers located in
groups 6 and 8 formed a single linkage group (Fig. 6). Pollen viability and
meiotic behavior studies confirmed the presence of this chromosome rear-
rangement. A similar result was observed in the ‘Akame’ × ‘Juseitou’ peach
intraspecific cross (Yamamoto et al. 2001; Yamamoto, pers. comm.), suggest-
ing that one of the parents of this cross carried the same translocation. It has
not been possible so far to establish which parents had the translocation and
which had the standard chromosome composition, but the fact that one of
the parents of each cross, ‘Nemared’ and ‘Juseitou’, is a red-leafed peach cul-
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tivar suggests that the translocation may be associated to genotypes sharing
this character.

The use of synteny appears to be a powerful tool for speeding up the con-
struction of genetic maps in different crosses between members of the Pru-
nus genus. By choosing a set of well-distributed transferable markers along
the linkage groups of the reference map or other pre-existing maps, it is pos-
sible to construct an anchored map covering most of the Prunus genome.
Once major genes or QTLs for the characters of interest are located in the
new progeny, the regions of interest may be saturated with markers from
other maps. This should allow an optimization of the identification of major
genes or QTLs, or markers linked to them, involved in the expression of tar-
get characters from the results generated in other breeding populations of
Prunus.

6 Development of Peach Molecular Markers and Their Use for
Fingerprinting and for the Evaluation of Genetic Resources

Peach is the second most important fruit crop in temperate and subtropical
zones worldwide after apple. The peach cultivar structure is characterized by
a great diversity of cultivars with a fast turnover. Peach is self-compatible and
tolerant to inbreeding, which makes the breeding of new cultivars either by
outcrossing or by inbreeding possible. Modern peach cultivars are vegeta-
tively propagated, which allows the conservation of their genetic information,
but it also makes the breeder’s rights more difficult to protect. The high num-
ber of existing cultivars and their important economic value has encouraged
the development of fast and reliable techniques for peach molecular finger-
printing. Moreover, they may be used, as a complement to morphological
evaluations, in the distinct tests needed for the registration of new cultivars
into national and international official catalogues and for the recognition of
protection status.

Many Prunus microsatellites have been recently developed in Prunus
(Table 3). Many of them were tested for their usefulness to fingerprint peach
varieties. Several sets of Prunus microsatellite markers were chosen (Dirle-
wanger et al. 2002; Aranzana et al. 2003a) and proven to be highly efficient for
this purpose.

The development of SNPs (single nucleotide polymorphism) in peach is in
progress. A new bioinformatic pipeline for automatic SNP detection in EST
dataset is available at INRA-Bordeaux (Le Dantec et al. 2004). Those markers,
if defined within the sequence of genes, should have the advantage over the
SSRs currently in use by being able to detect variability potentially meaning-
ful for agronomic performance, making them particularly valuable in the
evaluation of the genetic variation of peach collections and as a means of cul-
tivar characterization.
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7 Conclusions

During the last decade, important progress has been achieved in the breeding
of peach in order to obtain new cultivars adapted to different biotic or abiotic
conditions, as well as responding to consumer demands for quality. The level
of knowledge has considerably increased, especially in genetics and biotech-
nology. Molecular analysis has allowed important progress to be made in the
understanding of the genome structure and genetic diversity of Prunus. The
use of molecular markers is already efficient for the selection of several char-
acters. The adaptation of marker-based breeding strategies developed for
annual crops to woody perennials, particularly those that facilitate the intro-
gression of genes from wild or exotic materials, is necessary to take advan-
tage of the enormous genetic variability of the genus Prunus. Moreover, a bet-
ter knowledge of synteny in the Rosaceae will favor the transfer of genetic
information among stone fruit species and other important crops like apple,
strawberry or rose. This goal may be facilitated by the recent creation by Dr.
A. Abbott (www.genome.clemson.edu/projects/peach/gdr) of a Rosaceae
Mapping Consortium, aimed at combining the efforts of the major research
groups working on the Rosaceae. This consortium will focus on (1) structural
genomics analysis with the development of a complete physical map of the
peach genome, taken as the model species for the family, and the anchoring
of the genetic maps of many of the economically important Rosaceae species
maps on this physical map and, (2) on functional genomics with the develop-
ment of an extensive expressed sequence tag (EST) database for fruit, shoot
and seed tissues and integration of the unigene set onto the physical and
genetic maps of peach. The results should soon be integrated into a ‘Prunus
Genomic Database’ (PGD) developed at Clemson University (www.genome.
clemson.edu/projects/gdr). In June 2003, 10,200 peach ESTs were recorded in
the NCBI Genbank database, but this number is expected to quickly increase.
This initiative will foster the research on this group of species and lead to
results of immediate application in fruit tree breeding.
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III.1 General Considerations: Marker-Assisted Selection

V. Mohler and C. Singrün1

1 Department of Plant Sciences, Center of Life and Food Sciences Weihenstephan, Technical
University Munich, 85350 Freising-Weihenstephan, Germany

1 Introduction

Since the first reported linkage of an agronomically important trait (a quanti-
tative trait locus affecting seed weight) to a simply controlled gene (seed color)
in common bean by Sax (1923), it has taken more than 60 years for genetic
markers to become a qualified tool for widely optimizing genotype building in
plant breeding programs. With the advent of molecular marker technology, the
identification of genetic markers displaying linkage to any genetically inher-
ited trait became feasible. However, most types of molecular markers, though
nowadays PCR-based, are still too impractical to be used in large-scale marker-
assisted selection (MAS) schemes due to the complexity of the assay preventing
the appropriate automation, insufficient robustness or inadequate level of
detected polymorphism (Koebner and Summers 2003). Due to their high poly-
morphic information content, sequence-tagged microsatellite sites are pres-
ently the most appropriate marker class for MAS. The future development of
single nucleotide polymorphism (SNP) markers will provide access to afford-
able and high-throughput genotype determination assays and automated data
analyses that are crucial for breeders’ acceptance of MAS. MAS will then
increasingly be applied to obtain improved efficiency and effectiveness in the
selection of genotypes with traits that are difficult and expensive to phenotype,
for the pyramiding of disease resistance genes in single genotypes, and for the
carefully directed choice of parental lines in crossing programs allowing a con-
trolled combination of alleles targeted for selection.

2 Requirements of Markers for Marker-Assisted Selection

Key issues in successful deployment of molecular markers in MAS are as fol-
lows:

1. Markers should co-segregate or map as close as possible to the target gene
(within 2 cM), in order to have low recombination frequency between the
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target gene and the marker. A better estimate of map distance between the
target gene and the marker will be obtained by analysing further mapping
populations which have genotypes in common with those used in the ini-
tial mapping population. Accuracy of MAS will be improved if, rather than
a single marker, two markers flanking the target gene are used (Peng et al.
2000).

2. For unlimited use in MAS, markers should display polymorphism between
genotypes that have and do not have the target gene.

3. Cost-effective, simple PCR markers are required to ensure genotyping
power needed for the rapid screening of large populations.

Microsatellite markers, also termed sequence-tagged microsatellite site
(STMS) or simple sequence repeat (SSR) markers, which use the high muta-
tion rates of repeated short DNA motifs are presently the most complete tool
for MAS. Extensive collections of mapped SSR markers from both the non-
coding and expressed portion of the genome are, or will be available in the
near future for all major crop species. To allow absolute allele recognition
and, consequently, to exploit the full range of marker alleles at a given locus
in a panel of breeding lines, SSRs need to be processed on polyacrylamide gel
or capillary electrophoresis machines. However, these high demands on frag-
ment detection can be compensated by the simultaneous electrophoresis of
different SSR marker samples carrying distinguishable fluorescent dyes in a
single lane/capillary.

Development is moving away from anonymous to functional and candi-
date gene markers as primary MAS tools since linkage relationships which
limit the overall applicability of anonymous markers will no longer exist or
will be reduced to a minimum. ‘Perfect’ markers have already been made
available for the gibberellin-insensitive semi-dwarfing genes Rht-B1b and
Rht-D1b (Ellis et al. 2002) and the null Wx-B1 allele of the granule-bound
starch synthase I (McLauchlan et al. 2001) of wheat and may be provided by
forthcoming map-based cloning experiments and genetic association map-
ping studies (Rafalski 2002). Resistance gene analogs (RGAs) are a useful
resource as candidate gene markers for disease resistance genes (Mohler et al.
2002; Madsen et al. 2003) since RGAs showing close genetic linkage to resis-
tance genes often reflect physical proximity (Leister et al. 1999; Wei et al.
1999). Furthermore, a huge number of candidate gene markers for complex
traits will be supplied by investigations directed at the identification of genes
differentially expressed among extreme phenotypes, e.g., for potato late
blight disease (Ronning et al. 2003).

The marker type by which functional alleles are discriminated from their
allelic variants relies on small insertion-deletion (indel) polymorphisms or
single nucleotide polymorphisms (SNPs). SNPs are of particular interest for
their utilization in crop improvement, since they (1) represent the most fre-
quent variations in the genome of any organism, thus, offering the opportu-
nity to find informative markers for a distinct genomic region in any genetic
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background and (2) can be simply treated as di-allelic markers making them
amenable to automated high-throughput genotyping and data handling.

While indels can be scored by direct sizing on polyacrylamide gels, the
determination of SNP genotypes can be preferentially performed using
nongel-based technology platforms such as denaturing high-performance
liquid chromatography (DHPLC; Oefner and Underhill 1998), the most
advanced system for heteroduplex analysis, or by pyrosequencing (Ahmadian
et al. 2000) which uses the reaction principle of minisequencing. Sample
analyses using DHPLC are carried out sequentially with an autosampler and
one analysis takes around 5 min, while minisequencing reactions are per-
formed in a 96-well plate in an automated device and take approximately
15 min.

3 Present Status of Validated Molecular Markers for Molecular
Breeding of Important Crops

Markers that have been elaborated and validated for the monitoring of agro-
nomically important traits, most of them determining resistance to disease,
and which are (or have been) used in current breeding programs are listed in
Table 1. The majority of traits is detectable using simple PCR markers, how-
ever, very often they need to be tested for polymorphism between parental
lines of breeding programs. SNPs that are assayed via allele-specific PCR (AS-
PCR; Ugozzoli and Wallace 1991) and cleaved amplified polymorphic
sequences (CAPS; Konieczny and Ausubel 1993) and SSRs provide the preva-
lent marker classes for MAS. However, the time-consuming post-PCR diges-
tion step limits the application of CAPS markers for small-scale genotyping.
Therefore, these markers should be genotyped in the future using more gen-
eral SNP detection systems in which any sequence polymorphism, irrespec-
tive of its location with reference to restriction sites, can be assayed. RFLP
markers have only been used as an MAS tool when it was profitable due to
the importance of the disease, high costs and unreliability of the bioassays
such as in the early-generation selection of the cereal cyst nematode resis-
tance gene Cre1 in wheat (Ogbonnaya et al. 2001).

4 Marker-Assisted Selection for Quantitative Trait Loci

Most agronomic traits are of a polygenic nature and it is widely accepted that
molecular markers are an appropriate tool to identify loci, the so-called
quantitative trait loci (QTL), having alleles that differentially affect the
expression of a quantitative trait. QTL mapping has been done for yield (Stu-
ber et al. 1987), quality (Igrejas et al. 2002; Tan et al. 2001), tolerance to abi-
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otic stress (Cattivelli et al. 2002; Price et al. 2002) and durable disease resis-
tance (Lindhout 2002). The sustained utilization of QTL, which is difficult to
achieve through conventional breeding, is the principal task of MAS and can
be done by selecting for the presence of specific marker alleles that are linked
to favorable QTL alleles. Verification of putative QTL is needed prior to appli-
cation of MAS for QTL because QTL effects found in a single mapping popu-
lation are generally overestimated (Lande and Thompson 1990). Aspects that
should be examined are the magnitude of the bias of estimated QTL effects
and the certainty of genetic linkage map positions. The simplest method is to
compare phenotypic differences between individuals carrying alternative
marker alleles at putative QTL, allowing the detection of significant differ-
ences for a true QTL. According to the suggestion from Lande and Thompson
(1990), the validation of QTL effects can be done in an independent sample of
lines within the same cross (Han et al. 1997; Melchinger et al. 1998; Romagosa
et al. 1999; Igartua et al. 2000). However, to fully assess the true breeding
value of a QTL, studies validating QTL alleles in different genetic back-
grounds and environments have to be carried out. In barley, Toojinda et al.
(1998) and Ayoub et al. (2003) succeeded in introgressing QTL alleles that
confer resistance to stripe rust and affect § -amylase activity of malt, respec-
tively, into genetic backgrounds other than the original mapping population.
Moreover, W.-C. Zhou et al. (2003) validated a major QTL for wheat Fusarium
head blight resistance with SSR markers in two different genetic back-
grounds, while Yousef and Juvik (2002) reported on the marker-assisted
introgression of a beneficial QTL enhancing seedling emergence in three dif-
ferent genotypes of sweet corn. However, the attempt to transfer desired QTL
alleles to other genetic backgrounds using MAS can also result in the loss of
QTL effects (Sebolt et al. 2001; Reyna and Sneller 2001).

A further aspect of the evaluation and verification of QTL is the complex-
ity of the trait, e.g., grain yield is a more complex trait to handle than disease
resistance. Several studies reported that the number of QTL associated with
grain yield and yield-related traits depends on the genotypes and the vari-
ance created by the cross (e.g., Melchinger et al. 1998; Ajmone Marsan et al.
2001). The effect of an added QTL allele on grain yield in an elite genotype is
more difficult to estimate than it is, for example, for a QTL on disease resis-
tance in a susceptible elite genotype. For introgression of a QTL allele influ-
encing grain yield into diverse elite genotypes, it must have superior value to
all other alleles at this QTL or to alleles at all grain yield QTL that are present
in the gene pool (Reyna and Sneller 2001).

Comparative studies exist about the benefit of MAS versus phenotypic
selection (van Berloo and Stam 1999; Yousef and Juvik 2001). The benefit
depends on the heritability of the trait and the population size. When the
heritability is high, the cost involved in genotyping many plants may not out-
weigh the expected benefits from phenotypic selection. As calculated for
recombinant inbred lines, a benefit can be expected within a range of herita-
bility of 0.1–0.3 (van Berloo and Stam 1998). If the value is less than 0.1, it is
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Table 2. MAS in gene pyramiding

Crop Trait (combination of genes) References

Rice Bacterial blight resistance (xa4+xa5+xa13+Xa21;
xa5+xa13+Xa21)

Huang et al. (1997);
Sanchez et al. (2000);
Singh et al. (2001)

Blast resistance (Pi1+Piz-5+Pita) Hittalmani et al. (2000)
(Pi-tq5, Pi-tq1, Pi-tq6, Pi-lm2: pyramids
of 2 to 4 genes)

Tabien et al. (2000)

Multiple resistance: bacterial blight (Xa21) Datta et al. (2002)
Sheath blight (RC7)
Yellow stem borer Bt fusion gene
(cry1AB/cry1Ac)

Wheat Powdery mildew resistance (Pm2+Pm4a; Pm2+Pm21;
Pm4a+Pm21)

Liu et al. (2000)

Barley Stripe rust resistance (3 QTL) Castro et al. (2003a, b)
Broccoli Diamondback moths resistance (cry1Ac+cry1c) Cao et al. (2002)
Soybean Lepidopteran resistance (cry1Ac+corn earworm QTL) Walker et al. (2002)

not possible to detect the QTL with the accuracy required to rely on flanking
markers for selection (van Berloo and Stam 1999).

5 Marker-Assisted Selection in Gene Pyramiding

The great opportunity offered by MAS to select superior lines based on geno-
type rather than phenotype becomes clearly obvious in the case of combining
different simple inherited resistance genes of large effects for a given patho-
system in a single genotype (gene pyramiding), since it is difficult to select
plants with multiple resistance genes based on phenotype alone as the action
of one gene may mask the action of another. Pyramiding multiple qualitative
disease resistance genes with different race specificities has been proposed as
a way of achieving more comprehensive resistance (Mundt 1990) due to
simultaneous or stepwise mutation of several avirulence genes in the patho-
gen that is needed to overcome this pyramid. Successful examples for the
pyramiding of major genes in single genotypes are given for the pathosys-
tems rice:Xanthomonas oryzae pv. oryzae, rice:Magnaporthe grisea, and
wheat:Blumeria graminis f. sp. tritici (Table 2). Novel approaches deal with
the implementation of transgenes in breeding programs such as the pyramid-
ing of Bt genes cry1Ac and cry1C conferring resistance to diamondback
moths in broccoli (Cao et al. 2002; Table 2).

Durable disease resistance is not associated with a distinct type or mecha-
nism of resistance, but only refers to the number of genes involved in resis-
tance reaction (Lindhout 2002), for which reason pyramiding multiple quan-
titative or qualitative and quantitative resistance alleles in single genotypes is
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an approach to increase the level of disease resistance. Castro et al. (2003a, b)
reported on the marker-assisted pyramiding of three quantitative resistance
loci against barley stripe rust, caused by Puccinia striiformis f. sp. hordei.
Resistance alleles at two QTL were necessary for the seedling resistance phe-
notype being expressed fitting a complementary gene model, while all three
QTL regions were significant determinants of adult plant stripe rust resis-
tance, with an additive effect of existing resistance alleles.

6 Marker-Assisted Selection in Backcross Breeding

The use of molecular markers in improving backcrossing efficiency has been
widely accepted and was the subject of studies dealing with the marker-
assisted building of disease-resistant, abiotic stress-tolerant and quality-
improved genotypes (Table 3).

Conventional backcrossing aims at introgressing a target trait that is con-
trolled by a single gene from a usually exotic donor line into a highly adapted
recipient line, the so-called recurrent parent. At each backcross cycle, molec-
ular markers can be used to identify carriers of the target trait (foreground
selection) having the closest fit to the recurrent parent genotype (back-
ground selection). In order to minimize linkage drag, the selection of lines
with the smallest introgressed segment around the target locus is usually
done in tandem (Tanksley et al. 1989), i.e., selection for recombination on
one side in the first generation and selection for recombination on the other
side in the next generation. Although selection for simultaneous recombina-
tion events on both sides would save one generation of backcrossing, it is
much more cost-effective due to the greater number of individuals that have
to be genotyped to obtain one double recombinant. A full informative
marker-assisted backcrossing scheme can be performed with markers
derived from the DNA sequence of the gene to be introgressed. Chen et al.
(2000) reported on the improvement of ‘Minghui 63’, a restorer line widely
used in Chinese hybrid rice production, to bacterial blight resistance, caused
by Xanthomonas oryzae pv. oryzae (Xoo), through introgression of Xa21, a
broad-spectrum bacterial blight resistance gene. The PCR-based foreground
selection system consisted of a marker that was part of Xa21, a marker
located at 0.8 cM from the Xa21 locus on one side and a marker at 3.0 cM
from the gene on the other side, while a total of 128 RFLP markers, evenly
distributed throughout the rice genome, was used to recover the genetic
background of the recurrent parent in the BC3F1. The improved version,
‘Minghui 63(Xa21)’, was exactly the same as the original except for a frag-
ment of less than 3.8 cM in length surrounding the Xa21 locus. Both ‘Minghui
63(Xa21)’ and its hybrid with ‘Zhenshan 97A’, ‘Shanyou 63(Xa21)’, showed
the same spectrum of bacterial blight resistance as the donor parent. Field
examination of a number of agronomic traits showed that the two pairs of
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Table 3. MAS in backcross breeding of single genes and QTL alleles

Crop Trait (gene) Foreground
selection at

Background
selection at

References

Major genes
Rice Bacterial blight resistance

(Xa21)
Each backcross
cycle up to BC3F1

BC3F1 (128 RFLPs) Chen et al.
(2000)

Each backcross
cycle up to BC3F1

BC1F1 and BC2F1

(129 AFLPs)
Chen et al.
(2001)

Cooking and eating qual-
ity (Waxy gene region)

Each backcross
cycle up to BC3F1

BC3F1 (118
AFLPs)

P.H. Zhou et al.
(2003)

Barley Barley yellow dwarf virus
resistance (Yd2)

BC1F1 and BC2F2 Not performed Jefferies et al.
(2003)

QTL
Rice Root depth (1–2 QTL) Each backcross

cycle up to BC3F2

BC3F2 (60 SSRs) Shen et al.
(2001)

Barley Leaf rust (Rphq2) Each backcross
cycle up to BC3S2

Each backcross
cycle up to BC3S2

van Berloo et al.
(2001)

Maize Southwestern corn borer
resistance (3 QTL)

Each backcross
cycle up to BC2F2

Each backcross
cycle up to BC2F2

Willcox et al.
(2002)

versions were identical when there was no disease stress. Under heavily dis-
eased conditions, ‘Minghui 63(Xa21)’ showed significantly higher grain
weight and spikelet fertility than ‘Minghui 63’, and ‘Shanyou 63(Xa21)’ was
significantly higher than ‘Shanyou 63’ in grains per panicle, grain weight, and
yield. In a later experiment by Chen et al. (2001), efficiency of background
selection was enhanced by using the high-volume amplified fragment length
polymorphism (AFLP) marker technique allowing the fast and cost-effective
selection of individuals having 99.3% amount of the recurrent parent
genome in BC1F1.

Nearly isogenic lines for QTL (QTL NILs) were developed by repeated
backcrossing of individuals from primary mapping populations carrying the
desired QTL genotype to one of the parental lines (Kandemir et al. 2000;
Monforte and Tanksley 2000; Yamamoto et al. 2000; Shen et al. 2001; van Ber-
loo et al. 2001; Willcox et al. 2002). To accelerate the creation of QTL NIL,
some authors used background selection (Table 3). QTL NILs represent quali-
fied genetic stocks for the validation of QTL effects in different environments.
They can be further used to study epistatic interactions among QTL by inter-
crossing of single QTL NILs and for fine mapping of QTL for map-based
cloning.

Advanced backcross QTL (AB-QTL; Tanksley and Nelson 1996) analysis
was proposed as a general strategy for the simultaneous detection of QTL
qualified for breeding purposes and cultivar development. The delay of QTL
analysis until an advanced backcross generation offers advantages for QTL
characterization such that the probability is reduced for the detection of QTL
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displaying epistatic interactions among donor alleles due to overall lower fre-
quency of donor alleles. In fact, there will be a higher probability of detecting
additive QTL which still function in a nearly isogenic background.

7 Conclusions

The future of MAS aims not only at utilizing perfect markers for improving
existing breeding schemes, e.g., backcrossing, but also controlling all allelic
variation for all genes of agronomic relevance. To build superior genotypes in
silico, Peleman and van der Voort (2003) introduced a concept, ‘Breeding by
Design’ that requires the knowledge of the map positions of all loci of agro-
nomic importance, the allelic variation at those loci, and their contribution to
the phenotype. Although great efforts have to be made to gather all this infor-
mation, the starting position looks promising: molecular marker technology
is very well developed, precise genetic stocks such as introgression line librar-
ies (Eshed and Zamir 1995) for mapping all relevant traits are available for
several crop plants and allelic variation at any locus in the genome can be
assessed by establishing haplotypes of multiple tightly linked markers. This
all-embracing approach has to be addressed immediately to make molecular
markers an accepted and irreplaceable tool for developing better crop plants.
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III.2 Breeding Strategies: Optimum Design
of Marker-Assisted Backcross Programs

M. Frisch1

1 Institute of Plant Breeding, Seed Science, and Population Genetics, University of Hohenheim,
70593 Stuttgart, Germany

1 Introduction

Recurrent backcrossing is used to transfer the genes underlying agronomi-
cally important traits from a donor into the genetic background of a recipient
genotype, usually an inbred line (Allard 1960). In a backcross program,
molecular markers can be used for indirect selection for the presence of a
favorable allele (Tanksey 1983) and for selection against the undesired
genetic background of the donor genotype (Tanksley et al. 1989). Selection
against the genetic background of the donor (‘background selection’) allows
us to reduce the number of backcross generations required for gene intro-
gression from six to three (Frisch et al. 1999a). Due to this time saving and
the possibility to monitor the donor genome content of the converted line,
background selection has become a standard tool in plant breeding, as dem-
onstrated by the example of the introgression of a gene coding for the Bacil-
lus thuringiensis toxin into a maize inbred line (Ragot et al. 1995). However,
the cost of a breeding program applying background selection is determined
by an optimum allocation of resources, because the price of marker analyses
is still high. In this chapter, principles for the optimum design of backcross
programs for introgression of qualitatively inherited traits with marker-
assisted background selection are described. Considered topics are (1) intro-
gression of a dominant gene, (2) introgression of a recessive gene, and (3)
simultaneous introgression of two genes.

2 Introgression of One Dominant Gene

2.1 Minimum Population Size Required for Finding Recombinant Plants

Theory (Stam and Zeven 1981) and experimental results (Young and Tanksley
1989) show that the intact donor chromosome segment around a target gene
in backcrossing remains large, even in advanced backcross generations. It can
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form the major part of the carrier chromosome of the target gene in a back-
cross product, which is responsible for the transfer of undesired traits from
the donor into the recipient parent (Zeven et al. 1983). By monitoring markers
flanking the target locus and selecting individuals carrying the donor allele at
the target locus and the recipient alleles at the flanking markers, the length of
the intact donor chromosome segment around the target gene can be reduced
efficiently (Tanksley et al. 1989). This rationale can be used to determine the
population size in a backcross program such that recombinants between the
target gene and flanking markers can be found with a high probability.

The population size required to generate in one backcross generation with
a high probability at least one plant recombinant between the target gene and
both flanking markers is greater than the multiplication rate of most crop
species. For example, for a flanking marker distance of 5 cM on each side of
the target gene, about 4000 individuals are required to find a double recombi-
nant with a probability of 0.99; even for the rather large flanking marker dis-
tance of 25 cM at least 300 individuals are required (Frisch et al. 1999b).
Therefore, we recommend a sequential strategy to find an individual with
recombination between the target gene and one flanking marker in genera-
tion BC1, and a recombinant between the target gene and the second flanking
marker in generation BC2 (Frisch et al. 1999b).

To calculate the minimum population size required in a backcross pro-
gram applying this approach, we consider a chromosome on which positions
are denoted in map distance from the telomere. The target locus is located at
position x and two flanking markers at positions yl and yr such that yl X x X yr.
Let d1=x–yl and d2=yr–x denote the lengths of the chromosome intervals
between the target locus and its flanking markers. Without loss of generality,
we assume d1 p d2. We denote z– as the genotype of an individual homozygous
for the recipient allele and z+ as the genotype of a heterozygous individual at
the locus at position z $ x yl, x, yr _ .

If the probability that a plant has a desired genotype is p, then the mini-
mum population size n required to find with probability q at least one plant,
which has a desired genotype, can be obtained from the probability function
of the binomial distribution as

n n In (1 – q)/l(1 – p). (1)

Probabilities p of obtaining single or double recombinant plants between the
target gene and the flanking markers are listed in Table 1. Probabilities p of
obtaining plants, which are not only defined by conditions concerning the
target gene and its flanking markers, but also by the condition that the com-
plete chromosome region between a flanking marker and the nearest telo-
mere consists entirely of the recurrent parent genome were given by Frisch et
al. (1999b).

Applying these results, a simple method to carry out a two-generation
backcross program designed to find with probability q2 at least one BC2 plant
of genotype yl

–x+yr
– can be conducted as follows:
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Table 1. Transition probabilities p between genotypes in backcrossing

Genotype in generation BCs Genotype in generation BCs+1 Transition probability

y l
+x+yr

+ a yl
–x+yr

– p = (1 – e–2d1) (1 – e–2d2) /8b

y l
+x+yr

+ yl
–x+yr

+ or y l
+x+yr

– p = (1 – e–2(d1+d2)) /4

yl
–x+yr

+ yl
–x+yr

– p = (1 – e–2d2) /4

y l
+x+yr

– yl
–x+yr

– p = (1 – e–2d1) /4

a The symbols yl and yr denote the background selection markers and x the target locus. A
superscript + or – indicates that the locus is heterozygous or homozygous for the recurrent
parent allele, respectively

b d1 and d2 denote the map distances between the target gene and two flanking markers

1. Choose the desired probability of success q2. Set the probability of finding
at least one BC1 individual of type yl

–x+yr
+ or y l

+x+yr
– to q1 = q2

2. Carry out BC1 with population size n1 such that at least one individual of
genotype yl

–x+yr
+ or y l

+x+yr
– is generated with probability q1.

3. Select a BC1 individual according to (d1 p d2)

yl
–x+yr

–
˘ yl

–x+yr
+
˘ y l

+x+yr
–
˘ y l

+x+yr
+.

(The symbol ˘ denotes that the genotype on the left-hand side is pre-
ferred over the genotype on the right-hand side.)

4. Carry out generation BC2 with n2 such that at least one individual with
genotype yl

–x+yr
– is generated with probability q2.

An optimization of this scheme is possible by choosing q1 F q2 in step 1. A cer-
tain probability of success q2 can be reached irrespective of the chosen proba-
bility q1 because the population size n2 can be chosen in step 4 such that a
desired level of q2 is reached irrespective of the genotype of the plant selected
in step 3. In consequence, the choice q1=q2 is arbitrary, and an optimum cri-
terion for q1 can be defined such that q1 is optimal if the expected total num-
ber of individuals required for the backcross program is minimized:
E(n)=n1+E(n2) 1 min. A mathematical description of this optimum criterion
is given by Eq. (35) of Frisch et al. (1999b), a graphic illustration of the effect
of q1 on the expected total number of individuals required is shown in Fig. 1.
For example, for two flanking markers 5 cM distant from the target gene
(d1=d2=0.05) and a desired probability q2=0.99 of finding in generation BC2

at least one double recombinant individual, choosing q1=0.90 results in an
expected total number of individuals required of E(n) G 400 (Fig. 1). In con-
trast, choosing q1 e 0.995 results in a minimum of the expected total number
of individuals of E(n)=222.

Calculation of the optimum values q1 for different flanking marker dis-
tances and probabilities of success is numerically demanding, therefore, we
tabulated the population size n1 corresponding to the optimum value of q1 for
flanking marker distances of 4, 6, 8, 12, and 16 cM in Table 2.
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Fig. 1. Expected total number E(n) of individuals required to reach probabilities of success
q2=0.900, 0.990 or 0.999 depending on the value chosen for q1. The flanking marker distances
are d1=d2=0.05 M

Table 2. Optimum population size n1 in generation BC1 and corresponding expected population
size E(n2) in generation BC2 such that the expected total number of individuals E(n)=n1+E(n2)
required to introgress one gene with a minimum number of individuals in a two-generation
backcross program is minimized. The values depend on the map distances d1 and d2 between
the target gene and two flanking markers

d2 (M)

d1 (M) 0.04 0.06 0.08 0.12 0.16

n1/E(n2)

0.04 143/252 136/186 130/155 123/128 117/117
0.06 91/167 88/135 83/105 79/93
0.08 66/125 63/94 60/80
0.12 43/83 41/68
0.16 32/62

In the above approach, the population size of generation BC2 is determined
after learning the result of generation BC1 (a posteriori) such that the overall
success is reached independent of the outcome of generation BC1. Hospital
and Charcosset (1997) presented an approach to determine the population
sizes for all generations of a backcross program before starting the breeding
program (a priori). Their approach applies constant population sizes over
generations and, furthermore, does not favor individuals of type yl

–x+yr
+ over

those of type yl
–x+yr

– even if d1 X d2. In comparison with the a priori approach,
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determining the population size n2 a posteriori has the advantages that (1)
only the number of individuals actually required to reach q2 are generated,
and (2) the probability q2 can be reached for all outcomes of generation BC1.

2.2 Reducing the Number of Backcross Generations

The above approach for calculating the population size focuses on reduction
of the length of the intact donor chromosome segment around the target
gene. Alternatively, the population size of a backcross program can be tar-
geted to save a defined number of backcross generations in the breeding pro-
gram. The population size required for this approach depends on the number
and positions of the markers and the selection intensity. There are no analyt-
ical solutions to determine population sizes, but simulations can be used to
solve the problem.

In such a simulation, first a reference breeding plan is simulated which
describes the breeding program as it would be carried out without using mark-
ers. Usually the reference plan consists of six (Allard 1960) to eight (Fehr 1987)
generations of backcrossing. With this simulation, the reference value reached
for the recurrent parent genome is determined. In subsequent simulations of
alternative scenarios with marker-assisted backcrossing, the parameters of the
backcross program are varied until the reference value for the recurrent parent
genome content is reached in the desired number of generations.

For a linkage map of maize, Frisch et al. (1999a) used the simulation soft-
ware Plabsim (Frisch et al. 2000). We found that the recurrent parent genome
content of 96.8%, which was reached after six backcross generations without
marker-assisted background selection, was reached after three backcross
generations when using 80 markers and a population size of 100 individuals
in each of generations BC1 to BC3.

2.3 Marker Positions

If only two background selection markers on the target chromosome are used
(assuming direct selection for the target gene), the distances d1 and d2

between target gene and markers can be chosen such that the expected donor
chromosome content on the target chromosome is minimized if both mark-
ers are fixed for the recipient allele (Hospital et al. 1992) by applying

d1 = d2 =
2

1
ln (1 + 2 ‘ s), (2)

where s is the proportion of selected BC1 individuals. This approach is based
upon the assumption of an infinite population size and the optimum proper-
ties only hold true if exactly two markers on the carrier chromosome of the
target gene are used.
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An alternative method of calculating of d1 and d2 is based on the rationale
that in a population with given size n, at least one single or double recombi-
nant individual is found with a given probability q (Frisch et al. 1999b). To
determine n, the probabilities p given in Table 1 are inserted in

p = 1 – (1 – q)1/n (3)

and the resulting equation is solved for d1 and d2. Tabulated results are given
by Frisch et al. (1999b).

The positions of markers used for background selection on noncarrier
chromosomes can be determined such that the correlation between the
molecular marker estimate of the donor genome content and the true donor
genome content is maximized (Visscher 1996). In this approach, the distance
between the telomere and the first marker is determined by numerical com-
parisons of alternative map positions in order to optimize the correlation.
For the remaining markers, Visscher (1996) showed that the maximum corre-
lation is reached if these are evenly spaced. The optimum distance between
telomere and the first marker is different for each backcross generation,
which makes it difficult to choose marker distances for a backcross program
with subsequent generations of background selection.

An approach which takes selection over several generations into account
was presented by Servin and Hospital (2002). They suggest choosing the
positions of markers such that after all markers have been fixed for the recur-
rent parent allele, the expected donor genome content on the chromosome is
maximized. As with Visscher’s approach, the distance between the telomere
and the first marker is determined with numerical evaluations and the
remaining markers are evenly spaced.

2.4 Selection Strategies

We consider here a marker-assisted backcross program consisting of s=1... t
generations, where in total n=n1+...+nt plants are employed and the popula-
tion size ns per generation is considerably greater than the minimum popula-
tion size required to find at least one recombinant between target gene and
flanking markers. The goal of marker-assisted background selection is to
reduce the recurrent parent genome across all chromosomes. A straightfor-
ward design to accomplish this goal is to generate in each generation ns=n/t
plants and to apply a two-stage selection strategy, consisting of selection for
the target gene and one marker-assisted background selection step. For the
background selection step, in generation BC1 m markers with a good cover-
age of the entire genome are analyzed and an individual which carries the
target gene and the recurrent parent alleles at most of the m markers is
selected as parent for producing the next backcross generation. In subse-
quent backcross generations, selection is carried out according to the same
scheme, but only those markers are analyzed which have not been fixed for
the recurrent parent allele in the preceding generation.
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When at least three generations of marker-assisted backcrossing have been
carried out, the efficiency can be enhanced considerably by: (1) employing a
small population size in generation BC1 and increasing the population size in
subsequent backcross generations, or (2) employing three- or four-stage
selection strategies, emphasizing selection for recombinants on the carrier
chromosome of the target gene during the first generations (Frisch et al.
1999a).

Employing increasing, constant, or decreasing population sizes from gen-
erations BC1 to BC3 in a simulation study had little effect on the recurrent
parent genome values of the selected BC3 plants (Frisch et al. 1999a). For
example, allocating a total of n=300 plants such that 100 plants are generated
in each of generations BC1 to BC3 (ratio n1:n2:n3=1:1:1) resulted in a lower
10% percentile of the recurrent parent genome (Q10) of 97.4%, while various
ratios from 3:2:1 on the one extreme to 1:3:9 on the other resulted in Q10 val-
ues of 97.3 or 97.4%. In contrast, employing a large population size in gener-
ation BC1 multiplied the number of marker data points required for the
marker-assisted backcrossing program. For example, only 2650 marker data
points were required for n1:n2:n3=1:3:9, while 5000 or even 7250 marker data
points were required for ratios of 1:1:1 and 3:2:1, respectively.

The constant recurrent parent genome values for different ratios n1:n2:n3

are in contrast to what is expected in multi-stage selection for a quantitative
character. There, large populations in early generations are advantageous,
because when high selection intensity is applied, a large selection gain is
expected due to the large segregation variance. However, in marker-assisted
backcrossing the increase in recurrent parent genome is not only driven by
selection, but also by the backcross process itself. It is to be expected that
backcrossing reduces the donor genome content by one half in each genera-
tion, irrespective of the amount present in the nonrecurrent parent. This
implies that the selection gain attained in a certain backcross generation is
halved by each additional backcross. Only the selection gain attained in the
last backcross generation is fully recovered in the final product of the back-
cross program. Consequently, if high selection pressure (i.e., selection of one
individual from a large population) is applied at the beginning of a marker-
assisted backcrossing program, then a high absolute value for the selection
gain is reached, but it is halved with each additional backcross generation. In
contrast, if high selection pressure is applied in advanced backcross genera-
tions the selection gain is smaller, but the rate of recovering it in the final
product of the breeding program is greater. A compensation between both
effects explains why the ratio of dividing a constant number of individuals
amongst the backcross generations hardly influences the recurrent parent
genome in the plants selected at the end of a marker-assisted backcrossing
program.

In generation BC1, all markers are analyzed at the plants carrying the tar-
get gene; an approximation of the required number of marker data points is
mn1/2. With no marker-assisted selection, in each subsequent backcross gen-
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eration the number of heterozygous markers is expected to be halved, there-
fore, a rough approximation of the portion of markers which are still hetero-
zygous in generation BCs, is mns/2

s. With marker-assisted background selec-
tion, the actual number of heterozygous markers which need to be analyzed
in generation BCs is below this approximation, because in addition to the
effect of the backcrossing per se, homozygosity is increased by marker-
assisted selection. These approximations illustrate that the expected portion
of markers which need to be analyzed is greater in early than in advanced
backcross generations. Therefore, large populations in early generations of a
marker-assisted backcross program require more marker data points than
large populations in late backcross generations. In conclusion, increasing the
population size reduces the number of marker data points in a two-stage
selection program compared to applying constant population sizes, but
reaches comparable percentages of recurrent parent genome in the final
breeding product.

Saving marker data points by using small BC1 populations can be success-
fully applied without a linkage map of the markers. If linkage information is
available, a sequential three- or four-stage selection strategy is another
option to increase efficiency of a marker-assisted background selection pro-
gram.

A three-stage selection strategy, consisting of one foreground selection
step and two background selection steps, can be conducted as follows (Frisch
et al. 1999a): after preselecting all individuals carrying the target gene, these
are analyzed for the two markers flanking the target gene. On the basis of the
result of this analysis, a selection index is constructed for each individual,
taking the value 2, if both flanking markers are fixed for the recurrent parent
allele and the value 1, if one out of the two flanking markers is fixed for the
recurrent parents’ allele. If both flanking markers are still heterozygous, the
index takes the value 0. Subsequently, all individuals for which this selection
index takes the largest observed value are analyzed for the remaining m–2
markers. Out of these individuals, the one carrying the recurrent parent allele
at the largest number of markers is selected as parent for the next backcross
generation.

An additional selection step extends three-stage selection to four-stage
selection. After preselecting the individuals having the best selection index
with respect to the flanking markers, these individuals are analyzed for all
markers on the carrier chromosome of the target gene. Then a selection
index is constructed, reflecting the number of markers on the carrier chro-
mosome which were fixed for the recurrent parent allele. The plants for
which this selection index takes the largest observed value are analyzed for
the markers on the remaining chromosomes and the one carrying the recur-
rent parent allele at most markers is selected as parent for the next backcross
generation.

In a simulated backcross experiment with maize, using 100 plants per
backcross generation, two-stage selection reached a Q10 value of 97.4% in
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generation BC3 while three- and four-stage selection reached Q10 values 97.2
and 96.8%, respectively (Frisch et al.1999a). However, while for two-stage
selection 5430 marker data points were required, three-stage and four-stage
selection required only 1810 and 1390 marker data points, respectively. These
results show that three- and four-stage selection provide an option which sig-
nificantly reduces the number of marker data points required compared to
two-stage selection, with only a minor reduction of the recurrent parent
genome percentage reached.

3 Introgression of a Recessive Gene

Introgression of a recessive gene by recurrent backcrossing without the aid of
molecular markers requires progeny tests in each backcross generation in
order to determine whether a plant is a heterozygous carrier of the recessive
gene or not. In addition to background selection, molecular markers can be
used to indirectly select for the target gene such that progeny tests are not
required in each backcross generation, but only at the end of the backcross
program. In this section, we focus on the carrier chromosome of the target
gene and outline a strategy to answer the following questions which describe
a two-generation backcross program for introgression of a recessive gene by
applying combined foreground and background selection (Frisch and Mel-
chinger 2001a): (1) What is the necessary population size n1 in BC1? (2) Sup-
pose the marker genotypes of the n1 BC1 individuals are known. Which
marker genotypes g and how many individuals ig of each should be selected
as parents for further backcrossing? (3) What should be the size fg of a BC2

family produced from a selected BC1 individual of genotype g?
We consider a chromosome with a sequence of loci at positions yl, ml, x,

mr, yr. The target locus is located at position x and two flanking markers, used
for foreground selection, are located at positions ml and mr. Two markers
located at positions yl and yr are used for background selection. We denote z–

as the genotype of an individual homozygous for the recipient allele and z+ as
the genotype of a heterozygous individual at the locus at position z $ x yl, ml,
x, mr, yr _ .

To calculate the population size for generation BC1, we define a set G of
multi-locus genotypes with respect to map positions yl, ml, mr, yr, which com-
prises the marker genotypes of all plants considered as possible parents for
generation BC2. It contains all multi-locus marker genotypes with at least one
background selection marker homozygous for the recurrent parent allele and
at least one heterozygous foreground selection marker. Marker genotypes
with no foreground selection marker carrying the donor allele are not
included in G because with high probability they do not carry the target gene.
Likewise, genotypes with only heterozygous background selection markers
are excluded from G because, with respect to the goal of reducing the donor
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genome around the target gene, they show no improvement compared with
F1 individuals.

To calculate the selection parameters for generation BC2, we define a set T
of multi-locus genotypes with respect to map positions yl, ml, mr, yr, compris-
ing the marker genotypes of all plants, which are considered as a successful
outcome of generation BC2. It contains all multi-locus marker genotypes with
both background selection markers homozygous for the recurrent parent
allele and at least one heterozygous foreground selection marker. Marker
genotypes with no foreground selection marker carrying the donor allele are
not included in T because with high probability they do not carry the target
gene. Likewise, genotypes with only one homozygous background selection
marker are excluded because the goal of reducing the donor genome around
the target gene has not been reached.

Using these definitions, the population size for generation BC1 can be
determined by inserting into Eq. (1) the probability

p = T
g $ G

p0,g+ (4)

that a BC1 individual belongs to the set of genotypes G and carries the target
gene. For each marker genotype g $ G, the probability p0,g+ that a BC1 individ-
ual has marker genotype g and carries the target gene is given in Table 3.

After producing the BC1 generation and analyzing the plants with markers
at positions yl, ml, mr, yr, the selection parameters for producing generation
BC2 need to be determined. We denote og as the number of individuals with
genotype g observed in BC1, ig as the number of BC1 individuals with geno-
type g used for further backcrossing, and fg as the size of a BC2 family pro-
duced from a BC1 individual with genotype g. A certain parameter setting for
generating the BC2 generation, consisting of the number of individuals ig to
be backcrossed and the respective family size fg for each marker genotype g,
is denoted by S. The set of all admissible parameter settings, denoted by A, is
determined by the following three conditions: (1) 0 p ig p og for all g $ G, i.e.,
the number of selected individuals of genotype g cannot exceed the number
of observed individuals, (2) 0 p fg p m for all g $ G, i.e., the number of proge-
nies generated from one plant cannot exceed the maximum possible family
size m (which can be determined either by the multiplication rate of the spe-
cies or the resources of the breeder), and (3) q(S) p q2, i.e., the desired proba-
bility of success q2 must be reached by the parameter combination S.

The probability q(S) of recovering at least one BC2 plant of marker geno-
type t $ T carrying the target gene when using the parameter setting S is cal-
culated as

q (S) = 1 – I
g $ G

[1 – qg (ig, fg)], (5)

where qg (ig,fg) is the probability of finding among the ig backcross families of
size fg at least one carrier of the target gene with genotype t $ T
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qg (ig, fg) = T
ig

s=1

[B(ig, s,pg+ 90,g) x 1–B(sfg, 0,pg+T,+) _ ]. (6)

For each marker genotype g $ G, the probabilities pg+ 90,g and pg+,T+ are given in
Table 3. pg+ 90,g denotes the probability that a BC1 individual with marker geno-
type g carries the target gene. pg+,T+ denotes the probability that a BC1 indi-
vidual with marker genotype g, which carries the target gene, generates a BC2

individual with marker genotype t $ T, which carries the target gene.

B (n, m, p) = F mn ¥ pm (1 – p)n–m is the probability function of the binomial

distribution. If a particular genotype occurs with probability p, the number
m of individuals of this type in a sample of size n is binomially distributed
with probability B(n,m,p).

The number of individuals required for the parameter setting S is

n2 (S) = T
g $ G

ig fg (7)

and the optimum parameter setting S* is the one requiring the smallest num-
ber of individuals among all elements in A.

n2 (S*) = min n2 (S). (8)
S $ A

There is no closed analytical solution for the minimization problem in
Eq. (8). To find a suitable parameter setting, we propose to calculate the prob-
ability of success q(S) for various parameter settings S and choose the one
which is an element of A and requires the smallest number of individuals.

4 Introgression of Two Dominant Genes

Alternative breeding schemes exist for the simultaneous introgression of two
genes into the genetic background of an inbred line (Frisch and Melchinger
2001a). They differ in the generation in which a plant carrying both target
genes is generated for the first time. The two genes can be merged into one
individual before starting the backcross program by crossing the donors of
the target genes and using the resulting F1 as the nonrecurrent parent for
backcrossing. Alternatively, the two genes can be introgressed in two separate
branches of the breeding program into the recipient and only when the intro-
gression is finished after t generations of backcrossing, the two converted BCt

individuals are crossed in order to merge the target genes. Between these two
extremes, breeding plans for a t-generation backcross program can be
applied, in which the target genes are merged into one individual in genera-
tion BCs (s X t). These alternative breeding plans differ with respect to: (1) the
minimum population size required for finding, with a given probability of
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success, carriers of both target genes in different types of populations and (2)
the selection intensity which has an effect on the percentage of the recurrent
parent genome reached and the number of marker data points required in
the backcross program.

The minimum population size required to recover carriers of both target
genes depends on the degree of linkage between them and whether they are
in coupling or repulsion phase linkage in the crossing or selfing parent. The
required population size can be calculated by inserting the respective proba-
bilities given by Frisch and Melchinger (2001b) into Eq. (1). Special attention
is required for breeding programs in which linked target genes are merged
into one individual by crossing two BCt plants, followed by a selfing genera-
tion to generate homozygous carriers of the target genes. In the selfing par-
ents, the target genes occur in repulsion phase, i.e., they are located on differ-
ent homologous chromosomes, one originating from the male, the second
from the female BCt plant. To generate a plant which carries both target genes
homozygous, it is therefore required that recombination between the target
genes occurs during the formation of both parental gametes. The probability
p=(1–r)2/4 that such a plant occurs is lower, the tighter linkage is. This results
in large populations being required for tightly linked target genes.

When two unlinked target genes are merged into one plant before the first
backcross generation and a total of n individuals are generated per backcross
generation, then about n/4 plants are expected to be subjected to marker-
assisted background selection. In contrast, when each target genes is intro-
gressed in a separate branch of the breeding program with a population size
of n/2, then out of the n plants employed in total for a certain generation,
about n/2 are expected to be subjected to marker-assisted background selec-
tion. In consequence, the intensity of selection for the recurrent parent
genome in a breeding plan in which the target genes are merged in a later
generation is greater than in a breeding plan with early merging of the target
genes. The greater selection intensity is accompanied by greater values of the
recurrent parent genome reached, but also by larger numbers of marker data
points required. This was demonstrated numerically in a simulation study
based on a model of the maize genome (Frisch and Melchinger 2001b).

5 Length of the Intact Donor Chromosome Segment Around
the Target Gene

For recurrent backcrossing with selection for the presence of a target gene,
the expected length of the intact donor chromosome segment attached on
one side of the target gene was derived by Hanson (1959) as (1–e–tl)/t, where
t is the number of backcrosses carried out and l the map distance between the
target gene and the end of the chromosome. Stam and Zeven (1981) extended
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Table 4. Expected length E(X) of the intact chromosome segment attached on one side of the
target gene in generations BCs (s=1...5, 6, 8, 10, 15) in the absence of marker-assisted selection
(none) and with selection for recombinants at a flanking marker at varying distances
(d=0.1,...0.5 M) in generation BC1. The map distance between the target gene and the telomere
is 1 M

Flanking marker distance (M)

s None 0.5 0.4 0.3 0.2 0.1

E(X)[M]

1 0.63 0.24 0.20 0.15 0.01 0.05
2 0.43 0.21 0.17 0.14 0.09 0.05
3 0.32 0.18 0.15 0.12 0.09 0.05
4 0.25 0.16 0.14 0.11 0.08 0.05
5 0.20 0.14 0.12 0.10 0.08 0.04
6 0.17 0.12 0.11 0.10 0.07 0.04
8 0.12 0.10 0.09 0.08 0.07 0.04
10 0.10 0.09 0.08 0.07 0.06 0.04
15 0.07 0.06 0.06 0.05 0.05 0.03

Hanson’s approach and derived the expected donor genome content on the
carrier chromosome. Their approach includes chromosome segments not
directly attached to the target gene and averages over all possible map posi-
tions of the target gene on the chromosome. For background selection with
exactly two markers on the carrier chromosome of the target gene, Hospital
et al. (1992) extended the approach of Stam and Zeven (1981) and deter-
mined numerically the expected donor genome content on the target chro-
mosome.

The probability distribution of the intact donor chromosome segment
around the target gene in backcrossing with selection for the presence of the
target gene and selection for the recipient alleles at flanking markers was
investigated by Hospital (2001) and Frisch and Melchinger (2001c). For vari-
ous situations relevant for practical backcross programs in plant breeding,
they derived density functions, expectations, and the variances of the lengths
of the attached donor chromosome segment.

A numerical illustration of their results presented in Table 4 shows the
expected length E(X) of the intact chromosome segment attached to one side
of the target gene in generations BCt (t=1...5, 6, 8, 10, 15) for backcross pro-
grams with and without background selection at flanking markers in genera-
tion BC1. The target locus is positioned at distance l=1.0 M from the chromo-
some end and the flanking marker is located at distance 0.1, 0.2, 0.3, 0.4,
0.5 M from the target locus. In generation BC1, the expected length of the
intact chromosome segment is 0.25 M, when selecting for a flanking marker
at 0.5 M distance. Without marker-assisted selection, a value of 0.24 M is
reached only in generation BC4. With an increasing number of backcrosses,
the differences between applying background selection and not applying
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background selection becomes smaller. However, an expected length of the
attached chromosome segment of 0.05 M, as reached in generation BC1 with
a flanking marker distance of 0.1 M, is not reached even after 15 backcross
generations without background selection.

These results show that selection for recombinants between the target gene
and a flanking marker is highly effective even when the marker is fairly dis-
tant from the target gene. For example, a saving of three backcross genera-
tions concerning the expected length of the linked chromosome segment is
realized with a marker distance of 0.5 M. Because recombinants between the
target gene and fairly distant flanking markers occur with a high probability
even in small backcross generations (Frisch et al. 1999b), marker-assisted
background selection can be used to avoid large intact donor chromosome
segments around the target gene, even with limited resources for the popula-
tion size and marker analyses.

Acknowledgment The author thanks A.E. Melchinger for helpful discussions and comments on
the manuscript.
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III.3 From Theory to Practice: Marker-Assisted
Selection in Maize
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1 Introduction

For thousands of years, farmers and, much later, breeders have improved
crops through plant selection. These efforts have been based on accumulating
favorable alleles, found in individual plants from diverse origins, through
recurrent cycles of recombination and selection. As a result, every improved
variety corresponds to a unique collection of thousands of alleles, accumu-
lated over the years, the combination of which explains the plant phenotype.

A long-standing goal of plant scientists has been to create more efficient
methods and approaches to plant selection first by better understanding the
basis of phenotypic variation and then by developing more efficient selection
methodologies. Defining the relationship between the presence of a given
allele and a phenotypic response relies on classical genetic analyses. During
the last two decades, technological innovations and developments in the area
of molecular genetics have greatly spurred the utilization and “power” of
genetics.

One of the major innovations has been the ability to detect differences in
the DNA between individuals. Such differences, detected by various types of
molecular markers, can be used to dissect polygenic traits into their Mende-
lian components or quantitative trait loci (QTL), thus increasing our under-
standing of the inheritance and gene action for such traits. When tightly
linked to genes of interest, the markers can be used to indirectly select for the
desirable allele, and represents the simplest form of marker-assisted selection
(MAS), whether used to accelerate the backcrossing of such an allele or in
pyramiding several desirable alleles. Molecular markers can also be used to
probe the level of genetic diversity among different cultivars, within popula-
tions, and among related species. The applications of such evaluations are
many, including varietal fingerprinting for identification and protection and
understanding relationships among germplasm collections. In addition,
markers and comparative mapping of various species have been very valuable
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for improving our understanding of genome structure and function and have
allowed the isolation of genes of interest via map-based cloning.

1.1 The Importance of Maize

While other plant species (e.g., rice and Arabidopsis) have been considered
model species for modern biotechnology, maize (Zea mays L.) has also been
a major focus of biotechnology research for several reasons. First, maize is
important globally for feeding the world. Maize is the third most important
food crop (behind rice and wheat), and is expected to increase in importance
as the world’s population continues to demand maize as a major food and
feed source. Maize has also been the focus of many commercial plant breed-
ing and biotechnology companies. The presence of hybrid technology enables
the private sector to capitalize on the sale of hybrid seed and derive benefits
from their investments in research and development. This, in turn, presents
a major dilemma for maize researchers. Cutting-edge maize biotechnology
research is concentrated in a handful of industrialized countries and com-
mercial companies, particularly the United States and Europe. Although
some of the technology is being made available (with limitations) for public
use, and some research is still being conducted by public organizations, the
private sector has much greater resources to devote to research and develop-
ment of the tools and techniques needed to advance maize improvement.

Maize also offers a number of significant scientific advantages. Classical
genetic studies have evolved to the point that the collection of known loci and
genetic/cytogenetic stocks are enormous. This, coupled with the ease with
which many molecular studies can be accomplished – both genetic and bio-
logical – has lead to a wealth of investigations and ultimately, the understand-
ing of the maize genome (Hoisington 1992). Efforts to develop the tools and
techniques for expanded identification of genes and gene functions via EST
databases, reverse genetics and functional genomics promise to maintain the
position of maize as a leading genetic organism, while providing powerful
approaches for enhancing maize productivity (Stuber et al. 1999; Coe et al.
2002; Lee et al. 2002).

1.2 Molecular Marker Development

Molecular marker technology has evolved from hybridization-based detec-
tion to new sequence-based systems; each having their advantages and disad-
vantages. Restriction fragment length polymorphisms (RFLPs) were the first
to be developed (some 15 years ago) and have been widely and successfully
used to construct linkage maps of various species, including many of the
major cereals. With the development of the polymerase chain reaction (PCR)
technology, several marker types emerged. The first of those were RAPD
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markers (random amplified polymorphic DNA) that gained popularity due to
the simplicity and lower costs of the assay. However, most researchers now
realise the weaknesses of RAPDs and use them less frequently. Microsatellite
markers or simple sequence repeats (SSRs), combine the power of RFLPs (co-
dominant markers, reliable, specific genome location) with the ease of
RAPDs and have the advantage of detecting higher levels of polymorphism.
The AFLP (amplified fragment length polymorphism) approach takes advan-
tage of the PCR technique to selectively amplify DNA fragments previously
digested with one or two restriction enzymes. Altering the number of selec-
tive bases of the primers and considering the number of amplification prod-
ucts per primer pair, this approach is certainly powerful in terms of polymor-
phisms identified per reaction. Most recently, systems that detect single base
pair changes (termed single nucleotide polymorphisms, SNPs) are becoming
available. While being fairly expensive to develop, requiring sequencing of
several alleles, they do detect high levels of polymorphism and can be
detected with simple and automated technology.

Maize was one of the first major crop species for which a complete molecu-
lar marker map was developed (Helentjaris et al. 1986). Since the first publi-
cations, many other maps have been produced and are now consolidated into
a consensus map using a ‘bin’ allocation to chromosome segment (Gardiner
et al. 1993). Given the high level of polymorphism found even between highly
related lines, this consensus map allows one to rapidly identify possible
markers for use in further saturating a region of interest, or for developing
alternative (e.g., PCR-based) marker systems. Efforts are underway to
develop saturated microsatellite marker maps. Most recently, efforts are
focused on sequencing alleles at numerous loci to develop the information
necessary for SNP analyses (see http://www.agron.missouri.edu and
http://www.cerealsdb.uk.net/cgi-bin/maize–snip.pl).

Since these markers also reveal a high level of polymorphism in maize, all
prerequisites are fulfilled to supplement or even substitute conventional phe-
notypic selection (PS) by marker-assisted selection (MAS). In view of the
potential advantages of MAS in plant breeding, it is not surprising that the
number of publications on this topic has increased exponentially since 1990.
A closer look, however, reveals that most reports were quantitative trait loci
(QTL) mapping studies, which often arrive at an optimistic assessment about
the prospects of MAS. The objectives of this review are to present an over-
view about the theoretical foundation of MAS as well as simulations studies
and first experimental results on the use of MAS in maize breeding.

1.3 Quantitative Trait Loci Mapping

One of the areas in molecular breeding receiving attention is the mapping of
chromosomal regions influencing qualitative or quantitative traits of interest.
Polygenic characters that are often difficult to manipulate using conventional
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phenotypic selection can now be tagged using molecular markers. A QTL can
be defined as the location of a gene or a cluster of tightly linked genes affect-
ing a trait, and the position of such QTL are statistically inferred. The basic
idea of QTL mapping has been known for nearly four decades (Thoday 1961).
If genetic markers are scattered throughout the genome of an organism of
interest, the segregation of these markers can be used to directly estimate the
effects of linked QTL, making possible the mapping and characterization of
underlying QTL. Modern QTL mapping involves searching for associations
between the segregating molecular markers and the character of interest in a
segregating population. Experimental populations such as F2, backcross (BC),
recombinant inbred lines (RILs), and double haploid (DH) lines are com-
monly used as mapping populations in plants. In the case of F2 mapping pop-
ulations, F2 plants are usually used to genotype, and F2 families to phenotype.
Near isogenic lines (NILs) are used for fine mapping and determining spe-
cific QTL effects. RIL and DH populations are permanent populations that
permit replicated evaluation of the phenotype, and are useful for mapping
traits that are difficult to measure.

Besides localization of polygenes, QTL mapping also allows estimation of
the effects of individual QTL as well as their joint effects (epistasis). QTL
mapping has been increasingly employed in recent years, primarily because
of the availability of PCR-based markers and powerful statistical packages. A
number of methods for mapping QTL and estimating their effects have been
suggested and investigated (Edwards et al. 1987; Lander and Botstein 1989;
Haley and Knott 1992; Jansen and Stam 1994; Zeng 1994; Jiang and Zeng
1995). Genetic dissection of diverse agronomically important traits in maize
using QTL mapping has been carried out (Stuber 1995; Stuber et al. 1999, for
reviews); comprehensive information about such experiments in maize can
be obtained from the MaizGDB (http://www.maizegdb.org).

1.4 Theoretical Aspects of Marker-Assisted Selection

Dekkers and Hospital (2002) distinguished two approaches for implementa-
tion of MAS in breeding. In the first approach, markers are treated as second-
ary traits and used to calculate a marker index score (Lande and Thompson
1990) based on classical results from selection theory. This score can be used
as a selection criterion in both recurrent selection as well as recycling breed-
ing.

The second approach, denoted as “gene stacking” or “genotype construc-
tion”, aims at combining the favorable alleles from all parents in a single new
genotype. If markers tagging the desirable genes or QTL regions are known,
they are used as discrete building blocks for a systematic construction of the
optimal genotype. Potential areas of application are recycling breeding and
introgression programs. Marker-assisted backcrossing for transfer of one or
several target genes represents a special case of “genotype construction”.
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1.4.1 Theory and Simulations of Marker-Assisted Selection Efficiency
for One Selection Cycle

QTL analyses provide the necessary prerequisites for calculating marker
index scores by detecting QTL-marker associations and estimating QTL
effects in segregating populations with high linkage disequilibrium. In its
simplest form, the marker index score is calculated as follows:

M = T
QTL*

âixi.

Here, QTL* is the set of all detected QTL, âi the estimated additive effect of
the ith QTL and xi (xi = 0,1,2) the number of favorable alleles at the ith locus.
In “pure” MAS, M is the only selection criterion. In “combined” MAS
(cMAS), the following index is calculated (Lande and Thompson 1990):

I = bmM + bpP.

Here, P denotes the phenotypic value and the optimum weights bm und bp

have the following ratio:

bm/bp = (1/h2–1)/(1–p).

Comparisons of the efficiency of different selection schemes are usually
based on the genetic gain ¿ G per cycle. For PS, the well-known formula
applies (Hallauer and Miranda 1981):

¿ GPS = iPS h * G cPS.

For MAS and cMAS, the following formulas apply (Lande and Thompson
1990):

¿ GMAS = iMAS * G p and ¿ GMAS = icMAS * G [p + (1–p)2/(h2–p)]1/2.

Here, i denotes the selection intensity, * G the genetic standard deviation in
the primary trait, h2 the heritability, cPS the parental control, and p the pro-
portion of the genetic variance * G2 explained by the detected QTL-markers
associations. Assuming identical selection intensities (iMAS=iPS), we obtain for
the relative efficiency (RE):

REMAS = ¿ GMAS/ ¿ GPS = (p/h2)1/2/cPS and
REcMAS = ¿ GcMAS/ ¿ GPS = [(p/h2 + (1–p)2/(1–h2p)]1/2/cPS.

Consequently, MAS is superior to PS under the following scenarios (Dudley
1993).

1. Direct evaluation of the trait is either difficult or expensive, and thus, MAS
allows a higher selection intensity than PS.

2. The trait can be evaluated only after flowering. Therefore, cPS=0.5, but
cMAS=1, because MAS selection can be performed during the seedling
stage.
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3. The trait can be evaluated only in the target environment, but not in off-
season nurseries. Hence, MAS allows selection during all generations and
shortens the cycle length.

The dilemma is that for a given sample size of the mapping population (N),
the power of QTL detection decreases with h2 (Lande and Thompson 1990).
Thus, RE is optimal for intermediate values of h2 depending on N. Moreover,
p and RE strongly depend on the genetic architecture of the trait. If only a few
QTL explain a large proportion of * G2, then RE is high (Moreau et al. 1998).
By comparison, the density of markers has only a minor influence beyond a
certain coverage ( ˚ 20 cM).

The formulas illustrate that p is fundamental for evaluating RE of MAS and
cMAS compared with PS. In the literature, p is commonly estimated by p=R2/
h2 (Schön et al. 1994) or p=R2

adj./h
2 (Moreau et al. 1998). It is common prac-

tice to estimate R2 or R2
adj. from the same data set that was used for QTL

detection (i.e., in model selection). For small N ( X 500), this causes a consid-
erable inflation of the estimates (Melchinger et al. 1998). To solve this prob-
lem, Utz et al. (2000) proposed cross-validation as a tool for obtaining unbi-
ased estimates of p and, thus, obtaining realistic predictions about the pros-
pects of RE.

Comparisons of cMAS and PS that take into account the additional costs of
marker assays were reported by Utz et al. (1994) and Moreau et al. (2000).
Given a fixed total budget and the same effective population size (Ne) of the
selected candidates, the optimum allocation of resources was calculated for
each method. As expected, RE is strongly influenced by the cost ratio
Rc=marker costs per genotype/cost per plot. RE of MAS increases with an
increasing budget, because only under these circumstances, the additional
costs of QTL mapping are counterbalanced by a significantly higher selection
response. Likewise, RE increases with decreasing heritability (h2

plot) up to a
certain point beyond which QTL detection becomes rather inefficient.

Cycle length is another important criterion. In maize, the cycle length is
approximately 6 months for MAS, but 2 years for half-sib selection. With this
in mind, Hospital et al. (1997) proposed an alternative breeding scheme, in
which one cycle of cMAS (combined with QTL mapping) is alternated by two
cycles of “pure” MAS. In simulation studies, they found a considerably higher
selection response compared with PS and cMAS.

1.4.2 Simulation Results of Marker-Assisted Selection After Several
Selection Cycles

The RE of MAS and cMAS with PS was investigated by several simulation
studies (for review see Whittaker 2001). The following conclusions can be
drawn from the results. (1) For traits influenced by 10 or fewer QTL, cMAS is
superior to PS for about 10–20 generations. However, the long-term selection
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response is smaller due to a rapid fixation of unfavorable alleles. (2) QTL-
marker associations must regularly be re-estimated, because MAS becomes
rather ineffective after four to six generations due to a rapid decline of link-
age disequilibrium. (3) The biometric method for detection and estimation of
QTL-marker associations has only a minor effect on an improvement of
cMAS. (4) Likewise, increasing the number of markers beyond a 10-cM den-
sity results only in a marginal improvement of cMAS. (5) During the initial
cycles, the RE of cMAS compared with PS increases with N and h2 up to an
optimum, which depends on N. (6) The RE of cMAS versus PS is higher for
QTL in coupling than in repulsion phase.

1.4.3 Prospects of Marker-Assisted Selection in Recycling Breeding

Van Berloo and Stam (1998) proposed a scheme for implementation of MAS
in the framework of “genotype construction” (Fig. 1). Here, the goal is to con-
struct transgressive genotypes, which possess the favorable allele at (nearly)
all QTL. In a first step, a segregating population of recombinant inbred lines
(RIL) is generated from a bi-parental cross, which after phenotyping and
genotyping is used for QTL mapping. With commonly employed sample sizes
N, the chances of obtaining the optimum genotype are extremely low, hence,
the best candidates are recombined in a further round. With PS, only the phe-
notypic value P of the candidates can be chosen as selection criterion,
whereas with MAS or cMAS, in addition to the marker index score I, one can
choose the candidates such that they complement each other with regard to
the positive alleles at different loci. As criterion for comparing both schemes,
van Berloo und Stam (1998) used the genotypic value of the best F2 progeny
in the segregating generation of the second cycle relative to the mean of the
unselected RIL population. In simulation studies, they found a superiority of
MAS compared to PS, which decreased with increasing h2 and uncertainties
in the estimated QTL-marker associations.

1.4.4 Experimental Results on the Efficiency of Marker-Assisted Selection
in Recycling Breeding

Following the procedure in Fig. 1, van Berloo and Stam (1999) compared the
efficiency of MAS versus PS for flowering date, a highly heritable trait in Ara-
bidopsis. They detected a total of eight QTL in the cross Landsberg × Colum-
bia and conducted divergent selection for early and late flowering. Deviating
from the expected superiority of MAS based on simulation results, both pro-
cedures were about equally effective disregarding the costs.
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Fig. 1. Schematic representation of the procedure proposed by van Berloo and Stam (1998) for
“genotype construction” in recycling breeding

2 Practical Examples of Marker-Assisted Selection

While a number of theoretical and simulation studies have been conducted,
there are also a few examples of MAS being applied in a practical sense. These
have evaluated the use of MAS to transfer single genes or QTLs for a single
trait from a donor line into one or more recipients lines. While many more
examples, involving selection of multiple traits, will be needed before broad
statements about the general effectiveness of MAS can be made, these do pro-
vide concrete examples of how MAS can be applied and the results of such.
Those known to the authors will be briefly described. The reader is referred
to the actual publication for further details.
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Fig. 2. Breeding scheme of Willcox et al. (2002) for PS and MAS for improvement of insect
resistance in tropical maize. N Sample size, E number of environments

2.1 Transgene Backcross-Marker-Assisted Selection

One of the first practical demonstrations of the use of MAS involved the
backcrossing of a Bt transgene into a commercial maize variety (Ragot et al.
1994). RFLPs were used to select for the transgene and maximal recurrent
parent genome at each generation. After four backcrosses (BC3) and in less
than 2 years, the lines were determined to be equivalent to those normally
produced by conventional backcrossing at the BC6 generation. From a com-
mercial perspective, such a rapid conversion of elite varieties is very attrac-
tive.

2.2 Marker-Assisted Selection for Improvement of Insect Resistance
in Maize

Willcox et al. (2002) conducted an experimental comparison of MAS and PS
for improving the resistance against various stem borers in tropical maize
(Fig. 2). MAS was based on mapping of a backcross population between a
susceptible and resistant inbred line using a total of 277 BC1S1 families, in
which three QTL were detected. Following MAS, three BC2S2 families were
developed, which carried all three target regions of the donor in homozygous
state, but had otherwise only a small fraction of the donor genome. In paral-
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Fig. 3. Breeding scheme of Yousef and Juvik (2001) for comparing the efficiency of PS and MAS
with selection for high (H) or low (L) seedling emergence or quality traits of sweet corn

lel, PS with artificial infestation was carried out at one location per genera-
tion. The comparison of three MAS- and five PS-selected families yielded a
significant improvement for leaf damage ratings, with some advantages of PS
over MAS. As expected, lines selected by MAS showed a significantly higher
proportion of the genome from the recurrent parent (78.3%) than those
selected by PS (70.4%).

2.3 Marker-Assisted Selection for Improvement of Important Traits
in Sweet Corn

Yousef und Juvik (2001) reported a comparison of MAS and PS for improve-
ment of seedling emergence and important quality traits (kernel sucrose con-
tent, kernel tenderness) in three crosses of sweet corn. After QTL mapping in
three populations of F2:3 lines, five markers were chosen for the traits or com-
bination of traits. Besides divergent selection with MAS and PS, a randomly
chosen sample was taken as a control. Each of these fractions was intermated
for generating the next breeding cycle (Fig. 3). In all instances, MAS was
superior over PS for traits selected either individually or simultaneously
(Fig. 4).

2.4 Marker-Assisted Selection for Grain Yield and Earliness
in Elite Maize Germplasm

Recently, Bouchez et al. (2002) reported the marker-assisted introgression of
favorable alleles at three QTL for earliness and grain yield in the cross of two
elite maize lines (F2 × Io; Fig. 5). Based on QTL mapping for testcross perfor-
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Fig. 4. Observed efficiency of PS and MAS with high (H) and low (L) selection (relative to the
unselected control) for seedling emergence, kernel sucrose content and kernel tenderness.
(Yousef and Juvik 2001)

Fig. 5. Scheme of Bouchez et al. (2002) for QTL mapping and MAS for grain yield and earliness
in the cross of two elite maize inbreds (F2 × Io)

mance of 96 RILs, they detected several QTL regions and chose three of them
with fairly large effects on earliness and/or grain yield for MAS. One RIL con-
taining all favorable QTL alleles was backcrossed twice to the one of the par-
ents (Io). MAS was performed to (1) transfer the target QTL regions from the
other parent (F2), (2) recover the Io genome on the noncarrier chromosomes,
and (3) reduce the linkage drag attached to the target QTL regions. At the end
of the selection program, the effects of introgression were re-evaluated phe-
notypically in field trials and QTL estimation was repeated with 217 BC3S1
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Fig. 6. Effects of three QTL regions on testcross performance for grain yield and earliness pre-
dicted from the original mapping population of 96 RILs (white columns), estimated from a
mapping population of 215 BC3S1 families (shaded columns) and the observed performance of
a selected BC3S1 line (black columns). (Bouchez et al. 2002)

(testcross) families. Clearly, MAS accelerated recovery of the recurrent parent
genome. QTL positions and effects originally determined in the RIL popula-
tion could be confirmed only for earliness (Fig. 6). However, for grain yield,
important discrepancies were found in the magnitude and sign of QTL after
introgression in generation BC3S1 as compared with the QTL effects esti-
mated from the initial QTL analysis of RILs. The authors explained these dis-
crepancies by genotype × environment interactions and epistatic interactions
with the genetic background. In conclusion, these results support the find-
ings of Melchinger et al. (1998) in that estimated QTL positions and effects
should be regarded with caution for complex traits, especially for small val-
ues of N. Thus, if the mapping population is not sufficiently large enough for
obtaining reliable QTL estimates, the final result of MAS can be rather disap-
pointing.
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Fig. 7. Scheme of Ribaut et al. (2002) for QTL mapping and BC-MAS for transferring drought
tolerance to the elite inbred CML247

2.5 Drought

Research at the International Maize and Wheat Improvement Center (CIM-
MYT) for the past few years has focused on the genetic dissection of drought
tolerance in maize. Following the QTL mapping of an initial F2:3 population
between a drought-tolerant and -susceptible inbred (Ribaut et al. 1996, 1997),
a BC-MAS project was initiated. The drought-tolerant parent in the mapping
study was used as the donor for backcrossing drought-tolerant QTL alleles
into a susceptible, but good combiner and high yielding, elite inbred
(CML247). Five genomic regions were transferred using flanking PCR-based
markers. Following two BCs and two self-pollinations (Fig. 7), the 70 best
BC2F3 lines were identified and crossed with two testers, CML254 and
CML274. The hybrids and the selected lines were evaluated under various
water regimes for 3 years in CIMMYT’s field station in Tlaltizapan, Mexico.
The results indicated that the mean yield under drought stress of the 70 MAS
lines was significantly higher than the controls. In addition, the best MAS
lines were two to four times higher yielding under drought. No yield reduc-
tions were observed under nonstress conditions, and a few MAS lines per-
formed better than the controls even under nonstress conditions.
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3 Economics of Marker-Assisted Selection

Very few studies, either theoretical or actual, have been reported on the eco-
nomics of MAS as compared to PS. Ragot and Hoisington (1993) presented
one of the first economic analyses of MAS, comparing the relative costs of
RFLP and RAPD markers. More recently, reports that have calculated the
technical efficiency of MAS relative to PS have concluded that it is difficult to
make meaningful comparisons without empirical data (Moreau et al. 2000; Yu
et al. 2000). One factor that limited the usefulness of these previous studies
has been the lack of actual cost data of the PS program.

Dreher et al. (2003) presented the results of a detailed cost analysis study
of the field and laboratory procedures associated with conventional (PS) and
MAS breeding. The studies were based on strategies and actual costs
employed by the maize breeding program at CIMMYT in Mexico. The con-
version of lines to quality protein maize (QPM) was used as a specific case
study. The results indicated that MAS (using SSR markers) was cost-effective
compared to PS for QPM and that adoption of new screening procedures
would reduce the cost differential between MAS and PS. The authors con-
cluded that such detailed budget analyses are critical in determining the cost
effectiveness of MAS and that such analyses are extremely useful in making
informed decisions about the choice of methods.

In a companion paper, Morris et al. (2003) compared the cost effectiveness
of various PS strategies and MAS for introgressing a single dominant gene
into an elite maize line (genotype conversion). Using costs at CIMMYT in
Mexico, neither method showed clear superiority in terms of both cost and
speed. PS schemes were less expensive, but MAS required less time. Thus,
which method is most cost-effective will depend greatly on the availability of
operating capital in the breeding program. If operating capital is abundant,
MAS would be most cost-effective; if capital is limited, PS would be the
method of choice.

The above studies indicate that there is no single, nor simple, answer as to
when to apply MAS versus PS in a breeding program. The answer will require
a detailed analysis of the specific field and laboratory costs. The overall cost-
effectiveness of MAS will depend on four major parameters: (1) the relative
cost of phenotypic versus genotypic screening, (2) the time savings achieved
by MAS, (3) the benefits associated with an accelerated release of improved
germplasm, and (4) the amount of operating capital available to the breeding
program.
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4 New Marker-Assisted Selection Strategies

It is not surprising that using an indirect selection tool such as a molecular
marker linked to a QTL results in the successful transfer of the QTL (and
associated phenotype) to a new variety. However, MAS is still limited by the
current requirement to map the QTLs whenever a new source of germplasm
is involved in the MAS program. This greatly increases the costs and time,
thus decreasing the efficiency and usefulness of MAS in a breeding program.

Two strategies have been proposed to overcome these limitations. One
strategy involves selecting plants at an early generation that possess a fixed,
desirable genotype at specific loci by conducting a single, large-scale,
marker-assisted selection (SLS-MAS; Ribaut and Hoisington 1998; Ribaut and
Betrán 1999). MAS is conducted only once and only for the specific target
loci, thus greatly reducing the costs and resources required. In addition, since
the strategy employs crosses of elite by elite germplasm and no selection out-
side the target loci, the resulting selected lines contain the best alleles from
both parents while maintaining optimal variation. Breeders can then con-
tinue to select the best lines while maintaining the target trait without further
MAS. CIMMYT molecular geneticists are in the final stages of conducting
SLS-MAS for drought tolerance in tropical maize with the national programs
in Kenya and Zimbabwe. The only limitation of this approach is the require-
ment to map the QTL to be selected.

A second approach to overcome the requirement for re-mapping QTLs is
to develop a drought consensus map for the trait(s) of interest (Ribaut et al.
2002). The strategy is based on the observation that certain genes form clus-
ters within the maize genome (Khavkin and Coe 1997). By combining into a
single consensus map all information regarding the genetic location of multi-
ple components involved in a trait, for example, drought tolerance, it may be
possible to identify genomic regions that are common across a range of
germplasm and traits. If such regions can be identified, MAS for these
regions could be used directly without requiring the construction of linkage
maps. It is quite possible that not all common regions will be required in each
cross, but the savings from not having to develop a new linkage map will
greatly outweigh the small costs of performing MAS for these regions.

5 Conclusions

Maize is extremely rich in the number and type of molecular markers avail-
able. These are being used to map many genes and traits of interest. Thus,
some of the early predictions of the usefulness of molecular markers have
already been demonstrated. Theoretical studies, simulations and experimen-
tal results show that the efficiency of MAS and its relative efficiency com-
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pared with phenotypic selection depend primarily on the following factors:
(1) the heritability of the trait, (2) the population size of the mapping popula-
tion employed in QTL mapping, (3) the genetic architecture of the trait, (4)
the relative costs of marker assays compared to phenotypic trait evaluation,
and (5) the total budget of the breeding program. By comparison, marker
coverage of the genome beyond a certain marker density and the biometric
procedure employed for QTL mapping are only of secondary importance.
While MAS for complex traits like yield have been mostly disappointing,
encouraging results have been reported for quantitative traits with a simpler
genetic basis and for qualitative tolerance to abiotic and biotic stresses.
Hence, the choice of suitable traits and the appropriate strategy (Ribaut et al.
2002) is crucial for the prospects to successfully integrate MAS in practical
breeding programs. Furthermore, integration of new MAS strategies into
ongoing breeding programs is essential for bridging the gap between QTL
mapping in special populations and transfer of these results to applied maize
breeding.
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III.4 Molecular Markers for Disease Resistance:
The Example Wheat
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1 Introduction

Bread wheat (Triticum aestivum L.) is attacked by a large number of different
pathogen species. Many diseases caused by these pathogens result in severe
reductions of yield and a decreased bread-making quality. Depending on the
specific environment of wheat production, the relevant pathogens and the
extent of the damage can vary. The wheat pathogens include obligate biotro-
phic fungi such as leaf rust and powdery mildew, necrophytic species such as
Stagonospora nodorum as well as nematodes and viruses. The wheat gene
pool contains a large variety of resistant germplasm against specific patho-
gens and improving disease resistance is a highly relevant goal in many
breeding programs. Naturally occurring resistance, particularly complete
resistance against biotrophic pathogens, is frequently based on single, race-
specific resistance (R) genes which can be durable, but are frequently broken
by new, virulent pathogen races. A second type of resistance is called partial
resistance: it is quantitative, depends on two or more genes and it is usually
durable. In quantitative resistance, the genes which show relatively major
effects are particularly interesting. Recently, several quantitative trait loci
(QTL) with large effects have been described, e.g., for Fusarium resistance (a
quantitative trait locus on 3BS; Zhou et al. 2002) or for resistance against leaf
rust (Lr34; Nelson et al. 1997; Schnurbusch et al. 2004).

Given the difficulty and the considerable resources needed to score for dis-
ease resistance in wheat breeding programs, molecular markers for specific
traits can significantly contribute to an improved efficiency of resistance
breeding. In the last decade, a large number of such markers have been devel-
oped. International collaborations in the Wheat Microsatellite Consortium
(WMC) and the International Triticeae EST Cooperative (ITEC) have greatly
contributed to the development of markers. Closely linked markers are par-
ticularly useful for marker-assisted selection (MAS) of resistance traits that
are difficult to score and which are genetically based on a single gene. In
wheat, selection for cereal cyst nematode resistance based on the cre1 and
cre3 resistance loci has become an integral part of some Australian wheat
breeding programs (Ogbonnaya et al. 2001a). Markers are equally well suited
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for the pyramiding of resistance genes, e.g., against leaf rust or powdery mil-
dew diseases for which many different resistance genes are available. Increas-
ingly, markers have also been identified for genomic regions contributing to
quantitative resistance. Most markers for such regions have not been exten-
sively tested in breeding material and their applicability outside the popula-
tion where they were identified remains to be determined. In general, the val-
idation of the markers in a large gene pool for wrong positive or wrong nega-
tive results has been a neglected area of research. However, there is an
increased awareness of this problem (Sharp et al. 2001). In addition to appli-
cation in MAS, markers closely linked to a particular gene are a prerequisite
for map-based cloning. The recent isolation of the fungal disease resistance
genes Lr10 (Feuillet et al. 2003), Lr21 (Li et al. 2003) and Pm3b (Yahiaoui et al.
2004) has shown that map-based cloning is now feasible from hexaploid
wheat.

Excellent reviews have recently been published on the use of molecular
markers for wheat breeding (Gupta et al. 1999; Langridge et al. 2001) and a
list of molecular markers for specific genes can be found in the gene cata-
logue of (McIntosh et al. 1998) and its updates (http://wheat.pw.usda.gov/).
Here, we focus on the specific markers available for wheat disease resistance
breeding, the status of their practical application as well as the problems of
MAS in resistance breeding.

2 Development of Molecular Markers

2.1 First Generation of Genetic Markers

Different technologies have been used to develop markers for R genes in
wheat. A very limited number corresponds to morphological markers such as
leaf chlorosis or pseudo black chaff for Sr2 (Brown 1997) or leaf tip necrosis
for Lr34 and Yr18 (Singh 1992a, b). This type of marker is usually of limited
use as it is often affected by environmental conditions or developmental
growth stages. However, in some cases phenotypic markers such as the leaf
tip necrosis associated with Lr34 and Yr18 have been intensively used in
selection for durable resistance in wheat (Rajaram et al. 1988). A number of
biochemical markers, particularly isoenzymes, have also been developed as
markers for leaf rust and eyespot disease resistance genes in wheat (McMillin
et al. 1986; Winzeler et al. 1995). However, this type of marker requires pro-
tein extraction, is labor-intensive and not well adapted to automation and
high-throughput analysis for breeding.

Molecular markers are based on the detection of polymorphisms in the
DNA sequence. Their number is theoretically almost unlimited and, they are
not affected by environmental conditions and plant growth stages. The first
molecular markers for disease resistance genes in wheat were developed at
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the beginning of the 1990s and they were mainly restriction fragment length
polymorphism (RFLP) markers. A large number of RFLP probes has been
generated from T. aestivum and Ae. tauschii libraries (Liu et al. 1990; Ander-
son et al. 1992; Devos and Gale 1993); for more details see the review of Gupta
et al. (1999). They have been extensively used to establish genetic maps (for
review, see Langridge et al. 2001) and the development of markers for agro-
nomically important traits in wheat. For many years, marker development in
wheat has relied on RFLP probes directly originating from wheat. This has
resulted in low-density maps which did not always allow the efficient devel-
opment of markers for target genes. The situation dramatically improved
with the discovery of the conservation of the marker order (colinearity) at the
genetic map level on homoeologous chromosomes of grass genomes (Moore
et al. 1995; Keller and Feuillet 2000). As colinearity mainly concerns genes
and most of the RFLP probes correspond to cDNAs, RFLP markers from one
species have been successfully used for mapping in other grass species. This
has allowed the increase of genetic map densities at resistance gene loci in
wheat and the development of tightly linked markers. To date, more than 36
RFLP markers have been developed for monogenic pest and disease resis-
tance genes in wheat (Tables 1, 2) and they still represent a large part of the
markers used to identify QTLs for quantitative disease resistance (Table 3).

Table 1. Markers for fungal disease resistance genes in wheat

1. Leaf rust (Puccinia triticina Eriks.)

Gene Loca-
tion

Source Linkagea

comments
Marker Reference

Lr1 5DL T. aestivum X 1 cM RFLP/STS,
RGAb

Feuillet et al. (1995);
Ling et al. (2002)

Lr3 6BL T. aestivum X 1 cM RFLP Sacco et al. (1998)
Lr9 6BL Ae. umbellulata introgression RFLP/STS Schachermayr et al. (1994);

Autrique et al. (1995)
Lr10 1AS T. aestivum X 1 cM RFLP/STS Schachermayr et al. (1997);

Feuillet et al. (2003)
Lr13 2B T. aestivum 10 cM RFLP/SSR Seyfarth et al. (2000)
Lr18 1BL T. timopheevi Introgression N-Band Yamamori (1994)
Lr19 7DL Ae. elongatum Introgression Endopepti-

dase, RFLP/
STS

Autrique et al. (1995);
Winzeler et al. (1995);
Prins et al. (2001)

Lr20 7AL T. aestivum X 1 cM, intro-
gression?

RAPD/STS Neu et al. (2002)

Lr21/Lr40 1DS Ae. tauschii X 1 cM RFLP/STS Spielmeyer et al. (2000b);
Huang and Gill (2001);
Li et al. (2003)

Lr23 2BS T. turgidum 20 cM RFLP Nelson et al. (1997)
Lr24 3DL Ae. elongatum Introgression SCAR/STS Autrique et al. (1995);

Schachermayr et al. (1995);
Dedryver et al. (1996)
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Gene Loca-
tion

Source Linkagea

comments
Marker Reference

Lr25 1BS S. cereale Introgression RAPD Procunier et al. (1995)
Lr27/Lr31 3BS/4BL T. aestivum Complement-

ary genes
RFLP Nelson et al. (1997)

Lr28 4AL T. speltoides Introgression RAPD/STS Naik et al. (1998)
Lr29 7DS Ae. elongatum Introgression RAPD Procunier et al. (1995)
Lr32 3DS Ae. tauschii 3.6 cM RFLP Autrique et al. (1995)
Lr35 2B T. speltoides X 1 cM RFLP/STS Seyfarth et al. (1999)
Lr37 2AS Ae. ventricosa Introgression RFLP/STS Bonhomme et al. (1995);

Seah et al. (2001)
Lr39
(=Lr41)

2DS Ae. tauschii 10.7 cM SSR Raupp et al. (2001)

Lr47 7A T. speltoides Introgression RFLP/CAPS Dubcovsky et al. (1998);
Helguera et al. (2000)

2. Yellow rust (Puccinia striiformis Westend.)

Gene Loca-
tion

Source Linkagea

comments
Marker Reference

Yr5 2B T. spelta album X 1 cM RGAb Yan et al. (2003)
Yr7 2BL T. durum X 3 cM AFLP Bariana et al. (2001)
Yr9 1B/1R Rye 1 cM RGAb Shi et al. (2001)
Yr10 1B T. aestivum X 1 cM RGAb/SSR Spielmeyer et al. (2000a);

Bariana et al. (2002);
Smith et al. (2002);
Wang et al. (2002)

Yr10vav T. vavilovii 1.5% SSR
YrMoro T. aestivum X 1 cM STS
Yr15 1B T. dicoccoides 2.6 cM RAPD/RFLP,

SSR
Sun et al. (1997);
Peng et al. (2000a)

Yr17 2A Ae. ventricosa Introgression RAPD/RFLP,
RFLP/STS

Robert et al. (1999);
Seah et al. (2001)

Yr26 1B T. turgidum 1.9 cM SSR Ma et al. (2001)
YrH52 1B T. dicoccoides 1.3 cM SSR Peng et al. (2000b)
Yrns-B1 3BS T. aestivum 20.5 cM SSR Borner et al. (2002)

3. Stem rust (Puccinia graminis Pers.: Pers.)

Gene Loca-
tion

Source Linkagea

comments
Marker Reference

Sr2 3BS T. dicoccum 6.9 cM Leaf chloro-
sis, pseudo-
black chaff,
RFLP/STS

Rajaram et al. (1988);
Brown (1997);
Sharp et al. (2001);
Spielmeyer et al. (2003)

Sr22 7A T. monococcum Introgression RFLP Paull et al. (1994)
Sr30 5DL T. aestivum G 10 cM AFLP/RFLP Bariana et al. (2001)
Sr36 2B T. timopheevii X 1 cM SSR Bariana et al. (2001)
Sr38 2AS Ae. ventricosa Introgression RFLP/STS Seah et al. (2001)
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4. Powdery mildew (Erysiphe graminis DC. f. sp. tritici Em. Marchal)

Gene Loca-
tion

Source Linkagea

comments
Marker Reference

Pm1 7AL X 1 cM RAPD/RFLP,
AFLP

Ma et al. (1994); Hartl et
al. (1995); Hu et al.
(1997); Neu et al. (2002)

Pm2 5DS 3.5 cM RFLP Ma et al. (1994); Hartl et
al. (1995); Mohler and
Jahoor (1996)

Pm3 1AS 1.3 cM RFLP, SSR Hartl et al. (1993); Ma et
al. (1994); Bougot et al.
(2002); Yahiaoui et al.
(2004)

Pm4 2AL T. dicoccum/
T. cartlicum

X 1 cM RFLP, RAPD,
AFLP

Ma et al. (1994);
Hartl et al. (1999)

Pm5e 7BL T. aestivum 6.6 cM SSR Huang et al. (2003)
Pm6 2BL T. timopheevii 1.6 cM RFLP Tao et al. (2000)
Pm8/Pm17 1BL Rye 1R For 1R trans-

location
STS, AFLP Mohler et al. (2001, 2002)

Pm12 6B Ae. speltoides Introgression RFLP Jia et al. (1996)
Pm13 3DS Ae. longissima Introgression RFLP/STS Cenci et al. (1999)
Pm18 4.4 cM RFLP Hartl et al. (1995)
Pm21 6AL H. villosa Introgression RAPD, SCAR Qi et al. (1996);

Liu et al. (1999)
Pm24 1D T. aestivum 2.4 cM SSR, AFLP Huang et al. (2000)
Pm25 1A T. monococcum 12.8 cM RAPD Shi et al. (1998)
Pm26 2BS T. dicoccoides X 1 cM RFLP Rong et al. (2000)
Pm27 6B T. timopheevii X 1 cM SSR Jarve et al. (2000)
Pm29 7D Ae. ovata X 1 cM RFLP, AFLP Zeller et al. (2002)
Pm30 5BS T. dicoccoides 5–6 cM SSR Z.Y. Liu et al. (2002)

5. Common bunt (Tilletia tritici), loose smut (Ustilago tritici (Pers) Rostr.), eyespot (Pseudocer-
cosporella herpotricoides (Fron)

Gene Loca-
tion

Source Linkagea

comments
Marker Reference

Bt-10 T. aestivum 1 cM RAPD, STS Demeke et al. (1996);
Laroche et al. (2000)

T10 2BS 10 cM SCAR Procunier et al. (1997)
Pch-1 7DL Ae. ventricosa Introgression Ep-D1b,

RFLP
McMillin et al. (1986)

Pch-2 7AL T. aestivum 11 cM RFLP delaPena et al. (1997)

a Linkage X 1 cM corresponds to markers either completely linked or less than 1 cM. When sev-
eral studies were performed on the same gene, the closest marker distance is indicated

b Markers derived from resistance gene analogs (RGA)
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Table 2. Markers for resistance against nematodes, pests and viruses

1. Nematodes: Cereal cyst nematode (Heterodera avenae), root lesion nematode (Pratylenchus
neglectus), root-knot nematode (Meloidogyne naasi)

Gene Loca-
tion

Source Linkagea

comments
Marker Reference

Cre1 2B T. aestivum X 1 cM RFLP/STS Williams et al. (1994,
1996)

Cre3 2DL X 1 cM RAPD, RGAb Eastwood et al. (1994);
Lagudah et al. (1997)

Cre5 2AS Ae. ventricosa Linked to
Yr17, Lr37,
Sr38

Jahier et al. (2001)

Cre6 5 Nv Ae. ventricosa RGAb Ogbonnaya et al. (2001b)
Rlnn1 7AL 9.1 cM RFLP Williams et al. (2002)
Rkn-mn1 3BL Ae. variabilis X 1 cM RAPD Dweikat et al. (1994,

1997); Barloy et al. (2000)

2. Insects: Hessian fly (mayetiola destructor), Russian wheat aphid [Diuraphis noxia (Mord-
vilko)]

Gene Loca-
tion

Source Linkagea

comments
Marker Reference

H3, H6,
H9, H10,
H12, H16,
H17

5A T. aestivum X 1 cM RAPD Dweikat et al. (1994)

H5, H11,
H13, H14

1A Dweikat et al. (1997)

H21 T. aestivum X 1 cM RAPD Seo et al. (1997)
H23 6D Ae. tauschii 6.9 cM RFLP Ma et al. (1993)
H24 3D 5.9 cM
Dn1 7D T. aestivum 3.8 cM SSR X.M. Liu et al. (2001)
Dn2 7D T. aestivum 2.8 cM RFLP, SCAR,

SSR
Ma et al. (1998); Myburg
et al. (1998); X.M. Liu et
al. (2001); Miller et al.
(2001)

Dn5 7D T. aestivum X 3.2 cM SCAR, SSR Venter and Botha (2000);
X.M. Liu et al. (2001)

Dn4 1DS T. aestivum 7.4 cM RFLP Ma et al. (1998);
X.M. Liu et al. (2002)Dn6 7DS 3 cM SSR

Dn8 7DS T. aestivum X 3.2 cM SSR X.M. Liu et al. (2001)
Dn9 1DL X 3.2 cM
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3. Viruses: barley yellow dwarf virus, wheat spindle streak mosaic bymovirus, wheat streak
mosaic virus

Gene Loca-
tion

Source Linkagea

comments
Marker Reference

BYDV
(Bvd2)

7D Ae. intermedium Introgression RAPD/SCAR,
SSR

Ayala et al. (2001);
Stoutjesdijk et al. (2001)

WSSMV 2DL T. aestivum 79% RFLP Khan et al. (2000)
Wms1 4D Ae. intermedium Translocation RAPD/STS Talbert et al. (1996)

a Linkage X 1 cM corresponds to markers either completely linked or less than 1 cM. When
several studies were performed on the same gene, the closest marker distance is indicated

b Markers derived from resistance gene analogs (RGA)

Table 3. Markers for quantitative disease resistance in wheat

QTL Location Contribution
(R2)

Marker Reference

Leaf rust 1B, 7B 18–34 RAPD/RFLP William et al. (1997)
14–34

1B, 3A, 4B,
4D, 7B

Messmer et al. (2000)

Lr34 7DS 16–42
52

RFLP/SSR Nelson et al. (1997); Suenaga
(2002); Schnurbusch et al. (2004)

Lr46 1BL 45
49

SSR/AFLP Suenaga (2002); William et al.
(2003)

Fusarium
head blighta

3BS 15–56 RFLP/AFLP/
SSR/STS

For review: Anderson et al.
(2001); Kolb et al. (2001) Borner
et al. (2002); Buerstmayr et al.
(2002); Zhou et al. (2002); Gervais
et al. (2003); Guo et al. (2003)

2A
6B
5A
7A, B

Powdery
mildew

5A, 7B, 3D 15–32 RFLP, SSR Keller et al. (1999)

5D 20–39 Chantret et al. (2000)
1B, 2A, 2B 11–29 S.X. Liu et al. (2001)

Yellow rust 7D 15 SSR/RFLP/
AFLP

Bariana et al. (2001)
1B
2D

Yr29 1BL 24–31 AFLP William et al. (2003)
Yr18 7DS, linked

to Lr34
32 RFLP Singh et al. (2000)

Yr 28 4DS RFLP Singh et al. (2000)
Stem rust 3B SSR/RFLP/

AFLP
Bariana et al. (2001)

6A

a Only major QTLs that have been found in more than one study are given for FHB resistance
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However, RFLPs are not well suited for marker-assisted selection as they are
labor-intensive, time-consuming, require large amounts of DNA and often
have to be radioactively labeled. In addition, because they only rely on
sequence differences in restrictions sites, they show a limited amount of poly-
morphism in wheat. For these reasons, they are not used routinely in marker-
assisted selection programs.

2.2 Polymerase Chain Reaction-Based Markers:
High-Throughput for Marker-Assisted Selection

The discovery of the polymerase chain reaction (PCR) has revolutionized the
development of molecular markers because it only requires very low amounts
of DNA which can be rapidly extracted from different plant material with
high-throughput methods (Kang et al. 1998; Paris and Carter 2000; Stein et al.
2001). The first type of PCR-based markers were random amplified polymor-
phic DNA (RAPD) markers. Their main advantage is that RAPDs do not
require any knowledge of the target sequence as single random primers of
9–10 mers are used for PCR. To date, 17 RAPDs have been developed for
wheat disease R genes (Tables 1–3). However, the low temperature of amplifi-
cation used in this technique makes RAPD markers not very robust and diffi-
cult to reproduce in different laboratories using different thermocyclers. For
these reasons, in many cases sequence tagged site (STS) markers, which cor-
respond to the specific amplification of a target DNA sequence at stringent
temperature, have been derived either from low-copy RFLP or from RAPD
markers.

The second generation of PCR-based markers consisted of microsatellites
or simple sequence repeats (SSR) and amplified fragment length polymor-
phisms (AFLP). SSRs which comprise short repeat units of 1–6 nucleotides
are very abundant and dispersed throughout the genome. AFLPs which com-
bine the use of restriction site polymorphisms and specific PCR amplifica-
tions have a high multiplex ratio compared to the other marker systems. Both
techniques benefit from the advantages of PCR and have a higher marker
index (calculated on the information content and multiplex ratio of the
marker) than RFLP and RAPD (Powell et al. 1996). Microsatellites, which are
mainly codominant, are more robust than RAPD and easier to transfer
between populations than AFLPs. The main disadvantage of SSRs resides in
their high developmental costs which cannot be supported by every labora-
tory. However, initiatives such as the Wheat Microsatellite Consortium have
helped to share the costs and to provide SSRs developed in different labs to
the entire wheat community. Nineteen SSR and seven AFLP markers have
been published for single pest and disease R genes in wheat mainly in the last
3 years (Tables 1, 2). Combined with RFLP, they represent major sources of
markers to establish the genetic maps necessary for QTL analysis for disease
resistance in wheat (Table 3).
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2.3 Markers for Single Traits vs. Markers to Dissect Complex Traits

So far, most of the markers have been developed for monogenic R genes
(Tables 1, 2), which when used as single genes are not very durable in the
field. Even if molecular markers allow the combination of several single R
genes (pyramidization) to increase durability, breeders are most interested in
targeting quantitative forms of resistance. Quantitative resistance can either
be due to the combined action of several minor genes (QTLs) such as the
resistance to Fusarium head blight or to single loci which are strongly influ-
enced by the environment such as the slow rusting genes Lr34 and Lr46. The
increase in the type and number of molecular markers in wheat in the last
decade has allowed a more efficient dissection of quantitative disease resis-
tances into single QTLs. This is demonstrated by the release of more than 20
publications since 2000 for QTLs for disease resistance in wheat (Table 3).
Quantitative resistance is very difficult to select for in conventional breeding
programs. With the comparison of QTLs obtained in different environments
and populations, it is now possible to identify major QTLs which can be tar-
geted by markers and integrated in MAS schemes.

2.4 Markers Derived by Homology
with Known Plant Disease Resistance Genes

Since 1998, a number of plant R genes have been cloned (Richter and Ronald
2000; Hulbert et al. 2001). A majority of them belong to the NBS-LRR class
and contain short conserved domains. So-called resistance gene analogs
(RGAs) have been isolated from wheat and barley using degenerated primers
corresponding to very conserved regions (Ploop, kinase2 and GLPLAL)
within or close to the NBS domain (Leister et al. 1998; Seah et al. 1998; Spiel-
meyer et al. 1998; Collins et al. 2001), or using the resistance gene analog
polymorphism (RGAP) technique (Chen et al. 1998; Shi et al. 2001; Yan et al.
2003). A number of these RGAs were mapped at known disease resistance
loci and represent good markers for wheat disease resistance genes. In a few
cases, RFLP or RAPD markers associated with wheat R genes were also found
to correspond to RGAs (Lagudah et al. 1997; Frick et al. 1998; Huang and Gill
2001; Ling et al. 2002). So far, six of the RGAs are used as markers for R genes
in wheat (Tables 1–3).

2.5 Third Marker Generation Derived from Large-Scale Analysis

Single nucleotide polymorphisms in allelic sequences have recently been
investigated as a new source of markers in plant breeding, especially in maize
(Rafalski 2002). SNPs can be discovered either by sequencing a number of
PCR products amplified from specific target sequences in different genotypes
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or by in silico analysis of genomic or cDNA sequences. In wheat, a tremen-
dous effort of cDNA sequencing has been undertaken and coordinated by the
International Trititiceae EST Cooperative (ITEC; http://wheat.pw.usda.gov/
genome/) in the last 3 years. This has resulted in the best collection of
expressed sequence tags (ESTs) among plants, with more than 549,000 ESTs
in the public database to date (http://www.ncbi.nlm.nih.gov/dbEST/dbEST–-
summary.html). These sequences represent a valuable resource for SNP
detection as well as for SSR detection which are also found in noncoding
regions of cDNAs. SNPs can be used as single genetic markers which may be
identified in the vicinity of target genes, but there is also a great potential in
using the association of SNP haplotypes with particular traits such as disease
resistance. Association studies can be of particular help in analyzing quanti-
tative traits with a much higher resolution than QTL analysis performed in F2

populations or recombinant inbred lines (Buckler and Thornsberry 2002;
Rafalski 2002). Different technologies are now available to assay SNPs (Lang-
ridge et al. 2001) and there is no doubt that in the future such markers will
also be integrated in molecular breeding programs.

3 Use of Molecular Markers in Marker-Assisted Selection
for Disease Resistance

To date, molecular markers have been developed for more than 85 different
monogenic disease resistance genes and for five different quantitative disease
resistances. A key question lies in the validity of these markers for MAS.
Langridge et al. (2001) have distinguished different steps in the validation of
a marker for MAS. First of all, markers which are often developed in one pop-
ulation have to be tested in other populations originating from crosses with
one parent of the original mapping population. In many cases, the markers
developed in one or two germplasms will not be found in others originating
from different breeding programs. Therefore, it is very important to saturate
the resistance locus with about ten markers within a genetic distance of less
than 10 cM (ideally with markers located at less than 1 cM from the target
genes). This increases the chance of finding at least one marker useful for any
breeding population. For these reasons, the high level of SSR polymorphism
makes them ideal for MAS. So far, very few markers have been thoroughly
tested in practical breeding programs. Recently, Sharp et al. (2001) have eval-
uated the usefulness of four sets of markers for important rust resistance
genes. Validation was done using other mapping populations than the origi-
nal one and a wide range of International Maize and Wheat Improvement
Center (CIMMYT) and Australian breeding lines. Except in one case where
linkage was not sufficient, the analysis showed that the published markers are
robust and valid for MAS. Another example of the effort done for the applica-
tion of markers in breeding programs is given by the National Wheat Marker
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Assisted Selection Consortium, a USDA founded project which includes 12
wheat-breeding and research programs across the US. This project aims at
bringing “genomics to the wheat field” and provides protocols on line for
markers for mosaic viruses, Hessian fly and rust resistance genes (see link at
http://maswheat.ucdavis.edu/protocols/protocols.htm).

4 Conclusions

Despite these efforts, there is generally a lack of reports concerning MAS and
the usefulness of molecular markers in breeding. There are probably several
reasons for this. Molecular breeding is still a new field and there is a need for
a better transfer of the molecular tools to the breeding programs. There is
still a lot of debate around the advantages of MAS over conventional breeding
and the wheat MAS consortium described above addresses this question.
Another point of debate is the economic return of MAS and very few studies
have been conducted to estimate it. They only analyze individual cases and it
is very difficult to draw general conclusions from them (Young 1999; Dreher
et al. 2000). In a very complete study, Dreher et al. (2000) compared the cost
of MAS and conventional breeding methods in the maize program at CIM-
MYT. They conclude that neither conventional breeding nor MAS offers an
unequivocal cost advantage under all circumstances and that the success of
MAS lies in the identification of applications where markers offer a real
advantage in terms of cost and time savings over classical breeding. Markers
will be most useful when the phenotyping is expensive, when multiple genes
are involved in a trait, when traits are expressed only at certain times of the
year, or under some environmental conditions and for recessive genes. A very
good example of this is illustrated in breeding for resistance against the bar-
ley yellow dwarf virus (BYDV). Testing for BYDV resistance, which has been
introgressed into wheat from Thinopyrum intermedium, is very laborious
and technically difficult. As a consequence, the efficient transfer of resistance
to elite germplasms was very slow until molecular markers which can effi-
ciently assess the presence of the introgressed Thinopyrum intermedium
fragment have been developed. The SSR marker gwm37 (Ayala et al. 2001) is
now routinely used in the CIMMYT wheat breeding program (M. van Ginkel,
pers. comm.) and together with the STS marker csTiB1 (Stoutjesdijk et al.
2001), it has been validated in the Australian wheat breeding program (Zhang
et al. 2001). It is also often neglected that additional technological costs
brought by the application of markers are largely compensated by the time
saved in the breeding programs. For these reasons, the future of MAS looks
promising and as the technologies become cheaper there is no doubt that
MAS will be more and more integrated into classical breeding programs.
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III.5 Application of DNA Markers:
Soybean Improvement

M.J. Iqbal and D.A. Lightfoot1

1 Center of Excellence in Soybean Research, Teaching and Outreach, Department of Plant, Soil
and Agriculture Systems, 176 Ag. Building, MC 4415, Southern Illinois University at
Carbondale, Carbondale, Illinois 62901–4415, USA

1 Introduction

Soybean geneticists and breeders aim to improve harvestable yield, reduce
crop losses, and reduce grower inputs by re-assortment among favorable hap-
lotypes and the incorporation of new genes for new traits. Many uses exist for
soybean-derived products in the food and feed industries, but soybean
remains largely a commodity crop (for a review, see Liu 1997). However, with
the advent of biotechnology and molecular markers, the creation of specialty
soybeans with modified seed composition is a tractable target for future soy-
bean improvement. In this model, some soybeans will be grown as a value-
added crop and some soybeans grown as a commodity. Health benefits from
specialty soybeans with modified seed compositions present an attractive
new target for crop improvement (Bringe 2001; Meksem et al. 2000; Kassem
et al. 2003).

There is a widely accepted belief that all the species within Glycine are
polyploid or paleopolyploid (Lackey 1980; Doyle 1991). However, in soybean
[G. max (L.) Merr.] the genome is duplicated, but inheritance is diploid with
2n=40 (Singh and Hymowitz 1988). About 250 morphological, pigmentation
and isozyme markers have been identified, but only 63 were assigned to a
classical genetic map (Palmer and Hedges 1993). The classical genetic map of
soybean consists of 19 linkage groups and is composed of two or three point
linkages or clusters thereof that have one marker in common. In contrast to
the classical linkage map, Shoemaker and Olson (1993) positioned nearly 490
restriction fragment length polymorphism (RFLP) and random amplified
polymorphic DNA (RAPD) markers on 20 linkage groups encompassing a
recombination genetic distance of nearly 3000 cM. With the development of
simple sequence repeat (SSR) markers, Cregan et al. (1999a) incorporated 606
SSR loci in three different soybean populations. With the efforts of various
research groups, we have a core-consensus soybean map of 20 linkage groups
that contains a total of 1488 markers, including 1006 SSRs, 723 RFLPs, 73
RAPDs, 23 classic traits and 19 others (Perry Cregan 2003 Soybean Breeder’s
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Table 1. Progress in the soybean physical map builds (Wu et al. 2004).

Automated build
(August 2002)

Manually edited build
(September 2001)

BACs used in contig assembly 75,568 78,001
Number of singletons 5884 4954
Clones in contigs (fold genome) 69,684 (8.7×) 73,047 (9.1×)
Anchored markers 175 459
Number of contigs 5488 2905

Contigs contain:
G 25 clones 220 921

10–25 clones 3038 920
3–9 clones 1845 850
2 clones 385 216
Unique bands of the contigs 396,843 345,457
Length of the contigs (Mb) 1667a 1408a

a Based on 4.0 kbp per unique band

Workshop). The consensus map length has been reduced to 2478 cM by rigor-
ous elimination of scoring errors. There is a continued distributed commu-
nity effort to add new markers to the existing linkage map (Cregan et al.
1999b; Meksem et al. 2001b) particularly in regions that do not have many
markers currently. In future, this will rely on the physical map (Lightfoot et
al. 2003) and the haplotype map that will be developed from it (Zhu et al.
2003).

Markers have been used to anchor fingerprint contigs to a deep draft phys-
ical map (Shultz et al. 2001; Lightfoot et al. 2003; Wu et al., unpubl.). Precisely
469 microsatellite markers and 105 RFLP markers have been anchored to
contigs in cooperation between two NSF projects, No. 9872565 “A functional
genomics program for soybean” and No. 9872635 “An integrated genetic and
physical map of soybean”. The genetic map location for all markers and plate
addresses for all clones can be viewed at www.siu.edu/ ˚ pbgc/. The BAC end
sequences are deposited at NCBI along with BAC subclone sample sequences.
There are useful fingerprints for 78,001 BACs, about 8.7-fold the soybean
genome. Wu et al. (unpubl.) have assembled and edited the map contigs from
the fingerprint database resulting in two data releases (Table 1;
http://hbz.tamu.edu). Distributed community-based contig editing and
emergence will refine the map further using downloadable FPC database
available at www.siu.edu/ ˚ pbgc/ and the genome browser at
http://soybeangenome.siu.edu/.

To support functional genomics, there is a best tiling path of 9600 clones
(25 plates) that encompasses 99% of the cloneable genome. There is a renew-
able collection of 100 recombinant inbred lines derived from the cross of
Essex and Forrest (Lightfoot et al. 2003; V.N. Njiti, pers. comm.) that are
available from SIUC on request. An immortal collection of 100 near isogeneic
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line pairs, each pair capturing the heterogeneous regions derived from a sin-
gle RIL (Njiti et al. 1998, 2004), are available.

Sequence tag sites (STS) are available for every marker-anchored clone
(Iqbal et al. 2001; Marek et al. 2001) and every contig that is currently not
anchored by a genetic marker (Dr. Chris Town, TIGR, pers. comm.). These
sequences provide a resource for the generation of new markers and the link-
ing together of contigs.

2 Choice of Markers

The choice of marker depends upon the objective of the selection program,
tools available to the individual/group researcher, markers available for a par-
ticular region or trait if any, information content associated with a particular
marker system etc.

RFLP. The first marker system to be used was RFLP. However, the tetraploid
origin of soybean (Hymowitz and Singh 1987) contributed to the detection of
multiple DNA fragments with all RFLP probes. Single RFLP probes have been
used to detect up to 19 independent loci (Mansur et al. 1996). The multiplic-
ity of RFLP loci can make the locus identity ambiguous. Other factors that
prevent the use of RFLP in mapping and marker-assisted breeding are the low
levels of polymorphisms observed (Shoemaker and Specht 1995) and limita-
tions of the automation procedure for high throughput screening.

Microsatellite. PCR-based microsatellite DNA markers that contain 10–20
simple tri- or di-nucleotide repeats have been shown to be highly polymor-
phic in soybean (Akkaya et al. 1992; Morgante and Olivieri 1993). These were
called simple sequence repeats (SSRs) by Cregan et al. (1999a). Some highly
polymorphic microsatellite loci can have as many as 26 alleles (Maughan et
al. 1995; Rongwen et al. 1995; Powell et al. 1996; Diwan and Cregan 1997).
Such a high level of allelic diversity increases the possibility of detecting poly-
morphism between parents of populations derived from the hybridization of
adopted soybean genotypes. SSRs seem to be distributed fairly randomly
throughout the soybean genome, with a minimum evidence of clustering
(Akkaya et al. 1995). There are about two SSRs (as defined by Akkaya et al.
1995) per 100 kbp of soybean sequence. Analysis of soybean genomic DNA
has shown shorter microsatellites that contain less than ten simple tri- or di-
nucleotide repeats (small simple sequence repeats or SSSRs) are more com-
mon than SSRs and frequently polymorphic in soybean (Meksem et al. 1998,
2001b; Triwitayakorn 2002; Triwitayakorn et al. 2004). There are about ten
such DNA markers (as defined) per 100 kbp of soybean sequence. In addi-
tion, complex microsatellites that contain two different tri- or di-nucleotide
repeats are very common and frequently polymorphic in soybean (Witsen-
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boer et al. 1998). Selection for SSRs, SSSRs and SAMPLs (selectively ampli-
fied microsatellite polymorphic loci) in soybean can be made with standard
gel or capillary electrophoresis (Cregan et al. 1999a; Prabhu et al. 1999), or
electrophoresis-free assays like MALDI-TOF MS (Chen et al. 2003).

Therefore, microsatellite markers are currently the method of choice in
most of the public laboratories based on their distribution in the soybean
genome, the level of polymorphism information content attached to each
identified locus and the ease of its automation for high throughput screening
programs.

SNP. Single nucleotide polymorphisms (SNP) are single base pair changes
(and 1–3 bp indels) between individuals, in this case soybean cultivars. They
occur about twice as often in noncoding compared to coding DNA. In coding
DNA, about one quarter to one half of SNPs alter amino acid sequence
depending on the genes examined (Meksem et al. 2001b; Zhu et al. 2003). The
observed frequency in soybean (0.053 and 0.1%) is about twofold lower than
Arabidopsis thaliana considering known genes and cDNAs (Zhu et al. 2003).
However, the SNP frequency is fourfold higher than expected considering
AFLP bands as the sequence dataset (Meksem et al. 2001a, b). Linkage blocks
in soybean (350 Kbp) are about twofold larger than in A. thaliana on average
(Zhu et al. 2003). The linkage blocks appear to derive from 3–4 ancestral cul-
tivars. However, genes under intense selection like the major resistance genes
Rhg1, Rhg4 (resistance to Heterodera glycines), Rfs1 and Rfs2 (resistance to
Fusarium solani f. sp. glycines) are encoded by 6–8 alleles (Meksem et al.
1999; Hauge et al. 2001; Triwitayakorn et al. 2004) likely reflecting the extra
diversity imported to cultivated soybean by gene introgression. Selection for
SNPs in soybean can be made with standard gel or capillary electrophoresis,
or electrophoresis-free assays like TaqMan (Meksem et al. 2001a, b).

Deletions and Insertions. Deletions and insertions (indels) are multi-base
pair changes between soybean cultivars. They occur in noncoding DNA more
often than coding DNA. In coding DNA they alter amino acid sequence (Mek-
sem et al. 2001b). The observed frequency in soybean is about fivefold lower
than for SNPs even considering AFLP bands as the sequence dataset (Mek-
sem et al. 2001a, b). Some genes under intense selection like the major resis-
tance gene Rhg1, bear indels in one allele (Meksem et al. 1999; Hauge et al.
2001; Triwitayakorn et al. 2003) likely reflecting the extra diversity imported
to cultivated soybean by gene introgression. Selection for indels in soybean
can be made by non-PCR methods (Baner et al. 2001) and isothermic assays
like Invader (Table 2; Mein et al. 2000; Lightfoot, unpubl.). The standard PCR-
based gel or capillary electrophoresis, or electrophoresis-free assays like Taq-
Man (Meksem et al. 2001a, b) or MALDI-TOF MS (Chen et al. 2003) can also
be used (Fig. 1). The ease of selection makes indels the most versatile DNA
marker available.
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3 Identification of Polymorphism

The first step in marker-assisted selection (MAS) in breeding programs is the
identification of polymorphic loci between the parents that can be traced in
the segregating population. The frequency of polymorphism is related to
genetic distance between the parents and the type of marker used (Zhu et al.
2003). When low diversity or a paucity of markers is a problem, physical
map-based marker identification is an efficient approach (Meksem et al.
1998; Cregan et al. 1999b).

4 Marker-Assisted Recovery of Recurrent Parent Genome

In plant breeding, the backcross procedure is often used to transfer favorable
alleles from a donor genotype, which has mostly poor agronomic properties,
into a recipient elite genotype. In backcross gene introgression programs,
marker-assisted breeding methodologies have a great impact on the genome
recovery of recurrent parents. The recovery of recurrent parent genotype
(RPG) can be accelerated by marker-assisted strategy as devised by Tanksley
et al. (1989). Using this approach, individuals that are homozygous for the
alleles of the recurrent parent at a large number of marker loci covering the
entire genome are selected. Population size and marker density required in a
background selection program can be determined (Openshaw et al. 1994).
They recommended the use of four markers per chromosome (of 200-cM
length) and a selection strategy for proximal recombinants of the target
allele. In the case of soybean, having 20 linkage groups and an estimated map
length of 2478 cM, 80 uniformly distributed markers will be very effective in
recovering a sufficiently high proportion of RPG in three generations. In the
literature, the number of markers used for RPG recovery varies, about a 20-
cM marker density represented an optimal trade-off between percentage
recurrent parent recovery and management of data-point throughput
requirements (Frisch et al. 1999). Based on a marker every 20 cM and the
total map distance of 2478 cM, a total of 124 markers are needed for marker-
assisted recovery of RPG in soybean. Uniformly distributed markers are more
effective than equal numbers per chromosome (Hospital et al. 1992), because
smaller population sizes and fewer data points are required with equally
spaced markers (Frisch et al. 1999). In soybean, 60 markers, three evenly dis-
tributed per linkage group (Vince Pantalone; Soybean breeders Workshop
2003) are reasonably adequate.
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5 Marker-Assisted Selection in Recurrent Cross-Populations

The majority of plant breeding programs make advances by re-assorting the
entire genomes of two elite lines with favorable and complementary charac-
teristics. The goal of this “shuffling of the decks” is to recover transgressive
segregants that yield more than either parent by 1–2% per year for each year
necessary to develop the line. Traditional recurrent selection cycles last from
5–7 years from cross to release. The average cultivar is sold for 2–3 years
before becoming obsolete. Therefore, marker selection that reduces develop-
ment time by stacking selections into a shorter time frame are very valuable.

MAS for yield and drought tolerance is not currently very effective. The
traits are polygenic and environmentally dependent so that the penetrance of
markers (association with traits across years and populations) is limited.
MAS for other traits (disease resistance, composition) compete with green-
house assays and laboratory assays for price and effectiveness. This competi-
tion is not always market driven, as investments in infrastructure made in the
past determine economics in the present. Over time though, we expect MAS
to be widely adopted by all effective soybean breeders. MAS as employed
today usually focuses on two to four genes per population with 25 to 6% of
lines “passing the test”. Samples are selected after preliminary visual selec-
tion for yield potential (at the F3–F5), rarely are F2 selections made. Hence,
about 10% of a program’s recombinants will be tested in the MAS lab. Since
a single lab will serve dozens of breeders each with a hundred thousand lines,
the task can quickly reach millions of selections per year. Automation is very
important in this situation.

Selections are made by a variety of methods often driven more by due dili-
gence of patent holders’ rights than technical efficiency. However, with the
exception of a few markers linked to five genes for resistance to SCN (Webb
et al. 1995) fair-market licensing deals can be negotiated for trait marker
associations.

6 Marker-Assisted Selection for Targeted Genes/Traits

Soybean importance in US agriculture has played a significant role in the
generation of large number of markers for qualitative and quantitative traits,
both by the public and private sector. According to SoyBase
(http://soybase.agron.iastate.edu/), a USDA-ARS plant genome funded pro-
gram, 961 QTL have been identified for 55 agronomic traits in soybean.
Moreover, the database also contains 466 genes representing gene class, locus,
alleles, phenotypes, and two-point data. The availability of all this informa-
tion and commercial drive to release new and improved varieties has made
soybean one of the best examples where MAS is playing a significant role in
new and improved variety development.
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A. SCN: One such example of MAS in soybean is selection for resistance to
soybean cyst nematode (SCN). Soybean cyst nematode, Heterodera gly-
cines, is a small plant-parasitic roundworm that attacks the roots of soy-
beans and causes significant crop losses in the infected fields. Two QTL
significantly contributing to soybean resistance to H. glycines, Rhg1 and
Rhg4 have been mapped on linkage groups G and A2. However, varieties
selected for Rhg1 provide good resistance to H. glycines hgtype 7 (race 3).
SSR marker Satt309 has been mapped at a 0.5–2 cM distance from Rhg1
(42 kbp in physical distance) and is being used for MAS for resistance to
SCN race3. With the sequencing of the whole region of linkage group G of
soybean genome by Monsanto (St. Louis, Mo), and the SIUC patent for
perfect markers for SCN (Meksem et al. 1999; Hauge et al. 2001), it is now
possible to select six of eight Rhg1 alleles for resistance with 100% cer-
tainty. Twenty-six markers are directly located on the gene associated
with resistance to SCN race 3, six alter protein code. There is one indel in
the single intron.

B. SDS: We have identified six resistance genes associated with resistance to
sudden death syndrome of soybean (SDS), three are clustered with SCN
resistance Rhg1 (Meksem et al. 1999; Iqbal et al. 2001). One gene, Rfs1, is
responsible for root resistance to Fusarium solani f. sp. glycines and can
be selected for by BAC-derived SSSR (Meksem et al. 1998), a RAPD-
derived SCAR (Iqbal, unpubl.) or a gene sequence (Lightfoot, unpubl.).

C. Nutraceuticals: Soybeans and soy products contain non-nutritive, bioac-
tive compounds that may influence, negatively and positively, physiologi-
cal responses in animals and humans that ingest these products (Meksem
et al. 2000). The amount of phytoestrogens in soybean seed can vary up to
fivefold. Phytoestrogen content and profile can vary with year, environ-
ment, and genotype. Hence, genetic markers closely linked to genes con-
trolling these soy phytoestrogens (DNA fingerprinting) may be used to
indirectly select for favorable alleles and complement direct phenotype
selection. Marker-assisted breeding of soybeans for phytoestrogen con-
tent would also be attractive because the plant could be improved with
this value-added trait without genetic engineering techniques, producing
so-called GMOs (genetically modified organisms).

7 Methods for Marker-Assisted Selection

Screening for markers linked to a trait or recovery of RPG can be carried out
with leaf or seed samples. A high throughput method of MAS is described
(Fig. 1). DNA can be isolated from small leaf discs collected from fields as
well as from the seeds. For sample collection from plants, a 1-cm2 leaf disk
from a young leaf is removed and stored in small note pads and kept on ice
or dry ice. Alternately, seeds are placed on small filter paper discs soaked
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Fig. 2. A schematic presentation of steps involved in MAS. Gel electrophoresis can be replaced
by other capillary-based electrophoresis techniques or simply a fluorescence- based assay like
TaqMan or invader can be used for scoring polymorphism at the target allele
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Fig. 3. Segregation of SSR locus, Satt424 in a population. Individuals can be clearly defined as
carrying the alleles of either parent 1 (P1), parent 2 (P2) or heterozygous. The 10- ? l PCR reac-
tion was electrophoresed on a 4% metaphore agarose gel and stained with ethidium bromide.
DNA was isolated from radical tissue in a 96-well plate. PCR was carried out in a 96 well plate
and samples were loaded on gel with an 8-channel pipette

with sterile dH2O for 48 h for germination. Radicals are carefully removed with
sharp scalpel blades. Leaf disks or cotyledons are placed in 96-well plates. Sam-
ples can be ground either by a matrix mill in the presence of 100 ? l of l–0.5 N
sodium hydroxide or by 96-pin crusher in the presence of liquid N2 (Fig. 2).
Once the DNA is isolated (Xin et al. 2003 for an alternate method for DNA isola-
tion), PCR with the selected primers is carried out in 96- or 384-well plates and
electrophoresed in Metaphore agarose gel/regular agarose gel (Fig. 3) or acryl-
amide gel based on the size difference of the target alleles. For a higher through-
put, SSR or SCAR primers can be labeled with fluorescence tags and multi-
plexed in the PCR reaction or at the electrophoresis stage. The samples can then
be electrophoresed using capillary-based or gel-based DNA sequencers and
analyzed by fragment analysis software as provided by the fragment analysis
equipment used. The shortcomings of gel electrophoresis can be avoided by
developing TaqMan-TM allelic discrimination, PCR-OLA, molecular beacons,
padlock probes and well fluorescence assay (Landegren et al. 1998).

8 Conclusions

The main aim of MAS is the selection of highly desirable lines among thousands
of genotypes and this can only be achieved by high-throughput, rapid, auto-
mated procedures for the detection of DNA polymorphisms attached with the
desirable traits. With the availability of capillary electrophoresis-based genetic
analyzers, thousands of samples can be screened per day per machine. However,
the availability of new nonelectrophoresis-based tools such as TaqMan (Landeg-
ren et al. 1998), invader assay (Mein et al. 2000) for the detection of polymor-
phisms further simplifies the screening procedures for large-scale MAS proce-
dures. Moreover, the availability of gene markers or perfect markers such as
SNPs directly on the genes of interest makes the MAS procedures more desir-
able. With the availability of over 300,000 soybean EST and genomic sequences
and 9000 uni-gene sequences in the GenBank, soybean has probably the best
genomic resources ready to be used in the development of new markers and
their application in marker-assisted breeding of new and improved varieties.
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1 Introduction

The genetic diversity and mating systems of tree species have been studied
extensively during the last two decades by allozyme analysis (Hamrick 1989).
The resulting information is important for forest management and conserva-
tion. In particular, information on genetic differentiation among populations
of forestry species is necessary for the conservation of genetic resources.
Highly polymorphic genetic markers such as microsatellite markers (Litt and
Luty 1989; Weber and May 1989), are highly sensitive at detecting the dynam-
ics of gene flow within and among populations (Dow and Ashley 1996). These
markers give us information on selfing rate and biparental inbreeding (Kelly
and Willis 2002; Obayashi et al. 2002), the differential paternal contribution
of each individual tree to future populations, and the fine-scale genetic struc-
ture within forests (Ueno et al. 2000). As we can understand pollen flow
within forests when we use these markers, we can determine the best man-
agement system to maintain genetic diversity among fragmented natural
populations and man-made populations for the purposes of forestry and
conservation.

Fagus crenata and F. japonica are monoecious, long-lived, woody angio-
sperm species with an outcrossing breeding system based on wind pollina-
tion, with gravity- and animal-dispersed seeds (Kitamura and Murata 1979).
Both grow in Japan. F. crenata is considered to be important as an ecosystem
component and for the conservation of bio-diversity; the World Heritage
listed Mt. Shirakami is dominated by F. crenata forests (UNESCO 2002). How-
ever, since the 1950s, many areas of beech forest have been logged and con-
verted to coniferous forests for timber production. Coniferous forests planted
in high-altitude or heavy-snowfall regions sometimes are not adapted to the
severe environmental conditions and do not grow well. Forest rehabilitation
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has been used to recover such forests by the planting of native species such as
F. crenata. To maintain the genetic diversity of planted populations and to
adapt them to the prevailing conditions, superior tree selection of F. crenata,
clonal propagation by grafting, and construction of an experimental seed
orchard have been started in the Forest Tree Breeding Center of Japan. Micro-
satellite markers are a very powerful and sensitive tool for evaluating the
genetic diversity of collected superior trees in a seed orchard, and, unlike
allozyme markers, can detect subtle changes in genetic diversity.

In this chapter, we describe an effective method for developing microsatel-
lite markers, and discuss forest conservation and management based on
information such as the genetic structure and gene flow of Fagus popula-
tions. We demonstrate that the pattern of gene flow is influenced by several
factors – reproductive system, mating system, environment, and others – by
using data obtained from fine-scale genetic structure studies between closely
related species in different environmental conditions, and from a gene flow
study in a seed orchard.

2 Development and Evaluation of Microsatellite Markers
in Fagus

Several improvements in methodology have been reported recently for effi-
cient development of simple-sequence repeat (SSR) markers, including the
vectorette polymerase chain reaction (PCR) strategy (Lench et al. 1996), the
random amplified hybridization microsatellites (RAHM) method (Cifarelli et
al. 1995), and the library enrichment method for SSR regions (Ostrander et
al. 1992; Karagyozov et al. 1993; Lyall et al. 1993; Kirkpatrick et al. 1995; Taka-
hashi et al. 1996). The library enrichment method for the development of
microsatellite markers is much more efficient and less labor-intensive than
nonenrichment methods. Several procedures have been developed for enrich-
ment of DNA libraries, among which the magnetic bead method is well estab-
lished and has a very high efficiency of enrichment. We adopted two modi-
fied methods to develop microsatellite markers in Fagus, the RAHM method
(Cifarelli et al. 1995) and the enrichment method using magnetic beads
(Fischer and Bachmann 1998; Hamilton et al. 1999), and compared their effi-
ciency.

The RAHM procedure, based on PCR, is very convenient because it is not
necessary to prepare high-quality genomic DNA to make a genomic DNA
library (Cifarelli et al. 1995), so we merely selected the RAPD fragments con-
taining SSR regions. The screening efficiency is very high compared with that
of the colony hybridization method, because one random primer amplifies
many DNA fragments, which can be screened at the same time. We detected
60 positive fragments by using 38 out of 360 random primers; thus, 10.6% of
primers yielded positive fragments (Tanaka et al. 1999). Some plant species
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have high contents of secondary metabolites in their cells, so if we use the
colony hybridization method, we have to exclude the components during the
DNA extraction before we can prepare the genomic library. We developed
nine polymorphic microsatellite markers in F. crenata by using the RAHM
method, eight of which are available also in F. japonica. The polymorphic
level was extremely high in both species; the average heterozygosity was 0.615
and 0.660, respectively.

Our method for enriching a genomic DNA library containing SSR regions
is based on the methods of Fischer and Bachmann (1998) and Hamilton et al.
(1999). We used the following procedure to develop SSR markers in F. cre-
nata. Genomic DNA of F. crenata was extracted by using a modified CTAB
method (Murray and Thompson 1980) and purified by ultracentrifugation.
Ten micrograms of DNA was digested with NdeII and electrophoretically sep-
arated on a 1.2% agarose gel. DNA fragments ranging from 300 to 1000 bp
were recovered. Approximately 600 ng of the fragments was ligated to 5 pmol
of Sau3AI cassette (TaKaRa). The nick between the genomic DNA and the
cassette sequence was filled by using DNA polymerase I. One hundred ng of
DNA fragments with Sau3AI cassettes were denatured at 95°C for 15 min and
hybridized at 70°C overnight to 2 pmol of biotinylated oligonucleotides,
(CT)15, in 100 ml of buffer containing 6×SSC and 0.05% SDS at 55°C. These
hybrids were captured with 20 mg of pre-washed streptavidin-coated mag-
netic beads (Dynal), and microsatellite-containing fragments were enriched
and recovered in eluate as described by Hamilton et al. (1999). Double-
stranded conformation was performed by PCR with the Primer C1 (Takara).
The PCR products were digested with Sau3AI to remove the cassette, ligated
into pUC118 (Takara) plasmid vectors, and cloned into competent cells of E.
coli. Plasmid DNA was extracted from positive clones and sequenced on a
3100 Genetic Analyzer by using the Big Dye Terminator Cycle Sequencing Kit
(Applied Biosystems). PCR primer pairs for microsatellites were designed by
using OLIGO software (National Biosciences). After PCR optimization, suc-
cessful forward primers were fluorescently labeled, and amplifications were
carried out in 10- ? l reactions containing 1×PCR buffer (10 mM Tris·HCl (pH
8.3), 50 mM KCl, 100 mM of each dNTP), 1.5 mM MgCl2, 0.25 U Taq polymer-
ase, 0.2 mM of each primer, and 5–10 ng of template DNA. The PCR condi-
tions were 3 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at primer-specific
annealing temperature, 30 s at 72°C; and final extension at 72°C for 7 min.
The PCR products were run on a 3100 Genetic Analyzer with GeneScan soft-
ware (Applied Biosystems), and genotypes were determined. We obtained a
highly enriched DNA library containing SSR regions. The proportion of SSR-
containing clones was about 61%: sequence data were obtained from 806
clones, of which 496 contained SSR regions. PCR primers to amplify SSR
regions were designed by using sequence data that had pure repeats after
redundancy was excluded. Finally, we designed PCR primers for at least 96
loci in F. crenata; 16 of the markers showed clear patterns and high polymor-
phisms (Asuaka et al. 2004a).
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Both methods are effective for developing SSR markers. The RAHM
method is much simpler than the enrichment method using magnetic beads,
but the latter is much more efficient; in particular, many markers are needed
for construction of the linkage map. The RAHM procedure is a step-by-step
method that can be followed by an operator who is not a specialist in molecu-
lar biology techniques. The genomic library is not necessary in this method
because of the PCR based-method, thus, high quality DNA is also not needed.
Conversely, the enrichment method using magnetic beads requires a rela-
tively high level of skill in molecular biology techniques. For the purpose of
genetic monitoring of a forest population, fewer than ten loci of SSR markers
are probably adequate if the markers show high polymorphism because we
can determine the pollen and seed dispersal using these markers. Therefore,
both methods can be used for the purpose of genetic monitoring, but, for the
construction of a genetic linkage map, the latter method is much more effec-
tive.

3 Spatial Analysis of Genetic Structure Within Forests
by Microsatellite Markers

3.1 Differences in Fine-Scale Genetic Structure Between F. crenata
and F. japonica

We compared the spatial genetic structures of F. crenata and F. japonica by
using four microsatellite markers (Takahashi et al. 2004, in press). The study
site was a 2-ha plot within a mixed population on Mt. Takahara, central Hon-
shu, Japan. Two statistics, genetic relatedness and number of alleles in com-
mon, were used to detect spatial genetic structure. A significant negative cor-
relation between genetic relatedness and spatial distance was detected among
all individuals in each species. However, this correlation was weak; the
genetic structures likely resulted from extensive pollen flow caused by wind
pollination. Similarly, Merzeau et al. (1994) and Streiff et al. (1998) also
detected weak genetic structure in one of three Fagus sylvatica stands and in
Quercus petraea and Q. robur, which are wind-pollinated species whose seeds
are gravity-dispersed, like those of Fagus. Spatial genetic clustering in F.
japonica was stronger than in F. crenata over short distance classes. The pres-
ence of self-incompatibility may also influence genetic structure (Loveless
and Hamrick 1984; Doligez et al. 1998). Self-incompatibility can induce
decreases in spatial genetic structure within populations (Doligez et al. 1998).
Furthermore, if self-incompatibility combines with family structure, pollen
dispersal becomes large and genetic subdivision is less likely (Loveless and
Hamrick 1984). Although only two studies investigated self-incompatibility
in F. crenata (Kouno and Mukouda 1985) and F. japonica (Igarashi 1996),
they suggested that the ratios of mature and immature seeds in F. japonica
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were higher than in F. crenata in controlled pollination experiments. The
reproductive system might also influence the difference in spatial genetic
structure between the two species. The regeneration of F. crenata depends
mainly on the growth of seedlings or saplings under canopy gaps (e.g., Naka-
shizuka 1987). On the other hand, F. japonica forms stools by vigorous
sprouting, and the stools help to maintain trees (Ohkubo 1992). Thus, an F.
japonica stool can reach a substantial age – about 1000 years, against about
200–300 years for F. crenata. Differences in genetic structure between those
species would be caused by different periods of generation overlap.

3.2 Influence of Environmental Differences and Forest History
on Spatial Genetic Structure

The spatial genetic structure of F. crenata in a 4-ha plot (200×200 m2) of an
old-growth beech forest was analyzed by using microsatellite markers (Asuka
et al. 2004b). Two types of coefficient were used to assess the genetic struc-
ture: Moran’s I spatial autocorrelation coefficients and genetic relatedness.
The correlation between spatial distance separating individuals and genetic
relatedness was tested by a Mantel test. Correlograms of both Moran’s I and
Mantel’s r values showed significant positive values for short distance classes,
indicating weak genetic structure, the same as in the previous studies (Kita-
mura et al. 1997; Takahashi et al. 2000). The genetic structuring within the
population is probably created by limited seed dispersal, but likely weakened
by extensive pollen flow and overlapping seed shadows. Genetic structure
was detected in an eastern subplot of 1 ha (50×200 m2) with immature soils
and almost no dwarf bamboo (Sasa spp.), but none was found in a western
subplot of the same size with mature soils and Sasa cover. The apparent
genetic structure detected in the 4-ha plot was, therefore, due to the structure
in the western portion of the plot. The heterogeneity of genetic structure pre-
sumably reflects variation in regeneration, which is strongly influenced by
heterogeneity of environmental conditions.

Takahashi et al. (2000) examined the effect of logging on within-po-
pulation genetic structure by comparing two forests (selectively logged and
unlogged) by allozyme analysis. They found that logging slightly, but signifi-
cantly decreased the genetic variability and reinforced the spatial genetic
structure by reducing the mixing of half-sib progeny derived from a limited
number of reproductive trees. They also found that linkage disequilibrium
was higher in the logged forest than in the unlogged forest, and suggested
that this value might be a good indicator of forest decline. However, linkage
disequilibrium is influenced by population history and natural selection as
well. Therefore, by considering the history and natural selection of each for-
est, we will be able to use the value of linkage disequilibrium for suitable
management.
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Table 1. Paternity analysis of seed orchard of Fagus crenata

Parent clone No. seedlings
investigated

No. seedlings with paternity
assigned

No. selfed
seedlings

Male parent
not in nursery

One male
parent

Two pos-
sible male
parents

Three or
more pos-
sible male
parents

Ajigasawa 102 40 29 3 0 1 7
Fukaura 101 14 14 0 0 0 0
Fukaura 102 42 30 8 3 0 1
Hirosaki 103 40 35 3 0 0 2
Iwaizumi 103 49 37 8 2 0 2
Tayama 104 32 27 4 0 0 1

Total 217 172 26 5 1 13
Proportion (%) 79.3 12.0 2.3 0.5 6.0

3.3 Gene Flow Within Seed Orchard Revealed by Microsatellite Analysis

To understand gene flow within a seed orchard of F. crenata, we investigated
seedlings derived from open-pollinated seeds of six clones by using four
microsatellite loci (Tanaka et al. 1999). The seed orchard consisted of 38
clones, which were established by grafting in 1979. We searched for pollen
donor candidates for each seedling. When we found a single match between
seedling haplotype and pollen donor haplotype, we could determine the pol-
len donor.

Finally, we could determine the pollen donor for 172 out of the 217 seed-
lings. The assigned paternity rate for each parent clone ranged from 71.4 to
100.0%, with an average of 79.3% (Table 1; “1 male parent” column). Thirty-
one out of the remaining 45 seedlings had more than one candidate paternal
clone in the seed orchard (“2 possible male parents” and “3 or more possible
male parents” columns). We could not find a candidate within the six parent
clones in the seed orchard for 13 seedlings. The pollen responsible would
have traveled a long distance, because no reproductive mature trees grow
within 500 m of the seed orchard. The degree of long-distance pollen trans-
port is generally high in wind-pollinated species (contamination rate;
69–71% in Picea abies, Pakkanen et al. 2000; 48% in Pinus taeda, Friedman
and Adams 1985; about 70% in Quercus robur, Buiteveld et al. 2001). Thus,
this seed orchard seems to be isolated from beech forests, because the pollen
contamination was only 6%. We also found only one selfed seedling, and thus
the outcrossing rate is very high (99.5%), which reconfirms that Fagus is an
allogamous species.

The contribution of the parent clones to seedling paternity differed
greatly: Sanbongi-103 fathered 43.4% of all seedlings (Table 2), followed by
Fukaura-101 (17.3%), Ajigasawa-102 (7.5%), and the rest ( X 5%). Sanbongi-
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Table 2. Paternity contribution of parent clones in the seed orchard

Female clone Male clone

Sanbongi
103

Fukaura
101

Ajigasawa
102

Tayama
102

Tayama
104

Hirosaki
102

Tohno
101

Other 15
clones

Ajigasawa 102 15 5 1 0 0 1 0 8
Fukaura 101 7 0 2 0 0 0 0 5
Fukaura 102 6 16 5 0 1 2 0 0
Hirosaki 103 15 7 1 0 3 1 0 8
Iwaizumi 103 19 0 1 0 1 0 5 11
Tayama 104 13 2 3 5 0 1 0 3

Total 75 30 13 5 5 5 5 35
Proportion (%) 43.35 17.34 7.51 2.89 2.89 2.89 2.89 20.23

103 has the highest pollen fecundity in the orchard. Pollen fecundity and flo-
wering phenology might be highly related to success of mating.

Microsatellite analysis showed that F. crenata is an almost completely out-
crossing species that F. crenata trees with high pollen fecundity may contrib-
ute disproportionately to future generations, and that F. crenata pollen trav-
els long distances. In our seed orchard, three clones fathered 68.2% of all
seedlings. However, to maximize genetic diversity, it is important to select
several clones with synchronous flowering and comparable pollen fecundity.
With regard to long-distance gene flow, allozyme study showed that genetic
differentiation between populations is very low (GST=0.038; Tomaru et al.
1997), because gene migrants from neighboring populations frequently come
into a population in pollen. Pollen fecundity, flowering phenology, and pollen
contamination are critical issues for genetic diversity and production of high-
quality seedlings in seed orchards.

4 Genetic Management of Fagus Forests for Conservation
and Sustainable Use

Forests frequently experience fragmentation or isolation by human distur-
bance and thus suffer genetic bottlenecks. Severe bottlenecks, such as drastic
reduction in population size, result in genetic erosion and loss of adaptation
to environmental change. In a small and isolated population, inbreeding
depression as a result of mating between relatives reduces the variability and
viability of forest. These forces cause forests to decline and can change the
forest environment. To maintain relatively high genetic diversity within for-
ests, long-term genetic monitoring is needed. Microsatellite markers are very
suitable for this purpose due to their high polymorphism. This marker can be
traced to the pollen and seed movements. This kind of information is neces-
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sary to maintain adequate genetic diversity within forests especially for the
conservation and management of forest tree species.

Fagus forests are widely distributed in Europe, eastern Asia, and eastern
North America (Peters 1997), but their area has been decreased and frag-
mented by exploitation for land and timber. In particular, suburban spread
has promoted fragmentation. For the conservation of such forests, mainte-
nance of genetic diversity is very important. Data on the heterozygosity, alle-
lic richness, genetic differentiation between local populations, outcrossing
rate, and genetic structure of those forests are important for conservation.
Gene flow through pollen is not strongly restricted in Fagus, because this spe-
cies is wind-pollinated. An allozyme study of 23 populations of Fagus forest
showed that the genetic differentiation between populations was low
(Tomaru et al. 1997). However, gene flow through seeds is strongly restricted:
genetic differentiation revealed by both mtDNA and cpDNA polymorphisms
between populations was extremely high (Tomaru et al. 1998; Fujii et al. 2002;
Okaura and Harada 2002). Guidelines for gene conservation within popula-
tions can be based on information on maternal inherited DNA markers such
as mtDNA and cpDNA. However, an understanding of gene flow within a for-
est through pollen and seed is necessary for conservation and sustainable
use. Fine-scale genetic structure is influenced by the regeneration system,
forest history, and microenvironment heterogeneity, such as forest floor con-
ditions. Generally, long-lived, wind-pollinated, dominant species such as
Fagus, Quercus, and conifers in temperate regions show weak spatial genetic
structure (Merzeau et al. 1994; Streiff et al. 1998; Takahashi et al. 2000; Epper-
son and Chung 2001). If the structure becomes strong, this indicates that a
forest is declining.

Tree density is an important factor in maintaining a high outcrossing rate
and genetic diversity (Rajora et al. 2000; Obayashi et al. 2002). Inbreeding
increases in an isolated or low-density forest, and the forest declines owing to
inbreeding depression. Most forest tree species are predominantly alloga-
mous, and some are self-incompatible.

The outcrossing rate and a fixation index can be used to assess the integ-
rity of a forest. Takahashi et al. (2000) suggested that reduced genetic vari-
ability and linkage disequilibrium would have a significant influence over
several generations. Reductions in genetic variability imply a higher potential
for inbreeding depression, and the existence of linkage disequilibrium means
distortions in the composition of the gene set in the population. If the natural
composition of the gene set is assumed to be the most highly adapted to a
given environment, linkage disequilibrium also implies reductions in the
adaptability of populations in succeeding generations, which could be detri-
mental to the conservation of important genetic resources. For rehabilitation
programs, indicators such as spatial genetic structure, outcrossing rate, fixa-
tion index, and linkage disequilibrium can be used to assess the integrity of
planted populations.
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5 Conclusions

We could develop a sufficient number of microsatellite markers in F. crenata
using the enrichment method of the microsatellite region. These markers will
provide important information for the conservation and management of F.
crenata forests.

Fine-scale genetic structure was influenced by life history such as the
regeneration system, microenvironment, and forest history. Fagus crenata
had a weaker fine-scale genetic structure than that of F. japonica, probably
due to the different level of self-incompatibility and longevity. The genetic
structure of F. crenata has also been changed by their microenvironment
such as soil type and forest floor, which are closely related to forest history.
The parameter of linkage disequilibrium could be one of better indicators to
understand the forest history, which might show the maturity and stability of
forest population. Combining ecological and environment data together with
genetic data, we can understand the integrity of forest population and may
take a suitable strategy for conservation and management. For the rehabilita-
tion program of Fagus forest, seed sources with high genetic diversity and
genetic similarity to introduced population is critically important to main-
tain original genetic component of the population. For that purpose, the suit-
able seed orchard is necessary to supply such seedlings for the plantation.

We believe that microsatellite markers are the best markers to monitor the
gene flow within a forest, fine-scale genetic structure, and to investigate
genetic diversity and similarity between the seed source and the rehabilita-
tion forests for conservation and management of Fagus populations.
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III.7 Molecular Markers in Tree Improvement:
Characterisation and Use in Eucalyptus

M. Shepherd and M.E. Jones1

1 Centre for Plant Conservation Genetics, Southern Cross University, P.O. Box 157, Lismore,
NSW 2480 Australia

1 Introduction

Eucalypts are the most widely planted hardwood trees in the world, occupy-
ing a global estate of around 12 million ha (Turnbull 1999). The genus com-
prises over 700 species, most of which are endemic to Australia, and its
diverse membership offers species with adaptability to a range of exotic trop-
ical and temperate conditions with high growth rates on productive sites
(Eldridge et al. 1994). They are a major source of wood for paper pulp and
construction timber, as well as fuelwood for industrial and domestic pur-
poses in many developing countries (Eldridge et al. 1994).

Domestication of eucalypts is still at an early stage, with most breeding
populations only several generations removed from wild populations (Eld-
ridge et al. 1994). The challenge for eucalypt breeders, as with most tree
crops, is to make genetic gains in the face of long generations and delays in
selecting mature traits, which can be as long as 20–30 years for wood proper-
ties. Eucalypts, having mixed mating systems, are predominantly outcrossing
(rates between 0.7 and 0.92), and are thought to possess high levels of genetic
load and exhibit deleterious effects when inbred (Eldridge 1970; Potts and
Reid 1990; Myburg et al. 2000). Consequently, breeders tend to avoid inbreed-
ing, instead they manage broadly based breeding as well as specialty popula-
tions to select for genetic gains (Eldridge et al. 1994). Eucalypts, as a group,
are recognised as being promiscuous, with weak reproductive barriers
amongst taxa (Pryor 1976), and a frequency of natural and artificial hybri-
disation that declines as taxonomic distance between parents increases (Grif-
fin et al. 1988; Potts et al. 2001). Interspecific F1 hybrids feature in a number
of breeding programs, often because they combine desirable characteristics
from the parental taxa, but also for hybrid superiority imparted through het-
erosis, epistasis or trait complementarity (Nikles and Griffin 1992). Many
tropical eucalypts are amenable to vegetative propagation, hence, one strat-
egy for improvement is intensive within family selection followed by mass
clonal reproduction of elite hybrid trees (Eldridge et al. 1994).
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Molecular markers have been embraced enthusiastically in the face of
these complex and varied challenges for eucalypt breeders, as they offer hope
of circumventing some restrictions to or accelerating improvement. In this
review, we provide representative or unique case studies where applications
of molecular markers are benefiting eucalypt breeders. Initially, we consider
how gene resource (base) populations can be managed and best exploited
with the aid of molecular markers. Then, a study to determine whether
anthropological factors influence the genetic diversity of base populations of
a eucalypt is reviewed. Next, we consider how markers are helping to define
the gene pool available for breeding eucalypts and how they are revealing
new understanding about the genetic mechanisms of hybrid inviability. We
review two recent accounts of gene flow and paternity analysis that are pro-
viding data to optimise seed orchard design and finally, perhaps the area
where markers will ultimately have the greatest impact on breeding, molecu-
lar breeding. In recent years, research into the molecular breeding of euca-
lypts has entered a new era with an emphasis on multi-allelic markers and
candidate gene mapping. This second generation of experiments addresses
short falls and builds on the discoveries of a first generation of genetic map-
ping and quantitative trait loci (QTL) experiments in the earlier years of the
last decade. On the subject of molecular breeding, our review updates an
excellent recent review in this area (Grattapaglia 2000). Grattapaglia (2000)
also provides a review of applications of DNA fingerprinting and germplasm
management not considered in this review. For a comprehensive review of
eucalypt genetics and genecology, see Potts and Wiltshire (1997), and for tree
improvement of eucalypts in general, Eldridge et al. (1994).

2 Base Population Characterisation – Eucalyptus globulus
is Geographically Structured with Chloroplast Haplotypes
Coincident with Quantitative Genetic Variation

Our understanding of the natural population structure of E. globulus is per-
haps the most detailed of any eucalypt. It is a major plantation species for
temperate regions in Australia, Chile, Portugal, Spain and China (Eldridge et
al. 1994) and has been subject to a concerted research effort over the past
decade that has revealed a detailed picture of the relationships and evolution-
ary forces shaping the quantitative and molecular variation in this species.

Eucalyptus globulus has a broad natural distribution in south-eastern Aus-
tralia with populations in Victoria, Tasmania and on the islands of Bass
Strait. It is currently recognised as having four geographical subspecies, spp.
globulus, spp. biocostata, spp. pseudoglobulus and spp. maidenii (Chippen-
dale 1988). A major latitudinal cline was evident in random amplified poly-
morphic DNA (RAPD) markers from the northern mainland Australian
localities to the southern Tasmanian localities (Nesbitt et al. 1995). Like
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RAPD, restriction fragment length polymorphism (RFLP) variation of E. glo-
bulus chloroplast revealed lineages that showed strong geographic structur-
ing rather than alignment with taxonomic subspecies boundaries (Jackson et
al. 1999). This study also found that chloroplast haplotypes transcended spe-
cies boundaries, as haplotypes were shared with co-occurring endemic euca-
lypts. Hybridisation and introgression of chloroplasts is believed to be the
most likely explanation for this, emphasising the importance of reticulate
evolution in the eucalypt group.

Chloroplast lineages within Tasmania were also found to be coincident
with patterns of quantitative genetic variation that had been used to establish
a racial classification for E. globulus (Dutkowski and Potts 1999; Jackson et al.
1999). Traits including bark thickness, wood basic density and flowering pre-
cocity exhibited strong spatial patterns. Racial groups are of interest to
breeders as they summarise complex patterns of variation and may improve
prediction of breeding values (Dutkowski and Potts 1999).

The development of microsatellite markers in E. globulus (Steane et al.
2001) has enabled further molecular characterisation of this species. These
markers were found to be highly polymorphic across the geographic range of
E. globulus. Microsatellite analysis found significant differentiation across the
geographic range of ssp. globulus and was consistent with the previous RAPD
and quantitative genetic studies, providing a further tool for race identifica-
tion and exploring relationships within and between races.

3 Effect of Utilisation on the Base Population Resource –
Influence of Silvicultural and Harvesting
on Eucalyptus sieberi Genetic Diversity

The impact of native forest management, including logging, upon genetic
diversity of E. sieberi, a eucalypt from lowland mixed-species forests of
south-eastern Australia, was recently examined (Glaubitz et al. 1999; Moran
et al. 2000). Three silvicultural treatments that were commonly practiced in
this region were investigated; clearfelling with aerial resowing, regeneration
from seed trees following burning, and regeneration from seed trees follow-
ing mechanical disturbance. Several measures of genetic diversity at RFLP
and microsatellite loci indicated there were no significant differences
amongst treatments or within unharvested controls. As E. sieberi is abundant
in the region, it was thought that the diversity in regenerated areas was main-
tained in this system by a high number of pollen parents contributing to off-
spring in harvested coupes. Although the silvicultural practices apparently do
not significantly affect diversity for common widespread species over one
generation, it remains to be seen whether these practices are suitable for
more localised species or for longer time frames (Moran et al. 2000).
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4 Defining the Gene Pool for Breeding – Hybridisation

Eucalypt hybrids have been an important part of plantation forestry, particu-
larly in the tropics (Potts and Dungey 2001). DNA markers are helping breed-
ers to characterise the gene pool available to create hybrid eucalypts and the
genetic causes of hybrid inviability.

4.1 Resolving Anomalies in the Success of Wide Hybrids

Hybridisation between subgenera for a long time was thought to delimit the
extent of hybridisation in eucalypts (Pryor and Johnson 1981). Reports of an
occurrence of a putative natural hybrid between E. cloeziana and E. acmeno-
dies, members of the Idiogenes and Monocalyptus subgenera, respectively,
were thought to be the single exception (Brooker and Kleinig 1994). Analysis
of morphological characters as well as the chloroplast JLA region verified
hybridisation and established the direction of crossing between these two
species (Stokoe et al. 2001). Genealogical analysis of hybrid offspring based
on microsatellite markers indicated that the extent of hybridisation was likely
to be restricted to an F1 generation (Stokoe 2002). Phylogenetic analysis of
the JLA region E. cloeziana and 20 subgenus Monocalyptus species, however,
found no supporting evidence for a division between the single monotypic
subgenus Idiogenes and Monocalyptus (Stokoe et al. 2002). Molecular evi-
dence, therefore, suggests there is no basis for a transgression of the subgen-
era rule.

4.2 Genetic Causes of Hybrid Inviability

A glimpse of the importance and complexity of genic mechanisms maintain-
ing species and defining patterns of hybridisation was obtained from com-
parisons of transmission ratio distortion (TRD) in genetic maps from inter-
specific crosses of E. globulus and E. grandis (Myburg et al. 2003, 2004). In
this study, AFLP markers were used to generate maps of an interspecific F1

individual and two backcross parents. The F1 E. globulus × E. grandis cross
exhibits high levels of hybrid inviability and breakdown (Griffin et al. 2000).
As with many wide crosses, a high proportion (27%) of markers were dis-
torted, but these loci mapped to a few regions and marker alleles were biased
to either of the two parents, supporting biological rather than methodologi-
cal causes of distortion. Multiple putative TRD loci (TRDL) were found in
each map, but there was surprisingly little evidence of epistasis between these
loci. Those interactions that were detected tended to be between donor and
recurrent parent alleles and they tended to be positive, increasing hybrid fit-
ness. Remarkably, the donor genes were not predominantly selected against
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in the recurrent background, as might be expected with dysfunctional
homologous recombination. Preferential survival of donor alleles suggest
either the presence of “selfish” genes that enhance the success of gametes or
that there was alleviation of genetic load, which is a major factor influencing
fitness in forest trees (Williams and Savolainen 1996). Comparison of TRDL
between maps revealed some loci were fixed, whereas other loci segregated
between the two species.

5 Direct Measures of Gene Flow –
Implications for Orchard Design

Gene flow analysis in eucalypts is increasingly relying on direct measures
derived from molecular markers because they provide absolute measures,
high resolution paternity analysis and enable the separate contributions from
pollen and seed to be distinguished (reviewed in Potts and Wiltshire 1997).
Isozyme analysis of gene flow in a 10-year-old seed orchard of the insect-
pollinated E. regnans indicated the likely importance of floral phenology, tree
spacing, provenance, and within-orchard position in determining complex
mating patterns (Burczyk et al. 2002). Asynchronicity in floral phenology
between provenances, for example, was thought to largely explain why intra-
provenance crosses were three times more likely to occur than inter-
provenance crosses. Despite a preference for within-provenance mating, pol-
len dispersal was found to be extensive throughout the orchard with 50% of
all effective pollen travelling a distance of at least 40 m and bypassing large
numbers of nearer neighbours.

Microsatellite markers and paternity assignment were used to study pollen
flow in a seed orchard of E. grandis (Jones et al., in prep.). Nearly half of the
progeny analysed (46%) was found to be the result of pollen originating from
trees located outside the seed orchard, probably from nearby surrounding E.
grandis plantations (Fig. 1). The high level of pollen contamination from out-
side the E. grandis orchard suggested that longer-range pollen dispersal vec-
tors such as flying fox bats may be important for pollen dispersal as they are
in some south-eastern, coastal eucalypts (House 1997). Pollination distance
within the seed orchard was also extensive with 48% of identified parent
pairs located more than 50 m apart, and pollen travelling distances up to the
maximum detectable distance of ˚ 192 m. Of the pollen parents identified
within the orchard, the majority were from a provenance that was different to
the mother tree (inter-provenance) and low intra-provenance and within-
family crossing was observed.

The low level of intra-provenance provenance pollination in the E. grandis
study contrasted with the preferential intra-provenance mating exhibited in
the E. regnans orchard (Burczyk et al. 2002). This difference between the two
studies may be accounted for by the greater breadth of material studied in the

Molecular Markers in Tree Improvement: Characterisation and Use in Eucalyptus 403



Fig. 1. Pollination events categorised by the degree of relationship between the pollen donor
and the mother tree for six E. grandis trees. The mother trees are grouped into four prove-
nances: 1 Boambee SF, 2 Pine Creek plantation 3, 3 Newry plantation, 4 Pine Creek plantation
17. Pollination events were classified as; self fertilisation (Selfs), within-family (Within F),
within-provenance (Within P), between provenance (Between P), unknown provenance
(Unknown P; orchard trees for which no provenance data is available) and contamination from
outside the orchard (Outside Orchard)

E. regnans orchard compared to the E. grandis orchard. The E. regnans
orchard was derived from two distinct provenances that differed in flowering
time, whereas the E. grandis orchard was based on material from the Coffs
Harbour region of New South Wales. Although the Coffs Harbour region has
been recognised as encompassing multi-provenance sources (Burgess et al.
1996), it is unlikely this material would exhibit the marked differences in flo-
wering phenology observed in the E. regnans study, as E. grandis is known
for high flowering synchronicity across provenances compared to other spe-
cies (Law et al. 2000).

Among the six mother trees studied in the Coffs Harbour seed orchard, the
proportion of progeny derived from self-fertilisation ranged between zero
and 36% with an overall average of 13%, consistent with the high degree of
between-tree and within-canopy variability in self fertilisation rates of euca-
lypts (Potts and Wiltshire 1997). This observed outcrossing rate compared
closely with an ‘effective’ multi-locus outcrossing rate (t) of 0.89 based on
eight microsatellite markers generated using MLTR v2.4 (Ritland 2002) and
was similar to the rate typical for natural populations of this species (0.84;
J.C. Bell in Eldridge et al. 1994 p. 194). The level of selfing was apparently
higher, however, than that detected in an E. grandis orchard in Uruguay,
which had low levels of selfing for this species (5%; Russell et al. 2001). At
present, we may only speculate on possible causes for apparent differences in
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breeding system parameters between these studies because of the many
sources of variation influencing fecundity that prevent critical comparison.
Nonetheless, it seems that the planting of eucalypts as exotics does not neces-
sarily lead to large increases in selfing rates as might be expected with some
“offsite” plantings due to poor or sporadic flowering.

6 Genetic Architecture of Commercial Traits –
Quantitative Trait Loci and Candidate Gene Mapping

6.1 First Generation Genetic Mapping and Quantitative Trait Loci Studies –
Detection of Major Effect Genes and Quantitative Trait Loci Stability
Across Physiological Age Classes

Genetic mapping and QTL detection studies in eucalypts over the early part
of the last decade were characterised by the use of unplanned crosses, typi-
cally F1 families from interspecific matings and the use of the pseudo-
testcross mapping strategy (e.g., Grattapaglia and Sederoff 1994; Grattapaglia
et al. 1996; Verhaegen and Plomion 1996; Shepherd et al. 1999). Hybrid fami-
lies were targeted for these studies because of the favourable prospects for
gains from early within-family selection using marker-aided selection (MAS)
directly in populations used for deployment (Bradshaw and Grattapaglia
1994). Gains can be realised even earlier in many tropical eucalypts because
of their amenability to vegetative propagation (Bradshaw and Foster 1992;
Eldridge et al. 1994). There were important exceptions to this approach, how-
ever that were based on multi-generation intraspecific crosses or that used
family arrays or factorial designs in attempts to identify QTL of average effect
(O’Malley and McKeand 1994; Byrne et al. 1995; Grattapaglia et al. 1996; Ver-
haegen and Plomion 1996; Squilassi and Grattapaglia 1998). A thorough
review of earlier work has been recently published (Grattapaglia 2000). Here,
we report only the major outcomes, as a prelude to a review of more recent
reports.

A major theme that emerged from early genetic mapping and QTL detec-
tion experiments was the high proportion of variation in many traits that
were apparently controlled by a few major genes (Grattapaglia 2000). The
detection of major gene effects for traits believed to have simple underlying
genetic control was expected, and recently it has been possible to validate
some of these putative QTL for vegetative propagation characteristics
(Marques et al. 2002; also see below).

The detection of major gene effects for traits considered as quantitative,
however, such as diameter or volume stem growth, was less expected. This
outcome may have been a consequence of the predominance of studies based
on wide hybrids where atypical large effects segregated as a consequence of
hybrid incompatibility. Alternatively, there are confounding issues of limited
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experimental power and potential problems with sampling effects due to
small population sizes, which may have led to detection of false QTL or
inflated QTL parameters (Beavis 1998). This issue needs to be resolved by
large-scale QTL detection and validation experiments before too much
emphasis can be placed on these early estimates of QTL effects (Grattapaglia
2000).

Another outcome from early QTL detection studies was the discovery that
the stability of QTL across different physiological ages may be higher than
initially thought (Campinhos et al. 1997; Verhaegen et al. 1997; Grattapaglia
2000; P. Bundock, pers. comm.). This was important, as one difficulty in tree
improvement is the need to establish reliable correlations between a tree’s
performance at a young age and that at harvest, as different genes may be
influencing a trait at different ages in a tree’s life. These studies suggested,
however, that some genes (or at least their effect), are important for growth
for long periods in a tree’s life time.

It was also clear from early QTL studies that there was a need to investigate
QTL variability across populations to identify the most useful QTL for breed-
ing (Grattapaglia 2000). Several studies had indicated that genetic back-
ground significantly affects QTL detection (Grattapaglia et al. 1996; Verhae-
gen et al. 1998). Furthermore, little was known about QTL × site interaction
(Bradshaw and Grattapaglia 1994; Grattapaglia 2000). These early studies also
highlighted the need for more informative multi-allelic marker types, such as
microsatellites to facilitate exchange of genetic information within and across
species in the genus (Grattapaglia 2000).

6.2 Second Generation Experiments – Multi-Allelic Markers,
Quantitative Trait Loci × Site Effects, Candidate Gene Mapping

6.2.1 Microsatellites and Genus-Wide Maps

A genus-wide map for Eucalyptus is now feasible with the availability of an
abundance of highly variable, multi-allelic microsatellite markers and their
ready transfer amongst related species (Brondani et al. 1998, 2002; Byrne et
al. 1996; Glaubitz et al. 2001; Jones et al. 2001; Steane et al. 2001). A genetic
map with 240 microsatellite loci was developed from a pool of over 500
microsatellite markers (Brondani et al. 2001). Many of these loci exhibited
high levels of polymorphism, with average expected heterozygosities in the
range of 0.82–0.87 (Brondani et al. 2002). Transferability of microsatellites
was high amongst eucalypts with around 80–90% of loci transferring
amongst the key commercial species belonging to the Symphyomyrtus group,
E. globulus, E. grandis, E. urophylla and E. tereticornis (Brondani et al. 2001).
Similarly high levels of transfer were found for microsatellite markers devel-
oped from Corymbia variegata (spotted gum; formerly Eucalyptus; Jones et
al. 2001). All 14 loci tested, transferred to another species within the same
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Corymbia section (Politaria). Transfer to species belonging to the Eucalyptus
subgenus Symphyomyrtus was also high (40–50%), with lower transfer to
more distal species in the subgenus Monocalyptus (21%) and E. cloeziana
(29%; subgenus Idiogenes).

6.2.2 Transfer of Genetic Information Across Populations and Species –
Quantitative Trait Loci Stability Across Genetic Backgrounds
and Environments

The development of highly informative, transferable microsatellite markers
has been a major step towards studies of QTL diversity at a breeding popula-
tion level in eucalypts, and the exchange of genetic information amongst
pedigrees and species. The advantage in exchanging genetic information
across species was demonstrated in the validation of QTL for vegetative prop-
agation characteristics (Marques et al. 2002). Comparative mapping of micro-
satellite loci and QTL influencing sprouting and adventitious rooting ability
was possible in four species, E. grandis, E. urophylla, E. tereticornis and E.
globulus. Using a set of 40 microsatellites, many homeologous linkage groups
were identified amongst these species and in most cases, locus order was
conserved. Putative QTL for adventitious root formation were located on
homeologous linkage groups of two species, providing independent valida-
tion that genes influencing rooting were located in this region of the eucalypt
genome. Putative QTL for sprouting were located on a homeologous linkage
group of a third species, indicating that a cluster of genes influencing differ-
ent aspects of vegetative propagation could be located in this region, or that
there was pleiotropy of the same major gene.

Highly variable co-dominant markers in mapping experiments will also
assist to transfer genetic information amongst pedigrees in efforts to intro-
gress early flowering genes into elite clones in eucalypts (Missiaggia et al.
2002). Genes for early flowering could be important in a eucalypt breeding
program to allow accelerated breeding cycles and the potential to develop
inbred lines (Missiaggia et al. 2002). Linkage between a mutant early flower-
ing phenotype and a microsatellite marker was established by selective geno-
typing in one family and it is anticipated that once other markers are found
to bracket the QTL, it will be transferred into elite clones.

A recent QTL detection study in E. globulus was encouraging in that at
least some QTL for wood density were stable across environments (P. Bun-
dock, pers. comm.). In this experiment, a single family was grown across
seven sites in Australia. There was no evidence of QTL × site interaction for
pilodyn penetration, an indirect measure of wood density, yet volume growth
exhibited large QTL × site interaction.
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6.2.3 Gene Discovery and Candidate Gene Mapping

There has been an intensive effort over the past few decades to understand
the cellular processes and more recently the molecular aspects of wood for-
mation (Jain and Minocha 2000; Savidge et al. 2000). As a result, many of the
key features of the development and function of the vascular cambium, the
differentiation and control of xylem (wood) cell formation, and the biosyn-
thesis of the major components of their cell walls, cellulose and lignin, have
been elucidated. Some of the genes involved in these processes are known
and cloned as a result of functional or mutation analysis (Bossinger and
Leitch 2000; Hertzberg et al. 2001; Whetten et al. 2001). Other genes with
unknown function, but believed to be involved in the processes of cell wall
formation, developmental regulation, signal transduction and hormone bio-
synthesis have also been cloned (Sterky et al. 1998). Currently, there are over
273 eucalypt sequences in the genetic database GenBank (March 2002), with
about 50% of these associated or likely to be associated with wood formation.
Recently, a major genomics initiative in eucalypts, the GENOLYPTUS project
has commenced in Brazil (Grattapaglia 2002; D. Grattapaglia, pers. comm.).
The objective of this project is to discover, map, validate and characterise
genes of economic importance in eucalypts. A key aspect of this work will be
the establishment of segregating reference populations for genetic mapping
experiments similar to those available in humans.

In the first step toward understanding the relationship between variation
in gene sequence and its phenotypic effect, candidate genes for wood quality
and other traits were mapped in eucalypts. In one example, six genes of
known function involved in lignin biosynthesis or the common phenylpro-
panoid pathway, and which may be related to QTL controlling wood quality,
as well as two genes implicated in morphological formation in roots, were
mapped using polymorphism detected by single strand conformation poly-
morphism (SSCP) in a E. grandis × E. urophylla family (Gion et al. 1999). In
a second study, genes of known function involved in monolignol biosynthesis
and floral expression in addition to 31 cambium-specific expressed sequence
tags (EST), were mapped by RFLP on to a genetic map for E. globulus (Tha-
marus et al. 2002). The next crucial step in this area will be the linking of can-
didate genes with phenotypic values of characteristics of economic impor-
tance by QTL or association studies (Brown et al. 2001; Thamarus et al. 2002).
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1 Introduction

1.1 Concept and History of Genetic Markers in Forest Trees

The underlying principle of genetic markers is the biological variation in the
organism systems being analysed. Biological variation as a result of, and at
the same time, pre-requisite of evolution is the focus of interest in modern
plant sciences:

1. It is analysed for conservation purposes
2. It is the basis for selecting or recombining traits in breeding programmes

and gene technology, and with special regard to the present chapter
3. It is the source of markers for tracing different states and processes that

organisms undergo at different levels of their organisation.

Once the latter processes are understood, a sustainable management of biodi-
versity and crop or tree improvement may be strongly enhanced. The devel-
opment and usage of markers is, therefore, a desirable goal in research and
practice.

By definition, genetic markers involve evolutionary principles: a variable
trait or phenotype is defined as a genetic marker when the relationship
between phenotype and the underlying genotype is clearly determined by
inheritance analysis (Gillet 1999). Consequently, a marker variation relying
on a single locus of the nuclear genome needs to follow Mendelian segrega-
tion. A marker variation relying on a single locus of the organelle genome
needs to be validated for uniparental inheritance. A genetic marker in sensu
strictu is a phenotype or trait that is defined by just one unambiguous geno-
type or just one unambiguous haplotype.

One of the first genetic markers used in population genetics of forest trees
was an aurea mutant phenotype in Norway spruce (Picea abies Karst L.).
Aurea and the wild-type phenotype were found to segregate according to a
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codominant mode of gene action at a single gene locus (Langner 1953). The
aurea phenotype, therefore, was a genetic marker in sensu strictu and
allowed the tracing of gene flow by pollen and seeds within the study area in
the Arboretum Tannenhöft (Institute for Forest Genetics and Forest Tree
Breeding, Grosshansdorf, Germany, Langner 1953). The usage of mutant phe-
notypes as genetic markers, however, is necessarily restricted by low num-
bers of known mutants.

A new source of markers was exploited in the early 1970s. Isoforms of con-
stitutively expressed proteins were introduced as genetic markers in forest
trees (Bartels 1971a, b; Bergmann 1973, 1974a, b). Since then, about 20 iso-
zyme gene systems have been validated by means of inheritance analysis and
used in population and conservation genetics of forest trees (for a general
review, see Hamrick and Godt 1990; for European forest trees, see review in
Müller-Starck and Ziehe 1992).

A novel generation of genetic markers was provided with the use of DNA.
In forest trees, DNA markers were developed and applied comparably late at
the beginning of the 1980s (Neale et al. 1992). In contrast to the previous
markers, the putative number of DNA markers is nearly infinite and only
restricted by the respective genome sizes. Furthermore, a different origin of
the markers from either the nuclear or organelle genome allows differentia-
tion among gene flow via pollen and seeds. Depending on the genomic posi-
tion of the marker loci, the underlying variation may vary by mutation pro-
cesses and mutation rates (e.g., Hewitt 2000). Using the respective markers, it
is, therefore, possible to reconstruct different processes ranging from higher
taxonomic levels down to the individual level (e.g., Ziegenhagen and Fladung
1997a, b; Gillet 1999). Using DNA markers, in principle, it is feasible to sepa-
rately access non-coding or coding regulating regions of the genome. This is
potentially useful for estimating the strength and direction of different evolu-
tionary drivers like genetic drift or selection and adaptation. Techniques of
identifying and routinely monitoring DNA polymorphism have dramatically
improved. The former laborious RFLP analyses (restriction fragment length
polymorphism), including radioactively labelled probes, have been replaced
by PCR routines. The latter have become a key technology in the detection
and diagnostics of DNA polymorphism and thus, in marker application.
Marker application in population genetics or conservation genetics of forest
trees mainly includes large sample sizes. Thus, automated technologies are
increasingly covering the whole procedure from DNA extraction to multiplex
gel electrophoresis that either serves for automated detection and scoring of
fragment length polymorphism, or for high-throughput sequence analysis
(overview in Glaubitz and Moran 2000).
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1.2 Genetic Resources and Their Management in Forest Trees

In contrast to most crops, forest tree species have not experienced a long
breeding history. Most of them are still regarded as undomesticated wild
populations of comparably high levels of genetic diversity. The future effects
of global change and/or the present over-exploitation of the tropical and
boreal forest ecosystems, however, are a severe threat to these natural forest
genetic resources. Young et al. (2000) consider forest trees as paradigms of
conservation genetics due to extreme life history traits (longevity, accumula-
tion of mutations, large ranges of mating and dispersal) and the variety of
stresses they are forced to adapt to. In contrast to crop genetic resources, the
main efforts in forest trees have been put into in situ conservation strategies.
In addition, regarding the extreme features, it is a challenge to understand
the spatio-temporal distribution of their genetic resources and even more,
the underlying processes. Genetic markers greatly facilitate the analysis of
patterns and dynamics of genetic diversity in forest tree species (Young et al.
2000). Ex situ conservation practices are a different topic which is not dealt
within this chapter.

Trees grow and/or are cultivated in more or less natural forest stands.
Some species, however, like poplar, radiata pine, eucalyptus or teak, are also
cultivated in high-yield plantations. The management policy behind this is to
exploit these plantations to the greatest possible extent and thereby protect
the natural resources (Gladstone and Ledig 1990).

In Germany, tree plantations are being considered for the reforestation of
former agriculturally used areas. In this context, the questions regarding
genetic resources are: from where to select the pheno-/genotypes, and if
clones are used: how many of them are needed to guarantee an adaptive
potential against pests and abiotic stress (for ‘clone mixtures’, see FSaatG,
National German Regulation on the trade with forest reproductive material,
1994). Genetic markers are useful to identify clones or to verify genomic sta-
bility of material originating from micro-propagation or manipulation of the
ploidy level. Plantation forestry is furthermore practiced in field release trials
of transgenic trees. Here, molecular markers may assist in risk assessment
scenarios related to horizontal and vertical gene transfer.

2 Which DNA Marker at Which Scale and for Which Purpose?

Since their usage in forest genetics, molecular markers have shown a great
capacity for tracing the distribution of genetic diversity at many different
scales reflecting different evolutionary processes. These are macro- and
micro-evolutionary processes based on different mutations. Likewise, the
respective molecular markers have to be carefully selected and validated:
there is no universal marker which can be applied throughout all scales of
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Table 1. Which neutral plant DNA marker at which scale for which purpose?

Above species
level

Within species level

Power of dis-
crimination

Differentiation of
species

Differentiation of
populations

Differentiation of
individuals/
clones

Differentiation of
within-individual
variation

Process Hybridisation,
introgression

Phylogeography,
migration, gene
flow, introgres-
sion of lineages

Mating, gene
flow, drift, seed
dispersal, vegeta-
tive propagation

Genomic stability:
aneuploidy,
chimera

DNA markers
genomic origin

Organelle DNA
markers, often
chloroplast DNA
markers, often cp
genes (above gen-
era) or introns
(within genera)

Maternally inher-
ited organelle
DNA markers,
often introns and
intergenic spacer
or organelle SSRs

Nuclear SSRs,
AFLPs and
RAPDs, SNPs in
non-coding
regions

Nuclear SSRs,
ISSRs

Diagnostic
techniques

Sequencing Sequencing,
PCR-RFLP, auto-
mated fragment
length analysis

Automated
fragment length
analysis (SSRs,
AFLPs, RAPDs)
Sequencing,
SSCP (SNPs)

Automated
fragment length
analysis

Mutation rate Extremely low to
low

Low High High

Mode of inher-
itance/gene
action

Uniparental trans-
mission

Uniparentally
maternal inheri-
tance

Biparental
Codominant
Dominant

Biparental
Codominant

References/
reviews

Chase et al.
(1993); Gielly and
Taberlet (1994);
Wu et al. (1998);
Hewitt (2000)

Petit et al. (2003);
Petit and Vendra-
min (2003);
Vendramin et al.
(2003)

Gillet (1999);
Vendramin et al.
(2003)

Gomez et al.
(2001); Hristo-
foroghu et al.
(2000); Leroy
et al. (2000);
Deutsch et al.
(submitted)

SSR Simple sequence repeat, AFLP amplified fragment length polymorphism, RAPD random
amplified polymorphic DNA, SNP single nucleotide polymorphism, SSCP single-strand confir-
mation polymorphism, ISSR inter-sequence simple repeat

interest. Before starting an experiment or study, the appropriate marker cate-
gory, therefore, has to be determined (Gillet 1999). Table 1 gives a survey of
the available neutral DNA markers used to trace different processes related to
issues of genetic resources. It is a rough orientation and should not be con-
sidered complete. The references are also incomplete and serve for orienta-
tion only.
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3 Case Studies with Fir (Abies sp.), Norway Spruce
[Picea abies (Karst.) L.] and Poplar (Populus sp.)

From our own fields of research, we selected case studies to demonstrate the
power of DNA markers for identifying gene pools, maternal and paternal lin-
eages, as well as past genetic bottlenecks at a broader geographical scale. At
a regional or local scale, factors affecting the level of genetic diversity are a
matter of concern. DNA markers are tools to understand the processes of
local gene flow and their disturbance. In natural stands, used as certified seed
lots, it is of interest to identify the mother trees from subsets of their seeds.
Furthermore, spatial patterns of intron and exon nucleotide variation in a
candidate gene were analysed in order to determine whether this could be an
approach to develop adaptively relevant genetic markers. Forest trees are not
only grown in more or less natural forest stands, but are cultivated in planta-
tions as well. While fir and Norway spruce grow in natural forest sites of
more or less continuous distribution throughout their natural range, poplar
is mainly used in plantation forestry and is among those tree species that are
routinely genetically transformed.

3.1 DNA Markers in Natural Populations

Abies is one of the forest trees where we have conducted a multi-scale analysis
using DNA markers. Abies is a genus with nine species and found in central
Europe and the Mediterranean area. These species are allopatric with the
exception of A. alba and A. cephalonica, which are parapatric (Parducci
2000). The central European silver fir (Abies alba Mill.) is the most common
European fir. It is the conifer species of mountainous areas where it predomi-
nantly occurs in mixed forest stands together with Norway spruce and beech
(Fagus sylvatica). It is supposed to be natural in most of its stands and an
ecologically important member of the mountainous ecosystems due to its
extensive root systems. Conservation programmes have been initiated after
the forest decline of the 1970s. Such programmes necessarily rely on the
knowledge of large-scale spatial distribution and patterns of genetic
resources, as well as on critical levels of genetic diversity within populations.

3.1.1 Identification of Maternal and Paternal Lineages
and Historical Gene Flow

From isozyme gene studies, it is known that Abies alba Mill. survived in at
least two southern refugia during the last glaciation (reviews in Konnert and
Bergmann 1995 and Hewitt 1999). The development of organelle DNA mark-
ers with contrasting modes of inheritance allowed a new, differentiated per-
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spective on the range-wide distribution of maternal and paternal lineages
(Liepelt et al. 2002). Two DNA markers with contrasting modes of inheritance
were applied to 100 populations covering the entire range of silver fir in
Europe. The markers each exhibited two highly conserved alleles based on an
insertion/deletion of 80 bp in the fourth intron of the mitochondrial nad5
gene and on a synonymous substitution in the chloroplast psbC gene. The
geographical distribution of the maternally inherited mitochondrial varia-
tion confirmed the existence of at least two refugia with two recolonizing
maternal lineages remaining largely separated throughout the range. Silver
fir [Abies alba (Mill.)] turned out to be an excellent model to test whether
pollen-mediated gene flow may eliminate the genetic imprints of Pleistocene
refugial isolation. As the cline calculated from the psbC allele frequencies was
as wide as the whole range, our results provided first striking evidence that
even a species with very long generation times and heavy pollen grains was
able to establish a highly efficient pollen-mediated gene flow between refugia
(Liepelt et al. 2002). The same markers (nad5–4, psbC) and one additional
cpDNA marker (intergenic region of trnC and trnD, primers designed by Par-
ducci and Szmidt 1999) were applied at the next higher taxonomic level,
namely throughout the Mediterranean Abies species (Liepelt et al., unpubl.).
Similar phenomena were observed: the maternally inherited mtDNA marker
nad5–4 distinguished five European maternal lineages, which were strictly
separated in most cases. Introgression between maternal lineages was only
observed among the parapatric species A. alba and A. cephalonica. Using the
paternally inherited markers, a highly effective pollen-mediated interspecific
gene flow was suggested (Liepelt et al., unpubl.), confirming a former hypoth-
esis on weak interspecific reproductive barriers (Kormuták et al. 2002; Kor-
muták, pers. comm.). The study provided a new possibility of comparing the
genetic consequences of forest genetic resources using DNA markers with a
contrasting mode of inheritance. Particularly, the postglacial range-wide
exchange of the paternally inherited variation poses the question: what is
autochthony in terms of time and space and what is the evolutionary back-
ground of the delineations of common seed zones?

3.1.2 Identification of Genetic Bottlenecks and Genetic Erosion

In the same species, highly polymorphic chloroplast microsatellite (SSR sim-
ple sequence repeat) markers have been developed and proved to be unipa-
rentally, i.e. paternally, inherited (Vendramin and Ziegenhagen 1997). The
marker was supposed to be highly sensitive towards those stochastic popula-
tion, genetic or demographic processes that may cause loss of genetic varia-
tion (Ziegenhagen et al. 2001). This sensitivity is based on the combination of
three features characteristic for this type of marker: (1) selective neutrality,
(2) high degree of polymorphism, and (3) uniparental inheritance. The latter
reduces the reproductively effective population size to half the size of that
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when biparentally inherited markers are used (Birky et al. 1989). The loss of
genetic diversity as depicted by this kind of marker is expected to be highest
when isolation and drift have both become effective. To estimate the degree
of such loss in conservation genetic studies, the measure ‘allelic richness’ was
shown to be highly suited (Petit et al. 1998).

A range-wide analysis of a total of 714 individuals at two such loci resulted
in the detection of 90 different two-locus-haplotypes (Vendramin et al. 1999).
A Pyrenean population was found to exhibit the lowest values of allelic rich-
ness. Therefore, it was concluded that it suffered from a past bottleneck due
to isolation and drift (see also Konnert and Bergmann 1995).

The same marker was tested for its usability in paternity analyses in a relic
Ore Mountain silver fir stand (Ziegenhagen et al. 1998). In such relic stands,
silver fir is supposed to suffer from inbreeding deficiency (Llamas-Gomez
and Braun 1994). As demonstrated by our study, chloroplast microsatellites
may be useful to estimate pollen trapping or outcrossing rates of isolated
trees or groups of trees in relic stands.

3.1.3 Seed Source Identification

A current concern is how to improve control methods for verifying the origin
and identity of traded forest seeds (Konnert et al. 2002; Cremer et al. 2003;
Ziegenhagen et al. 2003). Such a control should ensure the goal of maintain-
ing an appropriate level of genetic diversity in offspring from seed lots. A
methodological breakthrough was obtained in Abies alba. It was possible to
extract and analyse DNA from single dry wings of the seeds (Ziegenhagen et
al. 2003). Using three highly polymorphic chloroplast microsatellite loci
(Vendramin and Ziegenhagen 1997; Liepelt et al. 2001), the wings were haplo-
typed. A comparison with the haplotypes of endosperm and embryos of the
same seeds revealed the unambiguous maternal origin of the wing tissue
(Fig. 1). It was also demonstrated that individual mother trees could be iden-
tified from the haplotypes of the single wings. Thus, a tool has become avail-
able for direct molecular identification of mother trees by simply genotyping
or haplotyping maternal tissues of their fruits or seeds (Ziegenhagen et al.
2003). Such tools are currently being introduced in certification initiatives to
control the trade of forest seeds in southern Germany (Konnert et al. 2002).

3.1.4 Nucleotide Variation Within Introns and Exons of a Gene –
a Source of Markers for Adaptively Relevant Variation?

So far, we have introduced case studies on DNA markers originating from
more or less non-coding genomic regions. These markers can be regarded as
selectively neutral as there has been no evidence of any selective relevance up
to now. It is of great future importance to develop markers for tracing vari-
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Fig. 1. Morphology of an Abies alba (Mill.) seed and haplotypes of its endosperm, embryo and
wing. A Seed of A. alba including the dry membranous wing, scale bar 1 cm. B Polyacrylamide gel
electrophoresis of the endosperm (lane 1), the embryo (lane 2) and the wing (lane 3) of the same
seed of an A. alba individual analysed at the chloroplast microsatellite locus Pt 30249 (Liepelt et
al. 2001). The gel exhibits typical patterns with prominent target alleles and slippage bands in the
same lanes. Arrows indicate the target alleles, the sizes of which are given in base pairs

able genomic regions or regulatory domains with adaptive relevance (Purug-
ganan 2000). This would enable us to identify populations and individuals
with the capacity to adapt to certain environmental conditions, which is an
urgent topic in conservation biology.

In a pilot study, we analysed a candidate isozyme gene system that had
been argued to be involved in adaptive processes in Norway spruce (Scholz
and Bergmann 1994; Rothe and Bergmann 1995). Two genomic full-length
alleles of a phosphoenolpyruvate carboxylase (PEPC, EC4.1.1.31) were iso-
lated and sequenced in the gymnosperm species Norway spruce [Picea abies
(L.) Karst.]. Homology of the two full-length PEPC-1 alleles was as high as
99.8%. From exon variation, several synonymous and one exchange of an
amino acid were deduced. The introns harboured various polymorphic
regions that combined or recombined into a considerable number of ‘within-
gene genotypes’, when sampled throughout a whole population (Ipsen and
Ziegenhagen 2001; Ziegenhagen et al. 2002a). The occurrence of within-gene
genotypes was analysed for spatial autocorrelation in a large natural popula-
tion of Norway spruce (Ziegenhagen et al. 2002a). As far as could be con-
cluded from the selected intron/exon regions analysed, however, there was no
evidence for any adaptive relevance of this variation. This does not exclude
the actual existence of such variation in PEPC. Either the within-gene candi-
date regions for adaptation remained undetected or the spatial scale analysed
was too small to find a spatial structure deviating from stochastic distribu-
tions of genotypes.
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Currently, worldwide research is progressing in this field of generating a
new marker generation. For example, the detection and monitoring of SNPs
(single nucleotide polymorphism) will be automated and enhanced in full-
length candidate genes or in ESTs in the future (expressed sequence tagged
sites; e.g. Schubert et al. 2001).

3.2 DNA Markers in Plantation Forestry

Populus species are among the few forest trees that are extensively studied,
bred and cultured worldwide. In addition to Eucalyptus, the genus Populus
has developed into a model for hardwood trees (dicot angiosperms) for forest
tree biotechnology and genetic studies (Chaffey 1999; Chaffey et al. 2002; Tay-
lor 2002; Wullschleger et al. 2002; Campbell et al. 2003). Advantages of Popu-
lus are: rapid growth, prolific sexual reproduction, ease of cloning, small
genome, facile transgenesis, and tight coupling between physiological traits
and biomass productivity.

3.2.1 Clone Identification

For identification and regular use of Populus clones used in plantation for-
estry, markers are required that differentiate between the clones. In principle,
all marker types that generate a clone-specific pattern are useful. Few poplar
clones are commercially traded (e.g. clone ‘Astria’). For these clones, it could
be of future interest to establish fingerprint patterns as a reference such as,
e.g. microsatellite, RAPD (random amplified polymorphic DNA) or AFLP
(amplified fragment length polymorphism) fingerprint patterns. Due to their
codominant Mendelian inheritance, nuclear microsatellite markers are the
markers of choice for individual identification in natural populations. For
this purpose, they need to be validated by inheritance analysis. In addition,
various individuals need to be genotyped to determine how many loci are
necessary to obtain a maximum exclusion percentage. Such a laborious effort
is not useful when only clones need to be differentiated. Instead, it was possi-
ble to use highly polymorphic markers that could be universally applied
without prior sequence information of the multiple loci. A laborious and
cost-intensive development of microsatellite markers can thus be avoided.
For example, M13-fingerprinting can reliably distinguish between individu-
als (Degen et al. 1995; Fladung and Ziegenhagen 1998). Due to their more
complex multi-banding patterns, AFLPs may be even more powerful for dif-
ferentiation purposes. The use of just one single primer-enzyme combination
enabled us to distinguish clones of poplar that originated from a half-sib rela-
tionship (Ziegenhagen et al. 2002b).

In a recent pilot study, leaf samples harvested from different Populus trees
had to be analysed with respect to clone identity to a reference sample (Mar-
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Fig. 2. M13-PCR fingerprint pattern of four Populus leaf samples with four repetitions. A Refer-
ence sample, B “Abt. :433a1–4”, C “Südrand Nochten/Fürst Pückler”, and D Südrand Nochten/
Hann. Münden”. M molecular weight marker, LP water control

kussen and Fladung, unpubl.). The M13-PCR fingerprint analysis was used to
compare the reference sample (A) with three samples doubted for their
belonging to clone A: B = “Abt.:433a1–4”, C = “Südrand Nochten/Fürst
Pückler”, and D = “Südrand Nochten/Hann. Münden”. Four different ramets
were analysed for each sample to exclude possible PCR-based contaminations
(Fig. 2). The results indicate that (1) the patterns of A and D clearly differ
from the similar patterns of B and C, and (2) the suspected ramets are mainly
identical (Markussen and Fladung, unpubl.). In the case of B and C, we can-
not exclude a mislabelling or mixing up of two ramets at any stage of the per-
formance, from the field to the laboratory. The power of the marker was dem-
onstrated, however, the verification that all four clones are different and that
ramets have possibly been mislabelled is still required.

3.2.2 Control of Ploidy Level

Conservation issues may also be addressed at the molecular level when a sta-
tus needs to be conserved that has been obtained by tissue or cell culture.

In a recent study, haploid, double- and triple-haploid plants from micro-
spore or immature pollen culture from a Populus nigra × hybrid were
obtained (Deutsch et al., submitted). The long generation cycles of trees are
an obstacle in the search for mutants, and in Populus self-pollination is not
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even feasible, since they are dioecious. Therefore, haploid as well as double-
haploid plant material and its long-term maintenance would be highly desir-
able for molecular mapping, mutagenesis, and gene-tagging approaches in
trees.

For the Populus line mentioned, the successful isolation, culture and plant
regeneration from isolated, immature pollen of poplar are reported (Deutsch
et al., submitted). Important factors like storage of donor material, stress pre-
treatment, exposure to growth regulators and other culture conditions influ-
encing the success of plant regeneration from microspores are considered. A
large number of calli obtained from microspores were subjected to further
analysis. Their ploidy level and haploid origin were investigated with flow
cytometry and microsatellite markers, respectively. Six regenerative callus
lines have maintained their haploid status for a period of 12–24 months to
date.

Populus nigra L. has a number of 2n=2x=38 chromosomes (Gallego Martin
et al. 1987). This chromosome number was confirmed in the diploid meta-
phase plates of root tips for the donor trees used in the experiments. Analysis
of the tissues by flow cytometry produced clear peaks of DNA content at
channel 50 using pollen as haploid standard and at channel 100 using tissue
of the male donor tree as diploid control.

Using flow cytometry, however, only the ploidy level can be assessed.
Therefore, microsatellite markers were applied to confirm the true haploid
origin or multiple haploidy of the regenerates. Before microsatellites were
available, isozyme gene markers were commonly used to test double haploidy
in the regenerants of anther cultures in trees. Microsatellites have been devel-
oped as an elegant tool for individual identification, paternity analysis,
genome mapping and many more applications due to a much higher degree
of heterozygosity than allozymes have ever exhibited (review in Vendramin et
al. 2003).

Five SSR markers developed from P. nigra (van der Schoot et al. 2000;
Smulders et al. 2001) turned out to be excellent tools for verifying the haploid
origin and/or homozygosity at each locus. The use of these SSRs demon-
strated that in these immature pollen cultures even some heterozygous tis-
sues were regenerated that might be caused by chimeric tissue, genetic recon-
stitutions, or irregular meiotic divisions. Somatic cells or unreduced micro-
spores having exactly the same genome and regeneration potential as the
donor plant did not seem to be the cause, since the three calli showing the
same allelic combination as the donor plants did not regenerate to plantlets.
In total, 77 lines were analysed at the five microsatellite loci for checking their
true haploid origin. The pollen donor trees ‘Aue 1’ and ‘Aue 2’ were heterozy-
gous at all loci, this being a prerequisite for investigating the haploid origin
of the regenerates. All haploid as well as 57 diploid and three tetraploid lines
exhibited one of the paternal alleles at all five SSR loci. For these lines, a hap-
loid origin was unambiguously confirmed. In the diploid and tetraploid lines,
homozygosity and thus multiple haploidy were determined. Three diploids as
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measured by flow cytometry revealed the same heterozygous allelic combina-
tion as the donor trees. They regenerated unequivocally worse than the con-
trol and did not develop into plantlets in vitro. In this case, a haploid origin
was rejected.

In the due course of regeneration or further cultivation of haploid lines,
SSR markers are very suitable to check for the stability of a ploidy level refer-
ring to the original alleles. We included the haploids in the SSR analysis to
confirm their “true” haploid status, since chimeras, genetic reconstitutions,
and aneuploids having one chromosome more or less than the 19 chromo-
somes of the haploid level could not be excluded by flow-cytometric analysis.
The test for aneuploidy with five markers is a small, but conceivable option,
not all 19 chromosomes were covered. A missing chromosome or an addi-
tional chromosome of the other chromosome set might be detected. A dou-
bled chromosome would not be detected.

3.2.3 Risk Assessment of Transgene Flow

3.2.3.1 Risk Assessment of Vegetative Dispersal of Transgenic Poplar

Besides horizontal transfer, vertical transgene transfer is a matter of great
concern and regarded as the main risk in field release of transgenic plants. In
Germany, the first release experiment with genetically transformed trees,
transgenic poplar, was initiated in 1996 (Fladung and Muhs 2000). Transgenic
Populus carries the risk of both vegetative and generative dispersal of the
transgene. To ensure that the trees remain in the vegetative phase, duration of
the field trial was limited to 5 years. The field release experiment served as a
basis to monitor a putative occurrence of transgenic root suckers without
provoking bio-safety problems, as wood suckers can be completely deleted.
In total, 444 1-year-old trees, including eight transgenic aspen lines carrying
either 35S-rolC or rbcS-rolC gene construct (Fladung et al. 1996) and three
control lines, were transferred to the field. After 3 years of growth, an increas-
ing number of root suckers were detected that carried the phenotype of the
wild-type or the rbcS-rolC-like phenotype (Fladung et al. 2003). In total, 234
root suckers were harvested in 2000 and 2001 and analysed for their trans-
genic status. This was done by using the sequence of the gene construct for
designing diagnostic primers. By means of this marker, more than half of the
root suckers were shown to carry the rolC gene (Fladung et al. 2003). We con-
cluded that the vegetative dispersal capacity of transgenic perennial plants is
important and should be urgently included in risk assessment studies.
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3.2.3.2 Risk Assessment of Pollen-Mediated Transgene Flow into Natural
Poplar Populations

Poplar is known to be obligatory outcrossing and also to have weak reproduc-
tive barriers among different species (Guries and Stettler 1976). Due to this
tremendous risk potential, pollen-mediated vertical transgene flow cannot be
analysed experimentally in field release trials. For example, in the due course
of the mentioned field trial with 35S-rolC and rbcS-rolC transgenic aspen
trees, two flower buds were detected on one single, 3-year-old tree of the
female transgenic aspen clone Esch5:35S-rolC-1 in 1998. The next year, no
flowering in any tree was observed, while in the year 2000 11 additional trees
from three different transgenic lines all transformed with the 35S-rolC con-
struct were detected with flower buds. All trees carrying female flower buds
were removed from the field a long time before flower maturation.

Risk assessment is only possible by means of simulation models (Bialozyt
et al. 2002). For parametrising these models natural gene flow via pollen
needs to be understood. Microsatellite markers are therefore applied to ana-
lyse pollen-mediated gene flow at a local scale (Fladung, unpubl.). The data
will be used to up-scale this process by means of computer models. Further-
more, it is necessary to understand whether such processes can be generalised
or whether they are dependent on landscape and/or climatological conditions.
The meteorological model METRAS, operating in a real northern German
landscape, is currently being parameterised for pollen flow (in cooperation
with Dr. Heinke Schlünzen, Meteorological Institute, Hamburg). The output
matrices will be linked with genetic models and pollen-mediated transgene
scenarios will be simulated for the real landscape (Bialozyt et al. 2002).

4 Conclusions

The presently available molecular markers harbour great potential for
enhancing their usage, e.g. in the control of illegally traded timber or forest
reproductive material including transgenics, since it is methodologically fea-
sible to fingerprint wood tissues of forest tree species (Deguilloux et al. 2002;
Ziegenhagen et al. 2003; Fladung et al., submitted). In addition to an
enhanced usage of available markers, new marker generations are needed.
The presently available DNA markers are supposed to be selectively neutral.
Currently, much effort is being put into the development of a new marker
generation, which should target genomic or regulatory regions of adaptive
relevance, e.g. SNP detection and their validation in ESTs or candidate genes.
Furthermore, knock-out (RNAi, RNA interference) and activation-tagging
technologies may be promising. The availability of such markers would
greatly facilitate the evaluation of genetic resources in terms of their evolu-
tionary adaptive capacity.
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IV.1 Intellectual Property Rights in the Field
of Molecular Marker Analysis

P. Jorasch1

1 Gesellschaft für Erwerb und Verwertung von Schutzrechten GVS mbH, Kaufmannstr. 71–73,
53115 Bonn, Germany

1 Introduction

Intellectual property rights – and especially patents – become more and more
important in biotechnology as there are many industrial applications with
high economic value. The economic value of biotechnological inventions,
especially in the field of agrobiotechnology, is increasing with the worldwide
expansion of the cultivation of transgenic plants (Herrlinger et al. 2003).
Beyond this, patents on plant-related inventions can influence the funding
that is available for research, in particular in the private sector of biotechnol-
ogy (Fleck and Baldock 2003). Conventional (non-transgenic) plant breeding
and plant breeding research is also strongly influenced by biotechnological
processes and methods. One tool that has found its way into conventional
plant breeding is molecular marker analysis of significant traits (e.g. resis-
tance against pathogens, yield) or DNA fingerprinting with the help of
molecular markers to obtain information on the relationship between indi-
vidual plants. Moreover, with the improvements in our understanding of the
genomes and in our knowledge of the relations between genotype and phe-
notype in economically important crops, this tool will become more signifi-
cant in practical plant breeding. The importance of molecular marker analy-
sis for the different applications was recognized very early so that many pat-
ents have been filed in the last 10–15 years. For scientists in all institutions,
public or private sector, an understanding of intellectual property rights
(IPRs) is fundamental in both research and development (Kowalski et al.
2002), but many scientists are still not aware of the rising number of patents
in this field. This chapter will give an overview of patents for methods and
applications in the field of microsatellite markers or simple sequence repeat
(SSR) markers.
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2 What Is a Patent?

Patents are granted for inventions that are new, involve a creative step and
can be applied in industry. A patent gives its owner the exclusive monopoly
to use his invention, preventing others from using it without permission for
a certain time (Shear and Kelley 2003). This means that if someone wants to
use a patent-protected invention, the permission for use (license) must be
obtained from the patent owner. One exception where the user of a protected
invention does not need the permission of the patent owner is the so-called
research exemption [e.g. §11 (2) of the German Patent Law]. It allows license-
free activities concerning the improvement or testing of patent-protected
inventions. Use of patent-protected inventions in research and development
under the provisions of the patent, however, does not fall under the research
exemption and is dependent on the permission of the patent owner. In most
countries, patent specifications are published 18 months after the application
date. The different patent offices, but also private companies, provide online
patent databases that can be searched by different keywords. The results of
such a patent investigation, in which different keywords concerning micro-
satellite marker analysis were used, are provided here.

3 Microsatellite or Simple Sequence Repeat Markers

When considering a typical experiment regarding molecular marker analysis
with microsatellite markers, one can divide this experiment into different
steps (Fig. 1). Starting with the plant and the extraction of its DNA, in some
experiments, the DNA is cut by restriction enzymes. After this step, specific
primers are used to perform a PCR reaction. The resulting PCR fragments
can be analysed by different methods like gel electrophoreses, mass spec-
trometry or micro-array analysis. This analysis will provide information on
specific traits of different plants for marker-assisted selection or on their
genetic relationship to each other (fingerprinting).

An investigation of the patent specifications that have been filed in this
field shows that there are many patents claiming different steps of this typical
marker experiment. Figure 1 shows some of these patents and indicates
which step of the experiment is claimed.
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Fig. 1. An overview of a typical microsatellite marker experiment and some sample patents that
are relevant for the different steps of such an experiment. Patents are indicated by numbers. The
experiment is divided into different steps. Starting with the isolation of DNA of a plant, the
DNA is sometimes cut by restriction enzymes. After the selection of specific SSR primers, a
PCR reaction is carried out. There are different possible methods for the analysis of the result-
ing PCR fragments, here exemplified by gel electrophoresis (the fluorescent label of the PCR
product is indicated by fi ), mass spectrometry and microarray analysis. Molecular marker
analysis results in marker-assisted plant breeding. The numbers indicate patents that are rele-
vant for the different steps of the experiment. Numbering of the patents is in accordance with
the consecutive numbering of the patents in Table 1
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4 The Selection of Microsatellite Primers
and the PCR Reaction

Figure 1 shows two typical patents claiming primers for microsatellite marker
analysis. Patent No. 16 (Röder et al. 1997) claims specific microsatellite mark-
ers from Triticum aestivum. Patents claiming specific primer sequences for
marker analysis have become rare in the last few years. The problem is that
patents are published 18 months after their registration (Art. 93, European
Patent Convention). After publication, the owner of a patent has difficulty
controlling whether someone unauthorized is using the patented primer
sequences illegally because the plant that was analyzed by the primers does
not show which primer was used for the analysis. As a consequence, primer
sequences as specific as that are normally not patented and thereby pub-
lished, but rather treated as a business secret that is licensed to users. This
gives the inventor a controlling mechanism for the use of his invention. In
contrast, patent No. 68 (Nagaraju 2003) claims a certain class of SSR primers,
the inter-simple sequence repeat-PCR primers. Here, the scope of protection
of the claim is broader, making it easier for the patent owner to control who
is using the invention.

After selecting the primers, the PCR experiment follows. Most research-
ers are aware of patents concerning PCR methods. The basic patents on
PCR were registered in 1985. Patents No. P1–P3 (Mullis 1992; Mullis et al.
1992, 1993) in Fig. 1 indicate these basic patents owned by Hoffmann La
Roche. A license for PCR can be relatively easily obtained by buying a
licensed polymerase and a licensed thermocycler. As there are also many
cheaper non-licensed polymerases and thermocyclers on the market, the
manufacturers indicate in their instructions for use that the product is not
licensed for performing PCR reactions. Meanwhile, there are many other
patents concerning registered PCR methods. These patents claim special
polymerases or methods like RT-PCR and quantitative PCR. They are not
listed in this context because their discussion would go beyond the scope of
this chapter.

In the previous paragraphs, patent specifications claiming the primer
sequences, on the one hand, and patent specifications claiming the PCR
method, on the other, were discussed. However, if one has a closer look, one
can also find patents claiming both steps, like patents No. 13 (Morgante and
Vogel 1997), 14 (Kuiper et al. 1997) and 55 (van Eijk et al. 2001; Fig. 1).These
patent specifications claim processes for detecting polymorphisms between
different samples of DNA. The processes comprise the amplification of
nucleic acid segments using defined primer sequences, sometimes starting
with the previous restriction of the DNA sample by restriction endonucle-
ases, and the ligation of certain adaptor sequences similar to the AFLP
(amplified fragment length polymorphism) approach. Patent No. 55 (van Eijk
et al. 2001) even claims a combined method between microsatellite and AFLP
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marker analysis using special RAMP primers (random amplified microsatel-
lite polymorphism primers) for the analysis of microsatellite sequences.

5 Analysis of PCR Products

Figure 1 shows three different methods for the analysis of the resulting PCR
products. The most common one, the analysis by gel electrophoresis, can also
be claimed by patents, if for example special fluorescent labels for detection
are used. Such a method is claimed by patent No. 41 (Shuber and Pierceall
2002). The claimed method comprises the PCR reaction with fluorescent
primers, the detection of the labelled extension products and the comparison
of the PCR product size.

A second method of analysis, mass spectrometry, is claimed by patent
No. 35 (Hillenkamp and Köster 1999). This patent generally claims the analy-
sis of nucleic acids by mass spectrometry in general, and not just for micro-
satellite marker analysis. For high-throughput analysis of probes, the micro-
array technique is preferred. This method is protected by a patent of Affy-
metrix, patent No 4 (Fodor et al. 1998). This specification not only protects
the detection of microsatellites by microarray analysis, but also the detection
of nucleic acid sequences in general which comprises microsatellites. Mean-
while, there are other patents claiming further developments of this tech-
nique, but the discussion of these would also go beyond the scope of this
chapter.

Another high-throughput technique described in patent No. 18 (Olek 1996)
combines the method of mass spectrometric and microarray analysis of
microsatellite markers.

Patent specifications No. 5 (Caskey and Edwards 1992), No. 11 (Perlin
1995) and No. 65 (Saint-Louis and Paquin 2003; Fig. 1) summarize the com-
plete experimental process from DNA extraction to the analysis of the PCR
products, in which different PCR methods are combined, for example, use of
certain labelled nucleotide triphosphates and different analytical tools like
mass spectrometry or computer analytical tools.

6 Marker-Assisted Breeding Methods

The most comprehensive patent specifications claim complete plant breeding
methods in which molecular marker analysis is used. Examples are patent
specifications No. 24 (Byrum and Reiter 1998), No. 34 (Beavis 1999), No. 47
(Jansen and Beavis 2001) and No. 42 (Openshaw and Bruce 2001; Fig. 1).
These comprise the previously mentioned experimental steps in that they
claim the association of the genotype with phenotypic traits of interest by
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molecular marker analysis. The patents differ in the selection of plant popu-
lations that are the basis for the analysis, the statistical methods applied in
the analysis and the integration of molecular biological techniques like
expression profiling of genes. The claims of these patents are not restricted to
microsatellite markers. They also comprise other well-known marker tech-
niques like AFLPs, RFLPs (restriction fragment length polymorphisms) or
RAPDs (random amplified polymorphic DNA). These patent specifications
were filed in the late 1990s and are still in the process of examination in
Europe. Details concerning the legal status of these patent applications are
shown in Table 1.

7 Conclusions

Molecular marker analysis is one of the most powerful tools in modern plant
breeding. However, as for most innovative applications, IPRs play an impor-
tant role. As shown above, the implementation of microsatellite marker anal-
ysis for plants is also strongly dependent on IPRs. To identify these rights, a
biotechnological process or method has to be dissected into its essential com-
ponents and processes, with each part to be analysed under the IP micro-
scope (Kowalski et al. 2002). This means that scientists must educate them-
selves on these issues so that they can make informed decisions regarding
their research practices (Kimpel 1999). Beyond this, patents describe the lat-
est inventions made by innovative researchers and companies and the publi-
cation of these patents guarantees their public availability. This, in turn,
allows the further development and improvement of these innovative tech-
niques.
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