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INTRODUCTION 
Linkage analysis is limited to preliminary genome-wide scans, (due to limited number of
recombination events in typically used data set i.e. 2 or 3 generations) for the putative QTL. On
the other hand linkage disequilibrium (LD) mapping is taking the advantage of the historical
recombination events to pinpoint gene location down to less than 1 cM. 
Meuwissen and Goddard (2000) proposed a fine mapping method using LD with marker
haplotypes. The method assumes that LD resulted from a mutation that occurred at a QTL a
number of generations ago.  The method is based on identifying an Identity By Descent (IBD)
region that flanks the QTL. This is achieved by estimating the covariance between the effects
of marker haplotypes.  The use of the method on real data has narrowed down the search for a
QTL affect twinning rate in cattle down to a 3 cM region (Meuwissen et.al., 2001). Meuwissen
and Goddard (2000) found that the method was insensitive to mutation age and effective
population size. 
However, LD can also be generated by selection and population admixture (migration). Fine
mapping is a resource-demanding step on which important decisions will be based (e.g.
breeding and positional cloning decisions). The present study aims to investigate the robustness
of the fine mapping method developped by Meuwissen and Goddard (2000). A simulation
study was conducted to investigate the sensitivity to different map densities and sources of
linkage disequilibrium including different levels of selection, population admixture, as well as
to genetic heterogeneity and multiple QTL alleles from recently mixed populations. 

 
METHODS
The method of Meuwissen and Goddard (2000) was used with minor modifications. It is
assumed that mutation occurred in the QTL 100 generations ago. Linkage analysis had
previously narrowed down the QTL location to within 10 cM. There were 11 markers available
within this region. Phenotypic records were available on the last generation individuals. Marker
data were available on this generation and its parents. Linkage phase was assumed to be known
without error. The phenotypic records were modelled by  y = Xb + Zh + e ,
where y was a vector of phenotypic records, b, h and e were vectors of fixed effects,
haplotypes effects and residuals. X and Z were incidence matrices corresponding to b and h,
respectively. Random effects were assumed to follow multivariate normal distributions: h
~MVN (0, Hpσp

2) e ~MVN (0, Iσe
2.). The dimension of Hp  matrix was q*q where q was the

number of  haplotypes in the data. Element (i,j) of the matrix Hp was the probability that
haplotypes i and j contained alleles that were IBD in position p. Hp matrices were calculated
using Meuwissen & Goddard’s gene drop method. Random mating between Ne individuals
was simulated for N generations. In the first generation each QTL allele was given a unique
number. Therefore any two alleles with the same number in the last generation were IBD.
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These simulations were used to calculate the IBD probability conditional on haplotype
similarities. For every putative QTL position 100,000 gene drops were performed to estimate
the probability of the QTL being IBD given the identity by state status at the marker loci. The
restricted likelihood was maximised by an Average Information REML procedure  (Jensen et.
al. 1997).

Description of the simulation. In the control scenario simulation a founder population 100
generations ago with an effective population size (Ne) of 100 (50 males and 50 females) was
assumed.  For each of the subsequent 100 generations, each of 50 males and 50 females were
produced by randomly sampling parents from the previous generation. That is, 100 individuals
were produced every generation.  In generation 101, the number of individuals sampled was
200. These 200 individuals provided the phenotypic records. It was assumed that there was a
chromosomal segment with 11 evenly spaced biallelic markers, 1 cM apart. A QTL was
positioned between the 5th and 6th markers. Marker and QTL alleles were transmitted from
parents to offspring. During transmission of these alleles, recombinations were sampled
according to Haldane's mapping function (Haldane, 1919). Among the QTL alleles that were
still present after 100 generations, one allele was sampled to be the mutant allele, while all
other QTL alleles were assumed to be wild-type. The frequency of the mutant allele was
restricted to be in the interval 0.1-0.9.

Unbalanced map distance. In this scenario the chromosomal region of interest was 6.25 cM
long comprising two sections. The first section was dense with five marker intervals each 0.25
cM long. The second section was sparse, with five intervals, each one 1.0 cM long. With this
map the three following scenarios were simulated:
1-QTL was located in the mid point of the chromosomal segment (between markers 5 and 6). 
2- QTL was located in the middle of the dense section (between markers 3 and 4).
3- QTL was located in the middle of the sparse section (between markers 7 and 8). 

Selection.  In this scenario the mutant QTL allele had a selection advantage over the wild-type
one. Three different modes of selection were considered. In two situations, a constant selection
coefficient (S) 0.005 or 0.01 was assumed for all generations [ for every 100 zygotes produced
by the favoured QTL allele, there were only 100(1-S) zygotes produced by the unfavoured
one]. For the last scenario, S was 0.005 for the first 90 generations and 0.25 for the last 11
generations. 

Population admixture. A single population was initially simulated for 4 generations. In the 5th

generation the population was divided into 4 subpopulations (Ne =100 in each subpopulation).
In the 94th generation the 4 subpopulations were mixed into one population, 50 males and 50
females were randomly sampled to form the parents of generation 95, so that  Ne was restored
back to 100 for the next 6 generations.

Genetic heterogeneity. The QTL was assumed to have three alleles. At the first generation
two alleles were randomly selected to be mutations each with additive effect of 1, while the
third allele was the wild type. Two cases were considered. In the first case allele frequency of
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both mutant alleles were restricted to be higher than 0.1 and lower than 0.9. In the second case
one mutant allele was restricted to be higher than 0.1 while the other was higher than 0.4.
 
Population admixture with genetic heterogeneity. This scenario included both population
admixture and genetic heterogeneity. 

RESULTS AND DISCUSSION 
The simulation results are presented in table 1. Under the control scenario, the number of
estimates in correct bracket and correct and neighboring brackets were 45 and 83%,
respectively. These estimates were higher than the Meuwissen and Goddard’s default
simulation estimates (24 and 70%, respectively). These differences are due to the difference in
the number of individuals that provided the phenotypic records (200 vs. 100 for the present and
Meuwissen and Goddard’s study, respectively).

Table 1.  Number of estimates of QTL position within the 10 intervalsA

A The simulated QTL position is shown in bold .B S = selection coefficient.
C S=0. 005 for the first 90 generations and 0.25 for the last 11 generations.
D QTL allele frequency > 0.4 where the other allele frequency > 0.1.

Unbalanced map distance. In contrast to the control the accuracy was not affected when the
chromosomal segment was asymmetric (table 1) and the QTL was placed in the middle of the
sparse part of the map (44%).  Placing the QTL in the midpoint of asymmetric map the
accuracy was lower (34%) and a bias was introduced towards the most dense part of the map
rather than the correct location. Placing the QTL in the middle of the dense part of the map
(28%) yielded more precise estimation of QTL position in terms of cM position.  However, this
scenario was not as accurate in terms of marker brackets.

Selection. Selection generates linkage disequilibrium as result of Bulmer effect. Table 1 shows
that under different selection pressure the majority of QTL position estimates were in the
correct or neighboring bracket. However, our results showed a tendency of losing the precision
of QTL position estimate as the selection coefficient increased. This trend could be explained
by the slower decay rate of linkage disequilibrium through recombination in the presence of

Bracket number 1 2 3 4 5 6 7 8 9 10
Control 2 2 2 23 45 15 5 1 2 3
11111Q1 1 1 1 1 1 7 9 19 12 34 12 4 1 1 1
111Q111 1 1 1 1 1 8 30 28 14 7 8 3 1 0 1
111111 1 Q 1 1 1 1 2 2 1 2 4 19 44 18 5 3
Selection BS=.005 4 2 6 20 35 15 5 4 4 5
Selection BS=.01 2 4 2 19 33 24 8 1 3 4
SelectionCS=.005& .25 2 3 8 22 28 21 7 4 2 3
Population admixture 4 5 8 16 33 17 8 3 6 0
Genetic heterogeneity 
with equal allele frequency

6 1 8 13 36 21 5 2 5 3

Genetic heterogeneity with 
different allele frequencyD

3 3 5 22 31 21 5 4 5 1

Genetic heterogeneity 
in  population admixture 

12 6 6 15 14 8 3 12 3 21
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selection.  Again, the method was still able to detect the QTL location but not as accurately as
in the absence of selection.

Population admixture. Based on the number of estimates in the correct bracket and correct
and neighboring brackets, population admixture resulted in less accurate estimation of the QTL
position in comparison with control (33% and 66% vs. 45% and 83%, respectively). In the
present work the subdivided populations were assumed to exhibit equal magnitude of LD
before mixing. Consequently the magnitude of the resulted LD was not large enough to affect
the method dramatically.  This conclusion is also supported by the studies of Nei and Li
(1973), Feldman and  Cristiansen (1975) and Thomson and Klitz (1987), who pointed out that
the LD resulting from population admixture depended on previous LD in each population.
Also, the larger the difference in allele frequencies between populations, the stronger the LD
was from population admixture. However, Chapman and Thompson (2001) reported that the
effect of population structure on LD was still poorly understood.

Genetic heterogeneity. The QTL position was located in the correct bracket 36% when the
QTL alleles have equal frequency, where the accuracy was 31 % with different QTL allele
frequency. When the comparison is based of the correct or neighboring bracket bases, the
accuracy of locating the QTL position was 70 and 74, respectively.

Genetic heterogeneity in mixed populations. Table 1 reveals that the results of 100 replicates
are randomly distributed along the 10 brackets. Moreover, the lowest number of estimate of
QTL position in the correct bracket (14 out of 100 replicates) was observed for recently mixed
populations. These poor performance could be explained by disrupting the covariance structure
between haplotypes resulted from genetic heterogeneity and population admixture.
In this study no assumptions about the genetic effects of  decreasing effective population size
or of recurrent mutation were considered. Such conditions may result in larger magnitude of
LD than what has been anticipated. Further studies would be needed to investigate the
Meuwissen and Goddard ’s QTL fine mapping method in the presence of the above mentioned
effects.

CONCLUSION
The variance component fine mapping method using LD was found to be robust towards
various sources LD and asymmetrically map density. However, the method performed poorly
with multiple QTL alleles from recently mixed populations (table1, last row).   
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