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Markers being detectable genetic loci, and having identified many of them 
polymorphic between two homozygous individuals, can be seen independently 
following Mendelian segregation among the progenies following recombination 
between these two parents. In combination, they follow linkage and 
recombination principles, paving way to determine the degree of nearness they 
might have in each chromosome (linkage group) they exist on. The process of 
arranging these markers in order based on their relative genetic distances 
between them is called mapping.  Arrangement of a large set of markers 
distributed throughout the genome thus result in a number of marker groups 
which are independent of each other and without sharing any genetic distance 
information between them.  These groups, equivalent to the basic number (X) of 
haploid genome of the individual are otherwise called as linkage groups or they 
are the chromosomes themselves.  

 
Basic principles of gene mapping 
 

One approach to gene mapping (linkage analysis) uses families with a 
known pedigree structure. Individuals are genotyped at random markers spread 
across the genome. If a disease gene is close to one of the markers then, within 
the pedigree, the inheritance pattern at the marker will mimic the inheritance 
pattern of the disease itself. Linkage analysis has been highly successful at 
finding genes for simple genetic diseases: i.e., those in which a single major gene 
is responsible for the disease in a given pedigree, and environmental factors are 
not very important.  

 
A second approach to gene mapping (association, or disequilibrium 

mapping) uses associations at the population level. The idea is that a disease 
mutation arises on a particular haplotype background, and so individuals who 
inherit the mutation will also inherit the same alleles at nearby marker loci. This 
process is complicated by recombination and mutation. In a sense, association 
mapping is not fundamentally different from linkage analysis, but instead of 
using a family pedigree, we have an unknown population genealogy. Because the 
population genealogy is much deeper than a family pedigree, disequilibrium 
mapping permits much finer-scale mapping than does linkage analysis 
(Hastbacka et al., 1992). It has also been argued (Risch and Merikangis, 1996) that 
in conjunction with new technology for rapid genotyping, this method will 
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ultimately be more powerful than linkage analysis for isolating genes of small 
effect (which probably include most of the genes for common diseases). Methods 
of analysing this kind of data have been proposed using both nonparametric 
methods (Lazzeroni, 1998), and coalescent-based approaches (Graham and 
Thompson, 1998). 

 
Mapping based on linkage analyses 
 

Linkage based mapping is based on the simple genetic principles, namely, 
linkage and recombination. Let there are two individuals, homozygous for two 
alleles of a two loci, A and B. The genotype of one individual is AABB and the 
other is aabb.  They each produce only one type of male and female gamete, AB 
and ab. Crossing between them result in a F1 progeny of constitution AaBb.  The 
F1 can be selfed or intercrossed to produce F2 generation. F1 being heterozygous, 
throws out segregants in F2, based on the random combination obtained between 
male and female gametes produced either as AB, ab, Ab or aB. Of these four 
types of gametes, the first two resembling the gametes produced by the original 
homozygotic parents, are called parental types. The other two, must have been 

 

 

Fig 1. Genetic basis of marker based mapping 
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resulted due to a crossing over between the locus A and B in the F1 heterozygote.  
They are called recombinant types or recombinants (Fig 1).  

Recombination is the process by which new combination of parental genes 
occur by exchanging the alleles of different loci by exchanging the chromosomal 
segments between homologous chromosomes carrying them.  In a test cross, 
wherein the F1 heterozygote (AaBb) is crossed with the homozygotic recessive 
parent (aabb), under normal independent segregation of these loci, with at least a 
single cross over between them, there would be equal number of parental types 
and recombinants (50% each). However, if the loci are closely placed enough in 
such a way that there is only restricted chances of crossing over between them, 
the proportion of the parental types will be high (>50%) in correspondence to the 
closeness of the two loci. In such cases we call the loci are linked and the 
phenomenon is called linkage. These loci which show deviation in their linkage 
pattern in pedigrees are called in a state of linkage disequlibrium (LD).  LD is 
thus essential for mapping the genetic distance between two loci. The proportion 
of recombinants in the total progeny, thus provide information about the 
quantum of cross over took place between the loci, called recombination 
frequency or cross–over value. This value gives an estimate of the distance 
between the loci, with the assumption that the amount cross over is 
proportionate to the distance between the two loci.  In simple terms, thus the 
recombination value can be calculated as, 

Recombination frequency (%) = 
progeny of no. Total

 100 x tsrecombiman of No.
 

One percentage of recombination is equivalent to one arbitrary map unit called as 
centimorgan or cM.  For example, if the recombination frequency between two 
loci A and B is 5% and the same between B and C is 23%, and that between A and 
C is 26%, using this values, we can order these loci along a chromosome as given 
in Fig 2. 
  

 
 

 

Fig 2.  Diagrammatic representation of markers A, B and C on the molecular linkage map 
 

Here, it may be noted that the observed distance between the loci A and C 
is not exactly additive, to the total of the distance between the intervening locus 
B.  This is due to the presence of double or multiple cross–overs that take place 
between the loci, which may not be detectable from the recombination frequency. 
This warrants mapping with closely placed markers, so that multiple cross–over 
information can be eliminated considerably. However, estimating the genetic 
distances between a whole arrays of markers, distributed throughout the 
genome, and aligning them on linkage groups is a complex problem, which often 

A B C 

6 23cM 



 405

requires analytical power of a computer. However, at present there are many 
computer programs available for this purpose.  MAPMAKER, QTL cartographer, 
MapManager, JoinMap etc., are some of the widely used programs. The most 
commonly used procedure in these programs is based on the maximum 
likelihood method. The output from these programs depicts linear relationship 
among the markers and the distance between the markers is measured in 
centimorgans (cM), so that they can be grouped into distinct groups called 
linkage groups based on the recombination frequency values. 

 
Generations and populations used for linkage based mapping 
 

The procedures of molecular mapping are mainly focused on populations 
developed from crosses between two inbred lines. There are two different types 
of single-cross populations: F2 and F2-derived populations and recombinant 
inbred lines (RIL) populations. Other types of populations, such as backcross or 
random-mating populations can be used for mapping, but the ability to detect the 
information contained in such populations is generally lower compared to F2 or 
RIL populations. Random-mating populations are more difficult for mapping, 
because, the linkage disequilibrium is a key to detecting linked traits with 
markers. Modification of the genetic model discussed hereunder is necessary to 
accommodate different types of populations.  

 
These different options have different implications for both genotypic and 

phenotypic evaluation. Producing recombinant inbred lines (F2-derived lines 
single-seed descended without selection to F6:7 or so generation) allows 
recombination to occur each generation, so that there are more chances for 
recombination to occur between two loci in RILs compared to F2’s. Precise 
localization of both marker loci and the linked gene depends upon the number of 
recombinations that occur between genes. Thus RILs allow higher resolution 
mapping because one can distinguish map positions better. On the other hand, 
the power of detecting a trait locus depends in part upon association of marker 
and trait alleles, so that the additional recombinations between trait locus and 
marker loci can reduce the power of tests for locus. This difficulty can be 
overcome by use of a sufficiently dense maker linkage map. RILs also differ from 
F2’s in that the lines are homozygous at nearly all loci, so there is very little power 
to detect or estimate dominance.  

 
RILs are developed by single–seed selections from individual plants of an 

F2 population. (Because of this procedure, these lines are also called F2–derived 
lines.) Single–seed descent is repeated for several generations. At this point, all of 
the seed from an individual plant is bulked. For example, a F3:4 RI population 
underwent single–seed descent through the F3 generation, and was bulked to 
develop the F4 (Fig 3). This population of seed can then be grown to obtain a 
large quantity of seed of each individual line. Importantly, each of the lines is 
fixed for many recombination events; thereby they contain the segregation 
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adequately fixed to maximum homozygosity (Table 1). No selection is exercised 
in the population.  

Because RILs are essentially homozygous, only additive gene action can be 
measured. F2’s, therefore, may allow mapping with fewer marker loci, but the 
precision of the locus “placements” will be lower. The ability to detect and 
estimate dominance gene action is also maximized. However, phenotypic 
evaluation of F2 individuals does not allow for replicated trials (unless with 
clonally-propagated species), which are critical to obtaining valid phenotypic 
measurements of quantitative traits. Thus, many prefer to work with F2:3 lines, 
which can be replicated, although the heterozygosity of each line is halved, so 
there is less power to detect dominance. If estimating dominance is not of great 
interest, RILs might be preferred, as greater quantities of seed can often be 
produced for testing. 

 
Table 1. Percentage of homozygosity in RIL generations 

RIL inbreeding generations % within–line homozygosity  at each locus 
F3:4 75.0 
F4:5 87.5 
F5:6 92.25 
F6:7 96.875 
F7:8 98.4375 
F8:9 99.21875 

 
BC1F1 populations have the same amount of linkage disequilibrium as do 

F2 generations, so are equivalent to F2’s in terms of resolution of map positions. 
Backcross populations have only two genotypic classes at each marker and locus, 
either AA or AB if A is the recurrent parent. This means that if the allele from the 
recurrent parent is completely dominant over the allele from the donor parent, 

 
Fig 3. Methods of producing recombinant inbred lines 
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then the genotypes QAQA and QAQB are expected to be equal and no locus will be 
detected in backcross populations. If backcrosses are made to parent B as well, 
and both backcross populations are phenotyped and genotyped, then all loci with 
complete dominance segregating in the populations may be detected. But 
evaluating both backcross populations seems to offer little advantage over 
evaluating F2 populations. 
 

Many other options are available. Essentially all that is required to detect 
trait locus is that the locus and the markers are segregating in the population 
evaluated, there is some linkage disequilibrium between marker loci and locus, 
and that one has a reliable assay or measurements of the phenotypic trait(s). The 
estimates of locus effects, and the power and precision of locus estimates, 
however, may vary depending on the type of population evaluated. 

 
The objective of genetic mapping is to identify simply inherited markers in 

close proximity to genetic factors affecting quantitative traits (Quantitative trait 
loci, or QTL). This localization relies on processes that create a statistical 
association between marker and QTL alleles and processes that selectively reduce 
that association as a function of the marker distance from the QTL. When using 
crosses between inbred parents to map QTL, we create in the F1 hybrid complete 
association between all marker and QTL alleles that derive from the same parent. 
Recombination in the meioses that lead to doubled haploid, F2, or recombinant 
inbred lines reduces the association between a given QTL and markers distant 
from it. Unfortunately, arriving at these generations of progeny requires relatively 
few meioses such that even markers that are far from the QTL (e.g., 10 cM) 
remain strongly associated with it. Such long-distance associations hamper 
precise localization of the QTL. One approach for fine mapping is to expand the 
genetic map, for example through the use of advanced intercross lines, such as F6 
or higher generational lines derived by continual generations of outcrossing the 
F2 (Darvasi and Soller, 1995). In such lines, sufficient meioses have occurred to 
reduce disequilibrium between moderately linked markers. When these advance 
generation lines are created by selfing, the reduction is disequilibrium is not 
nearly as great as that under random mating. 

 
Association mapping or Disequilibrium mapping 
 

A statistical association between a neutral marker allele and the phenotype 
occurs when marker alleles are in gametic phase disequilibrium (GPD) with 
alleles at a QTL. Two alleles at distinct loci are in positive GPD if they occur 
together more often than predicted on the basis of their individual frequencies. 
This definition of association says nothing concerning the physical position of the 
loci or of the alleles' joint effects on the phenotype. The term "gametic phase 
disequilibrium" is used synonymously with the term "linkage disequilibrium," 
but we use the former term since it avoids reference to linkage (as unlinked 
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markers can still be in GPD) and emphasizes that associated alleles must co-occur 
in gametes. 

 
The central problem with approaches for fine mapping using pedigree 

method is the limited number of meioses that have occurred and (in the case of 
advanced intercross lines) the cost of propagating lines to allow for a sufficient 
number of meioses. An alternative approach is "association mapping", taking 
advantage of events that created association in the relatively distant past. 
Assuming many generations, and therefore meioses, have elapsed since these 
events, recombination will have removed association between a QTL and any 
marker not tightly linked to it. Association mapping thus allows for much finer 
mapping than standard bi-parental cross approaches. 

 
Causes for gametic phase disequilibrium 
 

Marker 
allele 

QTL 
Q 

Allele 
q 

 

M 
m 

0.4 
0.1 

0.2 
0.3 

0.6 
0.4 

 0.5 0.5  

 
In the table above, the combination of alleles (or haplotype) QM is 

observed with frequency, pQM = 0.4, while its predicted frequency is only pQpM = 
0.3. The alleles Q and M are in GPD with disequilibrium coefficient, D = pQM – 
pQpM = cov(Q,M) = 0.1. Since  D can be expressed as a covariance, it can be bound 
its possible values by considering the case when the correlation is +/- 1, giving 

 
   | D | < σQσM = [pQ(1-pQ)pM(1-pM) ]1/2   (1) 
 
For a pair of diallelic loci, the expected value of the estimate of D is equal in 
magnitude irrespective of the haplotype frequencies used and can be calculated as 
D =pQMpqm -pQmpqM. For each generation of random mating, D decays by a factor of 
(1 - r), where r is the recombination rate between the two loci considered. Thus, 
after t generations, only (1 -r) t of the initial disequilibrium remains. 
 
A variety of mechanisms generate linkage disequilibrium, and several of these can 
operate simultaneously. Some of the more common mechanisms are: 
 
1. Populations expanding from a small number of founders. The haplotypes 

present in the founders will be more frequent than expected under 
equilibrium. Three cases can operate here.  
First, genetic drift affects GPD by this mechanism in that a population 
experiencing drift derives from fewer individuals than its present size.  
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Second, an individual with a new mutation as a founder, its descendants will 
predominantly receive the mutation and loci linked to it in the same phase. 
Linked marker alleles will therefore be in GPD with the mutant allele. 
Third, an extreme case arises in the F2 population derived from the cross of 
two inbred lines. Here, all individuals derive from a single F1 founder 
genotype and association between loci can be predicted based on there 
mapping distance (Lynch and Walsh 1998). 

2. GPD arises in structured populations when allelic frequencies differ at two 
loci across subpopulations, irrespective of the linkage status of the loci. 
Admixed populations, formed by the union of previously separate 
populations into a single panmictic one, can be considered a case of a 
structured population where sub structuring has recently ceased. 

3. Negative GPD will occur between loci affecting a character in populations 
under stabilizing or directional selection as a result of the Bulmer effect. In 
Bulmer effect, genetic variation is reduced over generations due to selection, 
and in proportion to how different the phenotype of a specific progeny's 
parents are in relation to the generation the parents come from. 

4. Positive GPD will occur between loci affecting a character under disruptive 
selection. 

5. When loci interact epistatically, haplotypes carrying the allelic combination 
favoured by selection will also be at higher-than-expected frequencies. 

 
Populations and association based selections 
 

Determining association between marker alleles and phenotype can be 
contemplated in two ways. First, the groups can be determined based on the 
phenotypic classes (Eg. Diseased and healthy) and the allele frequencies are 
compared across the groups. The second form is to grouping is done on the basis 
of marker genotypes, and the phenotype means are compared across the groups.  
However, many precautions are required while interpreting data as many 
associations can occur due to chances alone. Thus obvious weakness of group-
comparison studies is that the grouping method may result in groups that 
contain predominantly individuals from different subpopulations. To eliminate 
this weakness, family-based control methods seek case and control individuals or 
marker alleles within the same family. 
 
Transmission / disequilibrium test (TDT) 
 

Studies on the problem of population admixture in human disease 
mapping, Spielman et al. (1993) developed a test called transmission / 
disequilibrium test (TDT) to develop unbiased association estimators. For an 
outbred species, the test employs family trios consisting of both parents and a 
progeny that belongs to one category of a dichotomous trait. One of the parents 
must be heterozygous and carry one copy of the focal marker allele putatively 
linked to the trait allele. The test consists of determining the frequency of 
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transmission of the focal allele to affected progeny. A chi-square or binomial test 
can determine whether that frequency deviates from the expectation of 0.5. Two 
conditions are necessary for a significant deviation: the marker allele must be 
both in GPD with and also linked to the allele. In the TDT, both case and control 
marker alleles are in effect within the same heterozygote parent. Random 
Mendelian segregation therefore ensures that the distribution of the TDT statistic 
under the null hypothesis is unaffected by population structure or selection 
within the pedigree (Spielman and Ewens, 1996). 

 
Extending the application of TDT to quantitative traits, Bink et al., (2000) 

grouped the categories of genotypes based on the quantitative trait as ‘selected’ and 
‘unselected’ bringing the class into a dichotomous pattern suitable for TDT.  Further 
considering in the standard TDT, QTL x E would lead to environmental influences 
on the transmission frequency of the focal marker allele from a heterozygotic 
parent to affected progeny. Such an effect could be detected by grouping family 
trios according to their environment or level of exposure to a risk factor. 
Heterogeneity of transmission frequency across groups would provide evidence 
in favor of QTL x E (Schaid, 1999). Similarly, for the Monks and Kaplan test, 
environments would affect the magnitude of TMK in the presence of QTL x E. 
Existence of QTL x E could then be inferred if the variance of TMK across 
environments is significantly greater than zero. In observational studies where 
environments cannot be randomized across family trios, interpretation of such a 
result would need to be treated carefully: an association between environments 
and different subpopulations could also lead to heterogeneity of transmission or 
of TMK in the absence of QTL x E. 
 
Association mapping with multiple markers 
 

Extending the haplotype model to multiple markers, each linked markers 
are to treated to be at a ‘supralocus’, and the TDT is applied to this supralocus 
(McIntyre et al., 2000; Spielman and Ewens, 1996).  Several methods have been 
developed to approach this problem, to pinpoint more precise location of QTL 
affecting the trait.  One method employs identity by descent (IBD) probabilities 
with phenotype resemblance among the individuals.   
 

Templeton and Sing (1993) and Templeton et al., (1987) used haplotype 
marker profiles to construct a cladogram that estimates the evolutionary history 
and relationships among haplotypes. Assuming that a mutation occurred at some 
point in this history on one branch of the cladogram. Haplotypes along that 
branch will be IBD for the mutation and distinct from haplotypes along other 
branches. The branches of the cladogram therefore define nested sets of 
haplotypes that should have related associations with the phenotype. Templeton 
et al. (1987) developed a nesting algorithm to group haplotypes hierarchically 
enabling a nested analysis of variance. This approach does not localize the 
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mutation within the set of markers used to define haplotypes, it will increase the 
power to detect QTL in linkage disequilibrium with those markers. 
 

Meuwissen and Goddard (2000) used an approach to estimate the 
covariance matrix among haplotype effects that does help predict QTL position 
within the set of markers. Starting from assumptions concerning the population 
history since mutation caused polymorphism at the QTL (i.e., effective population 
size and number of generations since mutation) the algorithm repeatedly 
simulates haplotype evolution and samples the probability of IBD status across 
specified categories of identity by state (IBS) among markers within haplotypes. 
The covariance among haplotype effects is then based on their IBS and its 
inferred relation to IBD. Since the probability function P(IBD | IBS) depends on 
QTL location within the set of markers, the assumed QTL location affects the 
haplotype covariance matrix. A maximum likelihood QTL position is inferred 
from the covariance matrix most consistent with the observed phenotypes. This 
approach assumes a single (monophyletic) polymorphism at the QTL while 
Templeton et al.'s cladogram approach does not. While Meuwissen and Goddard 
show that the approach is, within limits, robust to population size and mutation 
age assumptions, applying the analysis to real (rather than simulated) data 
would be of interest in testing it. 
 
Factors affecting association mapping 
 

Experiences from human genome project show that association mapping 
showed substantial benefit than the methods based on linkage analyses.  
Following are the factors that may affect the precision of association mapping. 

 
a. Magnitude of the GDP 
b. Effective size of the QTL allele 
c. Mod of gene action (dominance, additive or multiplicative) 

 
There are few software developed for association mapping, like, CoaSim,  
GeneRecon,  HapCluster++, Blossoc, CoAnnealing available online. 
 
Application of molecular markers to selection 
 

Once markers have been detected that are associated with major genes or 
quantitative trait loci (QTL) they can be employed to practical plant breeding in 
the following broad fields. 
 

 For genotype identification and genetic diversity 
 In selection and breeding for resistance to diseases and pests 
 In selection of lines for male fertility restoration 
 Selection for high performing genotypes based on QTL compositing 
 Purity analysis of seeds of varieties and hybrids 
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In a classical attempt of using markers for selection, Stuber et al. (1982) 
determined the allelic frequencies for eight isozyme loci that had been shown to 
be associated with yield. Using these frequencies they constructed a base-line by 
which a new population could be constructed. Using this marker base-line they 
constructed a new population. Before this they had also developed a high–
yielding maize population by selecting over ten cycles for increased yield. On 
comparison they found that the new population had essentially the same allelic 
frequencies as the high yielding population developed by selection. Next they 
measured the yield and ears/plant in the high–yielding population developed 
via selection, and also in the population constructed based on isozyme 
frequencies. Data from this replicated experiment grown in several locations 
suggested that the gain realized by simply pooling on allelic frequencies of the 
high–yield population was equal to two cycles of selection for yield and one and 
a half cycles of selection for ears/plant. The take home message from these 
results being modest selection gains can be realized by simple molecular marker 
based selection of genotype.  
 

Once markers have been detected that are associated with QTL, the logical 
next step is to perform selection on lines within a population. The obvious 
method would be to only advance those lines which contain those alleles with a 
positive effect on the quantitative trait, the selection criterion being the 
summation index showing maximum accumulation of the desired QTL (fig 5). 
This method is successfully employed in selection of lines for complex traits like 
nitrogen use efficiency (NUE) in fodder grasses. A collateral advantage of such 
an approach is that it offers a true validation of the putative genes (QTL) for the 
traits of interest. The associated response to marker selection namely indicates 
the presence of true NUE-related genes; in particular in the vicinity of markers 
strongly affected by the selection imposed.  
 

 
Fig 5.  Marker assisted selection by employing summation index of plus QTL 
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Success of marker assisted selection is since then demonstrated in many 
crops. Significant allelic associations are located in recurrent selection in oats (De 
Koeyer et al., 2001), and in many qualitative instances like disease resistance etc. 
The genetic markers associated with rice amylose content are now being used by 
the USDA Rice Quality lab in Beaumont which screens some 8-10,000 breeding 
lines each year for all U.S. public rice breeding programs. Marker technology will 
provide a more accurate assessment of amylose content than the analytical 
methods previously used.  
 

Also in rice, markers associated with various genes which convey 
resistance to blast disease caused by Pyricularia grisea are being used to combine 
multiple blast resistance genes into new cultivars and provide resistance to a 
broader array of the many different races (biotypes) of blast that occur. These 
markers have also been useful in successful verification of the first time 
incorporation of a new gene (Pi-b) for blast resistance from a Chinese cultivar into 
adapted U.S. lines. This gene will be an important resource for breeders as they 
enhance the natural disease resistance of rice cultivars and reduce the need for 
some agricultural pesticides.  
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