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ABSTRACT: Epigenetics, especially genomic imprinting, 
has been suggested to cause genetic variation and contribute 
to narrow sense heritability of complex traits. We 
conducted a GWAS-like study using a mouse population 
with 1,940 individuals and 10,021 SNP markers. Body 
mass index was chosen as target trait, presumably affected 
by genomic imprinting, according to published studies on 
humans and mice. Results showed that ignoring imprinting 
in GWAS may produce up to a 60% loss of marker-
explained variance. A 22% “underestimate” of narrow 
sense heritability was observed when both pedigree and 
marker information were considered together. In 
conclusion, when imprinting exists, an additive model is not 
capable of capturing phenotypic variation attributed to this 
epigenetic mechanism, leading to underestimates of 
heritability in GWAS studies, and so contributing to the so-
called missing heritability. 
Keywords: epigenetics; genomic imprinting; missing 
heritability; GWAS; mouse body mass index 
 

Introduction 
 

Genomic imprinting is an epigenetic mechanism 
that results in differential expression of the same allele 
when inherited from a father or a mother. The evolution and 
molecular mechanism of imprinting are not fully 
understood yet, but it is believed that it has an effect on 
complex traits in both animals and plants (Wolf et al., 
2008b; Lawson et al., 2013; Gehring, 2013) as well as 
human diseases like the Parder-Willi (PWS) and Angelman 
(AS) syndromes (Nicholls et al., 1998). The requirement of 
quantitative analysis of complex traits that are potentially 
affected by imprinted genes has stimulated the development 
of a one-locus imprinting model (Shete and Amos, 2002). 
Because imprinted genes show a differential expression 
pattern according to the parental origin of a given allele, it 
has been suggested that reciprocal heterozygotes should 
have different genotypic values. Thus, four genotypic 
values (−a, d − i, d + i and a) can be assigned to genotypes 
A2A2 , A1A2 , A2A1  and A1A1  (maternally inherited allele 
written first). Here, a and d  mean “additive” and 
“dominance” effects, respectively, and i  represents the 
imprinting effect, defined as half the difference between the 
genotypic values of two reciprocal heterozygotes.  

 
This imprinting model can be used to define two 

allelic substitution effects (because the contribution of the 
same allele when inherited from different parents is thought 
to be different under imprinting) by regressing the 
genotypic value on number of A1 alleles received from each 
parent (Shete and Amos, 2002): 

 

Gij = μ+ I♂α♂ + I♀α♀ + δij,                    (1) 
 
where Gij , i ,  j =  1, 2 represents the four genotypic 
values; α♂ and α♀ are paternal and maternal allelic 
substitution effects, representing the effect of receiving an 
extra copy of A1  allele from the father and mother, 
respectively; I♂ and I♀ are indicator variables denoting the 
number of A1  allele inherited from each parent (0 if the 
inherited allele was A2 ); δij  is the model residual, which 
includes the dominance effect under a standard additive 
model. Parametric definitions of α♂  and α♀  are (Shete and 
Amos, 2002): 
 

α♂ = a + (q − p)d + i, 
α♀ = a + (q − p)d − i, 

 
with p  and q  denoting the frequency of A1  and A2 , 
respectively. The additive genetic variance from paternal 
and maternal sides are defined as (Shete and Amos, 2002): 
 

σA(pat)
2 = pqα♂

2    and   σA(mat)
2 = pqα♀

2 , 
 
and the total additive variance is their sum, giving: 
 
σA

2 = σA(pat)
2 + σA(mat)

2 = 2pq(a + (q − p)d)2 + 2pqi2.    (2) 
 

Thus, i enters into the additive genetic variance, indicating 
that genomic imprinting contributes to narrow sense 
heritability. 

 
Materials and Methods 

 
Data. Human and mouse studies have indicated 

that obesity-related traits could be affected by imprinted 
genes (Gorlova et al., 2003; Dong et al., 2005; Rance et al., 
2005). Hence, we chose body mass index (BMI), an 
indicator of obesity status, as the response variable in this 
analysis. The data used here is publicly available at 
http://mus.well.ox.ac.uk/mouse/HS/. It contains BMI 
measurements pre-corrected for body weight, season, 
month and day for a total of 1940 F2 individuals with more 
than 12,000 genotyped SNP markers. There was no missing 
data and SNPs with minor allele frequency smaller than 
0.05 were discarded. After this step, 10,021 SNPs were kept 
for subsequent analysis. SNP genotypes denoted by 
nucleobases were fed into BEAGLE 3.3.2 (Browning and 
Browning, 2009; Browning, 2011) to distinguish paternally 
and maternally inherited alleles. 

 



Methods and workflow. A GWAS-like single 
marker regression was performed using models with and 
without an imprinting effect: 

 
yijk = μ + xi

'b + Iij♂βj♂ + Iij♀βj♀ + ui + ck + eijk,       (3) 
yijk = μ + xi

'b + Wijβj + ui + ck + eijk,                        (4) 
 
where b is the vector of fixed effects and xi

'  is the ith row of 
incidence matrix X; βj♂, βj♀ and Iij♂, Iij♀ are the jth parental 
allelic substitution effects of the i th individual and 
associated indicator variables, whose values are determined 
from the output of BEAGLE; βj  is the allelic substitution 
effect defined by the standard additive model and Wij  takes 
value 0, 1, 2 for genotype A2A2, A1A2/A2A1 and A1A1; ui is 
the infinitesimal additive effect of the i th individual, 
assumed to be normally distributed with zero mean and 
variance σu

2 ; ck , with assumed N(0, σc
2)  distribution, is the 

effect of the kth cage in which the individual was raised; and 
eijk is the residual effect with assumed distribution N(0, σe

2). 
 

Models were fitted using the workflow shown in 
Figure 1. Two schemes were considered: imprinting and 
additive schemes. Here we were interested in the marker-
based heritability estimate when considering imprinting, 
such that the imprinting scheme contains two rounds. The 
first round used the imprinting model (3); for those markers 
that were not significant, the additive model (4) was 
employed for a second round. The evidence of imprinting 
contained three cases. The first two cases were when the 
null hypothesis H0: β� j♂ = 0 = β�j♀  was rejected, either by 
β� j♂ ≠ 0 = β�j♀ or β�j♂ = 0 ≠ β� j♀ in a likelihood ratio test. In 
the third case, if β�j♂ ≠ 0 ≠ β� j♀ was observed, a 𝑧-test was 
performed to test the difference between β�j♂  and β�j♀  with 
the 𝑧 statistic calculated as 

 

  𝑧 =
�β�j♂ − β�j♀�

�Var �β�j♂� + Var �β� j♀� − 2Cov �β�j♂, β�j♀�
 . 

 
A Šidák correction was applied to adjust for multiple 
testing, with the effective number of independent tests 
calculated from LD information between markers using a 
method of Moskvina and Schmidt (2008). This gave 1.316 
× 10−5 as cutoff p-value threshold for an individual test to 
obtain a 0.05 genome-wide type I error rate. All model 
fitting steps were performed using the R package 
pedigreemm (Vazquez et al., 2010; Bates and Vazquez, 
2013). 

 
Results 

 
In the imprinting scheme, 3 markers were 

additively significant, 4 and 5 markers were paternally and 
maternally significant, respectively. In the additive scheme, 
3 markers were significant, the same as the additively 
significant markers in the imprinting scheme. Results from 
the imprinting scheme are in Table 1. All SNPs showing a 

significant imprinting effect were within the range of some 
growth-control QTL. Some markers were located within the 
regions of putatively imprinted QTL (iQTL) that control 
mouse growth. Specifically, markers rs4223883 and 
rs3712640 were in the range of Wti3.1 and Wti7.1 (Wolf et 
al., 2008a) and markers rs4226889 and CEL-7_116160192 
were in the range of Bwi7.1 (Cheverud et al., 2008). This 
confirms that imprinting does have an impact on mouse 
BMI. 

 
Table 1. Significant markers and imprinting status. 

Marker Chr.  Closest Gene/QTL1 Status3 
rs3697020 2  Slc24a5 (17 kb) A 
gnf02.131.402 2  1110034G24Rik (within) A 
rs3726626 15  Alprf (within) A 
rs13476083 1  W10q7 (within) M 
rs13476207 1  Lgq4 (within) M 
rs13476364 2  Gm13332 (within) M 
rs4223883 3  W10q3 (within) M 
rs3712640 7  Bw1n (within) M 
rs4226889 7  Adbg1 (within) P 
CEL-7_116160192 7  Bsbob2 (within2) P 
rs13479562 7  Adbg1 (within) P 
rs13459130 11  W10q2 (within) P 
1 Information from the Mouse Genome Informatics website (http://www. 
  informatics.jax.org/). 
2 This marker is also located in QTL Adbg1. 
3 A: additively significant; P: paternally significant; M: maternally 

significant. 
 
 
Table 2. Variance components (×104) estimates in the 

two schemes. 
Scheme 2

SNPσ̂  2ˆuσ   2ˆcσ   2ˆeσ  
Add 1.218 3.805 4.747 18.694 
Imp 2.975 3.816 4.742 18.687 

  
 
Narrow sense heritability was estimated by 

combining marker and pedigree information. Marked 
variances were calculated as: 

 
σ�SNP(Imp)

2 = � p�jq�j
j∈A

�β�j♂
2

+β�j♀
2 � + � 2p�jq�jβ�j

2

j∈B

         

σ�SNP(Add)
2 = � 2p�jq�jβ� j

2

j∈B

                                               

for the two schemes, where A and B refer to corresponding 
boxes in Figure 1. Other variance components were 
estimated via REML (Table 2). Heritability was calculated 
by combining marked and pedigree-based variances: 
 

h�Add
2 =

σ�SNP(Add)
2 + σ�u(Add)

2

σ�SNP(Add)
2 + σ�u(Add)

2 + σ�c(Add)
2 + σ�e(Add)

2 = 0.177, 

and 

 h�Imp
2 =

σ�SNP(Imp)
2 + σ�u(Imp)

2

σ�SNP(Imp)
2 + σ�u(Imp)

2 + σ�c(Imp)
2 + σ�e(Imp)

2 = 0.225.  



 
It was found that the estimated heritability with 

consideration of genomic imprinting was 0.225, 
approximately 27% larger than that ignoring imprinting. 
Also, no difference was observed in the pedigree-based 
variance component estimates, but maker-explained 
variance experienced a more than two-fold increase when 
imprinting was considered (Table 2). This result indicates 
that the additive model was incapable of capturing 
imprinting when it was present, at least at the SNP level. 
Thus, imprinting could be a potential source of missing 
heritability for this trait. Considering imprinting in GWAS 
studies when it is present can partly recover the missing 
part. 

 

 
 

Figure 1: Workflow for data analysis. 
 

 
Conclusion 

 
Using variance decomposition from a one-locus 

imprinting model, we conducted a GWAS-like study to test 
whether a larger estimate of narrow sense heritability can 
be obtained when imprinting was modeled. Results showed 
that, when imprinting was present, ignoring this effect can 
result in an up to 60% underestimate of marker-explained 
variation. In such cases, imprinting could be a considerable 
source of missing heritability.  
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