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ABSTRACT: Genomewide association studies are widely 
being used for making inference about the genetic 
architecture of quantitative traits. In a deterministic 
approach the impact of dominance and LD between one 
marker and one QTL has been investigated. If there is 
incomplete LD and dominance present at the QTL, 
estimates for genetic parameters are biased by that 
interaction. This is caused by unequal haplotype 
frequencies due to differing conditional probabilities of 
QTL-genotypes at marker genotypes. The additive effect 
observable at the marker is not only influenced by the 
additive effect of the QTL but also by the dominance 
deviation. Even in the absence of an additive effect almost 
all genetic variance at the marker is additive at weak LD 
and partitioning of genetic effects into additive and 
interaction components becomes difficult. 
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INTRODUCTION 

In quantitative genetic theory the concept of 
quantitative trait loci (QTL) is of great importance. It is 
assumed that such loci contribute substantially to the 
genetic variability of quantitative traits. Trying to partition 
that variance into components that are due to additive, 
dominance and epistatic effects has proven to be difficult. 
Hill et al. (2008) described how most of the genetic 
variance becomes additive under extreme allele 
frequencies. This even holds in the absence of additive 
effects. Their theoretical findings were based on the true 
QTL, but in practice those causal variants are hardly 
observed. The information available is rather based on 
markers that are believed to be in extensive Linkage 
Disequilibrium (LD) with QTL. If the assumption of being 
inherited jointly holds for markers and QTL, it is possible 
to make inferences about the genetic variance that is caused 
by underlying causal mutations. Those inferences are 
limited by the fact that estimates of genetic variance at 
markers caused by linked QTL can be biased due to 
incomplete LD and differing allele frequencies between 
marker and QTL (Weir (2008), Gianola (2013)). In 𝐹2 
populations dominance at QTL can cause epistasis at 
flanking markers depending on the mode of inheritance of 
marker and QTL-alleles (Zhang et al. (2008)). 
The aim of this study was to investigate the impact of 
dominance when there is incomplete LD between marker 
and QTL in a linkage disequilibrium based association 
mapping framework. 
 

MATERIALS AND METHODS 
Study Design. The impact of LD on genetic 

effects and genetic variability in a population was studied in 
a deterministic fashion. On the basis of allele and haplotype 
frequencies we consider LD as the conditional inheritance 
of two alleles. LD is thus simply the deviation of the joint 
probability of two alleles being inherited together from the 
product of their marginal probabilities (allele frequencies): 
𝑝(𝐴 ∩ 𝐵)  ≠ 𝑝(𝐴)𝑝(𝐵). 

One QTL and one Marker with alleles Q/q and 
M/m, respectively, were considered. Genetic variation 
solely arises from the QTL. The marker serves as a means 
to investigate the impact of the unobservable causal 
mutation.  We considered the following scenarios:  

1)  Differing allele frequencies in the presence of an 
additive effect (a=100) with varying degrees of 
dominance (d/a). The LD was fixed at an 𝑟-value 
of 0.3. 

2)  Dominance at the QTL (d=100) in the absence of 
an additive effect with fixed and equal allele 
frequencies (𝑝(𝑄)  =  𝑝(𝑀)  =  0.3) but differing 
extents of LD.  
Statistical analyses. Based on allele and 

haplotype frequencies in conjunction with the extent of 
linkage disequilibrium and the genetic effects at the QTL, 
the genotypic values of the three marker genotypes were 
computed as: 
𝑀𝑀 = 𝑝(𝑄|𝑀)2 2𝑎 +  2(𝑝(𝑄|𝑀) +  𝑝(𝑞|𝑀))(𝑎 + 𝑑) 
𝑀𝑚 = 2 𝑝(𝑄|𝑀) 𝑝(𝑄|𝑚)2𝑎 + (𝑝(𝑄|𝑀) 𝑝(𝑞|𝑚) +
              𝑝(𝑞|𝑀)𝑝(𝑄|𝑚)) (𝑎 + 𝑑)  
𝑚𝑚 = 𝑝(𝑄|𝑚)2 2𝑎 +  2 𝑝(𝑄|𝑚) 𝑝(𝑞|𝑚)(𝑎 + 𝑑) 

Based on genotypic values we calculated the 
additive effect at the marker as half the difference between 
both homozygotes and the dominance effect as the 
deviation of the heterozygotes from the mean of the 
homozygotes (Falconer and Mackay (1996)). 

As an indicator to describe LD the key figure 𝑟 
was computed as: 

 𝑟 =  �(𝑝(𝑀∩𝑄)𝑝(𝑚∩𝑞)−𝑝(𝑀∩𝑞)𝑝(𝑚∩𝑄))2

𝑝(𝑀)𝑝(𝑚)𝑝(𝑄)𝑝(𝑞)
 

 



RESULTS AND DISCUSSION 
It is obvious that LD between marker and QTL 

must have an impact on the estimability of genetic effects at 
markers. If there is perfect LD between marker and QTL 
the existence of dominance does not alter the measurable 
genetic effects. Theoretically, it is possible to partition the 
genetic variance and to obtain unbiased estimates of the 
underlying genetic effects (additive and dominance) at the 
QTL. If now, there is incomplete LD and dominance 
present at the QTL, measurable genetic effects and 
variances at the marker change significantly. 

The results for the first scenario are illustrated in 
Figure 1. The extent of LD was fixed but we changed the 
difference in allele frequencies between marker and QTL 
which leads to the known downward bias in the estimated 
additive effect at the marker (Gianola et al. (2013)).  

Additionally, the presence of dominance induces 
an increase in the measurable additive effect, which would 
only be expected to happen for the gene substitution effect. 
Comparing a dominance ratio of 1.5 to no dominance we 
observe that the additive effect approximately doubles. 

Figure 2 shows the impact of the extent of LD on 
the observed genetic effects at the marker in the absence of 
an additive effect and a dominance effect of 100 (scenario 
2). If there is no LD at all, the marker does not reflect any 
QTL effects. With increasing LD it can be seen that the 
measurable additive effect rises up to an 𝑟 value of 0.5. The 
dominance effect observed at the marker increases linearly 
with 𝑟2 . After the plateau at 𝑟 = 0.5  the additive effect 
observed at the marker decreases and vanishes completely 
at complete LD. What can be observed in terms of genetic 
effects is being reflected at the observed proportion of the 
additive genetic variance to the total variance. At low LD 
almost all genetic variance at the marker is additive which 
drops almost linear down to the true QTL value at 𝑟 = 1.  

The reason for the observed influence of 
dominance on the estimable genetic effects at the marker 
lies in the conditional inheritance of marker and QTL 
alleles.  

If positive QTL and marker alleles have an allele 
frequency of 0.3, and an 𝑟  value of 0.5 then the 
probabilities of QTL genotypes conditional on the marker 
genotypes are as shown in Table 1. We observe a higher 
difference in means of the homozygous marker genotypes 
because the QTL genotype 𝑄𝑞  has a higher probability 
conditional on 𝑀𝑀 than on 𝑚𝑚. That way the dominance 
effect at the QTL partially gets exposed as an additive 
effect at the marker. 

So it is the difference in the conditional probability 
of a heterozygous QTL genotype at the homozygous marker 
genotypes that leads to the observed effects. This difference 
is zero if both the marker and QTL allele frequencies are 
0.5, in this situation the presence of dominance does not 
alter the additive genetic effect at the marker. The genetic 
effects observed at the marker can be shown to be: 
 
Gene Substitution Effect 
𝑀𝛼 = 𝜶(1 − (0.5�𝑝(𝑄𝑞|𝑀𝑀) + 𝑝(𝑄𝑞|𝑚𝑚)� +
            �𝑝(𝑞𝑞|𝑀𝑀) + 𝑝(𝑄𝑄|𝑚𝑚)�)  Gianola et al. (2013) 
Additive Effect 
𝑀𝑎 =  𝐚 ((p(QQ|MM) − p(QQ|mm)  +  0.5(p(Qq|MM) −
             p(Qq|mm))  + 𝐝(0.5(p(Qq|MM) − p(Qq|mm)))  
Dominance Effect 
𝑀𝑑 = �𝒂�𝑝(𝑄𝑞|𝑀𝑚) + 2𝑝(𝑄𝑄|𝑀𝑚)� + 𝒅�𝑝(𝑄𝑞|𝑀𝑚)�� 
              − 0.5(𝒂(2𝑝(𝑄𝑄|𝑀𝑀) + 𝑝(𝑄𝑞|𝑀𝑀) +
              2𝑝(𝑄𝑄|𝑚𝑚) + 𝑝(𝑄𝑞|𝑚𝑚)) +  
              𝒅(𝑝(𝑄𝑞|𝑀𝑀) +  𝑝(𝑄𝑞|𝑚𝑚)))  

 
Figure 1: Additive effect at the marker depending on 
dominance ratio and difference in allele frequencies. 

 

 
Figure 2: Genetic effects and variances depending on LD 
between marker and QTL. a=0, d=100. 

 

Table 1: QTL genotype probabilities conditional on marker 
genotypes. p(Q)=p(M)=0.3, r=0.5 

  QQ Qq qq 
MM 0.4225 0.455 0.1225 
Mm 0.0975  0.605  0.2975 
mm 0.0225  0.255  0.7225 

 



The formula for 𝑀𝑎  indicates that besides the 
additive effect of the QTL, it is influenced by the 
dominance deviation times half the difference between the 
conditional probabilities of the heterozygous QTL genotype 
at the homozygous marker genotypes. 
 

CONCLUSION 
The presence of dominance at QTL in conjunction 

with incomplete linkage disequilibrium to nearby markers 
lead to erroneous estimates of QTL effects at the linked 
markers. Even in the absence of an additive effect, 
dominance at the QTL generates substantial additive 
genetic effects at the marker and suppresses true dominance 
variance. 

Our findings have implications on the 
interpretation of QTL mapping studies like in genomewide 
association studies. If we try to partition genetic effects into 
additive, dominance and epistasis it heavily depends on the 
extent of LD and the allele frequencies of the markers and 
QTL under investigation whether such an approach can be 
successful or leads to erroneous results.   

In upcoming studies we will investigate the 
situation in a multi marker framework and consider 
epistasis as this interaction will have similar influences on 
the accuracy of the estimation of QTL effects at markers. 
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