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Abstract 

Biochemical and biophysical processes that take place in muscle under relaxed and stressed 
conditions depend on the abundance and activity of gene products of metabolic and structural 
pathways. In livestock at post-mortem, these muscle properties determine aspects of meat quality 
and are measurable. The conversion of muscle to meat mimics pathological processes associated 
with muscle ischemia, injury or damage in humans and it is an economic factor in pork production. 
Linkage, association, and expression analyses independently contributed to the identification of 
trait-associated molecular pathways and genes. We aim at providing multiple evidences for the 
role of specific genes in meat quality by integrating a genome-wide association study (GWAS) for 
meat quality traits and the detection of eQTL based on trait-correlated expressed genes and 
trait-associated markers. The GWAS revealed 51 and 200 SNPs significantly associated with meat 
quality in a crossbred Pietrain×(German Landrace×Large White) (Pi×(GL×LW)) and a purebred 
German Landrace (GL) population, respectively. Most significant SNPs in Pi×(GL×LW) were lo-
cated on chromosomes (SSC) 4 and 6. The data of 47,836 eQTLs at a significance level of p<10-5 
were used to scale down the number candidate genes located in these regions. These SNPs on 
SSC4 showed association with expression levels of ZNF704, IMPA1, and OXSR1; SSC6 SNPs were 
associated with expression of SIGLEC10 and PIH1D1. Most significant SNPs in GL were located on 
SSC6 and associated with expression levels of PIH1D1, SIGLEC10, TBCB, LOC100518735, KIF1B, 
LOC100514845, and two unknown genes. The abundance of transcripts of these genes in muscle, 
in turn, is significantly correlated with meat quality traits. We identified several genes with evi-
dence for their candidacy for meat quality arising from the integrative approach of a genome-wide 
association study and eQTL analysis. 
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Introduction 
The muscle is a complex tissue representing a 

major energy consumer and storage organ. An im-
balance of nutrient, energy, and oxygen supply and 
demand in the muscle cells is evident in many com-
mon complex diseases. The consequences of these 
imbalances are likely the termination of nutrient and 
energy supply and anoxia in muscle cells, which also 

occurs at post mortem. Physiological processes of the 
change from muscle to meat involve a large pattern of 
genes associated with both muscle structure and 
metabolic processes [1-3]. Systems genetics provides a 
systems level perspective of the role of genetic varia-
tion and facilitates elucidating molecular networks 
contributing to the expression of complex traits, cell 
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functions and diseases [4-6].  
To improve meat quality is one of the aims for 

pig breeding programs. Meat quality can be techno-
logically measured by pH, conductivity, colour, and 
DVMLP. These parameters are correlated with or 
dependent on each other [7-8]. Selection for improved 
meat quality is based on estimated breeding values 
derived from post mortem assessments of relatives of 
boars and dams of breeding lines and hampered by a 
relatively moderate to low heritability [9-10]. There 
are still variations of meat quality traits among pig 
populations and in particular individual variation 
among siblings could be addressed for further im-
provement by means of DNA-based selection. There-
fore, it is important to identify candidate genes as well 
as molecular mechanisms influencing meat quality 
that can be applied as biomarkers in early age selec-
tion. Recently, a number of genome-wide association 
studies (GWAS) were carried out using a 
high-throughput SNP-genotyping technology (Por-
cineSNP60 BeadChip) for different traits in pigs such 
as boar taint [11-12], meat quality, and growth and 
body composition [13-14]. 

In the present study, we aimed at the detection 
of SNPs associated with meat quality traits in com-
mercial populations. In order to further identify can-
didate genes with positional and functional evidence 
for their impact on muscle properties and meat qual-
ity, genes were considered that showed 
trait-correlated expression and whose transcription 
levels were influenced by the trait-associated SNPs. 
We genotyped and assessed genome-wide association 
of SNPs and meat quality in a commercial crossbred 
herd of Pietrain×(German Large White×German 
Landrace) (Pi×(GL×LW)). In fact, the three-way-cross 
of (Pi×(DL×DE))GL×LW)) represents the foremost 
hybrid population used in meat production in Ger-
many that is delivered to consumers. Thus the meat 
quality of this crossbred is of particular interest. 
Moreover, the purebred German Landrace (GL) was 
also investigated, which is commonly used as a dam 
line in crossbred breeding schemes. With the help of 
dense markers and improved annotation of the por-
cine reference genome Sscrofa 10.2, we were able to 
integrate our eQTL data and the GWAS results and to 
identify candidate genes closely linked to the traits 
that may be applied in genetic selection programs. 

Material and Methods 
Animals and sample collection 

Animal care and tissue collection procedures 
followed the guidelines of the German Law of Animal 
Protection, and the experimental protocol was ap-
proved by the Animal Care Committee of the Leibniz 

Institute for Farm Animal Biology. Perfor-
mance-tested pigs from commercial herds of 
Pi×(GL×LW) (n=475) and GL (n=1046) were used for 
GWAS. 207 out of 475 Pi×(GL×LW) samples were 
used for expression profile analysis. Samples were 
collected from pigs at an average age of 170 days at 
the experimental slaughter facility of the Leibniz In-
stitute for Farm Animal Biology. Musculus longissimus 
dorsi tissue samples were promptly dissected, 
snap-frozen in liquid nitrogen, and stored at -80˚C.  

SNP genotypes 
Genotyping was performed using the Por-

cineSNP60 BeadChip (Illumina Inc., San Diego, CA, 
USA) per manufacturer's SNP Infinium HD assay 
protocol. In brief, 200 ng of DNA were amplified, 
fragmented, and hybridized to the PorcineSNP60 
BeadChip containing 62,163 locus-specific 50-mers 
that are covalently linked to beads distributed on the 
microarray surface. Single-base extension of captured 
oligos incorporated labels that were detected by Illu-
mina iScan, and images were subsequently converted 
to intensity data. Intensity data were normalized and 
assigned a cluster position, genotype, and quality 
score with GenomeStudio software (Illumina Inc.). 
Samples with call rates < 95% were removed. Markers 
with low minor-allele frequency (< 5%) were also ex-
cluded. Moreover, in the purebred population of GL 
markers that strongly deviated from Hardy-Weinberg 
equilibrium (p < 0.0001) were excluded. However, 
deviation from Hardy-Weinberg equilibrium was not 
considered in Pi×(GL×LW) because in a three-way 
crossbreed pig population deviation from Har-
dy-Weinberg equilibrium can be expected due to 
discordant allele frequencies in the parental breeds. 
The average call rate for all samples was 99.8% ± 0.2. 
The markers of the 60K chip were mapped to the 
porcine reference genome, Sscrofa 10.2.  

Transcript abundances 
Gene expression profiling of Musculus longissi-

mus dorsi samples was conducted with 207 animals. In 
brief, total RNA was isolated using TRI Reagent 
(Sigma, Taufkirchen, Germany) and used for target 
preparation for microarray hybridization. Using the 
Affymetrix One cycle synthesis and labeling kit 
(Affymetrix, UK), 500 ng of total RNA were re-
verse-transcribed into cDNA transcribed into cRNA  
and labeled to prepare antisense biotinylated RNA 
targets according to Affymetrix protocols. Quality of 
hybridization was assessed following the manufac-
turer’s recommendations, which all samples passed. 
Data were analyzed with the Affymetrix GCOS 1.1.1 
software, using global scaling to a target signal of 500. 
Data were processed with MAS5.0 to generate cell 
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intensity files (present or absent). Quantitative ex-
pression levels of the present transcripts were esti-
mated using the PLIER algorithm (Probe Logarithmic 
Intensity Error;www.affymetrix.com/support/ 
technical/technotesmain) and normalized using the 
Expression Console software (Affymetrix). The mi-
croarray data related to all samples were deposited in 
the Gene Expression Omnibus public repository [GEO 
accession number: GSE32112].  

GWAS, eQTL detection, and trait-correlated 
expression  

Overall, meat quality traits and muscle gene ex-
pression levels (log2-transformed) were associated 
with SNPs by a mixed-model analysis of variance 
using JMP Genomics (SAS Institute, Cary, NC, USA).  

Mixed-model analyses tested association be-
tween traits and single SNPs while adjusting simul-
taneously for population structure and family relat-
edness [15] using the following general matrix repre-
sentation,  

 
where y is the vector of one phenotypic trait analysed; 
β is a vector of fixed effects, i.e. SNP marker genotype, 
gender, and ryanodine receptor 1 (RYR1) genotype 
with the corresponding incidence matrix X, and u is a 
vector of random effects with the incidence matrix Z. 
Slaughter day was considered as random effect, as 
well as the polygenic effects to account for the family 
relatedness, which was computed as identity by de-
scent of each pair for the kinship matrix. `v´ is a vector 
of covariates effects with the corresponding matrices 
W. Carcass weight and correlation-selected principal 
components significant at a false discovery rate (FDR) 
of 5% were considered as covariates; W is the matrix 
of covariates. `e´ is a vector of random residual effects 
that are normally distributed with mean zero and 
unknown variance , where I is the identity ma-
trix. A regression testing for linear trend of SNP al-
leles was performed. To correct for multiple testing, a 
FDR of 5% was used. 

In order to point to candidate genes with multi-
ple evidences for their candidacy, we asked the ques-
tion which of the trait-associated SNPs is at the same 
time associated with the abundance of transcripts of 
genes that show trait-correlated expression. There-
fore, we considered transcriptome and eQTL data of 
207 Pi×(GL×LW) pigs representing a subset of ani-
mals used for the GWAS [GEO accession number: 
GSE32112; [6]. Correlation between the expression 
level and meat quality traits were analysed to obtain a 
list of candidate genes. In brief, the phenotypes and 
expression levels were adjusted for systematic effects 

by analysis of variance performed with the procedure 
‘Mixed’ of the SAS software package (SAS version 9.1 
SAS Institute, Cary, NC) before analysing their corre-
lation. ‘Sex and RYR genotype’ were used as a fixed 
effect, ‘sire’ and ‘slaughter day’ as random effects, and 
‘carcass weight’ as a covariate. Subsequently, Pearson 
correlation coefficients were calculated between the 
residuals of log2 transformed expression intensities 
and meat quality. 

The sequences flanking the SNPs represented on 
the Illumina SNP chip, which were significantly asso-
ciated with the level of transcription of any probe set 
of the Affymetrix expression microarrays, were as-
signed to the porcine genome sequences (En-
sembl_Sscrofa_10.2). Annotation and localization of 
SNP sites and probe sets allowed discrimination of 
cis- and trans-regulation. We defined an eQTL as ‘cis’ 
if an associated SNP was located within an area less 
than 1 Mb from the probe set/gene. All other eQTL 
were considered as ‘trans’.  

Results  
A total of 475 performance-tested Pi×(GL×LW) 

and 1046 commercial German Landrace (GL) pigs 
were genotyped with the Illumina PorcineSNP60 
BeadChip consisting of 62,163 loci. After filtering, 
47,524 SNPs for the Pi×(GL×LW) and 48,977 SNPs for 
the GL were passed for further analysis. Twelve meat 
quality traits were used for association study. De-
scription, mean and standard deviation of the meat 
quality traits are listed in Table 1.  

Phenotype of meat quality and SNP data of 
Pi×(GL×LW) 

Genome-wide association analysis in Pi×(GL×LW) 
In Pi×(GL×LW) six meat quality traits (meat 

colour a*, LF24MLD, IMP24MLD, PH45MLD, 
PH24MSM, and PH24MLD) were significantly asso-
ciated with 51 SNPs (p < 1 x 10-5) at FDR < 5% (Figure 
1, Supplementary Material: Table S1). These markers 
explained for, on average, five percent of phenotypic 
variance (Table 2). We found that IMP24MLD and 
LF24MLD were significantly associated with SNPs at 
position 79.5 Mb of SSC8 and PH24MSM was signifi-
cantly associated with one SNP on SSC4. The most 
prominent genome-wide association in Pi×(GL×LW) 
for PH24MLD was located on SSC4. 29 out of 51 sig-
nificant markers were found associated with 
PH24MLD and located on chromosome 4 in the re-
gion close to 62 Mb. The most significant SNPs asso-
ciated with meat colour a* were located at position 
48-50 Mb of SSC6. While PH45MLD was significantly 
associated with three SNPs located at the end of SSC6. 

 

y Wv X Zu eβ= + + +
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Figure 1. Genome-wide association with meat quality traits in Pi×(GL×LW). Manhattan plots of genome-wide association analyses of six meat quality 
traits (PH24MLD, PH24MSM, PH45MLD, LF24MLD, IMP24MLD, and meat colour a*) in Pi×(GL×LW). Black lines indicate the significance threshold corresponding to 
negative log10 (NegLog10)>5.  

 

Table 1. Meat quality traits recorded in Pi×(GL×LW) (n=475) and GL (n=1046). 

Trait Definition Mean±SD (n=475) 
[Pi×(GL×LW)] 

Mean±SD (n=1046) 
GL 

DVMLD % weight loss of Mld collected 24 h post mortem, held for 48 h at 4°C 5.38±2.1 3.96±1.7 
LF24MLD Conductivity in Mld at 13th/14th rib 24 h post mortem 5.19±2.1 3.76±1.2 
LF45MLD Conductivity in Mld at 13th/14th rib 45 min post mortem 4.87±1.6 4.16±0.6 
OPTO star (OSMLD) meat colour in Mld at 13th/14th rib 24 h post mortem 68.18±6.3 71.11±5.1 
Meat colour_a*  Minolta value a* for redness 7.41±1.2 7.06±1.2 
Meat colour_b*  Minolta value b* for yellowness 1.67±0.9 1.32±0.8 
Meat colour_L*  Minolta value L* for lightness 48.37±2.8 48.47±2.3 
IMP24MLD Impedance of Mld 24 h post mortem  45.3±15.7 54.11±10.6 
PH45MLD pH value in Mld at 13th/14th rib 45 min post mortem   6.20±0.3 6.37±0.2 
PH24MLD pH value in Mld at 13th/14th rib 24 h post mortem  5.47±0.1 5.44±0.9 
PH45MSM pH value in M. semimembranosus (Msm) 45 min post mortem 6.25±0.3 6.33±0.2 
PH24MSM pH value in M. semimembranosus (Msm) 24 h post mortem  5.52±0.1 5.53±0.1 
SD=standard deviation; Mld=Musculus longissimus dorsi; Msm=Muscle semimembranosus. 

 

Table 2. Markers significantly associated with meat quality in Pi×(GL×LW).  

SNP ID Trait -log10 % variance FDR SSC (Mb) 
H3GA0045107 a* 6.2 6.1 2.92E-02 15 (136.7) 
ASGA0089838 a* 5.6 5.4 3.22E-02 6 (49.1) 
ASGA0104037 a* 5.6 5.4 3.22E-02 6 (48.8) 
MARC0002500 a* 5.5 5.3 3.22E-02 13 (192.9) 
DIAS0000492 a* 5.3 5.1 3.22E-02 6 (49.8) 
MARC0050094 IMP24MLD 6.4 5.4 1.10E-02 6 (126.0) 
MARC0013137 IMP24MLD 6.3 5.4 1.10E-02 3 (88.7) 
ASGA0105614 IMP24MLD 5.6 4.7 3.61E-02 8 (79.5) 
MARC0050094 LF24MLD 6.5 5.5 1.27E-02 6 (126.0) 
ASGA0105614 LF24MLD 6.3 5.3 1.27E-02 8 (79.5) 
MARC0071224 LF24MLD 5.5 4.6 4.86E-02 8 (79.5) 
ALGA0025237 PH24MLD 6.5 5.5 2.83E-03 4 (62.2) 
M1GA0005898 PH24MLD 6.5 5.5 2.83E-03 4 (62.2) 
MARC0064834 PH24MLD 6.4 5.4 2.83E-03 4 (62.2) 
MARC0004720 PH24MLD 6.4 5.4 2.83E-03 4 (62.1) 
ALGA0025242 PH24MLD 6.3 5.3 2.83E-03 4 (62.2) 
ASGA0020157 PH24MSM 6.1 5.1 3.63E-02 4 (78.8) 
ASGA0029527 PH45MLD 8.1 7.0 3.56E-04 6 (126.0) 
MARC0050094 PH45MLD 6.6 5.6 5.61E-03 6 (126.0) 
ALGA0036716 PH45MLD 6.4 5.4 6.28E-03 6 (121.4) 
SNP ID=single nucleotide polymorphism identifier; FDR=false discovery rate per trait at maximum 5 closely neighbouring markers are listed. 
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Candidate genes in Pi×(GL×LW) located on 
SSC4 and SSC6 with functional evidence for 
their role in meat quality based on eQTL data  

Most of the significant SNPs for meat colour a* in 
this study were found on SSC6 position 48-50 Mb. 
These significant SNPs were simultaneously associ-
ated with meat colour a* and the transcription level of 
TMEM160, SIGLEC10, SAE1, RASIP1, PIH1D1, 
GPAA1, GLTSCR2 and FTL (p < 1 x 10-5). The tran-
scripts with the most significant correlations between 
their abundance and meat colour a* were SIGLEC10 (r 
= -0.29; p = 1.9 x 10-5) and PIH1D1 (r = 0.21; p = 1.98 x 
10-3), which both have cis eQTL effects (p < 1 x 10-32 
and p < 1 x 10-21, respectively). Both of them were also 
found significant for meat quality in the GL popula-
tion (see also the results of the GL pigs). 

For PH24MLD, significantly trait-associated 
SNPs were found at position 62.1-62.2 Mb of SSC4. 
The transcript abundance of 4 of 24 loci located at that 
region (ZNF704, MRPS28, TPD52, and HEY1) corre-
lated with PH24MLD. However, cis-eQTL configura-
tion was only obvious for ZNF704. In fact, ZNF704 is 
located on SSC4 at 61.0 Mb and was negatively cor-
related with PH24MLD (r = -0.15; p = 0.03; FDR = 
0.22). Other genes, whose transcript abundance was 
associated with markers located at position 62.1-62.2 
Mb of SSC4, were OXSR1 and IMPA1. Manhattan 
plots for the abundance of the transcripts ZNF704, 
OXSR1, and IMPA1 demonstrated their association 
with the SNPs that were also associated with 
PH24MLD (Figure 2). Human IMPA1 is located on 
chromosome 8q21.13-q21.3, a region mostly syntenic 
to SSC4 [18]; therefore, we expected IMPA1 would 
also have a cis eQTL. However, no significant correla-
tion between IMPA1 expression and PH24MLD was 
found. OXSR1 is located on SSC13 at 25.3 Mb, indi-
cating trans eQTL configuration and negatively cor-
related with PH24MLD (r = -0.25; p = 0.0003; FDR = 
0.03).  

Phenotype of meat quality and SNP data of GL 

Genome-wide association analysis in GL 
Eight GL meat quality traits were significantly 

associated with 200 SNPs at a threshold of p < 1 x 10-5 
and FDR < 5%: meat colour a*, meat colour b*, 
DVMLD, IMP24MLD, LF24MLD, PH24MLD, 
PH24MSM, and PH45MLD (Figure 3, Supplementary 
Material: Table S2). These markers explained for, on 
average, three percent of phenotypic variance. The 
top ranked significant SNPs are listed in Table 3. Al-

most all SNPs associated with meat colour a* and b* 
were found on SSC4, 6, 12, and 14. Most prominent 
SNPs associated with meat colour a* were located on 
SSC4 at 84-85 Mb, while those associated with meat 
colour b* were on SSC14 at 66-67 Mb. SNPs on SSC14 
at position 121-123 Mb significantly associated with 
PH24MLD. 

The most promising region in this study for meat 
quality in GL was found on SSC6 (Figure 3). Four 
meat quality traits, PH45MLD, DVMLD, IMP24MLD, 
and LF24MLD, were associated partially with the 
same SNPs. Fifty-four SNPs located at 38.7–75.6 Mb 
were significantly (FDR < 5%) associated with 
PH45MLD; SNPs at 38.7-87.3 Mb were associated with 
DVMLD; SNPs at 28.7-74.7 Mb were associated with 
IMP24MLD; and SNPs at 40.9-54.3 Mb were associ-
ated with LF24MLD. For example, SNP ASGA0085824 
(54.4 Mb on SSC6) was highly associated with 
PH45MLD (FDR < 2.44x10-10), DVMLD (FDR < 
6.50x10-05), IMP24MLD (FDR < 2.17x10-12), and 
LF24MLD (FDR < 5.32x10-03). The linkage disequilib-
rium structures of these significant SNPs associated 
with meat quality located on SSC6 at position 38-75 
Mb is shown in figure 4. 

 

 
Figure 2. Genome-wide association with the abundance of selected 
transcripts in Pi×(GL×LW). Manhattan plots of genome-wide association 
analyses of transcript abundance of ZNF704, IMPA1, and OXSR1 in Pi×(GL×LW). 
Black lines indicate the significance threshold corresponding to negative log10 
(NegLog10)>5. 
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Figure 3. Genome-wide association with meat quality traits in GL. Manhattan plots of genome-wide association analyses of eight meat quality traits (meat 
colour a*, meat colour b*, PH24MLD, PH24MSM, PH45MLD, IMP24MLD, DVMLD, and LF24MLD) in GL. Black lines indicate the significance threshold corresponding 
to negative log10 (NegLog10)>5.  

 
 

 
Figure 4. Linkage disequilibrium of single nucleotide polymorphisms (SNPs) associated with meat quality. Linkage disequilibrium structures of SNPs 
located on SSC6 between 38-75 Mb that significantly associated with meat quality. Colour indicates the level of linkage disequilibrium between loci (correlation 
coefficient) as depicted in the key. 
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Table 3. Markers significantly associated with meat quality in GL.  

SNP ID Trait -log10 % variance FDR SSC (Mb) 
ALGA0026185 a* 5.9 2.3 1.35E-02 4 (85.5) 
DIAS0000453 a* 5.9 2.3 1.35E-02 6 (17.9) 
DIAS0004564 a* 5.9 2.3 1.35E-02  
MARC0032957 a* 6.2 2.4 1.35E-02 4 (85.6) 
MARC0110971 a* 6.5 2.5 1.35E-02 12 (63.4) 
ALGA0078229 b* 5.5 2.1 2.42E-02 14 (66.2) 
ALGA0078243 b* 5.3 2.0 2.42E-02 14 (66.3) 
DRGA0013928 b* 5.4 2.1 2.42E-02 14 (66.4) 
M1GA0006309 b* 5.6 2.1 2.42E-02 4 (114.7) 
MARC0008126 b* 5.4 2.1 2.42E-02 14 (65.0) 
ALGA0119163 DVMLD 8.9 3.3 8.11E-05 6 (40.9) 
ASGA0085824 DVMLD 8.4 3.4 6.50E-05 6 (54.4) 
H3GA0052956 DVMLD 8.9 3.6 3.08E-05 6 (44.2) 
MARC0033885 DVMLD 7.2 2.9 5.67E-04 6 (38.7) 
MARC0042606 DVMLD 8.9 3.6 3.08E-05 6 (44.2) 
ALGA0119163 IMP24MLD 15.1 6.3 1.03E-11 6 (40.9) 
ASGA0085824 IMP24MLD 16.6 6.9 2.17E-12 6 (54.4) 
ASGA0096911 IMP24MLD 12.9 5.4 1.24E-09  
H3GA0052956 IMP24MLD 15.7 6.6 3.34E-12 6 (44.2) 
MARC0042606 IMP24MLD 15.7 6.6 3.34E-12 6 (44.2) 
ALGA0119163 LF24MLD 6.0 2.4 9.00E-03 6 (40.9) 
ASGA0085824 LF24MLD 6.7 2.6 5.32E-03 6 (54.4) 
ASGA0092591 LF24MLD 6.1 2.4 9.00E-03 6 (101.7) 
H3GA0052956 LF24MLD 6.5 2.6 5.32E-03 6 (44.2) 
MARC0042606 LF24MLD 6.5 2.6 5.32E-03 6 (44.2) 
ASGA0066131 PH24MLD 6.2 2.4 3.27E-02 14 (121.8) 
ASGA0066204 PH24MLD 5.7 2.2 4.41E-02 14 (123.9) 
ALGA0017926 PH24MSM 5.6 2.1 3.53E-02 3 (19.9) 
ALGA0114559 PH24MSM 5.5 2.1 3.53E-02 6 (15.3) 
ALGA0117065 PH24MSM 5.6 2.1 3.53E-02 6 (15.4) 
ASGA0094879 PH24MSM 5.4 2.1 3.53E-02 6 (15.4) 
MARC0009056 PH24MSM 6.0 2.4 3.53E-02 10 (61.6) 
ALGA0119163 PH45MLD 13.0 5.3 1.31E-09 6 (40.9) 
ASGA0085824 PH45MLD 14.3 5.9 2.44E-10 6 (54.4) 
ASGA0091611 PH45MLD 10.8 4.4 1.55E-07 6 (60.1) 
H3GA0052956 PH45MLD 13.5 5.6 4.69E-10 6 (44.2) 
MARC0042606 PH45MLD 13.5 5.6 4.69E-10 6 (44.2) 

SNP ID=single nucleotide polymorphism identifier; FDR=false discovery rate per trait at maximum 5 closely neighbouring markers are listed 

 

Candidate genes in GL breed located on SSC6 
with functional evidence for their role in meat 
quality based on eQTL data 

Taking advantage of available eQTL data from 
Pi×(GL×LW), and considering only significantly 
trait-associated SNPs (200 SNPs), we focused on SNPs 
located on SSC6 (111). Moreover, we further filtered 
by selecting those SNPs that were eQTL to transcripts 
significantly correlated with four meat quality traits, 
PH45MLD, DVMLD, IMP24MLD, and LF24MLD, 
which were eight transcripts (Table 4, Figure 5). Six of 
these genes (SIGLEC10, PIH1D1, PSENEN 
(LOC100518735), Platelet-activating factor acetylhy-
drolase IB subunit gamma-like (LOC100514845), 
KIF1B, TBCB) are located on SSC6 at 40-64 Mb, indi-
cating the existence of cis eQTL; two were not yet 
annotated.  

Discussion 
In Pi×(GL×LW) and GL GWAS revealed nu-

merous SNP that were associated with meat quality 
traits. Most of the associated markers displayed peaks 
of closely linked loci that point to particular genomic 
regions. In fact, in Pi×(GL×LW) most of these SNPs 
were found on SSC4 and SSC6; in GL on SSC6. In or-
der to promote the identification of candidate genes 
within these regions, we addressed the association of 
these markers with the abundance of transcripts of 
trait-correlated expressed genes. In total some 25,000 
eQTL at p < 10-6 of 11,000 transcripts found in porcine 
skeletal muscle by microarray analysis. We demon-
strate that the global microarray eQTL analysis can 
serve for narrowing down the candidate genes for 
quantitative traits related to meat quality when it is 
integrated with the analyses of marker trait associa-
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tion and probe set trait correlation. Trait-associated 
SNPs are more likely to be eQTLs and that application 

of this information can enhance discovery of 
trait-associated SNPs for complex phenotypes [19]. 

 

Table 4. Correlation coefficients between meat quality traits and abundance of SSC6 transcripts with eQTL corresponding to SNPs that 
are significantly associated with meat quality.  

  Gene DVMLD IMP24MLD LF24MLD PH45MLD SSC (Mb) 
Ssc_10326_1_A1_at unknown 0.22 (1.1x10-3) -0.24 (4.8x10-4) 0.24 (4.6x10-4) -0.23 (6.6x10-4)  - 
Ssc_12478_1_S1_at PIH1D1 0.30 (1.5x10-5) -0.28 (4.1x10-5) 0.25 (2.4x10-4) -0.34 (7.1x10-7) 6 (50.2) 
Ssc_27233_1_S1_at SIGLEC10 -0.26 (1.3x10-4) 0.29 (2.0x10-5) -0.32 (3.4x10-6) 0.28 (6.1x10-5) 6 (51.7) 
Ssc_3245_1_S1_at TBCB 0.22 (1.1x 10-3) -0.16 (1.9x10-2) 0.13 (5.4x10-2) -0.16 (2.4x10-2) 6 (40.8) 
Ssc_3274_1_S1_at LOC100518735 0.20 (4.0x10-3) -0.14 (4.6x10-2) 0.16 (2.2x10-2) -0.19 (5.9x10-3) 6 (40.6) 
Ssc_17417_1_S1_at KIF1B -0.18 (1.0x10-2) 0.18 (9.2x10-3) -0.13 (6.0x10-2) 0.22 (1.5x10-3) 6 (64.5) 
Ssc_15655_1_S1_at LOC100514845 0.25 (2.7x10-4) -0.22 (1.7 x10-3) 0.23 (9.4x10-4) -0.23 (1.0x10-3) 6 (45.5) 
Ssc_17233_1_A1_at unknown 0.15 (3.4x10-2) -0.16 (2.3 x10-2) 0.23 (1.1x10-3) -0.17 (1.3x10-2) - 

 
 
 

 
Figure 5. Genome-wide association with the abundance of selected transcripts in GL. Manhattan plots of genome-wide association analyses of transcript 
abundance of SIGLEC10, LOC100514845, LOC100518735, PIH1D1, unknown, KIF1B, TBCB and two non-annotated transcripts (unknown) in GL. Black lines indicate the 
significance threshold corresponding to negative log10 (NegLog10)>5. 

 
Genome-wide association analysis in 
Pi×(GL×LW) and eQTL data  

Most previously identified QTL at 62-64 Mb of 
SSC4 were associated with pig carcass or production 
traits [20], whereas, here we found markers associated 
with PH24MLD at that position in Pi×(GL×LW). The 
most significant SNPs associated with meat colour a* 
and PH45MLD in this study were located on SSC6. 
Previous studies reported quantitative trait loci (QTL) 

of meat colour on SSC4 [21-22] and SSC14 [23] de-
pending on the mapping population.  

Essentially, eQTL analysis provides evidence for 
genomic variation that affects the abundance of tran-
scripts. Here eQTL-data that were obtained from a 
subset of 207 animals of the Pi×(GL×LW), were inte-
grated with the GWAS results to identify candidate 
genes whose transcription levels were correlated with 
meat quality traits and associated with the respective 
significantly trait-associated SNPs. Accordingly, 
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ZNF704 (zinc finger protein 704) turned out as posi-
tional and functional candidate gene in the region on 
SSC4 because of the transcript levels were associated 
with the same significant SNP (cis eQTL) and corre-
lated with meat quality. However, the knowledge of 
the biological function of ZNF704 is still limited. Sim-
ilarly, SIGLEC10 (sialic acid binding Ig-like lectin 10) 
and PIH1D1 (PIH1 domain containing 1) were located 
in a QTL region (SSC6, 48-50 Mb) according to GWAS, 
showed trait-associated expression, and had a cis 
eQTL at their position. Interestingly, these genes were 
also highlighted as functional and positional candi-
date genes in GL. In addition OXSR1 is worth men-
tioning, because it is known to belong to the Ser/Thr 
kinase family. OXSR1 (oxidative stress responsive 1) 
regulates downstream kinases in response to envi-
ronmental stress and plays a role in ion 
co-transportation in kidney [24], ROS formation, and 
migration of dendritic cells [25]. OXSR1 is also found 
in human heart, but relatively little is known about its 
functional pathways [26]. Since stress plays a key role 
in meat quality, the function and localization of 
OXSR1 suggest it is a candidate gene.  

Genome-wide association analysis in GL and 
eQTL data  

Our most prominent SNPs associated with meat 
colour a* and colour b* were on SSC4 und SSC14, re-
spectively, where QTL were previously shown 
[22-23], [27-29]. Further, Duthie and colleagues [21] 
detected a QTL for the pH of ham 24 hours 
post-mortem surrounding the same region of SSC14, 
which was also found in our study.  

Previous studies have also identified QTL for 
meat quality traits on SSC6 [30-32]. Markljung and 
colleagues [31] identified QTL affecting water content, 
DVMLP (drip loss), and pH decline between positions 
51 and 69 cM on SSC6. RYR1 mutations, located on 
SSC6, frequently occur in the Pietrain breed and sig-
nificantly impact meat quality, stress resistance, and 
carcass composition [33]. Several QTL for meat qual-
ity traits were found next to RYR1 on SSC6, although 
RYR1 was included in the QTL mapping model as a 
fixed effect [32]. The GL pigs in this study did not 
carry this mutation. However, also for non-carriers of 
the RYR1 mutation QTLs for meat quality traits in this 
region were identified [30].  

Candidate genes in the GL breed located on 
SSC6 with functional evidence for their role in meat 
quality based on eQTL data are involved in physio-
logical pathways that have functional implications for 
meat quality. SIGLEC10 (sialic acid binding Ig-like 
lectin 10) is located on SSC6 and encodes a protein 
that specifically recognizes sialic acids [34]. Genetic 
regulation of SIGLEC10 was identified by eQTL to be 

associated with post-mortem meat quality traits in 
this study. SIGLEC10 transcription levels were highly 
correlated with traits related to water holding capac-
ity (DVMLD, IMP24MLD, LF24MLD, and 
PH45MLD). Sarcolemmal sialic acid levels were re-
duced in dystrophic muscles due to the release of 
trace amounts of sialidase from damaged muscle and 
were a sensitive detection method for muscle injury 
with utility for muscular dystrophy [35]. Here we 
found that SIGLEC10 expression levels negatively 
correlated with DVMLP and other post-mortem 
phenotypes that reflect damaged muscles. This sug-
gests that SIGLEC10 is a marker not only for cardiac 
and skeletal muscle cell damage, but also for meat 
quality.  

PIH1D1 (PIH1 domain containing 1) is also lo-
cated on SSC6 and encodes a component of the 
apoptosis-regulating complex R2TP. Genetic regula-
tion of PIH1D1 was identified by eQTL and associated 
with meat quality traits by GWA analysis. RNA in-
terference experiments showed that knock-down of 
PIH1D1 enhances apoptosis in vitro [36]. Moreover, a 
study indicated that apoptosis of duck skeletal muscle 
cell was associated with the postmortem development 
of meat quality traits such as meat colour, water 
holding capacity and tenderness [37]. 

The probe set assigned LOC100518735 repre-
sents the presenilin enhancer gamma secretase subu-
nit (PSENEN), which encodes a component of the 
gamma-secretase protein complex [38]. Presenilins are 
involved in signaling processes across membranes 
including Notch signaling that affects a broad range 
of developmental processes. Interestingly, presenilins 
also regulate Ca2+ release via ryanodine or inositol 
1,4,5-trisphosphate channels [39-40]. Mutations in 
presenilins decrease the activity of the sarcoendo-
plasmic reticulum Ca2+ transport ATPase (SERCA) 
pump [41] and disrupt Ca2+ homeostasis [42]. Here, 
the expression of PSENEN was correlated with meat 
quality and was genetically regulated. In muscle, RYR 
regulates abnormalities in the Ca2+ release channel 
and contributes to meat quality [43]. Corresponding-
ly, PSENEN might be related to meat quality due to its 
impact on Ca2+ homeostasis and thus represents a 
potential candidate gene for meat quality on SSC6. 

Platelet-activating factor acetylhydrolase IB subunit 
gamma-like (LOC100514845) encodes an enzymatic 
subunit of the platelet-activating factor acetylhydro-
lase isoform 1B complex. LOC100514845 is important 
for brain development and is associated with mental 
retardation, ataxia, and brain atrophy [44-45]. Alt-
hough most SNPs significantly associated with meat 
quality traits (PH45MLD, DVMLD, IMP24MLD, 
LF24MLD) correlated with expression of 
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LOC100514845, the mechanisms of these genes in 
muscle remain unclear.  

KIF1B (kinesin family member 1B) is involved in 
mitochondrial transport [46]. Mice heterozygous for 
Kif1b have impaired transport of synaptic vesicle 
precursors and muscle weakness [47]. A dominant 
role of mitochondria is the production of ATP by ox-
idative phosphorylation that depends on oxygen 
supply. When oxygen is limited (post mortem or dur-
ing prolonged vigorous exercise) the glucose metabo-
lism occurs by anaerobic respiration, a process that is 
independent of the mitochondria. A shift from aerobic 
to anaerobic metabolism - favouring the production of 
lactic acid - results in a pH decline post mortem and 
thereby influence the meat quality [48]. Together mi-
tochondrial processes and glucose metabolism play a 
significant role in muscle and thus impact meat qual-
ity.  

Tubulin folding cofactor B (TBCB) is a cytoskele-
ton-associated protein (CAP) that modulates cyto-
skeletal activity [49]. There is not information about 
the specific function of TBCB in muscle cells; however, 
cytoskeleton-associated proteins are known to medi-
ate interactions between protein filaments of the cy-
toskeleton including microtubules, intermediate fila-
ments, and actin filaments. In particular, the degra-
dation of cytoskeletal and other structural proteins 
plays an important role in meat quality and corre-
spondingly differential expression of genes related to 
cytoskeleton was associated with meat quality traits 
[1-2]. The present results also suggested TBCB as a 
candidate gene on SSC6 with an eQTL effect and a 
correlation between its transcription level and meat 
quality. 

In summary, on SSC4 ZNF704 and on SSC6 
PIH1D1, SIGLEC10, TBCB, LOC100518735, KIF1B, 
LOC100514845, as well as two not yet annotated 
genes, represent such candidate genes showing 
trait-correlated expression and transcript abundances 
associated with markers, which at the same time show 
significant trait-association. Remarkably, the majority 
of these genes were located close to the respective 
significant markers, indicating the existence of 
cis-eQTL. Thus in our study, eQTL analysis and 
trait-correlated expression data enhanced the nomi-
nation of genes as candidate genes that flank the 
trait-associated GWAS-markers. 

Supplementary Material 
Table S1. SNP markers associated with meat quality 
traits in Pietrain×(German Landrace×Large White) 
(Pi×(GL×LW)) at a threshold of negative log10 of p > 5 
and FDR<5%.  
Table S2. SNP markers associated with meat quality 
traits in German Landrace (GL) at a threshold of neg-

ative log10 of p > 5 and FDR<5%. 
http://www.ijbs.com/v10p0327s1.xls 
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