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SUMMARY

Statistical power of tests for marker associated effects were derived analytically using F statistics for both 
balanced and unbalanced data structures of daughter and granddaughter designs for segregating populations 
at linkage equilibrium. Statistical models with marker effect treated as a random variable were used. Power 
of a test for detection of a given magnitude of marker associated effect on a quantitative trait is mainly 
determined by the number of informative sire families and the degrees of freedom within markers and 
fam ily Unbalancedness of data structure has a limited effect on the power under normal situations. From 
the current progeny testing schemes in dairy cattle, the amount of data, although unbalanced, can satisfy 
a powerful test for detection of marker associated effects.

INTRODUCTION

A number of recombinant DNA technologies have been developed which promise generation of large 
numbers of highly polymorphic genetic markers. To use such genetic markers in a livestock genetic 
improvement programme, associations between genetic markers and quantitative trait loci (QTL) need to 
be detected. In a segregating population in linkage equilibrium, associations must be detected within 
famiHVc (Dekkers and Dentine, 1990; Hoeschele and Meinert, 1990). In dairy cattle, for which large 
paternal half sib families are available, a within sire family analysis could be conducted by comparing marker 
allelic group means among daughters, i.e. the daughter design; or by comparing means for the quantitative 
trait of granddaughters from sons that belong to different marker allelic groups of their sire, i.e. the 
granddaughter design (Weller et al. 1990).

Before genotyping a large number of animals for a marker to detect marker associated effects for 
a trait, it is important to quantify the effect of data structure on power of tests to detect such effects. 
Statistical power of tests for marker-QTL associations with balanced data structures was investigated by 
Soller and Genizi (1978), and Weller et al. (1990). Unbalancedness of data was not accommodated in power 
evaluations in these studies. If marker genotyping is arranged for many sire families under current breeding 
schemes in dairy cattle populations, an unbalanced data structure for analysis and detection of associations 
between markers and QTL will result. In this study, the effect of data structure on power of tests for 
detecting marker associated effects using the daughter and granddaughter designs is evaluated.

METHODS

Basic assumptions: sires are heterozygous for the marker, have at least two daughters or sons that are 
informative, and can be grouped into two paternal marker allelic groups within sires; the population is 
under random mating and in linkage equilibrium.

If a sire is heterozygous at both a marker and one or more linked QTL, offspring that received one 
marker allele from the sire will be expected to differ in their value for the quantitative trait from those that 
received the other marker allele. Hierarchical ANOVA can be used to test for marker associated effects, 
with inferences based on the component of variance attributed to marker alleles within sires (Jayakar 1970; 
Hill 1975; Soller and Genizi 1978; Weller et al. 1990). A significant marker within sire effect is thus 
indicative of one or more segregating QTL linked to the marker. For statistical power evaluation, markers
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were treated as random effects in the models. Marker associated effects may be caused by one or more 
QTL that are located in the neighbourhood of the marker locus. Dekkers and Dentine (1990) showed that 
marker associated effects can be found even when the trait is controlled by an infinite number of QTL each 
with an equal contribution. A different combination of alleles at the linked QTL would associated with a 
marker allele for different sires. Therefore marker associated effects on a target trait may better be treated 
as a random variable, with variance aM2.

The power of the F test of size a for a given a 
derived for the daughter design as,
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where the critical F value for a probability of type I error a, x2 is a variable from a chi-
square distribution, s is the number of sires, dfM, dfB and dfE are the degrees of freedom for markers 
within sires, sons within markers, and residuals, respectively, h2 is the heritability of the trait, IF is the 
variance of the difference between progeny groups that inherited alternative marker alleles from a sire as 
a proportion of the phenotypic variance, with IF=4auz/ap2 for daughter design and /r=16o.w7o/ for 
granddaughter design, and c, c: and c3 are parameters determined by amount and structure of data, with
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where d ;j is the number of daughters that inherited marker allele j from sire i, d, is the total number of 
daughters from sire i, o xj is the number of sons which inherited allele j from sire i, gijk is the number of 
granddaughters from son k which inherited allele j from sire i, gif is the total number of granddaughters 
from sons which inherited allele j from sire i, gL is the total number of granddaughters from sire i, and o 
is the total number of sons across sires. Equations (3), (4) and (5) were derived based on Henderson’s 
method 1 for analysis of variance under a nested design (Schaeffer 1991).

Any effect of unbalancedness of data structure on statistical power of the test will be exerted only 
through c, c2 or c,. To isolate the effect of the unbalancedness at a certain level of the design on power 
of the tests, each level was examined separately, with the remaining levels held balanced. For a given
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number of sire families and total number of daughters across sires, unbalancedness of data structure can 
occur at two levels in the daughter design, i.e. the distribution of a sire’s daughters between the two marker 
allelic groups within a sire family and the distribution of daughters among sires. For a given number of sire 
families, a given total number of sons among sires, and a given total number of granddaughters per sire, 
unbalancedness can occur at three levels in the granddaughter design, i.e. the distribution of granddaughters 
among sons within a marker allelic group, the distribution of sons between the two marker allelic groups 
within a sire, and the distribution of sons among sires. The possible extreme effect of unbalancedness at 
a given design parameter (c, c2 or c3) on power of the test was examined by the difference between the 
power for a balanced structure and the power corresponding to the bound of the 90 percent probability 
interval for the design parameter, that gives the lower value of the power. Probability intervals for a design 
parameter were constructed using normal or chi-square approximations of the distributions that would result 
from random sampling of design parameters under practical circumstances.

RESULTS

Balanced data

When all sires have an equal number of daughters per marker allelic group for the daughter design and 
an equal number of sons per marker allelic group for the granddaughter design, with each son having an 
equal number of daughters, the data structure is balanced. With a balanced structure, the power of the tests 
is a function of the number of sires (s) and the number of daughters per sire (d) for the daughter design, 
and of the number of sires, the number of sons per sire (o), and the number of granddaughters per son (g) 
for the granddaughter design, for a given h2 and /c2. Power of the test for marker-QTL associations for the 
daughter design increases with increasing s and d. With h2—.2, k —.2, and d=60, s needs to be 300 to get 
a power of .95, which may also be achieved with 4=100 and s=120. For a given value of g, power of the 
test for the granddaughter design increases with increasing s and o. Given h2=.2, k=.2, and g=60, s needs 
to be 30 when o=60 to obtain a power of .95, which may also be achieved with s=40 and o=50.

Equation (1) shows that the statistical power under the daughter design increases with increasing 
it2 and h2. Equation (2) shows that the statistical power under the granddaughter design increases with 
increasing fc2 and decreases with increasing h2. The latter is because the variance component for sons within 
sire increases with h2 (Weller et al. 1990).

Unbalanced data

Daughter design
(a) Unbalancedness with respect to distribution of daughters between the two marker allelic groups within sire 
families. The power of the test is affected through parameter c. The probability distribution of c was derived 
based on a binomial distribution for the number of daughters of a sire that fall in a given marker allelic 
group, given a fixed total number of daughters in a sire family. With s ranging from 20 to 100, d from 20 
to 200, h2—.2 and k —.2, the difference between the power for a balanced structure and the power 
corresponding to the lower bound of the 90 percent probability interval of c did not exceed .014. Therefore, 
the effect of unbalancedness due to variation in number of daughters between marker groups within sires 
on power of tests for marker associated effects is negligible.
(b) Unbalancedness due to variation in number of daughters among sires. The power of the tests is 
determined by the average number of daughters per sire and is not influenced by differences in family size 
among sires when the total number of daughters among sires and the number of sires are given.

Granddaughter design
(a) Unbalancedness due to variation in number of granddaughters among sons within a marker allelic group. 
The power of the test is affected by variation in a son’s family size through c? For construction of a
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probability interval for c2, the son’s family size was assumed to have a binomial distribution, Bin(n,p), since 
the number of test matings per young bull (n) and the probability (p) that a test mating produces a calf that 
enters the recording herd may be considered approximately constant under many progeny testing schemes 
m dairy cattle. With s ranging from 20 to 100, o from 10 to 100, n=600, p=. 1, h2=.2 and k=.2, the 
difference between the power for a balanced structure and the power corresponding to the upper bound 
of the 90 percent probability interval of c2 was less than .009. Therefore, unbalancedness due to variation 
in the number of granddaughters among sons has little effect on power of the tests.
(b) Unbalancedness due to variation in number of sons between marker allelic groups within sires. The power 
of the tests is affected by variation in a son’s family size through c3. Probability distribution of c3 was 
derived based on a binomial distribution for the number of sons of a sire that fall in a given marker allelic 
group, given the total number of sons in the sire family. With s ranging from 20 to 40, o from 10 to 200, 
S~6°, h2=.2, and k=.2, the difference between power for a balanced structure and the power corresponding 
to the lower bound of the probability interval of c3 was less than .048. The possible reduction in power due 
to variation in number of sons between marker groups within sires is small when o is moderately large.
(c) Unbalancedness due to variation in number of sons among sires. The power of the tests is not influenced 
by variation in number of sons among sires when a total number of sons among sires and the number of 
sires are given, and power derived for a balanced design based on the average number of sons per sire can 
be used.

DISCUSSION

Power of a test for detection of a given magnitude of marker associated effects for a quantitative trait is 
mainly determined by the number of informative families and the degrees of freedom within markers 
Unbalancedness of data structure has a limited effect on the power of the statistical tests for detection of 
marker associated effects under normal situations. This is useful information for designing a marker typing 
and testing scheme for livestock animals. For progeny testing schemes in dairy cattle, the number of records 
available is generally large, but the structure is unbalanced. Although Geld data are unbalanced, results of 
the current study suggest that efforts on creating a balanced design would not lead to a significant increase 
in the power of the statistical tests for detecting marker associated effects. In the Canadian dairy 
population, accumulating progeny testing data and DNA samples from progeny tested bulls for 6 to 7 years, 
gives a powerful test to detect an effect with a standard deviation of .2op. If genetic markers are not highly 
polymorphic, larger numbers of total progeny are needed to obtain a given power since only a fraction of 
the progeny is informative, and a longer time period may be needed to accumulate information on marker 
genotypes of sires and their progeny.
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