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INTRODUCTION 
With the development of genome-wide maps based first on microsatellite markers and more 
recently Single Nucleotide Polymorphisms (SNPs), Quantitative Trait Loci (QTL) accounting 
for part of the genetic variation for complex traits have been routinely mapped in 
agronomically important plant and animal species. However, with the experimental designs 
that have typically been used so far, detection power and mapping precision/accuracy are rather 
limited. One option towards that goal is to exploit population-wide linkage disequilibrium (LD) 
rather than within family LD only. Improvements in mapping resolution through the use of LD 
will result from the increased density of informative recombinational events, albeit “historical” 
recombinants. Recently, Meuwissen and Goddard (2000, 2001) proposed a fine-mapping 
approach using LD information among multi-marker haplotypes, which was based on a 
coalescent model and using mixed model methodology. We herein report the extension of their 
method by including a hierarchical haplotype clustering step. This approach was applied to 
refine positions of the QTL with major effect on milk yield and composition on the bovine 
chromosome 14 (Bta14) and 20 (Bta20). 
 
MATERIALS AND METHODS 
Pedigree material, phenotypes and marker genotypes. The pedigree material used in this 
study is a Holstein-Friesian “grand-daughter design” (GDD) sampled in the Netherlands and 
composed of 22 paternal half-sib families for a total of 1,034 sons. The phenotypes of the sires 
were milk production traits and “daughter yield deviations“(DYD) which were obtained 
directly from CR-Delta (Arnhem – The Netherlands). The sires and their sons were genotyped 
for 27 (29) microsatellites and four (six) SNPs within the bovine DGAT1 (GHR ) gene for 
Bta14 (20). The corresponding linkage maps were constructed as previously described (Arranz 
et al., 1998 ; Coppieters et al., 1998). Bta14 (20) covers 90 (80) K cM with an average distance 
of 3.5 (2.85) cM between adjacent markers. The marker linkage phase of the sires and sons 
were determined as described in Farnir et al. (2002). As a consequence, the marker data 
consisted of 2*22 sire chromosomes (SC), 1,034 paternally inherited chromosomes of the sons 
(PC), and 1,034 maternally inherited chromosomes of the sons (MC). From the PC, we can 
easily compute the probability that son i inherited the “left” (λp) or “right” (ρp = 1-λp) SC from 
its sire at map position p as described in Coppieters et al. (1998). 
QTL fine-mapping exploiting both linkage and LD. To test for the presence of a QTL at 
map position p of the studied chromosome:  
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1. We compute identity-by-descent (IBD) probabilities (φp) for all pair wise combinations of 
SC and MC using the method of Meuwissen and Goddard (2001). A maximum of ten 
flanking markers was considered to compute φp. 

2. Using (1-φp) as a distance measure, we apply a hierarchical clustering algorithm 
(UPGMA) to generate a dendrogram representing the genetic relationship – at position p - 
between all SC and MC haplotypes encountered in the population. 

3. We use the logical framework provided by this dendrogram to group the SC and MC such 
that all haplotypes within a cluster had a distance measure (1-φp) < T. 

4. We model the sons’ phenotypes (DYDs) using the following Animal Model : 
euZhZXby uh +++=  

y is the vector of phenotype records of all sons. b is a vector of fixed effects. X is an 
incidence matrix relating fixed effects to individual sons. h is the vector of random QTL 
effects within the defined haplotype clusters. Zh is an incidence matrix relating haplotype 
clusters to individual sons. In Zh, a maximum of three elements per line can have non-
zero value: “1” in the column corresponding to the cluster to which the MC haplotype 
belongs, “λp” and “ρp” in the columns corresponding respectively to the haplotype 
clusters of the “right” and “left” SC. Variance components of haplotype cluster effects 
(σ2

h), individual polygenic effects (σ2
u) and residual effects (σ2

e) were estimated using 
AIREML program, by maximising the log restricted likelihood function L. Covariance 
matrix of IBD probabilities among QTL effects of the different haplotype clusters reduces 
to an identity matrix, because each defined cluster is assumed independent. 

5. Steps 3 and 4 are repeated for all possible values of T (from 1 to 0 by 0.01 decrement unit), 
in order to identify the maximum L value at that position (p). 

QTL mapping exploiting linkage only can be simply achieved by ignoring all MCs and 
considering that all SCs belong to distinct haplotype clusters, irrespective of their marker 
genotype. The log likelihood of the data under the QTL models were compared with that under 
the no QTL model by simply taking out the factor of QTL effects in the QTL models. Lod 
scores were computed at each map position throughout the chromosome map. 
  
RESULTS AND DISCUSSION 
Bta14 analyses. As expected from the results of our previous analyses (Coppieters et al., 
1998), linkage information alone yielded highly significant, experiment wide evidence for the 
presence of the QTL at the proximal end of Bta14 for all traits except fat yield. Exploiting LD 
(the joint linkage and LD analyses) information considerably increased the experiment-wide 
significance levels for all traits (the Lod scores of 10.9, 2.3, 6.0, 25.4 and 3.2 by linkage 
analysis only at ML position went up to 25.1, 20.9, 11.0, 85.7 and 17.4 by the joint analyses for 
milk, fat, and protein yield and fat and protein %, respectively (Figure 1a for fat %)). However, 
the ML positions for milk, protein yield and protein % were in the second (1.0 – 3.0 cM) or 
even fifth (3.1 – 3.2 cM) marker interval. When including the four DGAT1 SNP markers of the 
gene in the first marker interval for the joint analyses, the evidence supporting a QTL on 
proximal BTA14 dramatically increased again for all analysed traits (31.4, 26.7, 12.8, 115.0 
and 24.9 Lods for the corresponding traits, respectively (Figure 1a for fat %)). Also the ML 
positions of the QTL coincided with the position of the DGAT1 gene for all of the traits except 
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protein %. These observations support the hypothesis of the direct causal involvement of the 
DGAT1 gene, which was strongly supported by the results of Grisart et al. (2002).  
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Figure 1. Lod profiles of the QTL for fat % and protein % on Bta14 (a) and Bta20 (b), 
respectively. The upper and middle lines of the Lod profiles were generated by the joint 
linkage and LD analyses after including and excluding the four DGAT1 (six GHR) SNPs 
on Bta14 (20) and the lower line by the linkage analyses only. Phylogeny trees (c and d) 
among fat % QTL alleles specific to unique haplotypes (N=133 for c and 359 for d) 
including (c) or excluding (d) the four DGAT1 SNPs at the most likely positions of Bta14 
(0.005 cM and 0.01 cM, respectively) by the joint  analyses.  The black or white square in 
the first row that is assigned to each haplotype (terminal node) in the built tree represents 
alternative DGAT1 SNP alleles defining the K232A mutation. The black or white block 
with the length equal to the number of haplotypes in the second row represents a defined 
haplotype group 
 
Bta20 analyses. Linkage analyses alone revealed the QTL for protein % at two positions of 
40.2 cM and 56.3 cM with 1.7 and 1.8 Lods (Figure 1b). This evidence was lower than 
expected, compared with our previous results (Arranz et al., 1998). However including LD 
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information significantly increased the evidence of the QTL for the trait at 34.7 cM (between 
GHRJA and TGLA153) and 37.2 cM with 8.5 and 8.7 Lods, respectively (Figure 1b). Also the 
joint analyses enabled the detection of QTL for other milk production traits with significant 
Lod scores (4.5, 3.1, 5.2 and 3.9 for milk, fat and protein yield and fat %, respectively). All of 
the ML positions for the five traits were located around GHRJA. As Blott et al. (2002) pointed 
out that the GHR (growth hormone receptor gene) is a strong positional candidate for these 
QTL, six GHR SNPs were included for the joint analyses. As shown in Figure 1b for protein 
%, the maximum Lod score was increased by 2.6 units yielding a maximum Lod score of 11.1 
at exactly the position of the GHR gene. Similar tendencies were noted for milk yield (4.8 Lod) 
and fat % (7.3 Lod) for which the ML positions were flanked by GHRJA or GHR SNPs. 
 
Including LD information increased gains of power and precision in finding and 
localising QTL with major effects on milk production traits, given high marker density 
around the QTL region. Our study showed that this novel mapping approach including LD 
information has the potential to increase the power to detect QTL without the need to increase 
the sample size. Also when increasing map density around the putative QTL region by 
including candidate genes, this method resulted in increases in mapping accuracy as well as 
detection power.  This could be explained by evaluating the defined hierarchical haplotype 
clusters at the ML positions.  Figure 1c shows the haplotype dendrogram obtained when 
including the DGAT1 SNPs in the defined haplotypes at the mid-point (0.005 cM) of the first 
marker interval of Bta14, as well as the clustering (T=0.99) that yielded two haplotype groups 
and the highest lod score (115 Lods) for milk fat %.   It can be seen that this optimal clustering 
partitioned the tree into the two haplotype groups corresponding to the perfect segregation of 
the two alleles of DGAT1 SNP defining the K232A mutation, previously suggested to be the 
causal mutation (Grisart et al., 2002). Figure 1d shows the dendrogram obtained at the location 
(0.01 cM) of the first marker interval when excluding the DGAT1 SNPs from the definition of 
haplotype unit, with the clustering (T=0.20) that yielded 77 haplotype groups and the highest 
lod score (85.7 Lods) for milk fat %.  Based on the assumption that K232A is the causal 
mutation, it is obvious that this clustering produced redundant haplotype groups, which 
explained the QTL model less than the former analysis that included the DGAT1 SNPs in the 
defined haplotypes. The use of the hierarchical haplotype clustering has also effectively solved 
numerical computation problems that were encountered when implementing the original 
method, and may provide ways to select functionally distinct chromosomes for detailed 
molecular analysis, or to measure the extent of genetic variation across chromosomes in the 
population of interest thereby potentially revealing signatures of selection effects.  
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