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ABSTRACT

Many interesting developments in the field of molecular breeding are currently ongoing
which are accompanied with new and exciting challenges, demanding involvement of
expertise from other disciplines, including statistics, bioinformatics and economics. The
main focus of research conducted these days is using molecular technologies to more
efficiently develop improved breeds of commercial varieties. These markers have been
used to construct linkage maps, gene tagging, gene search etc. Research is being done
on candidate gene markers for different traits. Markers are being used in a number of
breeding applications and for addressing issues of gene resource management.
Considerable research is being carried out in collaboration with industry partners on
characterizing a number of quantitative trait loci (QTL), determining their numbers and
locations on the genomes and the size of their effect. Current research is concentrating
on validating QTL and testing their usefulness for the marker-aided selection of plants
within a breeding program. An expanding research area is determining genes controlling
different traits using genomics approach. Genes are now, being studied for purposes of
developing early flowering and sterility in many plants. Gene transformation systems are
being developed in many plants. Rice, Maize, Arabidopsis etc. are being developed as a
model species for molecular breeding.

Key Words: Molecular Markers, Gene tagging, QTLs, Marker aided selection

IField Research Laboratory, DRDO, C/o 56 APO, Leh, India
!Indian Institute of Sugarcane Research, Lucknow, UP, India
3JUIT, Waknaghat, Solan, HP, India

*Corresponding author e-mail:gyan.gene@gmail.com



Advances in Molecular Breeding: An Introduction

INTRODUCTION

Plant breeding has been in rapid transition as more molecular tools are
applied to commonly accepted field techniques. Predictably, the scientific
development of this field is headed toward sequence-based knowledge which
should improve both reliability and adoption in agriculture. This chapter
describes the application of molecular technologies to plant breeding with
more emphasis on marker-assisted breeding. One weakness in the
application of molecular breeding is the general lack of better phenotypic
measurement tools for components of yield in agronomic crops. This
weakness occurs, in large part, because detailed, precise phenotypic
measurements are not available in agronomic crop species for many traits
(e.g., drought tolerance, standability), and it represents a severe limitation
to the application of molecular breeding at this time. With the development
of molecular markers, genetic maps have been constructed in plant species
which allow for the localization of major loci and QTLs controlling
agronomical trait variation. Molecular markers have been widely used for
the introgression of major loci, but marker-assisted selection for quantitative
trait breeding is used less.

Molecular markers systems: It reveals variation in genomic DNA
sequence. The first generation of molecular marker, RFLP, was based on
DNA-DNA hybridization and was slow and expensive. The invention of
the polymerase chain reaction (PCR) to amplify short segments of DNA
gave rise to a second generation of faster and less expensive PCR-based
markers (Table 1). Among the techniques that are particularly promising
are Amplified Fragment Length Polymorphism (AFLPs), Random Amplified
Polymorphic DNA (RAPDs), Microsatellites, Sequence Characterized
Amplified Regions (SCARs) or Sequence Tagged Sites (STS) etc.

Table 1. Type of different markers and their behavior.

Marker |PCR Based |Polymorphism |Dominance

RFLP  |No Low-medium Co-dominant

RAPD |Yes Medium-high | Dominance

SSR Yes High Co-dominant

AFLP  |Yes High Dominance / Co-dominance
SNP Yes Extremely high |Co-dominance / Dominance

Molecular markers are being used extensively to investigate the genetic
basis of agronomic traits and to facilitate the transfer and accumulation of
desirable traits between breeding lines. A number of techniques have been
particularly useful for genetic analysis. These markers often used in
conjunction with bulked segregant analysis and detailed genetic maps,
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provide a very efficient method of characterizing and locating natural and
induced mutated alleles at genes controlling interesting agricultural traits.
Markers have also been used to identify the genes underlying quantitative
variation for height, maturity, disease resistance and yield in virtually all
major crops. In particular, the PCR-based techniques have been useful in
the assessment of biodiversity, the study of plant and pathogen populations
and their interactions; and identification of plant varieties and cultivars.
Amplified DNA techniques have produced sequence-tagged sites that serve
as landmarks for genetic and physical mapping. It is envisioned that
emerging oligonucleotide-based technologies derived from the use of
hybridization arrays, the so-called DNA chips and oligonucleotide arrays,
will become important in future genomic studies. However, many of these
are still under development, are proprietary, or require the use of expensive
equipment, and are therefore neither suitable nor cost-effective for adequate
transfer to developing countries. However, techniques are continuously
changing and evolving, so technology transfer needs to keep pace with
current developments in genomics.

In the last decade, the use of DNA markers for the study of and
improvement of traits has become routine, and has revolutionized the crop
breeding strategies. Increasingly, techniques are being developed to more
precisely, quickly and cheaply improve the genetic structure of different
crops. These techniques have changed the standard equipment of many
labs, and most plant breeders are expected to be trained in DNA data
generation and interpretation. As we enter the post-genomics era, the need
for genetic markers does not diminish, even in the species with fully
sequenced genomes.

Overview of Molecular Technologies

Molecular markers should not be considered as normal genes, as these
do not have any biological effect, and instead are landmarks in the genome.
These rely on DNA assay, in contrast to morphological markers, based on
visible traits, and biochemical markers based on proteins produced by
genes. Molecular markers are generally employed to detect and understand
the naturally occurring polymorphism in DNA, which forms the basis for
designing the strategies to exploit it for applied genetic purposes. Due to
the rapid developments in the field of molecular genetics, a variety of
different techniques have emerged to analyze genetic variation during the
last few decades (Whitkus et al. 1994; Karp et al. 1996, 1997a,b; Parker et al.
1998; Schlstterer 2004). These genetic markers may differ with respect to
important features, such as genomic abundance, level of polymorphism
detected, locus specificity, reproducibility, technical requirements and
financial investment. The main marker technologies that have been widely
applied during the last decades are summarized in Table 2, and briefly
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Table 2. Main characteristics of major types of molecular markers.

Characteristic RFLP SSR AFLP RAPD SNP

Type of Single locus |Single locus |Multi-loci |Multi-loci |Single

visualization locus

Allelism Co- Co- Dominant |Dominant |Co-
dominant |dominant dominant

Type of Sequence |No. of Sequence |Sequence |Sequence

polymorphism repeats

Level of Good Excellent  |Excellent |Good Excellent

polymorphism

Polymorphismat |2to5 Multiple Presence/ |Presence/ |2 alleles

the locus alleles alleles absence  |absence

Quantity of DNA |Large Small Small Small Small

needed

Quality of DNA Good No Good Good Good

needed restrictions

Reproducibility Good Good Good Low Good

Time Long Fast, once |Fast Fast Fast, once

markers are markers
developed are
developed
Cost Expensive |Average Average |Average |Expensive?
Technical difficulty |High Low Medium |Medium |Higha

outlined below, together with their strengths and weaknesses. The
information provided by the markers for the breeder will vary depending
on the type of marker system used. Each one has its advantages and
disadvantages and in near future other system will also likely to be
developed. Various types of molecular markers are utilized to evaluate
DNA polymorphism. Table 3 gives the details of four major classes of DNA
polymorphism. No marker is superior to all others for a wide range of
applications. The most appropriate genetic marker will depend on the
specific application, the presumed level of polymorphism, the presence of
sufficient technical facilities and know-how, time constraints and financial
limitations. The markers can be used for both qualitative and quantitative
traits for the improvement of trait of interest (Fig. 1).

General Applications of Different Marker Systems: Molecular markers
have been looked upon as tools for a large number of applications ranging
from localization of a gene to improvement of plant varieties by marker-
assisted selection. These have also become extremely popular markers for
phylogenetic analysis adding new dimensions to the evolutionary theories.
Genome analysis based on molecular markers has generated a vast amount
of information and a number of databases are being generated to preserve
and popularize it. In general it is used for different and diverse purposes
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Fig 1. Schematic presentation of markers in plant breeding

Table 3. Four classes of DNA polymorphisms

Class Size of |Number [Number of |Rate of |Use Method of
locus of loci Muta- detection
Alleles (In tions
population
SNP Single |2 100 million |10~ Linkage |PCR
base pair mapping [followed by
ASO
hybridization
of primer
extention
Microsatellite (30-300 [2-10 200,000 1073 Linkage |PCR and gel
bp mapping |electrophores
is
Multilocus 1-20kb |2-10 30,000 10-3 DNA Southern blot
minisatellite finger- and
printing  |hybridization
Small changes [1-100 bp |2 N/A <10° |Linkage |PCR and gel
in DNA mapping |electrophores
content is
(Deletions and
Duplications
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like formation of comparative maps, framework maps, genetic maps,
breeding, varietal/line identification (multiplexing of probes necessary),
marker-assisted selection, F, identification, diversity studies, novel allele
detections, gene tagging, bulk segregant analysis, map-based gene cloning,
seed testing, fingerprinting, framework/region specific mapping, novel allele
detections, high-resolution mapping, very fast mapping, region-specific
marker saturation, alien gene introduction etc.

These techniques help in direct selection of many desired characters
simultaneously using F, and back-cross populations, near isogenic lines,
doubled haploids and recombinant inbred lines. Molecular markers have
already played a major role in the genetic characterization and improvement
of many crop species. They have also contributed to and greatly expanded
our abilities to assess biodiversity, reconstruct accurate phylogenetic
relationships, and understand the structure, evolution and interaction of
plant populations. Molecular markers are required in a broad spectrum of
gene screening approaches, ranging from gene-mapping within traditional
‘forward’-genetics approaches through trait identification studies to
genotyping and haplotyping studies. The availability of genetic markers is
fundamental within plant biology and plant breeding. There are a wide
range of uses and applications for molecular markers, but most are associated
with the map-based cloning of individual genes, the characterization of
quantitative multi-gene traits etc. With the subsequent association of genes
and their related markers they additionally become valuable within the
context of both genotyping and haplotyping.

MARKER ASSISTED SELECTION: Marker assisted selection is
perhaps the first direct application of molecular markers for the improvement
of any crop. High density linkage map and markers tightly linked to the
gene/loci affecting the trait of agronomic importance are the two major pre-
requisites for this to happen. Molecular marker assisted selection, often
simply referred to as marker assisted selection (MAS) involves selection of
plant carrying genomic regions that are involved in the expression of traits
of interest through molecular markers.

Advantages: DNA markers are not affected by the environmental factors,
heritability of traits, number of genes involved and gene interaction. Hence
these are more reliable. The markers can be scored at seedling stage. This
is especially advantageous when selecting for traits which are expressed
only at later stage of development. By selecting at seedling stage considerable
time labour and space can be saved.

Applications: Linkage is sought between DNA marker and agronomical
important traits such as resistance to pathogens, insects, nematodes,
tolerance to abiotic stress and quality parameters. Instead of selecting for
a trait, the breeder can select for a marker that can be detected very easily
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and early in selection scheme. The use of DNA markers for the indirect
selection offer the greatest benefits for quantitative traits with low heritability
as these are the most difficult characters to asses in the field experiments.
Obviously the development of marker assisted assay for such traits is extra
difficult and most costly due to the expensive phenotypic assays. With the
development and availability of an array of molecular markers and dense
molecular maps in crop plants, MAS has become possible for traits governed
by major genes as well as quantitative trait loci (QTLs). Thus marker assisted
selection has become a promising and potent approach for integrating
biotechnology with conventional and traditional breeding.

MOLECULAR MARKERS FOR DIVERSITY STUDIES
Molecular markers can be used to:
e  Estimate genetic diversity between varieties or between populations.

e  Compare populations with reference points (e.g. groups of lines
developed by classical breeding programmes, sets of local commercial
varieties, or reference core collections).

This information can be used in programmes for population
improvement through recurrent selection to maximize diversity within
populations by crossing lines that are genetically the most distant; to manage
pedigrees; or adjust the long-term strategies of improvement programmes.

Number of Markers and Its Density for Diversity Study: No definitive
rule exists for choosing the number of markers to use in a diversity study,
but for rice, between 12 and 24 are normally used. This is a safe range
according to Barry (2000), who studied the diversity of rice varieties in
Guinea and showed that similar structural patterns were obtained from as
many as 12 to as few as six microsatellite markers. One marker per
chromosome or chromosome arm is a reasonable marker density for ensuring
the best possible coverage of the genome. Such density will also prevent
bias due to the presence of genes involved in gametic or zygotic selection,
or controlling traits under selection in a specific chromosome. Among the
possible markers for each arm, those that reveal the largest number of
alleles in the studied background should be selected as priority. Those with
a very high mutation rate should be avoided as they may blur results.

POSSIBLE USE IN POPULATION IMPROVEMENT PROGRAMMES

Choosing parents and developing the base population: The choice of
parents to constitute a gene pool depends on the objectives and strategy of
each breeding programme. Both the number and nature of the parents are
important. A large number of parents is not, in itself, an indicator of a broad
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genetic base because some may share part or most of their genomes. The
genetic relatedness between parents is, as a result, an important, although
complex, aspect to take into account. So far, genetic relatedness has been
evaluated on the basis of line pedigree (Graterol, 2000). Rice is strongly
structured, and varieties belonging to the same varietal group are genetically
closer than those varieties belonging to different groups (Glaszmann, 1987).
Equal contribution from both parents is seldom true in a context of selection
where plant breeders favour an ideotype.

Molecular markers are more informative. By determining the alleles
present at different markers for the set of varieties to compare, we can
establish a matrix of similarities that offers a truer picture of the relationships
between varieties. The classic indices of similarity for comparisons between
varieties are those of Dice and Jaccard for co-dominant markers, and Sokal
and Michener for dominant markers (Perrier ef al., 2003). After transformation
of the similarity matrix to obtain distances, we can produce a geometric
representation of the distance between varieties through various clustering
techniques such as the unweighted pair-group method, using the arithmetic
average (UPGMA), or the neighbour-joining tree method (N]J tree). Results
are usually represented as dendrograms. Lorenzen et al. (1995) provide
recent examples of evaluating relatedness based on molecular markers
between genotypes used in classic breeding programmes for soybean;
Soleimani et al. (2002) for durum wheat; and Lima et al. (2002) for sugar
cane.

Optimizing the Number of Recombination Cycles: An important question
that arises when constituting a gene pool or, later in the recurrent selection
process, when crossing selected progenies, is how many intercrossing cycles
are needed to better recombine the parents” alleles. The objective in this case
is panmixia. On a theoretical basis, Hanson (1959) concluded that three
crossing cycles were needed. Marin-Garavito (1994), working on a recurrent
selection population, did not find differences among the phenotypes of the
first and third cycles of recombination. Such a question can also be answered
by using co-dominant molecular markers. Badan et al. (1998) and Geraldi
and Souza (2000), using means and variances of several rice populations
for several traits, demonstrated that a population of 200 plants was adequate.

For each marker, the allelic and genotypic frequencies in the populations
and Nei's diversity index (Nei, 1972) can be computed. These data can be
used to analyse deviations from panmixia, using the Wright fixation index.
To further check the efficiency of recombination in breaking unfavourable
linkages, one strategy would be to select additional markers close to the
markers under study. The segregation of this specific group of markers can
then be compared in successive recombination cycles. The evolution of
linkage disequilibrium between markers of increasing physical distances
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can be evaluated over several cycles. The recombinations, if they occur
normally, should progressively break linkages, and linkage disequilibrium
should decrease from cycle to cycle.

Effect of Population Improvement on Genetic Diversity: Several projects
of recurrent selection, based on evaluations of S, families, are being carried
out to improve various traits of agronomic importance. Examples include
resistance to blast (Guimaraes, 2000), tolerance of acid soils (Ospina et al.,
2000) and yield. Progress made for the trait or traits under selection is
usually evaluated after a few cycles of recurrent selection. This is done by
comparing phenotypes of the initial population with those of the progeny
from the last cycle. Deliberate selection reduces genetic diversity to a level
that depends on the initial variability and intensity of selection. Such
reduction of diversity may not be harmful if the alleles eliminated are those
that are unfavorable.

Molecular markers can be used to evaluate the degree of reduction of
total diversity by comparing the diversity between successive recurrent
cycles of the population. The markers can be chosen according to the allelic
diversity in the subspecies used to construct the population (indica for
tropical countries and japonica for temperate ones).

Locating the Male-Sterility Gene and Evaluating Linkage Drag: The
male-sterility gene from ‘IR36” has been used in most populations to facilitate
crossing. Molecular markers can be used to locate the gene in the rice
genome. Identifying a codominant marker closely linked to the male-sterility
gene would allow distinguishing heterozygotes from homozygotes for the
male-sterility gene among male-fertile plants extracted from populations.
Such selection would accelerate line fixation during line extraction. The
easiest method for finding such markers is through bulked segregant analysis
(Michelmore et al., 1991).

In this method, two separate DNA bulks are constituted: one from the
pooled DNA of 10 male-sterile plants and the other from 10 male-fertile
plants. The two pools are tested for allelic differences with a set of markers.
Any method that enables rapid testing of a large number of markers is
advisable.

Marker-Assisted Selection for Recurrent Selection Populations: One
major use of molecular markers is to locate genes that control agronomic
traits of interest on dense genetic maps and identify those markers closely
linked with these genes. To facilitate mapping, specific bi-allelic populations,
resulting from crosses between pure lines that correspond to the simpler
genetic situation, are developed. De Koeyer et al. (2001) used RFLP markers
to identify QTLs linked with yield, plant height, and flowering in a recurrent
selection population of oat. The locations of the QTLs were consistent with
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those detected in a classic population of recombinant inbred lines.

Once markers tightly linked with traits of interest are identified, then
the interest is to manipulate them. Marker-assisted selection is based on
linkage disequilibrium, which is artificially increased through hybridization.
Intercrossing induces recombinations and reduces linkage disequilibrium
in a recurrent selection population. Thus, the positions of the QTLs need
to be regularly re-evaluated, not for every cycle but at least every 2 years,
as suggested by Hospital et al. (1997).

The problem does not occur if the polymorphic marker is directly
within the gene or genes of interest. But this implies extensive work to
identify such genes through positional cloning or the candidate gene
approach.

GENEBANK MANAGEMENT: The realization that the world was
rapidly losing much of its agro-biodiversity led to a global effort to collect
and conserve germplasm. An increasing awareness of the narrow genetic
base of crops in advanced agriculture and potential susceptibility to crop
failures (National Research Council 1972) further stimulated the efforts to
collect, and a system of national and international Genebanks. A major
question facing genebank managers concerns which material needs to be
included in a collection to conserve a representative sample of the total
genetic diversity range of a crop. Schoen and Brown (1993) document how
molecular marker techniques provide the optimal strategy to sample
materials from populations of wild relatives to maximize the number of
alleles. Hamilton (1994) argues that simple marker diversity is an insufficient
measure of maintenance of diversity, and suggests that more detailed studies
of genetic correlations of quantitative genetic variation and gene and
environment interaction are needed.

Relationship of Molecular Variation To Geography: The literature
sometimes shows association of DNA-based relationships to geography
and sometimes fails to show such associations. Whitkus et al. (1998)
examined these alternative hypotheses using RAPD markers from a wide
variety of geographically diverse wild and cultivated populations. Their
results supported a single origin of modern cultivars in South America.
However, they also discovered relationships of distinct populations in
ancient Mayan groves in southern Mexico to wild Mesoamerican
populations. Other studies showing a relationship of molecular variation
to geography or ecology are Espejo-Ibafiez et al. (1994), Garvin and Weeden
(1994), Yang et al. (1996), Lanner et al. (1997), Nevo et al. (1997, 1998)
Fahima et al. (1998), and Zerega (2004). However, there is often not a
congruence of genetic distance and geographic distance as shown in Maass
and Ocampo (1995), Lanner et al. (1996), Ursla et al. (1997), Varghese et al.
(1997), Comes and Abbott (1998), Freville et al. (2001) and del Rio and
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Bamberg (2002).

Marker Data for Germplasm Acquisition: Marker studies addressing
the distribution of genetic variation within and between populations have
been used to guide the acquisition of new material for germplasm
conservation. Steiner et al. (1998) used RAPDs to measure genetic diversity
of germplasm collections of Trifolium incarnatum L. In combination with
data on pedigree, they documented low diversity in the existing cultivars
and identified populations that need additional collecting. Other studies
addressing the application of marker data for germplasm acquisition include
Brown and Munday (1982), Murphy and Philips (1993), Lamboy et al.
(1994), Tsegaye et al. (1996), Nebauer et al. (1999), Maquet et al. (1996, 1997)
and Zoro Bi et al. (1998). In summary, molecular data are useful to guide
genebank curators in decisions concerning acquisition in cases where
molecular variation is associated with geographic variation.

CHARACTERIZATION OF GERMPLASM

Systematics: Taxonomic questions are addressed by almost every
molecular marker class from microsatellites useful at the species level to
DNA sequences useful at the generic and family levels. For example, Roa
et al. (1997) used phenetic analyses of AFLPs to investigate the origin of
cassava (Manihot esculenta Crantz) relative to four other wild species and
two non-cultivated subspecies of M. esculenta. These subspecies were thought
to be progenitors of the cultivars or escapes from cultivation. Molecular
markers provide tools to test the taxonomic validity of species and can
provide species-specific diagnostic markers. For example, Martin ef al. (1997)
used RAPDs to re-identify a collection of oat accessions. Lee et al. (1996)
used RAPDs to discriminate Brassica L. varieties. Species-specific markers
also have been found with minisatellites (Baurens ef al. 1997, banana), and
Zhou et al. (1997) used minisatellite sequences to discover genome-specific
fragments in oat, but not cultivar-specific fragments. McGregor et al. (2002)
used AFLPs to characterize 314 accessions of the wild potato subgroup
Solanum L. series Acaulia Juz.

Fingerprinting studies: “Fingerprinting” is an attempt to discover
cultivar-specific molecular markers that aid their identification. Certain
cultivars are economically very important and form the backbone of
regionally important industries. Potato is a clonal crop with many
morphologically similar cultivars. Schneider and Douches (1997) were able
to distinguish 24 of 40 potato cultivars with 7 SSR primer pairs. When the
SSR data were combined with the tuber morphology, only five pairs of
cultivars could not be distinguished. These many studies clearly document
the use of SSRs for fingerprinting genebank accessions.

11
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Putative natural hybrids: Hybridization is thought to be a major
evolutionary force at both the diploid and polyploid levels (Rieseberg 1995).
Rieseberg and Ellstrand (1993) showed that hybrids are no more likely to
display intermediate character states than parental ones, and can additionally
express an array of transgressive or novel traits. The utility of molecular
markers to investigate hybrids decreases with time of divergence, as species-
specific markers from both parents can be disrupted through recombination,
and both can mutate to new markers. Molecular markers present powerful
new tools to reinvestigate hypotheses of hybridization. One method is to
search for markers in the hybrid that are found in both putative parents.

CROP BREEDING

Parental Contributions of Artificial Hybrids: DNA markers are very
useful for confirming hybridity of artificial sexual hybrids or somatic fusion
hybrids. Molecular markers are especially useful when hybridity is
questioned by morphological reasons or for early screening of large putative
hybrid populations. Thieme et al. (1997) used isozyme and RAPD data to
screen hundreds of first generation somatic fusion hybrids and later sexual
backcross generations between cultivated and wild species of potato, to
distinguish hybrid from non-hybrid progeny. Lee et al. (1998) used RAPDs
to disprove hybridity in putative Saccharum L. and Erianthus Michx. hybrids.
Yamada et al. (1997) used cpDNA and mtDNA to investigate symmetric
somatic fusion hybrids of cultivated potato and one of its wild relatives.
The results suggested that chloroplast genomes of the respective parents
segregated randomly while the mitochondrial genomes favoured the
cultivated species parent.

Molecular Diversity and Heterosis: Heterosis, or hybrid vigour,
originally referred to the selective superiority of heterozygotes regarding
continuously variable characters of size, yield and vigour. Information on
the genetic diversity in a crop species is important for selection of parental
strains and in the prediction of hybrid performance especially in crops in
which hybrids are commercially important. The various steps involved in
hybrid breeding programs such as making several crosses and screening
the combinations for superior performance and heterosis are very costly,
laborious, and time consuming. Hence if heterosis can be predicted before
making the crosses, then the number of crosses to be performed and the
progeny to be screened can be considerably reduced. Smith et al. (1990)
showed a strong correlation of genetic distance and heterosis in maize.
Melchinger et al. (1994) reported that genetic distances of inbred lines of
maize, as assayed via RFLP data, were not correlated with heterosis for
yield. Paz and Veilleux (1997) reported that in crosses between a diploid
cultivated potato species with diploid clones of other complex interspecific
hybrids of potato, the greatest total tuber yield was associated with diverse
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parents as measured by RAPDs. Manjarrez-Sandoval et al. (1997) compared
RFLP similarity estimates of the parents, to yield in soyabean, and also
found a positive correlation. The genetic distance estimated through
molecular markers distributed throughout the genome could provide a
mean to predicting hybrid performance prior to making and evaluating a
actual cross. Various investigators are trying to correlate genetic diversity,
as quantified by DNA markers, to predict hybrid performance, in various
hybrid breeding programs because the level of genetic diversity between the
parents has been proposed as a possible predictor of heterosis.

GENE SEARCH BASED ON MOLECULAR MARKERS

Complex traits such as yield are controlled by polygenes that are prone
to influence the environment. Since each gene makes only a small
contribution to the total variation of the trait, identifying individual
polygenes has proved difficult in the past. Consequently, breeding for
polygenic trait has been difficult. The past two decades have witnessed
explosive developments in DNA based molecular markers technology. These
markers are DNA sequences of specific size and/ or specific polynucleotides,
and correspond to genomic sequences. They have fixed locations on the
genome and follow patterns of Mendelian inheritance. Thus these markers
can be regarded as specific phenotypes. Unlike the traditional traits, these
markers are not influenced by the environment and hence can be easily
identified at all stages. The major advantage of these markers is that they
are not limited in number and can be used to mark every locus along the
entire genome.

Tagging Traits With Molecular Markers: By studying the co-segregation
of a trait and a molecular marker(s), one can identify the molecular marker(s)
linked with the trait of interest. Thus the gene(s) controlling a trait can be
tagged with specific molecular marker(s). Molecular tagging has come in
handy to identify novel genes as well as to pyramid desirable genes. For
example breeding for disease resistance, identification and tracking of
different resistance genes for a given disease is difficult because presence
of one resistance gene masks the effect of others. In earlier years special
cytogenic stocks (e.g. monosomic lines in wheat) were used to identify and
pyramid multiple disease resistance genes. However, such stocks are difficult
to build and maintain, and were available only in few species. Using
molecular markers different resistance genes can be tagged and followed
during breeding. The recent plant breeding literature is replete with the
reports of molecular markers linked to various traits such as disease
resistance, male fertility restoration (of CMS lines), pest tolerance, quality
traits etc. Thus molecular markers are aiding new discoveries and use of
new genes. Another major advantage is that desirable genes can be assembled
without evaluating for the trait. This is particularly advantageous where

13



Advances in Molecular Breeding: An Introduction

phenotyping of the trait (e.g. disease or pest resistance, drought, salinity,
yield) is difficult (Chopra, 2006).

Gene Search Based On Molecular Linkage Map: Detailed linkage maps
have been constructed using molecular markers in different crops in recent
years. Comparative analysis of the maps based on common markers has
revealed highly conserved nature of marker positions and order among
different species. This is termed synteny. For example, all members of the
Graminae family share significant synteny, which is depicted in what is
now termed Crop Circles. This synteny has emerged as an important tool
for gene discovery. Finished rice genome sequence now serves as reference
for discovery of corresponding new genes in other related species. For
example Chen et al. (2003) found four QTLs for rice blast, which were also
found in barley. Two of the barley genes had conserved isolate specificity
while the other two had partial specificity. Similarly QTL for shattering
resistance and plant height were found conserved among grasses. Synteny
is not only seen at the macro level but also at the micro level i.e. in short
stretches of a few hundred kb. Such microsynteny is particularly exploited
for cloning genes through chromosome walking. For example verbalization
genes VRN1I and 2 of wheat were cloned using this strategy. The map based
cloning is highly relevant in crops with large sized genomes such as barley,
wheat and corn. For example stem rust resistance gene of barley Rpg 1 was
cloned based on microsynteny of the region with rice although rice dose not
have this gene (Kilian ef al. 1997). The Lr21 gene of bread wheat was cloned
by shuttle mapping between diploid and hexaploid wheat (Huang et al.,
2003). Recently, Gualtieri et al. (2006) reported microsynteny between rice
chromosome 11 and apomictic species region of Cenchrus ciliaris and
Pennisetum squalatum. Similarly, Calderini et al. (2006) found microsynteny
between Paspalum simplex apomixis locus and rice chromosome 12. These
findingings will speed up identification of gene(s) controlling apomixis.
However, microsynteny is not strictly conserved and may show variation
apparently at random. Therefore, a case-by-case examination is essential.

Gene Search Based on Sequence Information: A very large number of
genes involved in plant growth, morphogenesis and development have
been cloned. Similarly, genes mediating various metabolic pathways have
been characterized using different approaches and in different organisms.
The database of sequences of genes, cDNA etc. is growing rapidly and is
available in public domain. Information about these sequences has become
an important tool for gene discovery.

Gene orthologs, analogs and allele mining: Analysis of a number of
genes sequences coding for proteins has revealed high degree of nucleotide/
amino acid homology among genes of related functions. In particular,
conserved sequence domains are frequent among different classes of genes.
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This is expected in the light of evolution of different life forms from common
ancestors. Hence, using sequence information from one species, orthologous
genes from related species have been cloned through PCR and other
techniques.

Plant disease resistance genes fall under 5 categories, namely the NBS-
LRR, protein kinase, eLRR-TM, LRR and toxin reductase. The largest group
of plant defense genes belong to NBS-LRR class. These proteins have
nucleotide binding site (NBS) and C-terminal leucin rich repeats (LRR).
Using sequence information of these conserved domains, similar genes
(analogs) can be easily isolated by PCR cloning and tested for their novelty.
Such genes are termed as resistant gene analogs (RGAs). A number of such
RGAs have been cloned in different crop species.

Similarly, using sequence information of specific genes, various allelic
forms can be amplified and characterized. Since most of the inter-varietal
differences originate due to allelic differences, allele mining has become a
rapid method of search for new genes.

Component Search: So far we have considered gene search with reference
to traits they confer on the individuals that carry them. However using
knowledge of metabolic pathways, r-DNA and plant transformation
technologies, and engineering novel traits has become feasible by putting
together components from different, and even unrelated, sources. Therefore
modern gene search is not only about full length genes (including regulatory
elements) but also about components. The significance of this approach is
best illustrated in Golden Rice story.

Rice seeds do not accumulate Vitamin A (or more precisely its precursor,
beta carotene) even though a part of the synthetic pathway of Vit. A is
present in rice in order to enrich rice grains with Vit. A, additional genes
necessary for beta carotene gene were sourced from an unrelated plant (psy
gene encoding for phytoene synthase from daffodil) and a bacterium (Crt1
gene encoding carotene desaturase from Erwinia uredovora). Also a gene
lycopene beta cyclase from Narcissus pseudonarcissus was introduced to
convert lycopene to beta carotene. To ensure that beta carotene accumulation
in the endosperm, these genes were linked to seed specific glutelin promoter.
When this gene cassette was introduced into rice, the resulting seeds
accumulated beta carotene in the seeds. Thus was engineered a new trait
in rice (Ye et al., 2000). Recently, further improvements have been made to
elevate the expression levels of beta carotene from 1.6 pg/g to 30 pg/g of
seed (Al-Babili and Beyer). This later development was made possible by
replacing psy gene of daffodil with its counterpart from maize. This again
illustrates the point made earlier of knowledge based gene search in modern
plant breeding. Similarly, using bacterial RNAse gene bar, driven by an
anther (tapetum) specific promoter, male sterility was engineered in brassica
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for hybrid seed production (Mariani ef al. 1990). There are several similar
cases where metabolic engineering has provided novel compounds of
pharmaceutical and industrial value.

This component search is highly knowledge intensive and requires
convergence of interdisciplinary expertise and utilizes a range of modern
tools and techniques related to gene expression. It is a telling example not
only of the unification of entire biological system but also of how knowledge
and interdisciplinary science can mould into societal gods of high value.

High Throughput Gene Discovery Base on Gene Expression Analysis: In
recent years, complete genome sequences have become available for several
organisms. Using bioinformatic tools and other data, probable coding regions
have been specified. For example, in Arabidopsis a total of 25,498 genes have
been predicted. Similarly, rice genome is estimated to code for a total of
37,544 genes. These coding region sequences can be arranged individually
on a slide in arrays. Such microarray slides or gene chips are now
commercially available. By hybridizing cDNA derived from contrasting
treatments one can detect specific changes in gene expression. For example,
in a study with rice, Rabbani et al. (2003) examined changes in gene
expression in rice exposed to four different abiotic stresses, namely, drought,
salinity, cold and abscisic acid treatments. In total 73 genes were found to
be differentially expressed in response to these stresses. Of these, 58 cases
were novel, not reported previously in rice. 15 genes were common to all
the four stresses. Further, 51 of these genes were also known to be induced
by similar stresses in Arabidopsis. This study demonstrates the power of
new technology for gene identification. Also, the common gene expression
responses of Arabidopsis and rice to abiotic stresses underscores the
exportability of information gained from model species to the other species
(Chopra, 2006).

Marker-Assisted Backcross and QTL Mapping

Marker-Assisted Backcross (MABC): The efficiency and complexity of
MAS depend on the genetic nature of the trait (monogenic or polygenic). For
monogenic traits, marker-assisted backcross (MABC) is the most
straightforward strategy, whereas for polygenic traits various strategies are
available. The principle of MABC for a single gene is quite simple. First,
molecular markers tightly linked to the target gene must be identified,
allowing assessment of the presence of the introgressed gene (“foreground
selection”). Other markers are also used in order to accelerate the return to
the recipient parent genotype at other loci (“background selection”).
Background selection is based not only on markers located on the
chromosomes carrying the gene to introgress (carrier chromosome), but also
on non- carrier chromosomes. Markers devoted to background selection on
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a carrier chromosome allow the identification of individuals for which
recombination events took place on one or both sides of the gene, in order
to reduce the length of the donor type segment of genome dragged along
with the gene (Young and Tanksley, 1989). Background selection on non-
carrier chromosomes was investigated by Hospital et al. (1992). Visscher et
al. (1996) investigated both foreground and background selection. In three
generations of MABC, isogenicity is higher than that obtained by classical
methods. By comparison, traditional approaches would require
approximately two more generations to obtain such an isogenicity (Hospital
et al., 1992).

QTL Mapping: Molecular markers can be used to locate important
genes or QTLs in the genome. Once tagged by tightly linked markers,
valuable alleles of the genes can be manipulated indirectly by selecting
specific alleles at the flanking markers. Marker-assisted selection can help
improve the efficiency of selection. Markers with known positions spaced
at regular intervals throughout the genome are needed. For their technical
simplicity, microsatellite markers are (again) currently the ones most chosen.
AFLPs should be selected for quick mapping or saturating a map where
microsatellites or RFLPs have left gaps. Once markers close to the gene or
QTL of interest are identified, PCR-based markers are needed to manipulate
them through marker-assisted selection, in which case, microsatellite markers
are irreplaceable.

Theoretical Investigations on MAS for QTLs: Traits showing quantitative
variation are usually controlled by a number of genes (quantitative trait
loci, QTL), each with variable effect. Due to the genetic complexity of such
traits, several QTLs with small effects must be simultaneously manipulated.
As for monogenic traits, MABC is the most effective strategy when a small
number of QTLs (less than five), coming all from the same parent, are
transferred. In practice, the position of the QTL is not precisely estimated
and the true position of the QTL is unknown, but is supposed to be within
a confidence interval. From this confidence interval length, Hospital and
Charcosset (1997) deduced the number of markers and their position relative
to the estimated position of the QTL, in order to insure an optimal control
of the QTL. However, as the minimum number of individuals that should
be genotyped at each generation depends on (i) the confidence interval
length, (ii) the number of markers and (iii) the number of QTLs, it seems
illusive to transfer more than four or five QTLs with this simultaneous
design unless a very large population can be considered, or the precision
of the QTL location is very high.

Advanced Backcross QTL Analysis: This analysis is another strategy
tailored for the discovery and transfer of valuable QTL alleles from
unadapted donor lines into established elite inbred lines (Tanksley and
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Nelson, 1996). The QTL analysis is delayed until an advanced generation
(BC3 or BC4), and during the development of this generation, negative
selection is pursued to reduce the frequency of deleterious donor alleles.
The advantages of using BC3 /BC4 populations include reducing linkage
drag and epistatic effects and decreasing the amount of time later needed
to develop QTL-NILs (Fulton et al., 1997).

Pyramidal Design: When the number of QTLs to introgress becomes
important, Hospital and Charcosset (1997) proposed to use a pyramidal
design. QTLs are first monitored one by one by MABC, to benefit from a
higher background selection intensity, and then the selected individuals
are crossed, to accumulate favorable alleles at the QTLs in the same genotype.
According to predictions, the pyramidal design should provide
approximately the same efficiency as the simultaneous design with almost
one third of the individuals.

Index Method: When favorable alleles come from different sources, van
Berloo and Stam (1998) proposed an index method to select among
recombinant inbred lines for crossing, to obtain a single genotype containing
as many favorable quantitative trait alleles as possible. The index is
constructed for each pair of lines based on the genotype of the markers
flanking the putative QTLs. Plants showing the optimal index are crossed
together. The use of genetic markers to improve populations was proposed
using a statistical approach based on an index combining phenotypic and
marker information (Lande and Thompson, 1990).

MAP-BASED CLONING: A traditional strategy for cloning a gene
requires prior knowledge about the biochemistry of a gene or its products
including the gene’s mRNA, a heterologous cloned copy of the gene from
another species or differential nucleic acids preparations. Map-based cloning
or positional cloning also known as reverse genetics is a strategy which
does not require prior knowledge about the gene or its products; instead,
this cloning strategy requires knowledge about the chromosomal location
of the gene. The first step of map-based position cloning is to identify
molecular marker that lies close to gene of interest. The identification of
tightly linked markers and their relative order, in the vicinity of target gene,
is feasible due to the availability of high density molecular maps and
several regional targeting procedures. The next step is to screen a large
insert genomic library (BAC or YAC) to isolate clones that hybridize with
tightly linked marker probes. The markers most tightly linked to the gene
are used to screen a large fragment library (YAC or BAC). The positive
clones are supposed to contain the target gene. The step that follows termed
as chromosome walking. This procedure involves creating new markers
(usually sequences at the end of the clone) and screening segregating
population with these new markers. Often this population is large (1000-
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3000 individuals).The process is repeated with markers designed from
different clones in order to achieve co-segregation of markers with the gene
of interest. Co-segregation means that whenever one allele of the gene is
expressed, the markers associated with that allele are also present and there
is no recombination between gene and the markers. As target gene flanked
on a single clone between two markers, the DNA fragments between the
flanking markers are cloned. Bioinformatics analysis of the clone may reveal
relevant candidates. To decide between the candidates, the most direct
method is transformation, whenever possible. The steps for map based
cloning can be summarized as follows:

e Identify a marker tightly linked to your gene in a “large” mapping
population.

e Find a YAC or BAC clone to which the marker probe hybridizes.

e  Create new markers from the large-insert clone and determine if they
co-segregate with target gene.

e  If necessary, re-screen the large-insert genomic library for other clones
and search for co-segregating markers.

e  Identify a candidate gene from large-insert clone whose markers co-
segregate with the gene.

e  Perform genetic complementation (transformation) to rescue the wild-
type phenotype.

e  Sequence the gene and determine if the function is known.

DEVELOPMENTS IN FUNCTIONAL GENOMICS

Allele mining: 1dentification and access to allelic variation that affects
the plant phenotype is of the utmost importance for the utilization of
genetic resources. Allele mining is a research field aimed at identifying
allelic variation of relevant traits within genetic resources collections. For
identified genes of known function and basic DNA sequence, genetic
resources collections may be screened for allelic variation by e.g. the “tiling
strategy” using DNA chip technology (e.g. Lemieux et al. 1998). In that
approach the basic DNA sequence of a gene is spotted on a chip in the form
of large series of sequence overlapping probes consisting of 15-20 bases.
Each base position in a fluorescently labeled sample is then interrogated for
the presence of point mutations by monitoring hybridization signals with
the spotted probes. Because the sequence of samples is determined in
comparison with the primary composition of a gene, this method is also
known as “re-sequencing”. With this method new point mutations, in
relatively large DNA fragments, can be detected. As an example, the tiling
strategy has been used by the International Rice Research Institute (IRRI)
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to identify favorable alleles related to tolerance to biotic and abiotic stress
factors in rice.

Association genetics: In allele mining studies as described in the
previous section, allelic variation is analyzed for identified genes whose
function and basic DNA sequence are known and whose map position in
the genome will generally have been determined. On the contrary, in
association genetic studies no prior information about the genes of interest
is available, but associations between genetic markers and the considered
traits are simply derived from observational research. Association genetics
focuses on the identification of correlations between phenotypic traits and
genetic markers with the aim to identify and locate the underlying genes
in the genome (association mapping). Association genetics originated in
human genetic studies focusing on the application of significant associations
between marker data and diseases for mapping and diagnostic purposes
(e.g. Peroutka 1997). Recently, association genetics has gained increasing
interest from plant geneticists (e.g. Buckler and Thornsberry 2002; Rafalski
2002). The rationale behind association genetics is that, in general, alleles
at different loci are expected to be randomly associated into genotypes, or
in other words, to occur in linkage equilibrium. The more adjacent two loci
are, the lower the probability of chromosomal recombination occurring
between the loci during meiosis. However, given sufficient numbers of
regeneration cycles, once established linkage disequilibria will eventually
be disrupted by recombination even in the case of tightly linked loci. Linkage
disequilibria are therefore expected to be readily lost from populations, the
rate of decay being determined by the recombination fraction and the number
of generations elapsed. However, selection tends to accumulate favourably
interacting alleles and hence opposes the decay of linkage disequilibria.

Comparative genomics: Comparative genomics focuses on the
integration of genome information derived from different species with the
aim to obtain more insight in the genetic organization of traits through the
identification of conserved mechanisms (e.g. Laurie and Devos 2002). This
research field has emerged from previous findings of comparative mapping,
by which conservation of tracts of collinear markers have been investigated
not only among members of the same botanical family, but also among
different species, and often led to better understanding of genome evolution.
Comparative mapping has shown that a large proportion of the markers
and genes are indeed located at comparable positions in the genome
(synteny). Together with the availability of an increasing number of genome
sequences, including those of known genes, the conservation of gene
sequences and their functions among species have also been investigated
and are used to further develop the knowledge obtained from previous
genetic linkage maps for different species.
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Conserved Orthologous Set (COS) markers are conserved markers that
may serve as anchors for map development (Fulton et al. 2002).

Degenerate Oligonucleotide Primed-PCR (DOP-PCR) uses partially
degenerated primers for polymorphism detection (Telenius et al. 1992).
Because no prior sequence information is required, DOPPCR is considered
useful when crops are involved for which no, or limited sequence information
is available. Comparison of the genetic maps of different species will reveal
information on chromosome evolution and the common genetic control of
traits in different organisms. Comparative maps are being developed for
various important crops and are expected to facilitate the understanding of
the genetic organization of traits in less studied organisms. This may also
reveal novel alleles for relevant genes that subsequently may be exploited
in crop improvement.

Functional Genomics: The Force Behind the Future of Plant
Breeding

Simply defined, functional genomics is a scientific approach that seeks
to identify and define the function of genes, and uncover when and how
genes work together to produce traits. Current structural genomic approaches
(i.e., mapping) generally focus on traits controlled by one or only a few
genes, and often they only provide information regarding the location of a
gene or genes. Although obtaining location information is a critical first
step, functional genomics goes further to examine the interrelationships
and interactions between thousands of genes to determine when and why
certain traits are expressed, which sets of genes are specifically responsible
for that expression, and under what conditions. This information equips
scientists to create varieties with exact combinations of traits. Whether the
ultimate goal is improved drought tolerance, enhanced nutritional
composition, or higher yield potential, functional genomics will play an
increasingly importantly role in helping scientists achieve their aims.

FOUNDATIONS FOR MOLECULAR BREEDING

Integration of Genomics and Genetics: It is expected that the foundation
for studying natural genetic variation at the DNA sequence level for traits
in elite breeding germplasm pools and the design of successful molecular
breeding strategies will involve integration of structural and functional
genomics technologies within the framework of classical trait mapping
methods. The availability of physical maps for a number of the important
crop plants and the complete genome sequence for the model plant Arabidopsis
thaliana (L.) Heynh. (The Arabidopsis Genome Initiative, 2000) and the crop
plant rice (Oryza sativa; Goff et al., 2002; Yu et al., 2002) has enabled alignment
of genetic maps with physical sequence and thus opportunity to target
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sequence data from genomic regions for gene discovery and gene function
analysis. Further advances in technologies for the study of gene expression
and protein interactions have opened up glimpses of some of the gene
networks that are involved in the relationships between inter individual
DNA sequence variation and trait phenotypic variation in elite breeding
populations.

Some Current Considerations: Much of the outcomes from plant genomics
efforts to date haveinvolved large-scale data generation of a narrow sample
of genotypic variation and its systematic organization, combined with
descriptive efforts to annotate the features observed in the organized data.
Comparative approaches have been used to initiate candidate gene searches
from model to target species. Moving from this broad comparative genomics
view of gene discovery to a breeding strategy view that is focused on
understanding the detailed organization of extant allelic variation for
multiple traits within a selected elite germplasm pool, presents significant
challenges.

Power of Selection: An important consideration in the design of any
selection process, be it molecular or phenotypic, is that you get what you
select for. Direct selection on the phenotype of the end-product traits of
commercial significance is a relatively robust, albeit in some cases slow,
approach when genetic variation exists for the target traits. Replacing or
augmenting this system with a knowledge-based approach that targets
selection at the level of DNA sequence variation will also rapidly bring
about genetic changes. The rigor of the associations we develop between
populationlevel sequence variation and phenotypic variation will determine
the robustness of this molecular breeding approach. We will be continually
forced to refine our knowledge of trait genetics and gene-to-phenotype
associations.

OUTCOME OF GENOMICS RESEARCH

Without appropriate investment into crop genomics research, we will
always lack detailed knowledge in two areas critical for successful breeding:
(i) the structural organization and functional properties of genetic variation
for traits and (ii) the influences that plant breeding strategies have on the
genetic variation that is widely used in agriculture. Without detailed
knowledge in both of these domains, it is difficult to answer many of the
important questions asked of breeding programs: (i) how sustainable is a
breeding effort in the long term, (ii) how robust are the products of a given
breeding program, and (iii) how important is it to and what are the
appropriate procedures to maintain and utilize genetic resources?

Genomics gives us some new perspectives on genetic variation. With
access to data and information at the sequence level, our views of what
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contributes to the natural genetic variation thatresides within the germplasm
pools developed by breeding programs are changing. The traditional view
of genetic variation as a function of loci with fixed effects acting in a
predominantly additive manner is challenged by many of the properties of
genes that are observed using genomics technologies. An important
component of experimental evidence indicates that gene regulationis an
important source of genetic variation. What appears to be linear when
examined at the phenotypic level is not necessarily linear at the level of the
gene network (Peccoud et al., 2004). This creates a complex situation where
many of the effects of genes can be highly context dependent. Therefore, the
genetic background and environments within which the genes are studied
will influence the estimates of the effects of the genes. Plant breeders have
always been exposed to this phenomenon but have never had the tools to
investigate its genetic basis. However, strategies based on manipulation of
the genotype at the molecular level will only be able to utilize the currently
available experimental information from statistically determined genotype-
phenotype associations. Reminiscent of much of the debate around the
effects of epistasis on response to selection, this forces the plant breeding
community to ask specific questions of the implications of molecular
breeding strategies for both short-term and long-term genetic improvement
of complex traits.

Designing Molecular Breeding Strategies: Today we can consider
coordinated development of three themes and associated research paths
arising from research over thelast 10 to 15 yr.

1.  There is a growing knowledge base of the geneticarchitecture for some
traits and how genetic variation is organized within unimproved and
elite germplasm pools. Further work in this area will require the
integration of genomics technologies with the study of genetic variation
to conduct focused gene-to-phenotype studies. This will require
fundamental questioning and in some cases refinement of our models
of genetic variation. Development of our bioinformatics and
computational modeling tools will be necessary.

2. High throughput genetic profiling of individuals for key regions of the
genome is now feasible for elite and unimproved germplasm pools.
High performance management, manipulation, analysis and
interpretation of molecular and phenotypic data will continue to be
areas of research priority.

3. Determining the power of molecular and conventional breeding
strategies to achieve directed phenotypic changes for simple to complex
traits.

High performance computing and simulation is being used to

23



Advances in Molecular Breeding: An Introduction

complement theoretical and experimental investigations. There is a clear
need for further research into the appropriate statistical and biological
modeling procedures for determining and testing gene-to-phenotype
associations for complex traits.

OTHER ASPECTS OF MOLECULAR BREDING STRATEGY

Gene Machines: More direct clues about the function of individual
genes are derived from the large-scale insertional mutagenesis of genomes
using well-defined transposons, the ‘gene machines’ (also known as reverse
genetics). The ‘machine’ consists of an active and well characterized
transposon (known DNA sequence), a large population of plants
(approximately 40,000 individuals) segregating for the transposon, DNA
samples and progeny of each individual in the population and a partial
DNA sequence of the genes of interest (the targets of the new insertions by
the transposon). The population is created in such a way that the transposon
inserts into many new sites in the genome. Some insertions into or near
genes will modify an aspect of gene expression, possibly affecting gene
function and resulting in an observable change in phenotype (a mutant).
Since the transposon’s DNA sequence is known, the new site of insertion
is effectively identified or ‘tagged’. Using the DNA sequences of the
transposon and the partial sequences of the gene(s) of interest, the entire
population is surveyed by PCR and/or hybridization for new insertions
into DNA sequences related to the gene(s) of interest and for evidence of
cosegregation of the new insertions and a mutant phenotype. DNA fragments
that cosegregate with the new mutants may be readily cloned, sequenced,
analyzed and identified regarding their information content and relation to
the change in phenotype. Many of the DNA fragments will be pieces of
genes and will provide the first clues as to the role of that gene in the
context of that organism. The details of various strategies for transposon
tagging have been summarized (Sundaresan 1996; Maes et al. 1999) and the
plans and background of a maize-specific transposon-tagging gene machine
have been made available (http://www.zmdb.iastate.edu/zmdb/
nsf_grant_online.html).

Amplification of Ancient DNA: The DNA persisting in specimens of
paleontological, archaeological or forensic interest is inevitably damaged.
D’Abbadie et al. (2007) described a strategy for the recovery of genetic
information from damaged DNA. By molecular breeding of polymerase
genes from the genus Thermus [Taq (Thermus aquaticus), Tth (Thermus
thermophilus) and Tfl (Thermus flavus)] and compartmentalized self-replication
selection, they evolved polymerases that can extend single, double and even
quadruple mismatches, process non-canonical primer-template duplexes
and bypass lesions found in ancient DNA, such as hydantoins and abasic
sites. Applied to the PCR amplification of 47,000-60,000-year-old cave bear
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DNA, these outperformed Tag DNA polymerase by up to 150% and yielded
amplification products at sample dilutions at which Tag did not. These
results demonstrate that engineered polymerases can expand the recovery
of genetic information from Pleistocene specimens and may benefit genetic
analysis in paleontology, archeology and forensic medicine.

Cotton Breeding for Drought and Salinity: Plant stress caused by drought
and salinity are among the major constraints on crop production and food
security worldwide. Breeding programs to improve crop yield in dry and
saline environments have progressed slowly due to our limited
understanding of the underlying physiological, biochemical, developmental,
and genetic mechanisms that determine plant responses to these forms of
stress, as well as to technical difficulties in combining favorable alleles to
create the improved high yielding genotypes needed for these environments.
Cotton is an especially appropriate system for research into the molecular
basis of plant response to water deficit and salinity, as it originates from
wild perennial plants adapted to semi-arid, sub-tropical environments
which experienced periodic drought and temperature extremes that are
associated with soils with high salt content. The current primary molecular
breeding approaches include transgenic modification and quantitative trait
mapping with marker-assisted selection. The preliminary work in QTL
mapping for drought response and the relationships of the QTLs with the
drought-associated measurements is developing a foundation for
understanding and using the molecular basis of drought tolerance. QTL
mapping for salt tolerance is not moving apace. Using and/or regulating
transgene effects on the plant responses to drought and salinity has shown
success and will continue to increase our understanding of the complexity
of plant’s physiological pathways. Improvements in all areas of molecular
breeding are almost certain, but the most effective improvements will come
from exploiting our improved understanding of the genetic architecture
(Jenks et al., 2007).

Tomato Breeding for Flavor Traits: Both theoretical and applied aspects
of marker-assisted back-crossing of quantitative traits are studied by Lecomte
et al. (2004) with special emphasis on a program of tomato breeding for
flavor traits. The detection of QTLs controlling the variation of tomato
quality traits was performed in the progeny of a cross between a cherry
tomato chosen for its good flavor and a line with bigger but less tasty fruits.
A number of QTLs were detected for the flavor traits, some with major
effects. Co-localizations of QTLs controlling several traits were found. Most
of the favorable alleles came from the cherry tomato parent for chemical and
sensory traits, showing the potential usefulness of this line for tomato
organoleptic quality improvement. A marker-assisted selection scheme was
thus initiated in order to transfer into elite lines the five regions carrying
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the most important QTLs involved in fruit quality. The backcross scheme
was first optimized taking into account both theoretical and practical aspects.
Three recurrent lines were chosen in order to study the effect of genetic
background on QTL expression.

Molecular Breeding for Rainfed Lowland Rice: The conventional breeding
program also takes at least 15 years for releasing new cultivars. New
breeding strategy can be established to shorten period for cultivar
improvement by using marker-assisted selection (MAS), rapid generations
advance (RGA), early generation testing in multi-locations for grain yield
and qualities. Four generation of MAS backcross breeding were conducted
to transfer gene and QTL for bacterial blight resistance (BLB), submergence
tolerance (SUB), brown plant-hopper resistance (BPH) and blast resistance
(BL) into Kao Dawk Mali 105 (KDML105) a line from Thailand. Selected
backcross lines, introgressed with target gene/QTL, were tolerant to SUB
and resistant to BLB, BPH and BL. The agronomic performance and grain
quality of these lines were as good as or better than KDML105.
Approximately 15 populations based on crosses between donor lines selected
for drought tolerance and recipient lines selected for yield and quality traits
of acceptance to farmer/ markets are being developed in Thailand, Laos
and Cambodia (Toojinda et al., 2004).

PLANTMARKERS—A DATABASE OF PREDICTED MOLECULAR
MARKERS

PlantMarkers is a genetic marker database that contains a
comprehensive pool of predicted molecular markers. We have adopted
contemporary techniques toidentify putative single nucleotide polymorphism
(SNP), simple sequence repeat (SSR) and conserved orthologue set markers.
A systematic approach to identify as broad a range of putative markers has
been undertaken by screening the available open Sputnik unigene consensus
sequences from over 50 plant species. A web presence at http://
markers.btk.fi/ provides functionality so that a user may search for species-
specific markers on the basis of many specific criteria not limited to non-
synonymous SNPs segregating between different varieties or measured
polymorphicSSRs. Feedback forms are provided with all sequence entries
to enable inclusion of, for example, map location for markers validated by
the research community (Rudd et al., 2005)

CONCLUSIONS

Marker based selection could be more efficient than purely phenotypic
selection in quite large populations and for traits showing relatively low
heritability. Regardless of the ultimate reason for the application of molecular
markers for molecular breeding, there is a general need for both high-
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density and uniform maps that represent whole genomes. While techniques
for the classification and typing of alleles have become amenable to high-
throughput screening, e.g. microarray-based genotyping, the more important
marker discovery steps require significant investments in both time and
money. Single nucleotide polymorphism (SNP) markers, for example, have
enjoyed massive popularity through their high density within the genome
and their ease of characterization. The identification of these markers,
however, requires access to reliable DNA sequence from the complete range
of plants strains/ varieties or ecotypes that will subsequently be used. With
the availability of PCR-based markers, which are simple to use, the cost of
different marker techniques is progressively decreasing and may become
affordable in the framework of breeding programmes. Molecular breeding
applications must not only respond to the challenge of improving food
security and fostering socio-economic development, but in doing so, promote
the conservation, diversification and sustainable use of plant genetic
resources for food and agriculture. Nowadays the biotechnology toolbox
available to plant breeders offers several new possibilities for increasing
productivity, crop diversification and production, while developing a more
sustainable agriculture. Their use in applied breeding programmes can
range from facilitating the appropriate choice of parents for crosses, to
mapping/tagging of gene blocks associated with economically important
traits (often termed “quantitative trait loci” (QTLs)). Through comparative
genomics, molecular markers can be used in ways that allow us to more
effectively discover and efficiently exploit biodiversity and the evolutionary
relationships between organisms. Substantial progress has been made in
recent years in mapping, tagging and isolating many agriculturally
important genes using molecular markers due in large part to improvements
in the techniques that have been developed to help find markers of interest.

New developments in genomic research have given access to an
enormous amount of sequence information as well as new insights on the
function and interaction of genes and the evolution of functional domains,
chromosomes and genomes. In this context, functional and comparative
genomics can help in comparative genetic mapping and linkage analysis
of useful agricultural traits. Future DNA marker techniques, such as the use
of oligonucleotide arrays, are likely to be sequence based. Comparative
analyses of sequence information in the growing databases now publicly
available on the World Wide Web will be an invaluable resource for
formulation of different strategies for molecular breeding. This will have an
increasingly important role in the evolution of newer ways for molecular
breeding.
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