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INTRODUCTION 
Numerous studies have shown that individual loci affecting quantitative traits (QTL) can be 
detected via linkage to genetic markers.  For species such as cattle with very limited female 
fertility, the most appropriate experimental designs are the daughter and granddaughter designs 
(Weller et al. 1990).  If several families are analyzed jointly, the total number of segregating 
QTL alleles is not known.  Results from daughter or granddaughter design analyses can give 
only very limited information on QTL genotype of individual sires or allele frequencies in the 
general population.  Mackinnon and Weller (1995) proposed methodology to determine sire 
QTL genotype for all sires, but these methods are effective for sires homozygous for the QTL 
only for QTL with very large effects relative to the polygenic variance for the trait in question.  
For most commercial dairy cattle populations, the effective number of alleles for QTL should 
be generally much less than two.  Nearly all experiments that have detected segregating QTL 
found that most families analyzed do not have significant contrasts for any specific QTL (e. g. 
Heyen et al. 1999).   The relative frequency of the QTL alleles is of paramount importance for 
marker-assisted selection.   
 
In this study we propose a method based 
on a modification of the granddaughter 
design, termed the “modified grand-
daughter design” (MGD) to obtain 
estimates of QTL allele frequencies in 
the population and QTL genotypes for 
both homozygous and heterozygous 
individuals under the assumption that 
only two alleles are segregating in the 
population.   

 
MATERIALS AND METHODS 
The Experimental Design.  The MGD 
experimental design is diagramed in 
Figure 1.  Assume that a segregating 
QTL for a trait of interest has been 
detected and mapped to a chromosomal 
segment of about 10 cM using either a 
daughter or a granddaughter design.  Consi
a significant contrast between his two pa
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 Figure 1.  The modified granddaughter 
design.  Only alleles for the QTL are shown. 
Alleles originating in the heterozygous 
grandsire are termed “Q1” and Q2”.  Alleles 
originating in the granddames are termed “M1” 
and “M2”.  Alleles originating in the sires are 
termed “H1”, “H2”, “H3”, and “H4”. 
der the maternal granddaughters of a grandsire with 
ternal alleles.  Each maternal granddaughter will 
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receive one allele from her sire, who is assumed to be unrelated to the heterozygous grandsire, 
and one allele from her dam, who is a daughter of the heterozygous grandsire.  Of these 
granddaughters, one quarter should receive the grandpaternal QTL allele with the positive 
effect, one quarter should receive the negative grandpaternal QTL allele, and half should 
receive neither grandpaternal allele.   In the third case, the granddaughter received one of the 
QTL alleles of her granddam, the mate of the heterozygous grandsire.  These granddams can 
be considered a random sample of the general population with respect to the allelic distribution 
of the QTL.  Thus, it is possible to compare the effects of the two grandpaternal alleles to the 
mean QTL population effect. Assuming that allele origin can be determined in the 
granddaughters, the relative frequencies of the two QTL alleles in the population can be 
determined by comparing the mean values of the three groups of granddaughters for the 
quantitative trait.   
 
Statistical model.  The following linear model was used to derive estimates for the QTL 
allelic effects relative to the population mean QTL effect for each grandsire family: 
 

Yij = Q(pQij) + q(pqij) + X(pxij)+ Si + eij       (1) 
 
where Yij is the trait value for granddaughter j, daughter of sire i,  Q and q are the effects of 
QTL grandpaternal alleles Q and q, pQij and pqij are the probabilities that the granddaughter 
inherited alleles Q or q, X is the mean effect for granddaughters that inherited neither 
grandpaternal allele, pxij is the respective probability, Si is the effect of sire i on the quantitative 
trait, and eij is the random residual associated with each granddaughter.  Assuming that the 
three probabilities can be computed for each individual, this model is a simple linear 
regression with four variables, Q, q, X, and S.  Assuming that there are only two QTL alleles 
segregating in the population, the expectation of X, will be: pQ Q

^
  + (1– pQ) q^ , where Q

^
  and q^   are 

the estimated effects of the two grandpaternal QTL alleles, and pQ is the probability of Q in the 
general population.  The expectation of pQ, E(pQ), can then be derived as:  (X

^
  – q^  )/ (Q

^
   –  q^  ), 

where X
^
  is the solutions for X. 

 
Determination of QTL allele origin in the granddaughters.  Although microsatellites are 
highly polymorphic even in commercial dairy cattle populations, it will not be possible in most 
cases to determine allele origin in the granddaughters by merely comparing their genotypes to 
the grandsire genotype for a single marker.  The probability of correct determination of QTL 
allele origin is increased if the heterozygous grandsire, the granddaughters, and their sires are 
all genotyped for several closely linked, highly polymorphic microsatellites, assuming that this 
chromosomal segment includes the QTL.  Once the sires and several hundred of their 
daughters are genotyped for three or four closely linked markers, it should be possible to 
determine each sire’s haplotypes with nearly complete certainty.  It should also be possible to 
determine with a very high probability which paternal haplotype was passed to the daughter, 
and by elimination, the maternal haplotype.  Given the maternal haplotype, the probability of 
receiving either grandpaternal QTL allele, or neither can then be determined.  
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Generation of simulated data.  A haplotype consisting of four markers with 5% 
recombination between each pair of adjacent markers was generated.  The QTL was assumed 
to be located in the center of the haplotype between markers 2 and 3.  Each marker was 
assumed to have five alleles segregating in the population.  The QTL was assumed to have two 
alleles with population allelic frequencies of 0.7 and 0.3, and an additive effect of 0.4 
phenotypic standard deviations.  The polygenic additive genetic variance, excluding the QTL 
was assumed to be 0.25 of the phenotypic variance.  Ten grandsires, each with 500 
granddaughters were simulated.  All grandsires were assumed to be heterozygous for the QTL 
and all four markers.  Each grandsire mating was assumed to be to a different granddam to 
produce 500 daughters.  The daughters of the grandsires were randomly mated to a total of 20 
sires, who were assumed to be unrelated to all other animals.  The estimated grandpaternal 
QTL allele value, E(pQijk), was computed as the expectation of the QTL value, based on the 
probabilities for each grandpaternal QTL allele.  Results of the simulations were evaluated 
based on the estimates of the grandpaternal QTL allelic effects (Q-q), and E(pQ).   
 
Analysis of actual data:  Ron et al. (2001) found a major QTL chiefly affecting protein 
percentage in the Israeli Holstein population near the middle of BTA 6.  Sires 2278 and 3099 
were determined to be heterozygous for this QTL based on a daughter design analysis.  A total 
of 593 putative maternal granddaughters of sire 2278 were genotyped for six microsatellites 
covering the region including the QTL.  The genetic map distances between the microsatellites 
were estimated from the data by CRI-MAP (http://linkage.rockefeller.edu/soft/crimap/), and 
the assumed QTL location was determined by interval mapping.  The granddaughters were 
progeny of 15 sires.   
 
RESULTS AND DISCUSSION 
The estimates of QTL grandpaternal allelic effects 
(Q-q), E(pQ), and their standard errors for the 
simulated data are given in Table 1 for each 
individual grandsire family, and for all families 
jointly.  The substitution effect estimated over all 
families was 0.45, and E(pQ) was 0.64.  Both values 
are close to the simulated value of 0.4 and 0.7, and 
these values are well within the confidence intervals 
of the estimates, estimated as +2SE.  E(pQ) for the 
individual families ranged from 0.183 to 1.081, 
with a mean of 0.656 and a standard deviation of 
0.28.  Even though the mean of E(pQ) was close to 
the simulated value of 0.7, the standard error with a 
QTL effect and sample of this size is too large to 
reach any meaningful conclusions for the individual 
families.  The standard error of Q–q for the 
individual families was approximately equal to 
0.135. With 500 grand-daughters per family, it is ex
received each grandpaternal allele.  Thus if the allel
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Table 1.  Estimates of QTL grand-
paternal allelic effects, E(pQ), and 
their standard errors in the 
simulated data. 
 

GS (Q-q)+SE  E(pQ)+SE 
1 0.70+0.13 0.51+0.14 
2 0.33+0.14 1.08+0.39 
3 0.55+0.14 0.74+0.17 
4 0.46+0.13 0.68+0.20 
5 0.30+0.14 0.48+0.33 
6 0.53+0.13 0.45+0.18 
7 0.50+0.13 1.05+0.24 
8 0.52+0.13 0.55+0.19 
9 0.45+0.13 0.18+0.23 

10 0.27+0.13 0.82+0.38 
Total 0.45+0.04 0.64+0.07 
pected that 125 daughters should have 
e passed was known without error, the 
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standard error of the estimate would be (2/125)½ = 0.126.  This value is only 7% less than the 
value derived from the simulations.   
 
Estimates of QTL grandpaternal 
allelic effects, and population 
allele frequencies for the effect 
on BTA 6 are given in Table 2.  
There were 424 granddaughters 
with valid genotypes and 
evaluations for all five milk-
production traits.  The estimates 
of the substitution effects 
derived previously by Ron et al. 
(2001) for this population by a 
daughter design are also given.  
Since a different sample of cows 
was analyzed, these results can be considered an independent confirmation of the results of 
Ron et al. (2001).  Except for protein yield, E(pQ) was within the range of 0.8 to 0.5.  E(pQ) for 
% protein was 0.63 with a standard error of 0.06.  Thus the confidence interval for E(pQ) is 
0.51 to 0.75.  The allele termed Q had a positive effect on all traits, except milk yield.  Based 
on the confidence interval for E(pQ), we can then conclude that the population frequency of the 
allele that increases % protein on BTA 6 is greater than 0.5.   

Table 2.  Estimates of QTL grandpaternal allelic 
effects, and population allele frequencies in the 
actual data for the effect on BTA 6. 
 

  Substitution effects  
Trait E(pQ) +SE (Q-q)+SE Ron et al. 

(2001) 
Kg milk 0.82+0.18 -222+55*** -138 
Kg fat  0.53+0.25 5.15+1.89** 4.0 
Kg protein  0.21+0.38 2.73+1.36* 2.8 
% fat 0.69+0.10 0.11+0.02*** 0.073 
% protein 0.63+0.06 0.08+0.01*** 0.061 

 
CONCLUSIONS 
Although the sample size for the QTL on BTA 6 was relatively small, as compared to the 
simulated data; the QTL effect on % protein relative to the phenotypic standard deviation is 
much greater.  The substitution effect on % protein is approximately equal to one phenotypic 
standard deviation, as compared to a substitution effect of 0.4 standard deviations in the 
simulations.  For % protein the standard error for E(pQ) was approximately 10% of the 
substitution effect, which is similar to the ratio obtained for the joint analysis of all 10 
simulated families.  A final application of the modified granddaughter design is to compare 
allele frequencies across countries.  Many sires are now used widely in different countries.  
This design could be applied to a sire with many granddaughters in two different countries.   
This information could then be used to make decisions on importation of genetic material.  
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