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ABSTRACT: Genomic imprinting may be 
unstable over time (developmentally regulated 
imprinting) or between tissues (tissue specific 
imprinting). How this phenomena affect genetic 
covariance was investigated both in theory and by 
simulation. Thereby the first aim was to 
theoretically derive the total imprinting variance, 
which has contributions from all imprinted loci 
with different kinds of stable (paternal, maternal) or 
fluctuating (changing from either paternal or 
maternal to unimprinted) expression patterns. 
Second, the total imprinting variance was estimated 
in simulated data by employing a recently proposed 
model with two additive genetic effects per 
individual. REML-estimates of variance 
components were in excellent agreement with 
simulated parameters. Therefrom validity of the 
underlying theory can be concluded as well as the 
broad generality of the applied imprinting BLUP-
model. 
 
Key words: genomic imprinting; epigenetics; 
variance components. 
 

INTRODUCTION 
Genomic imprinting arises when the 

expression of genes depends on the parental origin 
of their alleles. Complete imprinting occurs, where 
e.g., the paternal (maternal) allele at an imprinted 
locus is fully inactivated while the maternal 
(paternal) one shows active expression. A scenario 
in which the lack of expression is not complete, is 
called partial imprinting. Further, loci may be 
imprinted in certain tissues or organs, while they 
are not in others (tissue specific imprinting, e.g., Yu 
et al. (1998)). Likewise, the imprinting status of a 
locus may vary over time during successive 
developmental stages (developmentally regulated 
imprinting, e.g., Gould and Pfeifer (1998)). 

Recently, in analyses of pig (Neugebauer 
et al. (2010a)) and beef cattle (Neugebauer et al. 
(2010b)) data, a BLUP model has been proposed 
with two additive effects (as sire and as dam) per 
animal in order to account for all variants of 
genomic imprinting. The imprinting variance σi

2 
summarizes contributions from all imprinted loci, 
no matter to which of the before mentioned kinds of 
imprinting they belong. The aim of this 
investigation was to demonstrate the generality of 
the model by explicitly simulating loci with 
fluctuating patterns of imprinted action on the 
phenotype. Generality and suitability of the model, 
which is subsequent called the “compact model”, is 

demonstrated by comparing simulated parameters 
with estimates obtained with this model. For the 
purpose of deriving the theoretical outcomes, 
however another covariance model with six 
parameters is employed. 
 

MATERIALS AND METHODS 
 Theory. Considering a genome with 
several unlinked loci and purely additive gene 
action Hill and Keightley (1988) assumed all loci to 
be classified into one of three different expression 
patterns if genomic imprinting is involved. The first 
one includes Mendelian loci, which are not 
imprinted. The second (third) class relates to 
paternal (maternal) expressed loci whose maternal 
(paternal) allele is fully suppressed. Under these 
assumptions three uncorrelated random effects and 
their corresponding variance components can be 
estimated. An adequate linear mixed model is: 
                    Y=Xβ+Zbgb+Zpgp+Zmgm+e      
where Y is a vector of observations; β is a vector of 
fixed effects; gb, gp and gm are gametic effects 
summarizing the impact of Mendelian (b), 
paternally (p) and maternally (m) expressed alleles; 
and e is the vector of random residuals. The design 
matrices X, Zb, Zp and Zm link observations to fixed 
and random effects. The covariance of random 
genetic effects can be written as: 

Var �
gb
gp
gm

�=G⨂SE=G⨂�
σb

2 0 0
0 σp

2 0
0 0 σm

2
� 

where σb
2, σp

2 and σm
2  are defined as the variances of 

the gametic effects, G is the gametic relationship 
matrix (Gibson et al. (1988); Schaeffer et al. 
(1989)) and ⨂ denotes the Kronecker product.  

Fluctuating expression patterns require an 
extension of this model by somehow incorporating 
expression patterns with, e.g., imprinted loci, which 
are reactivated in later development stages. In 
principle this can be accommodated by introducing 
non-zero covariances into the matrix SE, which 
leads to: 

Var �
gb
gp
gm

�=G⨂SD=G⨂�
σb

2 σbp σbm

σbp σp
2 σpm

σbm σpm σm
2
� 

where σbp, σbm and σpm are the covariances between  
the three gametic effects in the model and all other 
symbols are as defined before. The reason is that a 
locus may, e.g., first contribute to σp

2 when its 
maternal allele is fully suppressed in an early stage, 
and later to σb

2 when the imprint has been removed 



and both parental alleles are equally active. The 
total contribution of such a locus to the gametic 
variance is then σb

2 + σp
2 + 2σbp. Hereby we assume 

that the trait (e.g., growth) is the sum of 
contributions from each stage.  
 The compact model. As outlined in 
Reinsch and Guiard (FBN, unpublished data) the 
estimation of covariances is not possible with the 
explicit model. For this reason the so-called 
compact model was proposed, which devides 
breeding values into paternal and maternal gametic 
effects: 

Y=Xβ+Zsgs+Zdgd+e 
where gsis a vector of random gametic effects under 
paternal expression patterns (gb+gp in terms of the 
explicit model); gd is a vector of random gametic 
effects under maternal expression patterns (gb+gm); 
X, Zs and Zd are the corresponding design matrices; 
and e is the vector of random residuals. The 
covariance of gametic effects can be written as 
G⨂SC: 

Var �
gs
gd
�=G⨂SC=G⨂�

σs
2 σsd

σsd σd
2 � 

where σs
2 (σd

2) is the gametic variance as sire (dam), 
corresponding to a paternal (maternal) expression 
pattern and σsd is their covariance. In terms of the 
explicit model σs

2 = σb
2 + σp

2 + 2σbp, σd
2 = σb

2 +
σm

2 + 2σbm and σsd = σb
2 + σbp + σbm + σpm. The 

imprinting variance σi
2 is a function of these three 

variance components (Neugebauer et al. (2010a,b)): 
σi

2=σs
2+σd

2-2σsd 
and the total additive genetic variance is given by: 

σa
2=σs

2+σd
2 

 Data simulation. A two generation 
pedigree with 100 unrelated sires and 100 unrelated 
dams was simulated. These founders were 
intermated in a cross-classified manner, giving rise 
to 10,000 equally sized full-sib families with 10 
descendants per family. In each of 300 replications 
100,000 observations  were simulated, one for each 
progeny. The reduced version of the compact model 
(Neugebauer et al. (2010a,b)) could be used for 
variance component estimation. Five unlinked loci 
were simulated, four of them imprinted according 
to different patterns. Locus four and five were 
assumed to be imprinted during a first 
developmental stage (imprinting effect different 
from zero), but not in the second stage (additive 
effect a2 different from zero). Developmentally 
unstable loci had different additive effects a1 and a2 
in both stages, while only a single additive effect a1 
was assigned to developmentally stable loci (a2=0) 
All relevant parameters are summarized in Table 1. 
Phenotypes were created by adding additive effects 
of both stages (a1 and a2) and the imprinting effect i 
for each locus according to the simulated genotype. 
Residuals were simulated with a variance of 
σe

2=2.0. REML-estimates of variance components 

were obtained via the ASReml-package (Gilmour et 
al. (2006)).  
 

RESULTS AND DISCUSSION 
Within the first stage the simulated explicit 

variance-covariance-matrix can be written as: 

SE= �
0.086 0.000 0.000
0.000 0.586 0.000
0.000 0.000 0.300

� 

Since there are no contributions of 
completely imprinted loci to the biparental 
variance, there are no covariances between genetic 
effects. All covariance-components within the first 
stage can be seen separately for each locus in Table 
2. Table 3 shows the same components for each 
locus but for the second stage. At the end of the 
first stage the previously fully suppressed alleles of 
locus four and five are expressed. Therefore, they 
also contribute to the biparental variance and 
covariances arise. Thus, at the end of the second 
stage the aggregated covariance matrix SD becomes: 

Table 1. Additive genetic (a) and imprinting (i) 
effects and gene frequencies (p) of loci 1 to 5 for 
both developmental stages (1 and 2).   

Locus a1 i1 a2 p 
1 0.6 0.0 0.0 0.6 
2 0.5 0.5 0.0 0.6 
3 0.3 -0.3 0.0 0.5 
4 0.6 0.6 0.3 0.4 
5 0.5 -0.5 0.5 0.7 

 
Table 2. Simulated biparental (σb

2), paternal (σp
2) and 

maternal (σm
2 ) variances and their covariances (σbp; 

σbm) in terms of the explicit model for all loci within 
the first stage. 
Locus σb

2 σp
2 σm

2  σbp σbm 
1 0.086 0.000 0.000 0.000 0.000 
2 0.000 0.240 0.000 0.000 0.000 
3 0.000 0.000 0.090 0.000 0.000 
4 0.000 0.346 0.000 0.000 0.000 
5 0.000 0.000 0.210 0.000 0.000 
Σ 0.086 0.586 0.300 0.000 0.000 

σbp: Covariance between biparental and paternal effects.  
σbm: Covariance between biparental and maternal effects.  
 

Table 3. Simulated biparental (σb
2), paternal (σp

2) and 
maternal (σm

2 ) variances and their covariances (σbp; 
σbm) in terms of the explicit model for all loci within 
the second stage. 
Locus σb

2 σp
2 σm

2  σbp σbm 
1 0.000 0.000 0.000 0.000 0.000 
2 0.000 0.000 0.000 0.000 0.000 
3 0.000 0.000 0.000 0.000 0.000 
4 0.021 0.000 0.000 0.000 0.000 
5 0.053 0.000 0.000 0.000 0.000 
Σ 0.074 0.000 0.000 0.000 0.000 

σbp: Covariance between biparental and paternal effects.  
σbm: Covariance between biparental and maternal effects.  
 



SD= �
0.161 0.084 0.105
0.084 0.586 0.000
0.105 0.000 0.300

� 

This can be transformed into the 
covariance matrix SC for the compact model. The 
result is: 

SC= �0.919 0.352
0.352 0.671�         

All covariance-components of the explicit 
and the compact model can be seen separately for 
each locus in Table 4 and 5. The results of 
analyzing the simulated data using ASReml are 
shown in Table 6. Comparing these estimated 
covariance components with their simulated 
counterparts in Table 5 it can be seen that the 
estimated values coincide nearly perfectly with the 
theoretical ones.   

 

CONCLUSION 
 It could be shown that fluctuating 
imprinting patterns due to variations of successive 
development stages may lead to additional 
covariances between gametic effects. The compact 
model suggested by Neugebauer et al. (2010a,b) is 
well suited to take every variant of genomic 
imprinting into account. It thus represents a 
universal tool in quantitative genetic livestock 
studies. 
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Table 4. Simulated biparental (σb
2), paternal (σp

2) 
and maternal (σm

2 ) variances and their covariances 
(σbp; σbm) in terms of the explicit model for all loci 
after both stages. 
Locus σb

2 σp
2 σm

2  σbp σbm 
1 0.086 0.000 0.000 0.000 0.000 
2 0.000 0.240 0.000 0.000 0.000 
3 0.000 0.000 0.090 0.000 0.000 
4 0.021 0.346 0.000 0.084 0.000 
5 0.053 0.000 0.210 0.000 0.105 
Σ 0.161 0.586 0.300 0.084 0.105 

σbp: Covariance of biparental and paternal effects. 
σbm: Covariance of biparental and maternal effects. 
 

Table 5. Simulated gametic variances as sire (σs
2) 

and as dam (σd
2) and their covariances (σsd) in terms 

of the compact model for all loci after both 
development stages. σi

2 and σa
2 descripe the 

imprinting and the additive genetic variances. 
Locus σs

2 σd
2 σsd σi

2 σa
2 

1 0.086 0.086 0.086 0.000 0.172 
2 0.240 0.000 0.000 0.240 0.240 
3 0.000 0.090 0.000 0.090 0.090 
4 0.540 0.022 0.108 0.346 0.562 
5 0.052 0.473 0.157 0.210 0.525 
Σ 0.919 0.671 0.352 0.886 1.589 

σs
2: Paternal variance of paternal effects (compact model). 

σs
2=σb

2+σp
2+2σbp. 

σd
2: Maternal variance of maternal effects (compact model). 

σd
2=σb

2+σm
2 +2σbp 

σsd: Covariance of paternal and maternal effects (compact 
model). σsd=σb

2+σbp+σbm . 
σi

2: Imprinting variance. σi
2=σs

2+σd
2-2σsd . 

σa
2: Additive genetic variance. σa

2=σs
2+σd

2. 

Table 6. Estimated gametic variances as sire (σs
2) 

and as dam (σd
2), their covariance (σsd), the 

imprinting (σi
2) and additive genetic variance (σa

2) 
and their standard errors (SE). 

 σ�s
2 σ�d

2 σ�sd σ� i
2 σ�a

2 
σ�2 0.915 0.664 0.353 0.872 1.597 
SE ±0.012 ±0.009 ±0.008 ±0.025 ±0.031 

  


