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Abstract

Quantitative Trait Loci (QTL) mapping basically entails finding an association between a genetic marker and a measurable phenotype.
Researchers work from the phenotype to the genotype, using statistical techniques to localize chromosomal regions that might contain
genes contributing to the phenotypic variation in a quantitative trait of interest in a population. Most traits of interest in plant breeding
show quantitative inheritance, which complicates the breeding process, since phenotypic performances partially reflects the genetic
values of individuals. The genetic variation of a quantitative trait is controlled by the collective effects of Quantitative Trait Loci (QTLs),
epistasis (interaction between QTLs) the environment and interaction between QTL and the environment. Linkage analysis and association
mapping are the two most commonly used methods for QTL mapping and exploiting molecular markers in plant breeding involves
finding a subset of markers associated with one or more QTLs that regulate the expression of complex traits. Currently, many QTL mapping
identified QTLs that explained a significant proportion of the phenotypic variance and therefore, gave rise to an optimistic assessment
of the prospects of Markers Assisted Selection (MAS). Therefore, the objective of this review is to provide an overview of current advances
in QTL analysis such as mapping population development, population genetic structure of the mixture model, QTL mapping, factors
affecting the power of QTL mapping and importance of employing MAS systems in crop improvement and marker-trait association
analysis using different statistical methods employed in molecular plant breeding research activities.
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INTRODUCTION

Feedingever-increasing populationis the main challenge
faced by the agricultural scientists and to meet this plant
breeders and pathologists have to put continuous efforts to
develop new crop varieties on fast track basis. The DNA based
polymorphism, commonly known as DNA markers can be
used for geneticimprovement through selection for favorable
traits such as disease resistance. Molecular markers are
becoming an essential component in backcross breeding
programs for tracking the resistance genes in gene
pyramiding and physiological plant breeding.

Many agriculturally important traits such as yield, quality
and some forms of disease resistance are controlled by
many genes and are known as quantitative traits (Polygenic,
multi-factorial or complex traits). A quantitative trait is a
measurable trait that depends on the cumulative action of
many genes and their interaction with the environment that
can vary among individuals over a given range to produce a
continuous distribution of phenotypes'. The genetic variation
of a quantitative trait is assumed to be controlled by the
collective effects of numerous genes, known as Quantitative
Trait Loci (QTLs) and identification of QTLs based only on
conventional phenotypic evaluation is not possible?.

The general goals of QTL mapping in plant breeding are
to(a) Increase our biological knowledge of the inheritance and
genetic architecture of quantitative traits, both within a
species and across related species and (b) Identify markers
that can be used as indirect selection tools in breeding?. A
major breakthrough in the characterization of quantitative
traits that created opportunities to select for QTLs was
initiated by the development of DNA (or molecular) markers
in the 1980s. One of the main uses of DNA markers in
agricultural research has been in the construction of linkage
maps for diverse crop species. Linkage maps have been
utilized for identifying chromosomal regions that contain
genes controlling simple traits (controlled by a single gene)
and quantitative traits using QTL*. The process of constructing
linkage maps and conducting QTL analysis to identify
genomic regions associated with traits is known as QTL
mapping (Genetic, gene or genome mapping)*>. The DNA
markers that are tightly linked to agronomically
important genes (called gene tagging) may be used as
molecular tools for Marker-Assisted Selection (MAS) in plant
breeding®.

The MAS involves the presence/absence of a marker as a
substitute for or to assist in phenotypic selection, inaway
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which may make it more efficient, effective, reliable and
cost-effective compared to the more conventional plant
breeding methodology. The use of DNA markers in plant
breeding has opened a new realm in agriculture called
molecular plant breeding’. Currently information regarding
theapplication of QTL mapping in plant breeding programsin
Ethiopia is very scanty. Therefore, the objective of this review
is to assess the current advances in QTL analysis, mapping
population development, QTL mapping and importance of
employing MAS systems in plant breeding which can be used
by plant breeders, plant pathologists and geneticists in any
crop improvement program envisioned in the country.

DEVELOPMENT OF MAPPING POPULATION

Genesare situated on chromosomesinalinearorder such
that their position with respect to each other along the
chromosome can be determined. Such a placement of genes
on chromosomes constitutes gene mapping which is helpful
for their cloning and transfer to desired places®. All the genes
situated on a specific chromosome constitute a linkage group
out of which any one of gene serves to identify the concerned
chromosome.

Assignment of a new gene to appropriate linkage group
is based up on its association in the transmission with either
of the genes in a linkage group. The lack of independent
transmission of two or more genes indicates their location on
the same chromosome through the reverse may not always be
true because genes situated on different chromosomes or the
onesparsely (>50 cM) located even on the same chromosome
can also show independent transmission. In such cases either
some additional marker genes or specific cytogenetic stocks
like aneuploids have to be used in the analysis. The true
position of genes along the DNA in kbp constitutes the
physical map where as a genetic map refers the relative
position of genes determined from the frequency of
recombinants of alleles of two genes. The genes situated on a
chromosome recombine through the formation of chiasmata.

The construction of alinkage map requires a segregating
plant population (i.e, a population derived from sexual
reproduction). The parents selected for the mapping
population will differ for one or more traits of interest.
Population sizes used in preliminary genetic mapping studies
generally range from 50-250 individuals* however, larger
populations are required for high-resolution mapping. If the
map will be used for QTL studies, then an important point to
note is that the mapping population must be phenotypically
before subsequent QTL mapping.
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In self-pollinating species, mapping populations originate
from parents that are both highly homozygous (inbred). In
cross pollinating species, the situation is more complicated
since most of these species do not tolerate inbreeding. Many
cross pollinating plant species are also polyploid (contain
several sets of chromosome pairs). Mapping populations used
for mapping cross pollinating species may be derived from a
cross between a heterozygous parent and a haploid or
homozygous parent®. The F, generation mapping populations
were successfully developed by pair crossing heterozygous
parental plants that were distinctly different for important
traits associated with plant persistence and seed yield'™®.

Several different populations may be utilized for mapping
within a given plant species, with each population type
possessing advantages and disadvantages® (Fig. 1). The F,
populations, derived from F, hybrids and backcross (BC)
populations, derived by crossing the F, hybrid to one of the
parents, are the simplest types of mapping populations
developed for self pollinating species. Their main advantages
are that they are easy to construct and require only a short
time to produce. Inbreeding from individual F, plants allows
the construction of Recombinant Inbred (RI) lines, which
consist of a series of homozygous lines, each containing a
unique combination of chromosomal segments from the
original parents (Fig. 1).

The length of time needed for producing Rl populations
is the major disadvantage, because usually six to eight
generations are required. Doubled Haploid (DH) populations
may be produced by regenerating plants by the induction of
chromosome doubling from pollen grains, however, the
production of DH populations is only possible in species that
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areamenable to tissue culture (e.g., cereal species such asrice,
barley and wheat). The major advantages of Rl and DH
populations are that they produce homozygous or true-
breeding lines that can be multiplied and reproduced without
genetic change occurring. This allows for the conduct of
replicated trials across different locations and years (Fig. 1).
Thus both Rland DH populations represent eternal resources
for QTL mapping®.

Types of mapping populations: The choice of appropriate
mapping population is very critical for the success of any QTL
mapping. Populations for QTL mapping can be broadly
classified into two: experimental populations for linkage-
based QTL mapping (e.g., inbred lines for autogamous or self
pollinating species, half- or full- sib families for out-crossing or
cross pollinating species) and natural or breeding populations
for linkage disequilibrium-based association mapping
(Fig. 1).

For association mapping, the populations can be
classified into one of the following five groups'" (1) Ideal
sample with subtle population structure and familial
relatedness, (2) Multi-family sample, (3) Sample with
population structure, (4) Sample with both population
structure and familial relationships and (5) Sample with severe
population structure and familial relationships. Due to local
adaptation, selection and breeding history in many plant
species, many populations for association mapping would
fall into category four'?. Alternatively, populations for
association mapping can be classified according to the source
of materials as germplasm bank collections, synthetic
populations and elite germplasm?™.

Chromosome induced doubling
of pollen microspores

T ® e

Doubled haploid

Single plant
selection after
every generation

Fig. 1: Mapping populations for self-pollinating species, Source: Paterson®
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Linkage-based QTL mapping depends on well defined
populations developed by crossing two parents. In
autogamous species, QTL mapping studies make use of F, or
Fx derived families, backcross (BC), Recombinant Inbred
Lines (RILs), Near Isogenic Lines (NILs) and Double Haploids
(DH).These populations are developed by crossing two inbred
parents with clear contrasting difference in phenotypic
trait (s) of interest.

Each mapping population developed frominbred parents
has its own advantages and disadvantages and vital to decide
the appropriate population depending on our objectives of
interest, trait complexity, available time and whether the
molecular markers to be used for genotyping are dominant or
co-dominant. Both F, and BC populations are the simplest
types of mapping populations because they are easy to
construct and require only a short time to produce. The F, is
more powerful for detecting QTLs with additive effects and
can also be used to estimate the degree of dominance for
detected QTLs. When dominance is present, backcrosses give
biased estimates of the effects because additive and dominant
effects are completely confounded™.

However, both F, and BC populations have three
limitations. First, development of these populations require
relatively few meioses such that even markers that are far
from the QTLs remain strongly associated with it. Such
long-distance associations hamper precise localization of the
QTLs. Second, F, and backcross populations are temporary
populations as they are highly heterozygous and cannot be
propagated indefinitely through seeds (i.e., these populations
can't be evaluated several times in different environmental

@
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conditions, years, locations, etc.). Finally, epistaticinteractions
could hardly be studied in both F, and backcross populations.
The mapping population can be developed through different
genetic structures models (Fig. 2).

POPULATION GENETIC STRUCTURE OF
THE MIXTURE MODEL

The mixture proportions are actually the frequencies of
QTL genotypes at a putative QTLin a population. For an entire
mapping population initiated with two inbred lines, the
frequencies of QTL genotypes can be predicted on the basis
of the first Mendelian law. For example, the frequencies of QTL
genotypes are 1/2 and 1/2 for the backcross or 1/4, 1/2 and
1/4forthe F,.However, when markerinformationis associated
with a putatively linked QTL, the frequencies of QTL genotypes
given a particular marker genotype will not obey the
Mendelian law but rather depend on the recombination
fraction or linkage disequilibrium between the marker and
QTL. The conditional probabilities of QTL genotypes upon the
marker genotypes are the bridge associating the known
marker information with unknown QTL information.

BACKCROSS/F,

Two different inbred lines are crossed to generate the
heterozygous F,. When the F, is backcrossed to the original
parents, or selfed or sibling-mated, different genes will be
co-segregating, which leads to non-parental, recombinant
types whose proportion depends on the degree of linkage

T

Fig. 2(a-c): Principles of mapping Quantitative Trait Loci (QTL)™, (a) Inbred parents that differ in the density of trichomes
(Parent 1: high trichome density, Parent 2: Low trichome density) are crossed to form an F, population with
intermediate trichome density, (b) An F, individual is selfed to form a population of F, individuals and (c) Each F, is
selfed for six additional generations ultimately forming a set of Recombinant Inbred Lines (RILs)
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between different genes. By observing the number of
recombinant types, easily estimate the linkage. However, the
recombinants between a marker and QTL are not observable,
because the QTL position is unknown and there is need to
derive the conditional probabilities of QTL genotypes given
known marker genotypes in terms of their recombination
fractions. The advantage of the backcross or F, as a mapping
population lies in the clear linkage phase between all genes,
from which the parental origin of alleles can be precisely
determined'™.

OUT BRED CROSSES

Many species, such as forest trees, cannot generate
inbred lines because of their complicated biological features
but they can be crossed to generate a segregating progeny
population called an out bred cross. It is possible to use out
cross progeny as an out bred population because crossover
events occur during meioses. In fact, out bred lines as parents
can be homozygous at some loci but are heterozygous at
many loci and thus their controlled crosses can be backcross-
like for some loci, F,-like for other loci, or present new cross
types. The QTL genotypes in out bred crosses can be inferred
by their conditional probabilities given marker genotypes
expressed as a function of the recombination fraction. A
procedure is necessary to determine a correct linkage phase
prior to the estimation of linkage.

RECOMBINANT INBRED LINES

RecombinantInbred Lines (RILs) are powerful material for
genetic mapping. They can be derived either by repeated
selfing or by repeated brother-sister mating of the progeny
from an F, cross between two inbred lines. The RILs can serve
as a permanent mapping population for multiple uses
because they are fixed and homozygous for two alternative
alleles at all genes. Some lines are the same as parental (non-
recombinant) types, whereas the others are recombinant
types. The conditional probabilities of QTL genotypes given
marker genotypes are derived in terms of the proportion of
recombinant zygotes.

NATURAL POPULATIONS

For some species in which crosses are not possible, the
co-segregation between the marker and QTL can be specified
by Linkage Disequilibrium (LD). The LD represents nonrandom
associations between differentlociin a population and can be
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used to analyze an unstructured population. Linkage analysis
has been widely used for genetic mapping by detecting the
degree of LD between the marker and QTL. Unlike controlled
crosses, the conditional probabilities of QTL genotypes
given marker genotypes are expressed in terms of LD
values'®.

QUANTITATIVE GENETIC STRUCTURE OF
THE MIXTURE MODEL

It is generally assumed that a quantitative trait (y) of
interest at a putative QTL is normally distributed with
expected mean pj and variance o% The genetic contributions
of the QTL to the trait phenotype are reflected in the mean or
variance of the normal distribution. For a given QTL genotype
j, partition in to its expected mean (yj) into the different
components: overall mean (u), additive effect (a), dominance
effect (d), additive X additive (iaa), additive X dominance (iad),
dominance X additive (ida) and dominance X dominance (idd)
epistatic effects. If itis assume that these effects are fixed, they
can be directly estimated in the mixture model. As the
variances of the fixed effects are viewed as zero, the variance
contains only the residual variance o? within a particular QTL
genotype. The major task of a fixed-model-based mapping
approach is to specify the genetic components of yj based on
different genetic problems or mapping purposes.

ADDITIVE-DOMINANCE MODEL

In many cases, it is reasonable to assume that there is no
non allelic interactions (epistasis) between different QTLs.
Consider a QTL of three possible genotypes whose values and
residual variances are defined as (Table 1).

In most situations, the residual variance is assumed to be
identical among the three groups of QTL genotypes for the
sake of computational simplicity. Statistical techniques are
also available when the residual variances are genotype-
specific (Table 1). When two or more QTLs are fit, more QTL
genotypes will be included in the mixture model. For an F,
population, the genotypic values, yjij, (j1,j2 = 0, 1, 2) of
nine QTL genotypes for two given QTLs, P and Q under the
additive-dominance model can be defined as:

Q
P 2 1 0
2(p22=p+al+a2 p2l=p+al+d2 p20=p+al-a2
MjJ,=14pd2=p+dl+a2 pll=p+dl+d2 plO=p+dl-a2
0|p02=p-al+a2 pO0l=p-al+d2 pOO=p-al-a2
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Table 1: QTL of three possible genotypes whose values and residual variances

Genotypes QQ(2) Qq (1) qq (0)
Overall mean u u u

Effect a d -a
Genotypic value W2 =y+a p2 =pu+d u2 =p-a
Residual o’ o’ a2

QLT: Quantitative trait loci

where, al and a2 are the additive effects and d1 and d2 are
the dominance effects of these two QTLs, respectively.

ADDITIVE-DOMINANCE-EPISTASIS MODEL

If two or more QTLs interact to affect a quantitative trait,
their epistatic effects should be modeled in the QTL genotypic
values within the mixture model.

Q
P 2 1 0
2(p+al+a2 +i, p+al+ d,+iy p+al-a2 +i,
WJ,=1p+dl+a2+ida p+dl+d2 +i,;, p+dl-a2 —+iy
Olp-al+a2 —i, p-al+d2-i, p-al-a2+iaa

where, i, i i@ and iy are the additive Xadditive,
additive X dominance, dominance X additive and dominance
X dominance epistatic effects, respectively.

MULTIPLICATIVE-EPISTATIC MODEL

The physiological basis of epistasis has been studied by
modeling the relationship between genes and their products
in many plant and animal experiments. The multiplicative
interaction between a pair of loci may be an important form
of epistasis for controlling complex traits, as anticipated. The
multiplicative-epistasis model assumes that genotypes at a
pair of loci have genotypic values equal to the product of
genotypic values at the two different loci. For example,
if genotypic values are p2 for P genotype 2 and -2 for
Q genotype 2, then the value of joint QTL genotype 22 is
p22 = p2u-2. Under the multiplicative-epistatic model, the
genotypic values of two QTL can be modelled by:

Q
P 2 1 0
2{Hp =1’y p2l=p2p'l  p20=p2p'0
W, =1qp12=plp'2  pll=plpl  pl0=plp’0
0|p02=p0p'2 n0l=pOpl  pOO=pOpn'o

Although, multiplicative interactions between a pair
of QTL are considered, two special cases, completely
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multiplicative action (both between and within loci) and pure
additive action (without dominance) can also be manipulated
by setting restrictions.

QTL MAPPING

Great majority of the economically important characters
areinherited quantitatively and presumed to be controlled by
a large number of genes called polygene whose exact
number, mode of action and location is difficult to be
ascertained through Mendelian analysis'”'. The association
of this analysis can provide evidence for the genetic control of
traits variation but is not very precise because the genetic
effects associated with marker genotypes are confounded by
the position of a functional QTL and its actual effect. If markers
are so highly dense that they are generated at QTL positions,
a simple marker-phenotype association analysis may be
useful. The generation of such high-density maps is not
possible for a majority of species in practice. Powerful
analytical techniques are needed to separate the effects of a
QTL from its location.

Unlike molecular markers, the genomic locations of QTLs
are unknown and should be inferred on the basis of the
association analysis of the phenotypes and markers. The role
of statistical methods is in the identification, mapping and
estimation of functional QTLs using location known, neutral
markers. One of the mostimportant statistical foundations for
QTL mapping is laid out in the mixture different quantitative
models, in which each observation is assumed to have arisen
from one of unobservable QTL genotype groups, each
group being suitably modeled by a density from some
parametric family. This model provides a framework by which
observations may be clustered togetherinto genotype groups
for discrimination.

PRINCIPLE OF QTL MAPPING

It is not difficult in populations of most crop plants to
identify and map a good number of segregating markers
(10-50) per chromosome. However, most of these markers
would be in non-coding regions of the genome and might not
affect the trait of interest directly; but, a few of these markers
might be linked to genomic regions (QTLs) that do influence
the trait of interest. Where such linkage occurs, the marker
locus and the QTL will co-segregate. Therefore, the basic
principle of determining whether a QTL is linked to a marker
is to partition the mapping population into different
genotypic classes based on genotypes at the marker locus
and the apply correlative statistics to determine whether the
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individuals of one genotype differ significantly with the
individuals of other genotype with respect to the trait being
measured.

Situations where genes fail to segregate independently
are said to display linkage disequilibrium. The QTL analysis,
thus, depends on linkage disequilibrium.

With natural populations, consistent association between
QTL and marker genotype will not usually exist, except in a
very rare situation where the marker is completely linked to
the QTL. Therefore, QTL analysis is usually undertaken in
segregating mapping populations, such as F,-derived
populations, Recombinant Inbred Lines (RILs), nearisogenic
lines (NILs), doubled haploid lines (DHs) and backcross
populations.

FACTORS AFFECTING THE POWER OF QTL MAPPING

The QTLs are statistically inferred from the data
generated in an experiment.  However, statistical
influence does not always indicate biological significance
due to multiple test problems associated with QTL
mapping’. The following factors affect the power of QTL

mapping:

«  Number of genes controlling the target trait(s) and their
genome positions

« Distribution of genetic effects and existence of genetic
interactions

«  Heritability of the trait

«  Number of genes segregating in a mapping population

«  Type and size of mapping population used

»  Density and coverage of markers in the linkage map

«  Statistical methodology employed and significance level
used for QTL mapping

«  The number of environments

«  The phenotyping and genome coverage

The possible means to improve the power of QTL
mapping are available’?. Replicate progeny analysis,
selective genotyping, sample pooling and sequential sampling
are some of the suggested approaches for optimization of
experimental designs, so as to enhance the power of QTL
detection and estimation of QTL effects.

METHODS FOR QTL MAPPING

The basic objective in QTL mapping studies is to detect
QTL while minimizing the occurrence of false positives
(Type | errors, that is, declaring an association between a

64

marker and QTL when in fact one does not exist). Tests for
QTL/trait association are often performed by the following
approaches:

Single marker approach: The single marker approach,
sometimes referred to as the single factor analysis of variance
(SF-ANOVA) or single point analysis, has been used
extensively, especially with isozymes?'. The SF-ANOVA is done
for each marker locus independent of information from other
loci. The F-tests provide evidence whether differences
between marker locus genotype classes are significant or not.
Although, computationally simple, this approach suffers from
some major limitations: (1) The likelihood of QTL detection
significantly decreases as the distance between the marker
and QTLincreases, (2) The method cannot determine whether
the markers are associated with one or more QTLs and (3) The
effects of QTL are likely to be underestimated because they are
confounded with recombination frequencies.

Simple Interval Mapping (SIM): The SIM was first proposed by
Lander and Botstein'” and it takes full advantage of a linkage
map. The method evaluates the target association between
the trait values and the genotype of a hypothetical QTL (target
QTL) at multiple analysis points between pair of adjacent
marker loci (the target interval). Presence of a putative QTL is
estimated if the log of odds ratio (LOD) exceeds a critical
threshold. Lander and Botstein'” developed formulae for
calculating significance levels appropriate for interval
mapping when the genome size, number of chromosomes,
number of marker intervals and the overall false positive rate
desired are given. The SIM has been the most widely approach
as it can be easily accessed through statistical packages such
as MAPMAKER/QTL. By using tightly linked markers for
analysis, it is possible to compensate for recombination
between markers and the QTL, thereby increasing the
probability of statistically detecting the QTL and providing an
unbiased estimate of QTL effect. However, when multiple QTLs
are segregating in a cross (which is usually the case), SIM fails
totake into account genetic variance caused by other QTLs. In
such a case, SIM suffers essentially from the same
shortcomings of single marker analysis.

Composite Interval Mapping (CIM): The combine interval
mapping for a single QTL in a given interval with multiple
regression analysis on marker associated with other QTL. It
considers a markerinterval plus a few other well-chosen single
markers in each analysis, so that n-1 tests forinterval-QTL
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associations are performed on a chromosome with n markers.
The advantages of CIM are: (1) Mapping of multiple QTLs can
be accomplished by the search in one dimension, (2) By using
linked markers as cofactors, the test is not affected by QTL
outside the region, thereby increasing the precision of QTL
mapping and (3) By eliminating much of the genetic variance
by other QTL, the residual variance is reduced, thereby
increasing the power of detection of QTL. The CIM is more
powerful than SIM but is yet to be used extensively in QTL

mapping.

Multiple Interval Mapping (MIM): Another recent and
interesting development is Multiple Intervals Mapping (MIM).
The MIMis the extension of interval mapping to multiple QTLs,
just as multiple regressions extends analysis of variance. The
MIM allows one to infer the location of QTLs to positions
between markers, makes proper allowance for missing
genotype data and can allow interactions between QTLs.
Model selection is the principal problem in multiple QTL
methods the chief concern is the formation of appropriate
criteria for comparing models. The simplest multiple QTL
method, multiple regression, should be used more widely,
although like analysis of variance, it suffers in the presence
of appreciable missing marker genotype data. A forward
selection procedure using interval mapping (i.e., the
calculation of conditional LOD curves) is appropriate in cases
of QTLs that act additively and makes proper allowance for
missing genotype data. The MIM is an improved method that,
although computationally intensive, can in principle, map
multiple QTLs and identify interactions between QTLs.

In determining whether a LOD score is sufficiently large
for one to be confident of the presence of a QTL, consider the
distribution of the LOD score under the null hypothesis of no
segregating QTL. Adjustment must be made for the genome
wide search for QTLs, so consider the distribution of the
maximum LOD score genome wide. Permutation tests are
valuable for determining significance landmarks for the LOD
score, although computationally intensive, permutation tests
allow forthe observed phenotype distribution, marker density
and pattern of missing genotype data. Once QTL are detected,
the next step is to estimate the genotypic effect of the QTL
and to localize the QTL to a precise genomic region. The
interval mapping approach is superior to the ANOVA approach
in terms of both localization and estimation of the effects of
QTL. However, the reliability in terms of estimation of the QTL
effectdepends on the linkage between marker(s) and QTL, the
number and type of progeny evaluated and the heritability of
the trait. From multiple regression analysis, one can also
obtain an R? value which gives the percentage of the total
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genetic variance explained by all of the markers. The R? value
for the line is considered to be the amount of total genetic
variation that is explained by the specific molecular marker.

Recently developed statistical packages also offer the
means to analyze the QTL x environmentinteractions. Besides
the QTL mapping methods described above, several other
approaches are available, including Bayesian methods and
the use of a genetic algorithm. The most commonly used
statistical packages for QTL analysis are MAPMAKER/QTL,
QTL Cartographer, PLABQTL, QTL Mapper and Qgene. Most
of these statistical packages yield essentially similar QTL
locations and gene effects on a given data set while there
could be slight variation in the confidence intervals. Recent
advances using nonparametric statistics or association-based
approaches to identify QTLs and to calculate empirical critical
(threshold) values for declaring significant QTLs will further
refine QTL mapping.

INDICATION OF DNA MARKERS AND MARKER
ASSISTED SELECTION

The fundamental basis of plant breeding is the selection
of specific plants with desirable traits. Selection typically
involves evaluating a breeding population for one or more
traits in field trials (e.g., agronomic traits, disease resistance or
stress tolerance) or with chemical tests (e.g., grain quality).

The goal of plant breeding is to assemble more desirable
combinations of genes in new varieties. Standard breeding
techniques for inbreeding cereal crops have been outlined?.
In the commonly used pedigree breeding method, selecting
desirable plants begins in early generations for traits of higher
heritability. However, for traits of low heritability, selection is
often postponed until the lines become more homozygous in
later generations (Fs; or Fg). Selection of superior plants
involves visual assessment for agronomic traits or resistance
to stresses, as well as laboratory tests for quality or other traits.
When the breeding lines become homozygous (F; or later)
they can be harvested in bulk and evaluated in replicated field
trials. The entire process involves considerable time (5-10
years for elite lines to be identified) and expense. The size and
composition of a plant population is an important
consideration for a breeding program.

The larger the number of genes segregating in a
population, the larger the population size required in order to
identify specific gene combinations. Typical breeding
programmes usually grow hundreds or even thousands of
populations and many thousands or millions of individual
plants®. Given the extent and complexity of selection
required in breeding programmes and the number
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and size of populations, one can easily appreciate the
usefulness of new tools that may assist breeders in plant
selection. The scale of breeding programmes also underlines
the challenges of incorporating a relatively expensive
technology such as MAS.

MAIN TYPES OF DNA MARKERS USED IN MAS

There are five main considerations for the use of DNA
markers in MAS: reliability; quantity and quality of DNA
required, technical procedure for marker assay, level of
polymorphism and cost?*.

Reliability: Markers should be tightly linked to target loci,
preferably less than 5 cM genetic distance. The use of flanking
markers or intragenic markers will greatly increase the
reliability of the markers to predict phenotype.

DNA quantity and quality: Some marker techniques require
large amounts and high quality of DNA, which may sometimes
be difficult to obtain in practice and this adds to the cost of
the procedures.

Technical procedure: The level of simplicity and the time
required for the technique are critical considerations.
High-throughput simple and quick methods are highly
desirable.

Level of polymorphism: Ideally, the marker should be highly
polymorphic in breeding material (i.e., it should discriminate
between different genotypes), especially in core breeding
material.

Cost: The marker assay must be cost-effective in order for MAS
to be feasible.

The most widely used markers in major cereals crop are
called Simple Sequence Repeats (SSRs) or microsatellites?.
They are highly reliable (i.e., reproducible), co-dominant in
inheritance, relatively simple and cheap to use and generally
highly polymorphic.

The only disadvantages of SSRs are that they typically
require polyacrylamide gel electrophoresis and generally give
information only about a single locus per assay, although,
multiplexing of several markers is possible?, These
problems have been overcome in many cases by selecting
SSR markers that have large enough size differences
for detection in agarose gels, as well as multiplexing
several markers in a single reaction. The SSR markers
also require a substantial investment of time and
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Target locus Reliability for selection
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Fig. 3: Reliability of selection using single and flanking markers

money to develop and adequate numbers for high-density
mapping are not available in some orphan crop species
(Fig. 3). Sequence Tagged Site (STS), Sequence Characterized
Amplified Region (SCAR) or Single Nucleotide Polymorphism
(SNP) markers that are derived from specific DNA sequences
of markers (e.g., restriction fragment length polymorphisms:
RFLPs) that are linked to a gene or Quantitative Trait Locus
(QTL) are also extremely useful for MAS:2,

QTL MAPPING AND MAS

The detection of genes or QTLs controlling traits is
possible due to genetic linkage analysis, which is based on the
principle of genetic recombination during meiosis?. This
permits the construction of linkage maps composed of
genetic markers for a specific population. Segregating
populations such as F,, F; or backcross (BC) populations are
frequently used. However, populations that can be maintained
and produced permanently, such asrecombinantinbreds and
doubled haploids, are preferable because they allow
replicated and repeated experiments®. These types of
populations may not be applicable to outbreeding cereals
whereinbreeding depression can cause non-random changes
in gene frequency and loss of vigour of the lines. Using
statistical methods such as single-marker analysis or interval
mapping to detect associations between DNA markers and
phenotypic data, genes or QTLs can be detected in relation
to a linkage map?'. The identification of QTLs using DNA
markers was a major breakthrough in the characterization of
quantitative traits*.

IMPORTANCE OF QTL FOR MAS IN PLANT BREEDING

One of the most important aims of these marker
analyses in plant breeding is to provide ordered hallmarks on
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chromosomes with which one can map functional
Quantitative Trait Loci (QTLs) determining complex
phenotypic variation to particular genomic regions. The
genome wide identification of QTLs, their locations and
effects is one of fundamental importance for agricultural,
evolutionary and biomedical genetics®.

A variety of methods have been developed for QTL
mapping. These methods can be classified as t-tests and
analysis of variance, least-squares analysis (LS), maximum-
likelihood analysis (ML) and Bayesian analysis. These methods
differ in computational requirements, efficiency in terms of
extracting information, flexibility with regard to handling
different data structures and ability to map multiple QTLs. The
simple LS method is efficient in terms of computational speed
but cannot extract all information from the data and is
restricted to specific mating designs. The technique of ML
interval mapping is one of the most widely used methods for
QTLanalysis in controlled crosses or structured pedigrees. The
interval mapping method has been extended to composite
interval mapping and multiple interval mapping.

The t-test, analysis of variance and regression analysis of
multiple markers and perform statistical tests based solely on
single DNA marker information. For single-marker analysis, no
genetic map is required and the calculations are based on
phenotypic means and variances within each of the genotypic
classes. Marker analysis can be extended toinclude all markers
of the genome. Although, single marker analyses, confound
the QTL effect and the QTL location, they provide preliminary
results that facilitate the use of more advanced interval
mapping to detect QTLs within a genomic interval
bracketed by two linked markers. The ML interval mapping
and its extension, composite interval mapping will be
presented.

A QTL statistical model assumes that the QTL genotypes
can be observed in a mapping population. This is not possible
in practice. What we can do is to use observable markers to
predict such unobservable QTLs through the linkage between
markers and QTLs. Thus, by performing the association
analysis between the markers and phenotypes, we can still
infer the effect of a putative QTL on phenotypic variation. The
use of a single-marker is limited for QTL identification since it
cannot determine at which side of the marker, left or right the
QTL is located. However, single marker analyses are useful for
a preliminary test of the existence of a QTL, although they
cannot estimate the QTL location. Two testing approaches for
marker analysis based were introduced on the t and F test
statistics.
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CONCLUSION

Quantitative traits are controlled by polygenes and the
regions within genomes that contain genes associated with a
particular quantitative trait are known as Quantitative Trait
Loci (QTLs). The identification of QTLs based on conventional
evaluation is not possible. Therefore, the uses of DNA markers
with construction of linkage maps for diverse crop species are
vital to identifying chromosomal regions that contain genes
controlling simple traits (controlled by a single gene) and
quantitative traits using QTL analysis. Application of linkage
maps and QTL analysis are important tool to identify genomic
regions associated with traits. The DNA markers that are
tightly linked to agronomically important genes may be used
as molecular tools for Marker-Assisted Selection (MAS) in
plant breeding. Despite optimism about continued yield
improvement from conventional breeding, new technologies
such as DNA marker technology will be needed to maximize
the probability of success.
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