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INTRODUCTION
Based on a model for Marker-Assisted-BLUP breeding value estimates (Fernando and
Grossman, 1989; Goddard, 1992), Grignola et al. (1996 a,b) developed a variance component
mapping method for QTL. The method uses Residual Maximum likelihood (REML, Patterson
and Thompson 1971) to estimate the QTL position, and assumes an infinite number of QTL
alleles, but a simulation study showed that the method was robust to the actual number of
alleles at the QTL (Grignola et al. 1996b). Variance component mapping uses a matrix of IBD
probabilities between the QTL alleles as a correlation matrix to estimate the variance
associated with the QTL and the (Residual) likelihood of the QTL model. Flanking markers
were used to predict the IBD probabilities, where the base-population-alleles, i.e. the alleles of
animals that had no parents in the data, were assumed unrelated (non-IBD). This method
utilises linkage analysis.

Linkage disequilibrium (LD) implies that marker allele M1 and QTL allele Q1 are more often
found together than expected based on statistical independence.  Hence, two chromosome
segments both carrying the M1-marker allele have an increased IBD probability at the QTL
locus and will also frequently carry allele Q1. In an attempt to use LD information for QTL
mapping, Meuwissen and Goddard (2000) therefore predicted IBD probabilities between QTL
alleles based on the marker alleles that they carried. If two haplotypes carried identical alleles
at the marker loci that surrounded the QTL, the IBD probability at the QTL is increased and
vice versa. It was found that multiple-marker haplotypes were considerably more informative
than single marker genotypes, because if identical alleles are found at several marker loci the
probability of being alike-in-state but non-IBD is substantially reduced. Thus, the identity of
haplotypes at several marker loci predicted whether the QTL position was IBD, even in the
absence of pedigree information. Using a dense marker map, this information could trace
recombinations that occurred long before pedigree recording started, and many more
generations of recombinations were included in the QTL mapping analysis. In a LD mapping
simulation study, QTL were mapped to regions smaller than 1 cM. 
LD mapping uses only one generation of data, i.e. the base generation. Although later
generations could be included in LD mapping, their information is more efficiently used if the
pedigree is used to predict the IBD probabilities, i.e. when linkage analysis is used. Hence, LD
extracts information from historical recombinations and linkage analysis extracts information
from the recombinations in the data set. Therefore, the IBD probabilities between base alleles,
that were assumed unrelated in Fernando and Grossman’s  (1989) method, are non-zero here
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and based on the identity of the alleles at the marker loci that surround the putative QTL locus.
IBD probabilities between alleles from later generations of animals are calculated using
Fernando and Grossman’s method as usual in linkage analysis. Meuwissen and Goddard
(2001) presented a method to calculate the base generation IBD probabilities, which could
account for any known pedigree of the base generation animals. 

The drawback of single point QTL mapping (i.e. the model fits a single QTL) is that the
position estimate of the QTL is not corrected for possible effects of other QTL. In situations,
where the effects of 2 QTL reinforce each other, this can lead to the erroneous detection of
ghost QTL (Martinez and Curnow, 1992). If one significant QTL is found, the model could be
extended to a 2-point model, and when 2 significant QTL are found to a 3-point model etc.
However, in this procedure a ghost QTL could still be detected when the neighbouring true
QTL are not detected significantly due to lack of power of the data. This may be avoided by
considering a potential QTL at the midpoint of every marker bracket, and estimate the posterior
probability of having a QTL at these midpoints (as Meuwissen et al., 2001, did to obtain high-
density-marker-assisted EBV). The aim of this paper is to extend the method of Meuwissen et
al. to include the linkage and LD information in order to improve its estimates of posterior
probabilities of having a QTL at midpoints of the marker brackets. The method will be used to
map a QTL for fat yield on bovine chromosome 14, where a QTL affecting this trait was
located previously (Farnir et al., 2002).
 
MODEL
The phenotypic records consisted of average daughter-yield-deviations (DYD) of bulls. The
records were modelled by:  

y = µ1 + Zu + Σi Ii Xiqi + e [1]

where y = vector of DYDs for fat yield; µ = overall mean; 1 = vector of ones; u = vector of
polygenic effects of background genes; Σi denotes summation over all putative QTL positions
(the midpoints of the marker brackets);  qi = vector of effects of QTL alleles; Ii = indicator
variable: Ii=1 (Ii=0) indicates (no) QTL at position i; e = vector of residuals; Z and Xi denote
known incidence matrices. Var(u) = A σu

2, where A = the additive relationship matrix between
the bulls. Var(e) = R σe

2, with R = diagonal matrix with nj
-1 on the diagonals, where nj are the

numbers of daughters of bull j. Var(qi) = Gi σq
2 where Gi is the IBD matrix between the

haplotypes of the bulls at the i-th QTL position. 

Estimation of effects and variance components σq
2, σu

2 and σe
2 was by Gibbs sampling (Wang

et al., 1993), and Ii was sampled using a Metropolis-Hastings step (as in Meuwissen et al.,
2001). The prior probability of Ii=1 was assumed 5% (which is quite high but a QTL had been
detected previously on this chromosome; Farnir et al., 2002); a flat prior was assumed for σu

2

and σe
2; and the prior distribution of σq

2 was inverse-chi-squared with 4.2 degrees of freedom
(as in Meuwissen et al.) and scale parameter 1, which resulted from some preliminary single
QTL analyses of the data. After discarding initial burn-in cycles from the MCMC chain, the
fraction of cycles with Ii=1 gave an estimate of the posterior probability of a QTL at position i.
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In order to include the LD information in Gi, the IBD probabilities between base population
haplotypes are based on the identity of the marker alleles that flank the i-th QTL. The
calculation of these IBD probabilities accounted for the known pedigree of the bulls and
assumed an effective population size of 100 and 100 generations since the most recent
mutation at the QTL (Meuwissen and Goddard, 2001). Haplotypes with IBD probabilities >
0.95 were considered as being the same haplotype, which reduced the number of elements of
qi. Any negative eigenvalues of the resulting IBD matrix were set to a small positive value.
Fernando and Grossman’s rules were used to calculate later generation IBD probabilities.

The basic data came from a grand-daughter design and have been described by Farnir et al.
(2002). There were 1033 bulls with DYDs for fat yield. The bulls were distributed over 22
grand-sire families. The known pedigree of the 1033 bulls consisted of 3549 entries. The 1033
bulls and 22 grandsires were marker genotyped for 30 markers along chromosome 14 at
positions (from BULGE9): 0, .01, .02, .03, .04, 1.04, 3.04, 3.14, 3.24, 7.24, 10.24, 12.24, 12.34,
12.44, 12.54, 13.64, 17.64, 19.64, 22.64, 22.74, 22.84, 22.94, 23.04, 23.14, 24.24, 28.24, 35.24,
42.24, 45.24, 61.24 cM. Note that the first 5 markers are very close to each other (within .04
cM).

Figure 1. Posterior probability of QTL (x), log-likelihood ratio of single QTL vs. no QTL
(♦) and marker positions (▲)
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RESULTS AND DISCUSSION
The posterior probability of having a QTL is only increased in the first 4 marker brackets,
which span a .04 cM region (Figure 1), which agrees with the results of Farnir et al. (2002) and
Grisart et al. (2002). Bracket 4 had the highest posterior probability of 0.56, but in duplicate
runs of the MCMC chain either bracket 1, 2 or 3 ranked first, indicating poor mixing of the
chain in this small region. In single QTL maximum likelihood analyses (model [1] with only
one Ii=1), the log-likelihoods of the first 4 brackets differed less than 0.4 units, indicating very
little difference in evidence for a QTL within these 4 brackets. The single QTL log-likelihood
profile of Figure 1 also shows a clear peak at the beginning of the chromosome, but a less steep
decline thereafter, which is probably due to a carry over effect of the large QTL at the
beginning of the chromosome. The decline of the posterior probabilities in the multi-QTL
analysis is much steeper because a QTL at, e.g., position .05 has to show an effect conditional
on a QTL already fitted in one of the first 4 marker brackets in most of the cycles. Generally,
this seems to be the largest advantage of multi-QTL analysis: the effect of possible additional
QTL is assessed after the largest QTL have already been fitted. In this case, there seems to be
hardly any evidence for a second QTL for fat yield on this chromosome.

CONCLUSIONS
A multi-point QTL mapping method was presented which combines linkage and LD
information. The method assumed a putative QTL at the midpoint of every marker bracket.
Whether the putative QTL had an effect or not was sampled using MCMC methods. When
applied to fat yield and chromosome 14 marker data, the multi-point method gave a much
sharper QTL peak than a single point method, but no indication for a second QTL for fat yield
was found on this chromosome.
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