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INTRODUCTION 
Segregation analysis (Elston and Stewart 1971) based on phenotypic records is a powerful method 
to detect the presence of major genes with a large effect (Hill and Knott 1990) without using genetic 
marker information. Based on Bayesian inference with Gibbs sampling, Janss et al. (1995) 
introduced the segregation analysis with a mixed inheritance model for quantitative traits, which 
allows identifying single major gene segregating in addition to the background polygenic effect. 
Miyake et al. (1999a, 1999b) used this method to investigate the power of the detection of major 
genes and applied it to quantitative carcass traits. Because many disorders in human, animals and 
plants are expressed in a binary form and the mode of inheritance of such disorders is rarely 
monogenic but rather complex, the development of a segregation analysis for binary traits is 
imperative. In this study, we investigated the usefulness of applying several constraints on unknown 
parameters to achieve a good stationary phase of Gibbs samples. 
 
LIABILITY CONCEPT WITH A MIXED INHERITANCE MODEL 
The theory of population genetics for binary traits is based on the liability concepts (Wright 1934) 
assuming that a binary trait has an underlying continuous scale of liability with a threshold, which 
imposes a discontinuity on the phenotypic expression. If the liability exceeds a threshold t, the 
individual is “affected”, otherwise “not affected”. In this study, this liability concept is combined 
with the concept of a mixed inheritance model as follows;  

Ui = µ + gi + ui + ei,  [1] 
Yi = 1 (if Ui > t) or Yi = 0 (if Ui ≤ t), 

where, Yi is the binary phenotypic value of individual i, Ui is the underlying liability, t is the 
threshold, µ is the general mean, gi is the major gene effect,  ui is the polygenic effect (ui ~ N(0, σ2

u)), 
and ei is the residual effect (ei ~ N(0, σ2

e)), where N( ) denotes the normal distribution. The major 
gene effect gi is modeled as an autosomal biallelic (A and B) locus. For the three genotypes of the 
major gene AA, AB and BB, the genotypic values – a, d and a are assigned respectively, where a is 
the additive and d is the dominant effect of the major gene. The frequencies of the A and B alleles in 
the base population are described as q and p, respectively. The phenotypic value Yi takes only the 
value 1 (affected) or 0 (not affected) depending on whether the liability of the individual exceeds t 
or not. In this model, only Yi can be observed and all other parameters have to be estimated 
simultaneously. Because this model includes the major gene effect, the shape of the distribution of 
the liability Ui , which is a mixture of the three normal distributions of the different genotypes, is not 
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anymore normal. To simplify calculations and interpretations, Hasstedt (1993) defined the 
parameter Displacement as 2a* and Dominance as (a* + d*) / 2a*, where a* and d* are a and d 
standardized by the within genotype standard deviation √ (σ2

u + σ2
e). When these standardized 

parameters are used then the standard deviation of the liability within a genotype becomes 1. 
 
NECESSITY OF CONSTRAINTS ON PARAMETERS 
Because of the numerous unknown parameters in equation 1, many solutions for the parameters are 
possible. The additional two parameters (Displacement and Dominance) do not help to solve the 
problem. When a binary trait is completely controlled by a recessive single major gene with 
complete penetrance, only individuals that have the BB genotype show the affected status (no 
phenocopies). Therefore, the liability distribution within the BB genotype should not overlap with 
those of the AA or AB genotype. This situation leads to multiple solutions as shown in Figure 1. In 
such a case Displacement is about 6 or greater. Without any additional constraints Displacement can 
take any values larger than 6. The consequence of a larger Displacement is that several Dominance 
and t values can be estimated. A unique solution can only be obtained when the liability distribution 
within the BB genotype has a minimum overlapping with the ones of the AA or AB genotype.  
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Figure 1. Binary traits controlled by a recessive single major gene characterized by the 
parameters t, Dominance and Displacement 
 
APPLICATION OF CONSTRAINTS ON PARAMETERS 
The above mentioned problem commonly arises regardless of the parameter estimation strategy (e.g. 
maximum likelihood or Bayesian frameworks). In the Bayesian inference with Gibbs sampling, this 
may lead to multimodal posterior densities of parameters and therefore render it nearly impossible 
to achieve a good stationary phase of Gibbs samples for each parameter. This problem cannot be 
solved even by a large well structured family data. Some constraints on parameters are essential to 
solve this problem. In this study, we applied the following constraints: I) the expected mean of the 
genotypic values of the major gene, a(p – q) + 2dpq, is less than zero, II) t ≥ a(p – q) + 2dpq, III) – a 
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≤ d ≤ a, IV) – 4 ≤ a ≤ 4, V) σ2
u ≥ 0 and σ2

e ≥ 1. In addition to these constraints, minor constraints 
were applied on the outputs of the Gibbs samples. The following Gibbs outputs were collected: 1) 
ratios of the three variance components σ2

g, σ2
u and σ2

e to the total liability variance (σ2
U) in each 

Gibbs cycle, 2) Displacement and Dominance standardized by the current Gibbs samples of σ2
u and 

σ2
e , 3) heritability within genotype (h2 = σ2

u / (σ2
u + σ2

e)), 4) as well as gene frequency p and 5) 
threshold t. With those constraints, a minimum overlapping between liability distributions within 
genotypes is always kept, and this makes it possible to obtain a unique solution for these Gibbs 
outputs. Therefore, if a binary phenotype is completely controlled by a single major gene, the 
smallest value among the possible values of the Displacement is estimated. The general strategy of 
the implementation of the mixed inheritance model based on Bayesian inference with Gibbs 
sampling is founded on Janss et al. (1995) and that of the liability concept on Sorensen et al. (1995). 
 
SIMULATION EXAMPLE 
This method was tested on simulated half-sib populations with 50 sires randomly mated to 20 dams 
each, with one offspring per dam. The total number of animals in a population was therefore 2,050. 
We assumed a completely recessive single major gene and therefore Dominance was set as 0. The 
frequency of the recessive allele (B) of the major gene was 0.3, and the following three 
Displacements 0, 4.2 and 6.4 were assigned. Heritability within major gene genotype was chosen to 
be 0 or 0.5. Threshold t was chosen so that prevalences of affected individuals were about 0.09 to 
0.16. For each parameter setting, twenty replicates were generated. Initial values for unknown 
parameters in the segregation analyses with Gibbs sampling were chosen to be 0.0 for a, d, p, t and 
σ2

u , and 1.0 for σ2
e. The length of Gibbs cycles was 250,000 and 500 Gibbs outputs were collected 

with a spacing interval of 500. The posterior density for each parameter was constructed, and the 
mode value of the density was chosen as the estimate for the parameter.  
 
RESULTS AND DISCUSSION 
The results of parameter estimation in Table 1 are averages and standard deviations of the mode 
values obtained from twenty replicates. The populations are abbreviated as follows: e.g. D42H05 a 
population with Displacement = 4.2 and h2 = 0.5. When none major gene was present in the 
population (i.e. Displacement = 0), the ratio of σ2

g /σ2
U was correctly estimated as zero, suggesting 

that the probability to detect false-positive major genes is considerably low with our method. In 
addition, the heritability was also correctly estimated in the case of no major genes. For the 
populations with a segregating major gene (i.e. Displacement ≠ 0), only the results obtained from 
the replicates where the ratio of σ2

g /σ2
U was significantly greater than 0 are shown. Especially when 

Displacement was 4.2, our method failed to detect the major gene in 40% and 50% of the replicates 
(false-negative), i.e. the estimates of the ratio of σ2

g /σ2
U were very close to zero. However, if the 

major gene was detected as shown in Table 1, the ratio of σ2
g /σ2

U, Dominance and p were almost 
correctly estimated. Estimates for Displacement tended to be slightly biased downwards. The power 
of the detection of major genes could be improved by a larger or better structured pedigree data. In 
the population of D64H00 the binary phenotype is completely controlled by the single major gene 
because Displacement was assigned to be greater than 6. Therefore, only the parameter setting of  
h2 = 0 is allowed. Note that in such a population, the true values for the Displacement and the ratio 
of σ2

g  /σ2
U are about 6 and 0.75, respectively, or could be greater. With the applied constraints we 

Session 21. Detection of QTL Communication N° 21-05 



7th World Congress on Genetics Applied to Livestock Production, August 19-23, 2002, Montpellier, France 

obtain the smallest possible estimates of these parameters, and the results were slightly biased 
downwards (5.05 and 0.69, respectively).  
 
Table 1. Estimates of parameters by mixed inheritance model for binary traits with Gibbs 
sampling 

 
Population h2 σ2

u / σ2
U σ2

g / σ2
U Disp. Domi. p 

D00H00 0.02 ± 0.03 

(0.0) 
0.02 ± 0.02 

(0.0) 
0.00 ± 0.00 

(0.0) 
   

D00H05 0.46 ± 0.11 
(0.5) 

0.44 ± 0.10 
(0.5) 

0.00 ± 0.01 
(0.0) 

   

D42H00 A 0.33 ± 0.31 
(0.0) 

0.06 ± 0.08 
(0.0) 

0.57 ± 0.05 
(0.6) 

3.59 ± 0.32 
(4.24) 

0.08 ± 0.05 
(0.0) 

0.33 ± 0.03 
(0.3) 

D42H05 A 0.35 ± 0.31 
(0.5) 

0.05 ± 0.06 
(0.2) 

0.56 ± 0.05 
(0.6) 

3.50 ± 0.47 
(4.24) 

0.06 ± 0.04 
(0.0) 

0.33 ± 0.02 
(0.3) 

D64H00 A 0.09 ± 0.10 
(0.0) 

0.01 ± 0.02 
(0.0) 

0.69 ± 0.04 
(≥ 0.75) 

5.05 ± 0.35 
(≥ 6.00) 

0.07 ± 0.04 
(0.0) 

0.30 ± 0.01 
(0.3) 

True values are shown in parentheses. A Results from only those replicates where the ratio of 
σ2

g /σ2
U was significantly greater than 0. The number of such replicates were 12, 10 and 19 for 

D42H00, D42H05 and D64H00, respectively. 
 
CONCLUSION 
The applied constraints in this study showed to be practically very effective to obtain the stationary 
phase of Gibbs samples in the segregation analysis with a mixed inheritance model for binary traits. 
The ratio of σ2

g /σ2
U is considered as a reliable indicator of the presence of a major gene. All 

important parameters related to the mode of inheritance of the major gene are simultaneously 
estimated by our approach. The proposed constraints may be applied to the maximum likelihood 
framework, too.  
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