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ABSTRACT: In total 136 Pietrain boars were mated with 
crossbred sows from three different breeding companies. 
603 boars were performance tested and the concentrations 
of the boar taint components androstenone, skatole and 
indole were recorded. In order to investigate pleiotropic 
mechanisms affecting these three traits, principal compo-
nent (PC) techniques were applied to identify common 
expression pattern. The genome-wide association analyses 
were performed in the whole data set and in sub- groups 
according to the line origin. In total, 28 SNPs were signifi-
cantly associated with at least one of the boar taint compo-
nents. Only one SNP was identified in both subgroups. The 
analyses of the phenotypic PCs allowed to identify 12 addi-
tional SNPs and to characterize a highly significant region 
on SSC14 further. Most of the identified regions have been 
already reported in other studies. The numbers of signifi-
cant SNPs within the genetic groups show evidence for 
strong population specific effects. 
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Introduction 
 

As indicated by several national and European 
declarations (e.g. COPA-COGECA 2010) it is planned to 
ban surgical castration of piglets without anesthesia at least 
until 2018. These declarations are supported by a range of 
organizations from pig producers and processing industries 
to trade organizations (Bonneau & Lebret 2010). Alterna-
tives like surgical castration with anesthesia, immune cas-
tration and fattening of entire boars are controversially 
discussed. Boar fattening has several advantages with re-
spect to production like higher feed efficiency or carcass 
lean content. However, the risk of tainted meat has to be 
minimized. One possibility is to select pigs with a low 
incidence of boar taint within breeding programs (Windig et 
al. 2012). 

 
Several studies showed that boar taint and its relat-

ed traits (androstenone, skatole and indole) are under genet-
ic control. Quantitative trait loci (QTL) and genomewide 
association (GWA) studies revealed that many genomic 
regions contribute to the expression of boar odor (e.g. 
Grindflek et al. 2011; Gregersen et al. 2012). These studies 
mainly investigated pure bred populations like Large White, 
Landrace and Duroc or experimental resource population. 
Only Duijvesteijn et al. (2010) and Ramos et al. (2011) 
have used commercial crossbred boars (Duroc x F1) to 
perform a GWA study. In Germany, Pietrain sired cross-
bred dominating the market of slaughter pigs. 

	  

The aim of this study was to perform a GWA 
study for androstenone, skatole and indole in different Pie-
train sire lines and compare the results with previous find-
ings in purebred populations. Furthermore, the genetic 
relationship of androstenone and skatole were investigated 
with respect to pleiotropy. 

 
Materials and Methods 

 
Animal resources and trait recording. Overall, 

performance data of 603 entire male progenies originating 
from 136 AI-Pietrain boars and 410 crossbred sows of three 
different breeding organizations were analyzed. Crossbred 
dams of two breeding organizations were a single cross of 
German Edelschwein and German Landrace (cross 1 and 
cross 2) whereas sows of the third breeding organization 
were of type of Large White (LW) x (Leicoma x German 
Landrace) (cross 3). The investigated population included 
families with 1-2 offsprings in a half-sib family structure 
and the pigs were kept on five different performance testing 
stations. Additional information about test stations includ-
ing performance recording can be found in the regulation 
for pig performance testing (ZDS 2007). All boars were 
slaughtered from November 2009 until December 2010 in 
commercial abattoirs with an average weight of 90.14 kg (± 
6.60). Slaughterhouse management gave the necessary 
permissions for the tissue and organ collection. The sam-
ples of muscle, testis and fat were afterwards stored at -
20°C. The quantitative determination of the three main 
components of boar taint was conducted by Frauenhofer 
Institute for Molecular Biology and Applied Ecology (IME) 
Schmallenberg. In back fat androstenone was evaluated 
using gas chromatography/mass spectrometry (GC/MS) 
(Garcìa-Regueiro & Diaz 1989). The content of skatole and 
indole in backfat was purified by reverse-phase high per-
formance liquid chromatography (RP-HPLC) (Dehnhard et 
al. 1993). The values of androstenone, skatole and indole 
were log-transformed using log base e in order to meet the 
assumption of Gaussian distributed data.  

 
Genotyping and data validation. Genomic DNA 

was isolated from muscle samples. Single Nucleotide Pol-
ymorphisms of all boars were genotyped on the Por-
cineSNP60 Illumina iSelect BeadChip according to the 
protocol. For quality control, data were analysed by the r-
package GenABEL to account for low call rate (CALL > 
0.95), low minor allele frequency (MAF > 0.01) and devia-
tion from Hardy-Weinberg proportion (p-value < 0.001).  

 
SNPs were annotated based on the information 

from the Pig Sscrofa10.2 (International Swine Genome 
Sequencing Consortium, Archibald et al. 2010).  



 
Genomewide association analysis. The three boar 

taint traits were analyzed in relation to all segregating 
markers for the particular population at a time. The GWAS 
was performed with the genome-wide rapid association 
using mixed model and regression (GRAMMAR) 
(Aulchenko et al. 2007).  

 
Residuals were calculated for all traits by means of 

a polygenic model containing the genomic-based kinship 
matrix (model 1). The boar taint components were correct-
ed for the fixed effects season (S), husbandry (H), perfor-
mance testing station (L), type of cross (C), slaughter 
weight (weight) and slaughter age (age) as covariates and a 
~ N(0,Gσ²a) are the random additive polygenic effects. The 
kinship coefficients G from genomic data were estimated 
using the formula (Astle & Balding 2009).  

 
The test for association was performed with the 

obtained environmental residuals from model (1) using a 
linear model. A χ2 test-statistic is used to determine wheth-
er the SNP is significant associated with the trait. Addition-
ally, a genomic control method was applied to control the 
relatedness between the animals as described by Amin et al. 
(2007). In order to correct for multiple testing, chromo-
some-wide Bonferroni significance levels (p < 0.05) were 
calculated from the amount of tag SNPs representing the 
different chromosomes. 

 
Pleiotropy was investigated between the boar taint 

components androstenone and skatole, as well as between 
skatole and indole using principal component techniques. 
Principal components (PC) were calculated using environ-
mental residuals from model (1). These PC were further 
analyzed testing for association. 

 
Linkage disequilibrium measured as r2 between 

SNPs was calculated using Haploview (version 4.2, Barrett 
et al. 2005). The haplotype blocks were defined following 
the criteria of Gabriel et al. (2002). 

 
Results and Discussion 

 
Phenotypes and population structure. The boars 

were slaughtered at a mean age of 175 (± 14.62) days with 
an average slaughter weight of 90.14 (± 6.3) kg. In table 1, 
raw values for boar taint concentrations separated by the 
crosses are given. Cross 1 showed highest mean concentra-
tions and variation in all three boar taint components. Cross 
2 (377.3 ng/g ± 391.2) and 3 (336.1 ng/g ± 324.6) had a 
distinct lower concentrations particularly of androstenone 
compared with cross 1 (869.7 ng/g ± 857.4). 
 

A total of 603 animals were genotyped resulting in 
46’257 segregating SNPs. Five samples had a call rate < 
0.95 and were removed from the data set. We calculated 
genome wide pairwise identity-by-state distances and quan-
tified the population stratification (figure 1). The investiga-
tion of three principal components revealed, that the ani-
mals of cross 2 and cross 3 had a closer relationship com-
pared with the boars of cross 1 which fits with the pheno-
typic differences in boar taint components. Therefore, we 

decided to investigate the whole population and as well to 
subgroups: For the animals of cross 1 (cross 1, N = 242) as 
well as for the animals of cross 2 and 3 (cross 2/3, N = 356) 
a GWA analysis was performed as well. 

 
Table 1: Raw mean values (± standard deviations) for 
boar taint components for three different Pietrain sired 
crosses 
Type of 
cross 

 Boar taint components (ng / g fat)  

 androstenone skatole indole  

Cross 1 
(N = 245) 

 869.7 
(±857.4) 

192.1 
(±228.5) 

80.7 
(±89.6) 

 

Cross 2 
(N = 238) 

 377.3 
(±391.2) 

129.9 
(±128.1) 

38.9 
(±32.3) 

 

Cross 3 
(N = 120) 

 336.1 
(±324.6) 

198.9 
(±155.8) 

49.9 
(±44.9) 

 

 
 

 

Figure 1: Plots of the three principal components show-
ing the genomic kinship between the analyzed animals. 
Red: cross 1, blue: cross 2 and green: cross 3. 

 
The quality control of the two subpopulations re-

vealed for cross 1 242 individuals with 48’899 segregating 
markers and for cross 2/3 356 individuals and 48’409 seg-
regating markers.	  The difference of number of segregating 
SNP markers was mainly due to a significant deviation 
from Hardy-Weinberg equilibrium. 

 
GWAS for boar taint components. The GWA 

analysis using a Bonferroni corrected p-value ≤ 0.05 
showed that 28 SNPs located on autosomes were signifi-
cantly associated with one of the boar taint components. 
One associated SNP has not been yet mapped to the porcine 
genome and four significant SNPs were mapped to the 
autosomal part of the X-chromosome.  

 
For androstenone no QTL was identified in the to-

tal dataset. In cross 1 one SNP and in cross 2/3 two SNPs 
were associated with androstenone. The boar taint compo-
nent skatole was characterized by the significant associa-
tions located on sus scrofa chromosome (SSC) 8, 12 and 17 
in the whole data set. The significant SSC17 was also found 
in the cross 1. Cross 2/3 revealed five associations on 
chromosome 7, 10, 16 and X. For the trait indole 9 SNPs 
were significant in the whole population. The phenotypic 



proportion explained by each association ranged from 
2.18% to 6.64%.  

 
Most of the identified associations were described 

in previous studies (e.g. Duijvesteijn et al. 2010, Grindflek 
et al. 2011, Gregersen et al. 2012, Ramos et al. 2011). Until 
now more than 90 QTLs for boar taint components and 
pork odor were reported (PigQTLdb, Hu et al. 3013), sug-
gesting a polygenic inheritance of all three boar taint com-
ponents. 

 
The highest number of associations was found on 

SSC14 for indole. In this region one marker was identifed 
to be significant in both crosses. The SNP SIRI0000194 is 
located upstream the promotor region of CYP2E1 (cyto-
chrome P450, family 2, subfamily E, polypeptide 1) gene. 
In a study of Mörlein et al. (2012) it was shown that a muta-
tion in the promotor of CYP2E1 influenced the levels of 
skatole and indole. Additionally a haplotype analysis was 
performed for the identified region on SSC14. Within this 
area six blocks were detected.  

 
Multivariate GWAS using phenotypic principal 

components. The analysis of androstenone and skatole 
(table 2) as well as skatole and indole using principal com-
ponent techniques revealed two PC per trait combination. 
The relevance of these PCs for the particular traits was 
investigated using Pearson correlations coefficients. For the 
traits androstenone and skatole the first principal compo-
nent explained 65% of the variation and the second PC 
explained 35%. A strong negative correlation between the 
first PC and the two traits were observed in the whole data 
set whereas the second PC was positively correlated with 
androstenone and negatively with skatole. Similar results 
were observed for the traits skatole and indole. 

 
Table 2: Canonical correlation coefficients and propor-
tion of the variance explained by each principal compo-
nent (PC) for androstenone and skatole 
Cross Trait PC1AS PC2AS 
1 + 2/3 % of variance explained 0.65 0.35 

androstenone -0.84 0.55 
skatole -0.77 -0.63 

1 % of variance explained 0.70 0.30 
androstenone 0.73 -0.69 
skatole 0.91 0.41 

2/3 % of variance explained 0.65 0.35 
androstenone -0.94 0.33 
skatole -0.54 -0.84 

 
The estimated eigen-values of the PC were inves-

tigated applying GWAS. It was possible to detect 24 asso-
ciations from which 12 were already detected applying 
single trait association analysis. Furthermore four associa-
tions were located close to previous identified QTL. Based 
on these results, it was possible to characterize the region 
on SSC14 affecting indole, further. Within this region one 
block is located sharing pleiotropic effects on androstenone 
and skatole. It can be assumed that beside CYP2E1 gene 
several other genes are located in this region which are not 
yet identified or characterized. 

Until now only few studies applied principal com-
ponent techniques to characterize the relationship between 
traits (e.g. Mangin et al. 1999) although simulations showed 
that analyzing PC were generally more powerful and accu-
rate than single trait analyses (Gilbert and Le Roy 2007, 
Klei et al. 2008). However, a physiological interpretation is 
hardly possible. 
 

Conclusion 
 
Our results suggest that there are genetic differ-

ences between the lines of Pietrain sired boars leading to 
specific significant associations. The high number of identi-
fied QTL and association propose that all three boar taint 
components are polygenic inherited which is prerequisite 
for genomic selection. Appling principal component tech-
niques on the boar taint components allowed to detect fur-
ther associations with pleiotropic pattern and to characterize 
the identified region on SSC14 further.  
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