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INTRODUCTION 
In QTL mapping experiments, the standard error of QTL map location is large. This makes it 
difficult to distinguish multiple QTL on a chromosome. When multiple half-sib families are 
analyzed, however, comparison of mapping results for individual sires and sire chromosomal 
haplotypes, can be used to distinguish multiple QTL. Numerous studies (many reviewed in 
Mosig et al., 2001) support the presence of multiple QTL affecting milk production on BTA6. 
We here present a detailed analysis of BTA6 with respect to QTL affecting milk protein 
percent (P), milk yield (M) and protein yield (K); using selective DNA pooling to determine 
marker-associated effects, and haplotype analysis to distinguish multiple QTL. 
 
MATERIALS AND METHODS 
Population and samples. The study included 13 sires. Seven of the sires were sampled for P 
in 1996 (Mosig et al., 2001). Four of these sires were also sampled in 1998 for K and M. Six 
more sires were sampled for all three traits in 1998. Milk sampling, pooling and genotyping 
were as described (Lipkin et al., 1998 ; Mosig et al., 2001).  
 
Marker-QTL Linkage tests. The pools were genotyped with respect to 15 microsatellite 
markers spanning BTA6. Estimates of sire allele frequencies in the pools were obtained after 
correction for shadow bands as described (Lipkin et al., 1998). The test for linkage between a 
marker and each of the three traits, and adjusted FDR (AFDR), were calculated as described 
(Mosig et al., 2001). 
 
Haplotypes. Marker haplotypes were identified for 9 of the sires. For 8 sires the identification 
was based mostly on the paternal genotype. In instances where the sires and its paternal 
genotypes were not informative, and for the one sire for which a paternal DNA sample was not 
available, the haplotypes were identified based on the daughters of the sire, genotyped 
individually, or in cosegregant pools. Preparation of the cosegregant pools, genotyping and 
haplotypes identification were as described (Shalom et al., 1996 ; Tchourzyna et al., 1999). 
 
The number of QTL. There are three patterns of distribution of significant marker-associated 
effects along a chromosome, that have very low probability of being produced by sampling 
effects due to a single QTL, but which can be readily produced by multiple QTL. On a sire-by-
marker level, either (1) the presence of significant effects extending across very wide regions 
(>50 cM), particularly if these also show differences in the traits affected, or (2) The presence 
of regions of significance along the chromosome, separated by a region of non-significance, 
(3) At the sire haplotype level, a reversal of the direction of significant effects along the same 
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haplotype (where the direction of each significant sire-marker-trait test along a haplotype is 
determined according to the phenotypic tail, high or low, in which the allele of the haplotype is 
more frequent). Any of these patterns, therefore, can be taken as a strong indication of the 
presence of multiple QTL on a chromosome. In addition, the presence of some sires significant 
only in one or the other of two adjacent regions is somewhat more consistent with the presence 
of two rather than one QTL in the regions, but can also result from sampling about a single 
QTL. 
 
RESULTS AND DISCUSSION 
Figure 1 shows marker significance levels for the three traits across BTA6. Highly significant 
effects distributed throughout the chromosome indicate the presence of more than one QTL, 
each affecting all three traits. Two regions of high significance in the center of the 
chromosome show maximum effects for P, while the terminal regions show stronger effects for 
M and K. This is consistent with the presence of four QTL on the chromosome.  

 

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

0 10 20 30 40 50 60 70 80 90 100 110 120

cM

lo
g 1

0(1
/P

)

% protein kg protein Milk

 
Figure 1. The results of the selective DNA pooling scan of BTA6 for QTL affecting three 
milk production traits. The genetic distances are from the USDA map 
 
Table 2 shows distribution of effects along the chromosomes for individual sires. Directions of 
effects along the known paternal haplotype are also shown. For simplicity, the chromosome 
was divided into four regions of about 30 cM each. Later results showed that the original 
region C may include two QTL, and hence this was subdivided into two regions (C and D), 
giving five regions in all. Each region represents 2 to 4 markers. 
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Table 2. Effects and their directions, by sires and chromosomal regions. Traits: P, 
Protein percent; K, kg protein; M, kg milk. cM, USDA genome map; ++ or --, significant 
marker(s) at AFDR≤0.05 and the paternal haplotype was more frequent at the high or 
low tail, respectively; + or -, significant marker(s) at 0.10≥AFDR>0.05; SS or S, 
significant marker(s) at AFDR≤0.05 or at 0.10≥AFDR>0.05, respectively, but the 
haplotype was not identified; ns, not significant; NI, not informative (the sire was 
homozygous at all markers in the region) 
 
      Chromosomal region   
    A B C D E  
Sire Trait cM:     8-35     44-60    64-76     83-94   113-121  
  1  P  -- ns -- ++ ns 
  K  ns ns ns -- + 
  M  ns ns ++ -- ns  
  2  P  ns ++ ++ + ns  
  3  P  SS SS NI S ns  
  4  P  ns -- ++ ++ ns 
  K  SS ns ns ns ns 
  M  ns -- ns -- ns  
  5  P  SS SS SS SS SS 
  K  ns S S SS ns 
  M  SS SS SS SS SS  
  6  P  -- ns - NI ns 
  K  ns ns + NI --/++ 
  M  ns + ++ NI ++  
  7  P  NI ns ++ ++ NI 
  K  NI ns -- ns NI 
  M  NI ns ns ns NI  
  8  P  -- ns + SS ns 
  K  ns ns ns ns ++ 
  M  - - SS S ns  
  9  P  ns ns ns ns ns 
  K  ns S S ns SS 
  M  SS S ns ns S  
10  P  S SS SS SS ns 
  K  SS SS ns S ns 
  M  S ns ns SS S  
11  P  ns ns ++ ++ ns 
  K  -- ns ns ns ns 
  M  ns ns ns ns ns  
12  P  NI ns ns ns ns  
13  P  NI ++ ++ ns ns 
  K  NI ++ S ns ns 
  M  NI -- -- ns ns 
 
Regions A and B: Five sires showed significance at both regions, while five sires showed 
significance for one or the other of the two regions. This is consistent with the presence of two 
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QTL, one in each region, but in the absence of supporting evidence the distribution of effects 
can also be explained by a single QTL that is responsible for all effects, located to the center of 
the two regions, with the differences in location of the significant effects due to sampling. 
 
Region C. There were a number of instances of significance in Regions A and C, with lack of 
significance in B; and two instances of reversal of direction effect between Regions A/B and 
C. This supports the presence of at least two QTL in these regions AB and C.  

Region D. Sire 1 shows a strong reversal of effect between Regions C and D, which supports 
the presence of a third QTL in region D.  

Region E. Sire 6 shows a reversal of effect between Regions D and E, which supports the 
presence of a fourth QTL in region E. In addition, Sire 6 also shows a reversal of effect within 
Region E, which may indicate yet a further QTL in this region.  

CONCLUSION 
Haplotype analysis proved a powerful tool for identifying multiple QTL on a single 
chromosome. The results of such an analysis for BTA6, indicate the presence of at least four, 
and possibly six QTL affecting milk production traits on BTA6: one or two in regions A and 
B; two in regions C and D; and one or two in region E. 
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