© 2023, Centre for Advanced Research in Agricultural Sciences
Research Journal of Agricultural Sciences 14(6): 1888-1891 (Nov-Dec 2023)

CARAS DOI: http://rjas.org/Article/Article/5704

Research Review

ISSN: 0976-1675 (P)
ISSN: 2249-4538 (E)

The Principles of Quantitative Trait Loci (QTL) Mapping

M. SRIDHAR REDDY*! and P. OSMAN BASHA?

! Department of Environmental Sciences, Yogi Vemana University, Kadapa - 516 005, Andhra Pradesh, India
2 Department of Genetics and Genomics, Yogi Vemana University, Kadapa - 516 005, Andhra Pradesh, India

Received: 30 Jun 2023; Revised accepted: 18 Nov 2023; Published online: 11 Dec 2023

Abstract

The objective of this review paper is to emphasize the significance of Quantitative Trait Loci (QTL) mapping and the
driving concepts behind these analyses. Molecular marker and trait data analysis together has emerged as a crucial tool
for biologists to analyze the genetics of complex traits. Theoretically, a QTL can refer to a single gene or a set of linked
genes or an area of the genome that influences a trait. QTL mapping is a marker and trait association-based technique
that can be used successfully for gene pyramiding, screening of germplasm for abiotic and biotic stresses. Often users
have been deterred from understanding what the procedures adapted and understanding different approaches merits
and limitations available in mapping due to the mathematical and statistical methodologies used. Different mapping
populations, such as F2, back crosses, recombinant inbred lines, and double haploid lines, are crucial for trait data
processing. A crucial characteristic of this kind of population is strong linkage disequilibrium at marker loci and alleles of
linked loci which influencing the trait. The co-segregation of marker loci and QTL is the fundamental principle. The single
marker approach (SMA), simple interval mapping (SIM), composite interval mapping (CIM), and multiple interval mapping
(MIM) are methods developed for QTL mapping.
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Quantitative Trait Loci (QTL) mapping is a genome-
wide inference of the association between different
chromosome locations and characteristics for a set of
quantitative traits in terms of the number, chromosomal
locations, and their effects. Traits are classified into two types;
they are quantitative traits and qualitative traits. In this
particular instance, quantitative variation is continuous,
whereas qualitative variation is discontinuous. Qualitative
variation is typically governed by number of genes and placed
into a few distinct phenotypic classes known as discrete classes.
Individual genotypes can be predicted using these classes.
Molecular markers are perfect for investigating and mapping
QTLs, which can then be used effectively in Molecular Assisted
Selection. Angaji [1] defined QTL mapping is defined as the
marker-facilitated genetic dissection of complex variations via
suitable experimental design and statistical segregation studies.
The analysis is based on calculations of mean difference among
lines with distinctive marker alleles. This method is the first
step in identifying the desired target genes for marker-assisted
selection. Only genes associated with disease resistance and
stress tolerance have shown to be effective thus far. QTL
mapping is a fundamental research activity that requires
meticulous cross-planning and very accurate phenotyping. The
invention of genetic (or molecular) markers in the 1980s
marked a significant advance in the identification of
quantitative traits that provided chances to select for QTLs [2].

Why QTL mapping
The application of QTL mapping provides a
straightforward method for determining the number of genes

influencing a characteristic, the location of the genes, and the
impact of the dosage of these genes on variation of trait. The
initial stage in map-based cloning is genetic mapping. It is
employed in DNA-based marker assisted selection (MAS) and
the investigation of the linkages between particular genes.
Finding QTLs and determining their locations and effective
sizes for genes with minor effects are challenging tasks.
Generally, for locating single genes with significant effects,
QTL mapping works best. The reliability of the QTL map will
be compromised by low quality QTL phenotyping experiment
data collection. It requires a highly heritable phenotypic
screening system to get reliable QTL’s. Finding the area of the
genome or gene that controls the quantitative trait of interest
and analyzing the QTL's influence on the trait are the goals of
QTL mapping [2]. The questions that are typically raised during
QTL analysis are as follows: i. To what extent does a particular
location contribute to variance in the target trait of interest? ii.
Which type of gene action additional or dominant is related to
QTL. iii. What kind of alleles are associated with a favorable
effect?

Requirements of QTL mapping

The chosen parents should typically differ from one
other in detectable ways, and the mapping populations resulting
from these crossings may contain lines that are having gradient
of resistant to susceptible to disease. It is preferable to use
highly trustworthy screening methods that can tell resistant
from susceptible lines apart. Instead of using data from a single
trial, analysis should be based on the means of multiple trials.
Make sure the collected data repeatability is as high as feasible
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(0.7 or higher). In another words, A mapping population
developed from morphologically different parents, a saturated
genetic linkage maps developed based on molecular markers,
consistent phenotypic evaluation of mapping population, and
selection of suitable statistical tool to analyze the genotypic
dataalong with phenotypic dataare the fundamental
prerequisites for QTL mapping.

QTL mapping strategies

The same basic methodology is used in all marker-based
mapping studies: (i). Selection of parent’s distinct phenotype
from one another. (ii). Selection of polymorphic markers among
the parents. (iii). Development of F,, BC (back crosses), RIL
(recombinant inbred lines), NIL (near isogenic lines) and DH
(double haploid) mapping populations. (iv). Phenotype
evaluation. (v). Compare the means of the “AA” (parent 1
phenotype) and “aa” (parent 2 phenotype) lines at each marker
locus. (vi). There is a greater likelihood of detecting QTLs if
there is a larger difference between the means of the MM and
mm lines.

Principle of QTL mapping

Marker loci and quantitative traits co-segregate with
each other from one generation to next generation, according to
the core idea. Co segregation occurs as a result of linkage
between markers and quantitative traits. To determine the
linkage, progeny testing is used to divide the mapping
population into different genotypic classes. There should be a
strong association between the molecular marker and the target
gene locus on chromosome so that they will co-segregate in
mapping population. "Linkage disequilibrium™” describes
situations in which genes fail to segregate independently.
Thereby, QTL analysis is reliant on linkage disequilibrium to
assess whether the QTL is linked to a marker or not [2].

Factors effecting QTL mapping

QTLs are statistically analyzed and predicted
information determined based on the data generated
experimentally and the efficiency of QTL mapping is
influenced by the number of genes controlling the assessed
traits, heritability of the genes in segregating mapping
population, type and size of mapping population, type and
number of markers used in linkage map construction and
phenotyping of mapping population variables. The success of
QTL mapping depends on the gene's location on the
chromosome in relation to polymorphic markers. QTLs will
have a better chance of being discovered if they remain near to
the relevant genetic marker. There will be a greater likelihood
of crossing over if genes are present away from the concerned
genetic marker.

The detection and analysis of crossing overs between
QTL and molecular markers were made based on genetic
molecular markers bands pattern. It will be tricky to pinpoint
the location of the target loci if the distance is great. In general,
characters controlled by single genes or few genes typically
have higher heritability than those controlled by polygene. For
QTL mapping, F,, BC, and RIL mapping population is
necessary and development of these population requires
through understanding of segregation analysis.

The discovery of QTLs was substantially influenced by
the size of the mapping population used in QTL mapping.
Development and selection of large mapping population make
it possible to identified QTL having significant impact on traits.
When small mapping samples are chosen, QTL with small
effects cannot be seen, but there is a chance to find QTL with
large impacts on variables. The type of molecular markers used
to build genetic linkage maps had a big impact on QTLs

detection. Additionally, the accuracy of estimating both the
QTL and its effect will increase with the usage of more markers.
Co-dominant molecular markers typically exhibit three types of
genetic variation by detecting the heterozygous genetic
condition in mapping population. In contrast, dominant markers
typically show two genetic variations and cannot be detected
individuals with heterozygous condition in the mapping
population. Hence, co-dominant markers reveal more
information about chromosomal recombination events than
dominant markers [2].

Furthermore, the mapping population's phenotyping is
one of the important factors in identifying the QTLs. A limited
number of incomplete or absent data points can be accepted as
long as the target quantitative characteristics are determined as
accurately as feasible. The mapping population sample size and
then the genome-wide coverage of molecular markers serve as
elements on the ability to resolve the QTL site. Even though
mapping populations often have greater sample sizes,
sometimes missing data or skewed allele frequencies cause the
sample's real size to be less, which further hinders statistical
analysis. Population size must occasionally be compromised for
data quality, and as a result, only major QTL can be identified.
Typically, QTL data is combined across replications collected
from different locations to provide a single quantitative trait for
each individual of population to have a improved understanding
of QTL and environment interaction. Therefore, whenever an
allelic substitution's orientation can be shown, QTL data may
demonstrate that directional selection is present. This method
was employed to quantify the dominant selective parameters
accountable for evolution of such dissimilar organisms as
sunflowers and Lake Malawi cichlids [3-4].

Quantitative trait loci detection

Most of the important traits including yield, quality, days
taken to flower, biotic and abiotic stress tolerance and disease
resistance are controlled by many genes with small effects
called QTLs. The availability of different DNA molecular
markers in the recent years has led to considerable progress in
QTLs and gene mapping in plants [5-6]. The molecular markers
have been extensively used for construction of genetic maps
utilizing mapping populations, which could consist of an F», a
backcross, doubled haploids (DHs) and recombinant inbred
lines (RILs) [7]. The (Fig 1-2) illustrates the design of
recombinant inbred lines (RIL) and near-isogenic line (NIL)
population for the detection of QTLs with a high likelihood.
When a donor and recurrent parent are crossed initially in NIL
population development, the donor genome contribution is
reduced as a result of successive back crossings to the recurrent
parent. The construction of an array of NILs that cover the
genome is possible with marker assisted selection (MAS). For
the purpose of identifying and locating QTLs, the generated
population can be examined for a variety of phenotypic
features. Several researchers have development of recombinant
inbreed lines to map QTLs. The RIL population was developed
through multiple rounds of self-crossing. In this population, the
selection of specific, homozygous, single, overlapping
chromosome segments simplifies QTL localization and
identifies associated genetic markers for crop improvement [8].

Molecular markers

A molecular marker is defined as a DNA fragment found
at a specific location in the genome. The characteristics of
molecular markers, like alleles, are different to each individual.
As aresult, the distances between linked molecular markers can
be calculated using recombination in the segregating
population. The molecular markers are developed based on
polymorphism in DNA sequences. Diversity analysis studies
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have been carried out using different marker series. Different
types of markers developed as based on Southern hybridization,
include restriction fragment length polymorphisms (RFLPSs),
which were the first DNA based markers, that were used in
various crops [9-12]. The PCR based markers include simple
sequence repeats (SSRs), random amplified polymorphic DNA

(RAPDs), sequence tagged sites (STSs), sequence
characterized amplified regions (SCARs), inter-simple
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Fig 1 Self-pollination and used single seed descended procedure
to develop Fs RIL population

<

Statistical Methods for QTL Mapping

Multiple QTL Mapping (MQM), Composite Interval
Mapping (CIM), Single Marker Approach (SMA), Simple
Interval Mapping (SIM), and Multi trait Interval Mapping
(MIM) approaches are commonly used to analyze QTL and trait
association studies [20-24]. The SMA is also referred called as
single point analysis or a single factor analysis of variance. It is
a one of the methods employed for quickly scanning the entire
genome to find out the best QTLs. As part of this SMA analysis
each molecular marker locus that are free from other loci and
mostly this practice is incapable to identify quantitative trait
loci position. The F-test is used to evaluate if there are any
substantial differences between genotype groups. The method
cannot determine whether the markers are associated with one
or more quantitative trait loci; the possibility of quantitative
trait loci detection decreases with distance among the molecular
marker and quantitative trait loci; the effects of quantitative trait
loci are undervalued due to confusing with recombination
frequencies; and its accuracy is lower when compared to other
methods.

Lander and Botstein [22] proposed Simple Interval
Mapping (SIM) methodology and it is based on linkage maps
and this approach is known as the two-marker method. QTL is
determined in this analysis by generating intervals between two
markers at various points. It outperforms the Single Marker
Approach (SMA approach but falls short of the Composite
Interval Mapping (CIM) and Multi trait Interval Mapping
(MIM) methodologies in terms of accuracy. The likelihood
ratio test is used in this technique to evaluate every quantitative
trait loci in the interval generated by adjacent markers. Simple
Interval Mapping (SIM) is commonly used because it is simple
to perform using statistical packages such as
MAPMAKER/QTL [25]. Lander and Botstein [22] devised
equations for significance levels acceptable for interval

sequence repeat amplification (ISSR), cleaved amplified length
polymorphic sequences (CAPs), amplified fragment length
polymorphisms (AFLPs), DNA amplification fingerprinting
(DAF) and single nucleotide polymorphism (SNP) [13-19]. Out
of these, simple sequence repeats (SSRs) or microsatellites and
restriction fragment length polymorphisms (RFLPs) molecular
markers were extensively used for QTL mapping due to robust

and reliability.
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Fig 2 Strategy for developing Near Isogenic Lines (NIL)

mapping including the required overall false positive rate,
genome size, number of chromosomes, number of marker
intervals. However, SIM will not account for genetic variation
resulting from other QTLs when different QTLs are segregating
in a cross. The limitations of SIM in this situation are the same
as those of single marker analysis.

To address some of the limitations with SIM, Composite
Interval Mapping (CIM) and Multiple QTL Mapping (MQM)
approaches have been developed. The Composite Interval
Mapping (CIM) approach was introduced independently by
Jansen and Stam [26] and Zeng [23]. MQM is a practical,
relevant, and sensitive approach for mapping QTL in
experimental populations. MQM is a method of QTL mapping
that is associated to Haley-Knott regression [21] and composite
interval mapping [23] where it MQM incorporates the
advantages of interval mapping with generalized linear model
regression [22], [26]. This is accomplished by simultaneously
utilizing (part of) the markers as cofactors to reduce the impact
of additional QTLs and fitting one QTL at a time in a specified
interval. This approach is based on an interval test that
combines interval mapping with multiple regression in an effort
to extract and separate specific QTL effects. To determine
genetic variance due to non-target QTLs, the partial regression
coefficient is used. In each QTL analysis, a marker interval and
a few other single markers are taken into account. The
advantages of CIM are as described in the following: i. mapping
of multiple Quantitative characters can also be done in one
dimension; ii. While using linked markers as covariates, the
assessment isn't really affected by QTL out of region,
increasing the accuracy of QTL mapping; and iii. by removing
as much genetic variance created by other QTL as possible, the
residual variance is lowered, thereby improving of QTL
identification. CIM is more effective than SIM, but it is not as
widely used in QTL mapping. Multiple interval mapping
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(MIM) is another statistical method developed for QTLs
mapping. It is used to map multiple QTLs and has the ability to
detect QTLXQTL interactions. In order to map numerous
putative QTL straight into the framework, it uses multiple
marker intervals simultaneously. The MIM approach is based
on Cockerham's model for interpreting genetic variables and the
maximum likelihood method used for estimating genetic
parameters.

CONCLUSION

The recognition and localization of genetic markers
influencing quantitative traits is critical in plant breeding.
Quantitative Trait Loci (QTL) analysis is useful in determining

the potential number of loci, their distribution in the genome,
and equality of effects. For the preparation of QTL data for
analysis, high density genetic or linkage maps developed using
various molecular markers are required. QTL maps are
generated using linkage analysis between molecular markers
and trait association studies, and they can be used for gene
pyramiding, germplasm screening for abiotic and biotic
stresses, and so on. In conclusion, QTL analysis is useful, in
order to determine the potential number of loci, their
distribution throughout the genome, the equality of their effects,
and the mode of their action. Due to their high polymorphism,
availability, and co-dominance nature of molecular markers
they are quite advantageous in identification of number and
location of QTLs.
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