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Heinz Jüngst • Dawit Tesfaye • Astrid Becker • Andreas Zimmer •

Siriluck Ponsuksili • Klaus Wimmers • Ernst Tholen • Karl Schellander •

Christine Große-Brinkhaus

Received: 3 May 2013 / Accepted: 5 August 2013 / Published online: 12 September 2013

� Springer Science+Business Media New York 2013

Abstract In this study lean meat water-holding capacity

(WHC) of a Duroc 9 Pietrain (DuPi) resource population

with corresponding genotypes and transcriptomes was

investigated using genetical genomics. WHC was charac-

terized by drip loss measured in M. longissimus dorsi. The

60K Illumina SNP chips identified genotypes of 169 F2

DuPi animals. Whole-genome transcriptomes of muscle

samples were available for 132 F2 animals using the Af-

fymetrix 24K GeneChip� Porcine Genome Array. Per-

forming genome-wide association studies of transcriptional

profiles, which are correlated with phenotypes, allows

elucidation of cis- and trans-regulation. Expression levels

of 1,228 genes were significantly correlated with drip loss

and were further analyzed for enrichment of functional

annotation groups as defined by Gene Ontology and Kyoto

Encyclopedia of Genes and Genomes pathways. A hyper-

geometric gene set enrichment test was performed and

revealed glycolysis/glyconeogenesis, pentose phosphate

pathway, and pyruvate metabolism as the most promising

pathways. For 267 selected transcripts, expression quanti-

tative trait loci (eQTL) analysis was performed and

revealed a total of 1,541 significant associations. Because

of positional accordance of the gene underlying transcript

and the eQTL location, it was possible to identify eight

eQTL that can be assumed to be cis-regulated. Comparing

the results of gene set enrichment and the eQTL detection

tests, molecular networks and potential candidate genes,

which seemed to play key roles in the expression of WHC,

were detected. The a-1-microglobulin/bikunin precursor

(AMBP) gene was assumed to be cis-regulated and was part

of the glycolysis pathway. This approach supports the

identification of trait-associated SNPs and the further bio-

logical understanding of complex traits.

Introduction

Water-holding capacity (WHC), i.e., the capacity of meat

to retain its water during application of external forces

(Hamm 1985), is an important quality criterion for the

meat-processing industry and consumers. WHC can be

predicted by measuring drip loss, which is a fluid consist-

ing of water and protein expelled from the meat surface

without any mechanical force other than gravity and is

influenced by shrinkage of the myofibrils, pH value, and

temperature post mortem (Offer and Knight 1988).
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The structural components and the biological processes

of WHC and its associated traits have been investigated

extensively (Greaser 2001; Huff-Lonergan and Lonergan

2005, 2007; Huff-Lonergan et al. 2010; Offer and Cousins

1992; Rosenvold and Andersen 2003). However, the

genetic mechanisms underlying WHC during the conver-

sion of muscle to meat are not fully understood. The pre-

sented heritability (h2) for drip loss in different breeds

varied between 0.01 and 0.31, which may be dependent on

the different measurement methods (e.g., Borchers et al.

2007; Ciobanu et al. 2011), and demonstrates the com-

plexity of this trait.

A genome scan is the most general approach to identify

genomic regions with quantitative trait loci (QTL), classi-

cally used for complex phenotypic characteristics. Such

QTL regions are generally large and may contain thou-

sands of putative genes, which are all candidate loci for the

trait (Wayne and McIntyre 2002). Until now, 6,397 QTL

covering 578 phenotypic traits have been identified and

submitted for entry into the pig QTLdb (www.

animalgenome.org, release April 12, 2013). In total, 953

QTL were identified for drip loss in loin in different pig

populations (Hu et al. 2010). These QTL were identified

mostly via a genome scan based on linkage analyses and

microsatellite genotyping. Liu et al. (2007, 2008) found

seven QTL for drip loss [Sus scrofa chromosomes (SSC) 2,

3, 4, 5, 6, and 18] in loin muscle of the Duroc 9 Pietrain

(DuPi) F2 resource population by applying different sta-

tistical methods.

Quantitative expression studies such as microarray

technology can indicate regulatory variation in genes for

complex traits (Wayne and McIntyre 2002). By combining

QTL mapping and microarray analyses, it is possible to

identify the regulatory networks underlying the quantita-

tive trait of interest and localize genomic variation, the so-

called genetical genomics approach (Jansen 2003; Jansen

and Nap 2001). Furthermore, a QTL analysis of expression

levels of genes identifies genomic regions that are likely to

contain at least one causal gene with a regulatory effect on

the expression level, termed expression QTL (eQTL). The

use of eQTL analyses has been demonstrated as a prom-

ising tool for narrowing the gap between detected pheno-

type-related QTL regions and confirmed causative

variations for the pig species (Rothschild et al. 2007;

Steibel et al. 2011). Detected eQTL can be classified into a

locus, which is located close to a gene (cis-regulation) or

distant (trans-regulation) (Jansen and Nap 2001). Differ-

entially expressed genes, where eQTL mapping indicates

cis-regulation, are more likely to represent the ‘‘cause,’’

e.g., the genetic background of the trait of interest, whereas

differentially expressed genes revealing trans-regulation

represent the ‘‘effect,’’ e.g., pathways that are affected by

causal variations (Wimmers et al. 2010). The largest and

most significant reported eQTL are often cis-regulated

(Haley and de Koning 2006). However, some trans-regu-

lated eQTL seem to control expression in several or many

genes spread across the genome. These findings provide

general information on the organization of the control of

expression (Haley and de Koning 2006).

Previous results showed eight cis-regulated eQTL sig-

nificantly associated with drip loss that were located on

SSC 2, 3, 4, and 6. Additionally, eight candidate genes

were identified from these results (Ponsuksili et al. 2008a).

Lobjois et al. (2008) showed that of 63 genes associated

with the Warner–Bratzler shear force, only 22 were map-

ped in the pig genome and 12 were located in the areas

previously associated with tenderness (SSC 2, 6, and 13).

In the study by Steibel et al. (2011), expression profiles

from loin muscle tissue were combined with linkage

analyses of 124 microsatellites showing 62 eQTL, includ-

ing 22 cis-regulated eQTL. As shown in these studies,

differences in gene expression can be used in reverse

genetic studies to generate well-defined hypotheses

regarding downstream effects on molecular, cellular, and

functional networks, and finally at the phenotype level

(Ciobanu et al. 2011). However, genetical genomic studies

have rarely been used to investigate the complex genetic

structure and gene regulation of drip loss in pigs. There-

fore, the aim of this study was to identify candidate genes

related to drip loss by (1) analyzing the correlation of drip

loss with transcript abundance and (2) combining genome-

wide gene expression profiling and genotyping.

Materials and methods

Animals and phenotypic traits

In this study, 214 animals of a reciprocal cross of the Duroc

and Pietrain breeds were used. These animals consisted of

169 F2, 39 F1, and 9 parental (P) animals, which came from

59 full- and half-sib families. All F2 DuPi animals were

kept and performance tested at the Frankenforst experi-

mental farm of the University of Bonn. The phenotypes

were recorded in a commercial slaughterhouse according to

the rules of German performance stations (ZDS 2003).

Further information can be found in Liu et al. (2007).

Drip loss was measured using the bag method of

Honikel (1986). The samples from M. longissimus dorsi

were collected 24 h post mortem (p.m.), weighed, and

wrapped in a plastic bag. After storage for 48 h at 4 �C, the

samples were reweighed and drip loss were calculated as a

percentage of weight loss based on the initial weight of a

sample.
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Sample preparation, genome-wide genotyping,

and quality control

DNA was extracted from M. longissimus dorsi using a

Genomic DNA Purification Kit (Fermentas Life Science,

Thermo Fisher Scientific, Waltham, MA, USA). DNA

concentration was measured using a NanoDrop 8000

spectrophotometer (Thermo Scientific, Wilmington, DE,

USA) and concentration was adjusted to 100 ng/ll by

using double-distilled RNase and DNase free water. Illu-

mina bead array technology (Porcine SNP 60 K Bead

Chip) was used for genotyping the samples (Illumina, Inc.,

San Diego, CA, USA) in accordance with the protocol for

SNP Infinium HD assay (http://Illumina.com). DNA

(200 ng) was used for genome-wide amplification and

fragmentation. A quality score for each genotype was

generated. Because of missing phenotype information, the

P and F1 generations were excluded from further analyses.

In the final step, 169 F2 samples were used for the genome-

wide association analyses. The quality of the data was

measured using PLINK software (Purcell et al. 2007). For

quality control, samples with a call rate of \95 % and

markers with a low minor allele frequency (MAF) of\5 %

were chosen, and SNPs with a missing rate of more than

2 % were removed. After checking the quality of the data,

153 animals and 46,964 SNPs remained in the data set.

Whole-genome expression profiling

Gene expression profiling of the M. longissimus dorsi was

conducted with 100 of the 169 F2 animals. In brief, total

RNA of the loin was isolated using TRI Reagent (Sigma,

St. Louis, MO, USA) according to the manufacturer’s

protocol. The RNA was cleaned up using an RNeasy Kit

(Qiagen, Valencia, CA, USA). RNA concentration was

measured using a NanoDrop 8000 spectrophotometer. The

integrity and the absence of contamination were checked

using the Agilent RNA 6000 Nano Kit (Agilent Technol-

ogies, Santa Clara, CA, USA). According to Affymetrix

protocols, 500 ng of total RNA was reversely transcribed

into cDNA, transcribed into cRNA, and labeled using the

Affymetrix One Cycle Synthesis and Labeling Kit (Af-

fymetrix, Santa Clara, CA, USA). Muscle expression pat-

terns were assessed using the GeneChip� Porcine Genome

Array (Affymetrix), which contains 23,937 probe sets that

interrogate 23,256 transcripts which represent 20,201 genes

in pig. Hybridization and scanning using the GeneChip�
Scanner 3000 (Affymetrix) were performed according to

the manufacturer’s protocols using 5 lg of total RNA. The

quality of hybridization was assessed in all samples fol-

lowing the manufacturer’s recommendations. Data were

analyzed with Affymetrix’s GCOS 1.1.1 software using

global scaling to a target signal of 500.

Microarray data processing

To increase the depth of muscle transcriptome data, an

additional array data set from a previous investigation was

added (Ponsuksili et al. 2008a). To combine these two data

sets, it was necessary to remove outliers and correct for the

significant batch effect (Oldham et al. 2008). The whole

microarray processing is described in Supplementary

Methods. After microarray processing, 132 F2 DuPi ani-

mals were left for further investigation.

Correlation between traits and expression levels

Individual phenotypes of drip loss and gene expression levels

were adjusted for systematic effects using a generalized linear

model (glm) of R software (www.r-project.org). The linear

model contained as fixed effects ‘‘gender,’’ ‘‘season,’’ and

‘‘place of slaughter’’ and as covariables ‘‘age of slaughter’’ and

‘‘weight of slaughter.’’ Then Pearson’s correlation coeffi-

cients were calculated using the residuals of the expression

intensities and the trait drip loss. Genes that showed a sig-

nificant correlation (P B 0.05) were analyzed further.

Gene set enrichment and pathway analyses

The array contained 23,937 probe sets, which represent

12,307 UniGenes to measure the global transcripts. The

Porcine Genome Array annotation available from Ne-

tAffxTM Analyses Centre (Porcine.na30.annot.csv; Novem-

ber 2012) was used. An additional updated annotation was

obtained from the Ensembl database using the biomaRt

package (ver. 2.14.0) in R (www.r-project.org). In total,

8,059 probes were assigned to the terms Biological Processes

(BP), 8,179 probes to Cellular Components (CC), and 8,867

probes to Molecular Functions (MF) of the Gene Ontology

(GO; http://www.geneontology.org/) database.

A hypergeometric gene set enrichment test (GOstats

package ver. 2.24.0) was performed based on the clusters

identified in correlation analyses. Overrepresentation of

gene sets defined by the groups BP, CC, and MF in the GO

database or the Kyoto Encyclopedia of Genes and Gen-

omes database (KEGG; http://www.genome.jp/kegg/) was

tested using Fisher’s exact test. For this test, only the sig-

nificant genes that were annotated with an Entrez gene ID

were included. When a gene had a duplicate probe set on

the array and only one Entrez gene ID, only this gene ID

was used for gene set enrichment analysis (GSEA). A gene

set was considered significant if P B 0.05.

Genome-wide association (GWA) analysis

For the genome-wide association study, the gene expres-

sion values were corrected for environmental effects by
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using a glm of R software. The model contained the same

effects used for the correlation analysis.

The GWA analysis was conducted with PLINK soft-

ware, which is based on the family association tests for

quantitative traits (QFAM) and performed using permuta-

tion techniques to account for the dependence between

related animals. The within-sibship test of QFAM is robust

for population stratification. Nominal scores were per-

muted to obtain an empirical P value while obtaining

familial correlation between phenotype and genotype. The

permutation procedure applied by QFAM corrects for

relatedness within families and was performed 100,000

times. Genetic effects and the proportion of explained

variance were also calculated using PLINK (Purcell et al.

2007). In addition, a false discovery rate (FDR) B0.1 was

used to correct for multiple testing (Benjamini and Hoch-

berg 1995).

Results

Expression profiling and eQTL analyses were performed

on 132 animals of the DuPi population, including 100

animals in this study and 32 animals from previous studies

(Ponsuksili et al. 2008a, 2010). The animals chosen for

gene expression profiling were selected based on the high

degree of relationship within the F2 crosses and their

extreme values of drip loss. Therefore, to avoid con-

founding of extreme phenotypes with families and litters,

two discordant full sibs of each family were selected.

The animals were slaughtered at an average of

183.7 days and an average carcass weight of 86 kg. The

mean drip loss was 2.0 %, with a minimum of 0.4 % and a

maximum of 5.3 %. Using the Affymetrix Porcine Genome

Array, 24,123 expression measurements were performed

from each M. longissimus dorsi RNA sample from the 132

F2 animals and corrected for the batch effect using

‘‘ComBat’’ (Johnson et al. 2007). The preselected gene

expression data were further analyzed with the hybrid

algorithm of PLIER (AffymetrixTechnicalNote 2005),

resulting in 20,733 probe sets. Pearson’s correlation coef-

ficient was calculated between each of the 20,733 probe set

expression levels and the drip loss phenotypes. A total of

1,228 transcripts were significantly correlated with drip

loss (P B 0.05), with 406 negative and 822 positive cor-

related genes.

Biological pathways associated with drip loss

We tested the list of significantly positive and negative

correlated genes (P B 0.05) for gene set enrichment of

functional annotation groups in the Kyoto Encyclopedia

of Genes and Genomes (KEGG) (Kanehisa and Goto

2000) and annotation term Gene Ontology (GO) dat-

abases. This data set was represented by 1,227 probe sets,

which represent 688 annotated genes. Eight significant

KEGG pathways (P B 0.05), including ‘‘Glycolysis/gly-

coneogenesis,’’ ‘‘Pentose phosphate pathway,’’ and

‘‘Pyruvate metabolism,’’ for all genes significantly asso-

ciated with drip loss were found (Supplementary Table 1).

For the negatively correlated genes, 19 significant KEGG

pathways, which were mostly disease pathways, were

observed (Table 1). In addition, ten significant KEGG

pathways were identified for positively correlated genes

(Table 2).

For the GO Biological Process (BP) term, enrichment

of 114 BP terms in the list of correlated genes was found.

The GO terms ‘‘Hexose catabolic process,’’ ‘‘Primary

metabolic process,’’ ‘‘Gluconeogenesis,’’ ‘‘Glycolysis,’’

‘‘Monosaccharide biosynthetic process,’’ ‘‘Protein modi-

fication process,’’ ‘‘Cellular metabolic process,’’ ‘‘Cellular

carbohydrate catabolic processes,’’ and ‘‘Carbohydrate

catabolic process’’ annotated most of the genes with a

significant association to drip loss (Supplementary

Table 2).

For the genes that were negatively correlated with drip

loss, enrichment of 235 BP terms were identified compared

to the genes that were positively correlated with drip loss

with 129 enriched BP terms. For the GO Cellular Com-

ponent (CC) term, only 28 GO terms were observed for all

significantly associated genes (Supplementary Table 3).

The lists of positively and negatively correlated genes were

enriched with 45 CC terms, consisting mainly of intracel-

lular components, and with 21 CC terms, representing

extracellular components, respectively.

Forty-six GO terms for MF were enriched in the list of

all significantly associated genes. These included four MF

terms: ‘‘Phosphorylase activity,’’ ‘‘Oxidoreductase activity,

acting on the aldehyde or oxo group of donors,’’ ‘‘Fructose

1,6-bisphosphate 1-phosphatase activity,’’ and ‘‘Catalytic

activity’’ (Supplementary Table 4). Within the list of genes

positively correlated with drip loss, 77 MF terms were

enriched compared to the gene list negatively correlated

with drip loss enriched for 58 MF terms.

Whole-genome association analysis for transcripts

correlated with drip loss (eQTL)

A total of 246 genes, which were highly correlated with

drip loss (P B 0.01), were selected for eQTL analysis. In

addition, 21 genes were selected from the gene set

enrichment analysis because of their functional role in the

development of drip loss and were added for eQTL ana-

lysis. In total, 46,946 SNPs were tested for association with

the expression level of each of the 267 transcripts signifi-

cantly associated with drip loss. The analysis revealed
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1,451 eQTL associated with the expression level of 30 total

transcripts, with a nominal P \ 0.0001 and a genome-wide

FDR value of 0.1. The average number of eQTL for each

transcript was 50, with a minimum of one eQTL and a

maximum of 943 eQTL. Four transcripts had only one

eQTL (Table 3). The calculated correlations with drip loss

for all eQTL ranged between –0.25 and 0.30. From these

1,451 eQTL, 466 eQTL were located on the same chro-

mosome as the transcript. In this study, only eight eQTL

were assumed to be potentially cis-regulatory because they

were located close to the gene expressing the transcript

whose level was the eQTL (Table 4). The explained vari-

ance of these eight eQTL ranged from 10 to 30 %. The

gene neuralized homolog (Drosophila) (NEURL) showed

two significantly associated SNPs, which were located

within the gene. These two SNPs located within the

NEURL gene were significantly associated with the

NEURL expression level and may indicate a cis-eQTL at

the NEURL gene position. An eQTL located on SSC 12

showing a significant association (P \ 2.58E-07) with

expression of the gene TPI1 was found on SSC 5.

Discussion

Trait-dependent expression analyses

The genome-wide association between the quantitative trait

drip loss and gene expression was analyzed using Pearson’s

correlation. This approach was similarly used in many

studies such as those of Quackenbush (2001), Kraft et al.

(2003), and Ponsuksili et al. (2008a). In the study by Kraft

et al. (2003), a within-family correlation analysis was uti-

lized to remove the effect of family stratification. In con-

trast, we used a general linear model to correct both drip

loss phenotype and expression levels for environmental

effects in the correlation analysis. In our additional anal-

yses, we used the family approach of PLINK (Purcell et al.

2007) to account for family stratification. For the pathway

and GO term analyses, we considered correlation signifi-

cant at P \ 0.05, as in the studies of Blalock et al. (2004)

and Ponsuksili et al. (2008a).

To control for the problem of multiple testing, a gen-

ome-wide Bonferroni correction may be used but it will

Table 1 Significant KEGG identifiers detected based on negatively correlated transcripts with drip loss

KEGG ID P value* Odds ratio ExpCounta Countb (sizec) Termd

4650 0.004 5.219 1.089 5 (66) Natural killer cell mediated cytotoxicity

4920 0.006 4.893 1.155 5 (70) Adipocytokine signaling pathway

5160 0.006 4.099 1.651 6 (100) Hepatitis C

4660 0.008 4.409 1.271 5 (77) T cell receptor signaling pathway

5220 0.012 5.022 0.891 4 (54) Chronic myeloid leukemia

4012 0.012 4.923 0.908 4 (55) ErbB signaling pathway

4115 0.019 4.246 1.040 4 (63) p53 signaling pathway

4380 0.023 3.357 1.634 5 (99) Osteoclast differentiation

5213 0.026 5.164 0.644 3 (39) Endometrial cancer

5214 0.027 5.023 0.660 3 (40) Glioma

4662 0.029 4.890 0.677 3 (41) B cell receptor signaling pathway

4370 0.029 4.890 0.677 3 (41) VEGF signaling pathway

4610 0.034 3.517 1.238 4 (75) Complement and coagulation cascades

5221 0.037 4.419 0.743 3 (45) Acute myeloid leukemia

4940 0.039 4.315 0.759 3 (46) Type I diabetes mellitus

5215 0.042 3.281 1.320 4 (80) Prostate cancer

600 0.042 6.805 0.330 2 (20) Sphingolipid metabolism

650 0.042 6.805 0.330 2 (20) Butanoate metabolism

4010 0.045 2.495 2.608 6 (158) MAPK signaling pathway

A hypergeometric gene set test was performed based on negatively correlated transcripts with drip loss. Over representation of gene sets defined

by the KEGG database was tested using Fisher’s exact test. The gene set was considered significant if P \ 0.05

KEGG ID = KEGG pathway ID
a ExpCount is the expected number of genes in the selected gene list to be found at each category term
b Count is the number of genes identified in each category term
c Size is the total number of genes found at each category term
d Term is the definition of each category term
* P value calculated for hypergeometric test using Fisher’s exact test
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result in high false negatives (Han et al. 2009). Thus,

instead of a genome-wide Bonferroni correction, we set a

more relaxed threshold by using a correction following

Benjamini and Hochberg with a FDR \0.10 (Benjamini

and Hochberg 1995). Storey and Tibshirani (2003) pro-

posed an adaptation of the FDR for use with genome-wide

experiments to provide a better balance between statistical

stringency and power to detect true effects. However, for

some genes even this method seems to be too stringent,

e.g., for the gene solute carrier family 37, member 4

(SLC37A4), which does not reach the FDR level of 0.1.

This gene is located in a region on SSC 9 and showed

eQTL on SSC 18, where several promising candidate genes

influencing drip loss are located (Jennen et al. 2007).

Gene set enrichment of significant correlated genes

with drip loss

The genetic background of WHC during the conversion of

muscle to meat is not yet completely understood because of

the highly complex nature of this conversion, which may

be due to the complex structure of the muscle itself (Huff-

Lonergan and Lonergan 2005). In this study, individual

transcript levels in muscle at slaughter were correlated with

drip loss after slaughter to find biological processes that are

relevant in the development of drip loss. Functional

annotation analyses are based essentially on the extrapo-

lation of pathway information and gene ontology data from

other species to the pig (Ponsuksili et al. 2008a). In our

study, different correlations between specific cellular

pathways and quantities of drip loss among individuals

were observed. The genes that were positively correlated

with drip loss were those of the group belonging to energy

metabolism (Table 2); the same results were observed in

the GO term analyses. For example, glycolytic metabolism

is a process characteristic of skeletal muscle (Hamill et al.

2012). Each muscle consists of three main fiber types:

slow-twitch oxidative, fast-twitch oxidoglycolytic, and

fast-twitch glycolytic (Peter et al. 1972). A high proportion

of fast-twitch glycolytic fibers are associated with drip loss,

low vascularization, reduced mitochondrial activity, and

higher glycogen content (Wimmers et al. 2006).

In the recent study, the negatively correlated transcripts

were enriched mostly in disease pathways; the same results

were found in GO analyses.

In summary, analyses of the positively trait-correlated

expression revealed that the complex relationships between

biological processes taking place in skeletal muscle and meat

qualities like drip loss are driven by the energy reserves in the

muscle and their metabolism (Ponsuksili et al. 2008a).

Candidate genes for drip loss and their regulation

patterns

Drip loss is a complex trait that is genetically controlled by

many different genes. With the growing knowledge of

genome sequences and gene annotation, eQTL analyses

give insight into the architecture of regulatory networks

(Ponsuksili et al. 2010). Eight eQTL that control expres-

sion of seven transcripts were predicted to be putative cis-

Table 2 Significantly enriched KEGG identifiers detected based on positively correlated transcripts with drip loss

KEGG ID P value* Odds ratio ExpCounta Countb (sizec) Termd

4120 \0.001 3.829 3.661 12 (102) Ubiquitin-mediated proteolysis

10 \0.001 6.551 1.328 7 (37) Glycolysis/gluconeogenesis

620 0.006 4.941 1.184 5 (33) Pyruvate metabolism

3040 0.007 2.735 4.056 10 (113) Spliceosome

4130 0.010 5.504 0.861 4 (24) SNARE interactions in vesicular transport

310 0.024 4.069 1.113 4 (31) Lysine degradation

4115 0.024 2.911 2.261 6 (63) p53 Signaling pathway

30 0.033 4.824 0.718 3 (20) Pentose phosphate pathway

230 0.034 2.291 3.769 8 (105) Purine metabolism

4720 0.039 3.429 1.292 4 (36) Long-term potentiation

A hypergeometric gene set test was performed based on positively correlated transcripts with drip loss. Over representation of gene sets defined

by the KEGG database was tested using Fisher’s exact test. The gene set was considered significant if P \ 0.05

KEGG ID = KEGG pathway ID
a ExpCount is the expected number of genes in the selected gene list to be found at each category term
b Count is the number of genes identified in each category term
c Size is the total number of genes found at each category term
d Term is the definition of each category term

* P value calculated for hypergeometric test using Fisher’s exact test
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regulatory following the criteria used in the study by

Ponsuksili et al. (2011). In our study, 24 % of the signifi-

cantly associated genes were cis-regulated and 76 % were

trans-regulated. This proportion of cis-regulated genes is

higher than that of (Ponsuksili et al. 2008a, 2010, 2011),

where 10 % of all genes were cis-regulated.

The cis-regulated genes are of interest because the

underlying genes are expected to harbor genetic variants that

Table 4 Potential cis-regulated eQTL and their explained variance

Chra Probe set id Gene name Position of the transcript SNP Position of SNP P value Varianceb

1 Ssc.11793.1.A1_at ZNF79 301852485–301870268 ALGA0010677 303486951 5.10E-07** 0.175

1 Ssc.1894.1.S1_at AMBP 285708391–285725500 ASGA0007079 287975124 7.85E-06* 0.141

1 Ssc.19564.1.S1_at PCDH9 86706491–86706515 ALGA0004442 86848196 0.0001701** 0.102

4 Ssc.1589.1.A1_at JTB 104615009–104617469 DIAS0000629 109076487 4.78E-05* 0.118

5 Ssc.16770.1.S1_at EMG1 66181482–66187680 ASGA0025815 66243536 1.18E-05* 0.136

10 Ssc.3766.1.S1_at RAB18 44073199–44073223 ALGA0058578 44475243 1.56E-06* 0.161

14 Ssc.17499.1.S1_at NEURL 124318583–124396585 ASGA0066211 124326965 5.73E-12*** 0.303

14 Ssc.17499.1.S1_at NEURL 124318583–124396585 H3GA0042143 124382934 3.71E-05* 0.121

a Sus scrofa chromosome
b Gene expression variation explained by the associated SNP

* FDR \ 0.1; ** FDR \ 0.05; *** FDR \ 0.01

Table 3 Transcripts with their

number of potential cis- and

trans-regulated eQTL and their

correlation coefficients to drip

loss level

a Number of Sus scrofa

chromosomes where the gene is

located
b The potential candidate genes

with their number of significant

transcripts and their calculated

Pearson’s correlation coefficient

with the phenotypic trait drip

loss

* P \ 0.05; ** P \ 0.01; ***

P \ 0.001

Probe set id Gene name Chromosomea Estimated correlationb No. of eQTL

Ssc.11793.1.A1_at ZNF79 1 0.255** 1

Ssc.1801.2.S1_at FNBP1 1 -0.251** 1

Ssc.18261.1.S1_at PSTPIP2 1 0.275*** 45

Ssc.1894.1.S1_at AMBP 1 -0.178* 4

Ssc.19564.1.S1_at PCDH9 1 0.242** 943

Ssc.3339.1.S1_at BCKDHB 1 0.252** 15

Ssc.16250.1.S2_at IL1RN 2 -0.228** 5

Ssc.20525.1.S1_at IGF2 2 -0.194* 14

Ssc.30674.1.S1_at PTBP1 2 0.242** 12

Ssc.11624.1.A1_at ATL2 3 0.239** 10

Ssc.14375.1.A1_at RRM2B 4 0.223** 11

Ssc.1589.1.A1_at JTB 4 0.235** 37

Ssc.1297.1.S1_at TPI1 5 0.267** 17

Ssc.15905.1.A1_at GDF11 5 0.240** 11

Ssc.16770.1.S1_at EMG1 5 0.237** 59

Ssc.14396.1.S1_at TAF12 6 0.226** 22

Ssc.8727.1.A1_at RPRD1A 6 0.255** 21

Ssc.30641.1.S1_at ATP5L 9 0.249** 10

Ssc.10209.1.A1_at CHURC1 10 0.232** 12

Ssc.21622.1.A1_at FBP2 10 0.172* 1

Ssc.3766.1.S1_at RAB18 10 0.222** 4

Ssc.6339.1.A1_at DHTKD1 10 0.230** 1

Ssc.7225.1.A1_at BAG1 10 0.245** 7

Ssc.7523.1.A1_at PHB 12 0.307*** 5

Ssc.11661.1.A1_at PPP1CC 14 0.210* 46

Ssc.17499.1.S1_at NEURL 14 0.244** 86

Ssc.30435.1.A1_at BAG3 14 0.273*** 38

Ssc.1473.1.S1_at SMARCD3 18 0.227** 3

Ssc.7292.1.S1_at Unknown 18 0.234** 10
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influence their own expression level, which thus may influ-

ence the physiological trait of interest if transcript abundance

is correlated with the target phenotype such as drip loss

(Göring et al. 2007). For example, the polypeptide a-1-

microglobulin/bikunin precursor (AMBP), which is located

on SSC 1, was already known to be involved in the formation

of drip loss (Cinar et al. 2012; Ponsuksili et al. 2008b), and

we found its expression to be significantly associated with

drip loss (Fig. 1). AMBP is the precursor of bikunin, which

plays an important role in the stabilization of the extracel-

lular matrix (Tyagi et al. 2002). In addition, AMBP is

important for cell growth, development, metabolism,

immune response, and the level of intracellular calcium

(Grewal et al. 2005). The extracellular matrix is reported to

influence meat quality (Velleman 2000) because signal

transduction from the extracellular matrix to the myoblast

plays a significant role in muscle formation and growth

(Velleman 2002). Furthermore, the extracellular matrix

consists of proteins, including collagens and proteoglycans

that contribute to the increase in WHC of tissue (Velleman

2002). In the studies by Ponsuksili et al. (2008a, b), AMBP

was differentially expressed in pig muscles with high vs. low

drip loss and low vs. high pH. These results were confirmed

in the study by Cinar et al. (2012). AMBP was mapped to SSC

1, where QTL for meat quality traits are reported in different

pig breeds and crosses (Hu et al. 2010). In contrast to our

results, Cinar et al. (2012) identified AMBP as trans-regu-

lated. One reason for this might be that we used a higher

number of genetic markers. However, this high number of

genetic markers may not track perfectly with the causative

mutations but they are potentially useful tools for identifying

chromosomal regions associated with the trait (Cole et al.

2009). The functions of the other potential cis-regulated

genes (Table 4) have not yet been correlated with porcine

skeletal muscle biology.

Many loci are trans-acting modulators of gene expres-

sion (Jansen and Nap 2004) and are also of great interest

because these genes are likely to play a role in explaining

trait variation (Wang and Nettleton 2006). For example, the

gene insulin-like growth factor 2 (IGF2), located on SSC 2

(Fig. 2) and also found to be differentially expressed in

pigs with high and low drip loss (Ponsuksili et al. 2008b),

and the gene triosephosphate isomerase 1 (TPI1), located

on SSC 5 (Fig. 3), were trans-regulated. IGF2 promotes

growth and plays a role in regulating proliferation, differ-

entiation, and apoptosis of cells in many different tissues,

such as skeletal muscle (Pavelic et al. 2002; van Wyk and

Smith 1999). The IGF2 gene is imprinted in most mam-

malian tissues and is expressed exclusively from the

paternal allele (Jeon et al. 1999; Nezer et al. 1999). In

addition, IGF2 is involved in myogenesis and controls

primarily muscle mass and fat deposition (Jeon et al. 1999;

Nezer et al. 1999). It is responsible for 15–30 % of the

phenotypic variation in muscle mass (Van Laere et al.

2003). The TPI1 gene encodes a glycolytic enzyme, which

plays an important role in energy generation for muscle

cells (Solem et al. 2008). In the study by Kwasiborski et al.

(2008), protein analyses were performed and TPI1 was

positively correlated with drip loss in a Large White pop-

ulation. In our study, a positive correlation (r = 0.27 with

P \ 0.001) between the expression level of this gene and

drip loss was observed in the DuPi population.

In this study we identified an eQTL for SLC37A4 on

SSC 18 with a FDR of 0.53. Although this eQTL failed the

FDR level of 0.1 test, the trans-regulated SLC37A4, which

is located on SSC 9, is a promising candidate gene for drip

loss (Fig. 4). SLC37A4, also known as glucose-6-phos-

phate transporter (G6PT), is expressed in several tissues

such as heart, brain, and skeletal muscle (Lin et al. 2000).

G6PT translocates glucose-6-phosphate (G6P), the product

of gluconeogenesis and glycogenolysis, from the cyto-

plasm to the lumen of the endoplasmic reticulum (ER)

(Arion et al. 1980). Inside the ER, G6Pase catalyzes the

conversion of G6P to glucose. Therefore, G6PT and

G6Pase both work in the glucose homeostasis pathway (Lin

et al. 2000). G6PT plays a role in antioxidant protection

because defective G6P transport leads to an increase in

reactive oxygen species (ROS) (Leuzzi et al. 2003), which

act as important signaling molecules in muscle contraction

and adaptation (Musaro et al. 2010). An increase in ROS

Fig. 1 Most significant

autosomal eQTL controlling

expression of polypeptide

a-1-microglobulin/bikunin

precursor (AMBP), a gene

associated with drip loss,

mapped to the AMBP location

on SSC 1
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production in osmotic cell swelling, muscle contraction,

anoxia, and sepsis has been demonstrated. It may cause a

decline in pH and drip loss formation in skeletal muscle

(Ortenblad et al. 2003).

From previous eQTL studies (Ponsuksili et al. 2008a, b,

2010), only the genes AMBP on SSC 1 and IGF2 on SSC 2

could be identified in this study. This might be due to a

greater number of animals and a higher marker density for

calculating the eQTL used in this study.

In comparison to the QTL studies performed in the DuPi

population (Edwards et al. 2008; Große-Brinkhaus et al.

2010; Liu et al. 2007, 2008), it can be shown that the cis

eQTL found in this study were located close to previously

identified meat quality QTL. In particular, the genes

jumping translocation breakpoint (JTB) on SSC 4 and

EMG1 nucleolar protein homolog (EMG1) on SSC 5 were

located near the QTL for drip loss identified by Liu et al.

(2007, 2008). However, the cis-regulated candidate gene

RAB18, member RAS oncogene family (RAB18), located on

SSC 10, was found only near the QTL region associated

with connective tissue in a different DuPi population

(Edwards et al. 2008). In our study, it was possible to

identify candidate genes on SSC 1 and 14 close to epistatic

QTL, independent from a second QTL, because of the high

number of genetic markers provided by the SNP chips. For

the trans-regulated candidate genes, IGF2 on SSC 2 was

located close to the QTL associated with drip loss identi-

fied by Liu et al. (2007).

Fig. 2 Most significant

autosomal eQTL controlling

expression of gene Insulin-like

growth factor 2 (IGF2), a gene

associated with drip loss and

located on SSC 2, mapped to

SSC 10 and 12

Fig. 3 Most significant

autosomal eQTL controlling

expression of triosephosphate

isomerase 1 (TPI1), a gene

associated with drip loss and

located on SSC 5, mapped to

SSC 12

Fig. 4 Most significant

autosomal eQTL controlling

expression of solute carrier

family 37, member 4

(SLC37A4), a gene associated

with drip loss and located on

SSC 9, mapped to SSC 18

424 H. Heidt et al.: Genetical genomic analysis for drip loss

123



Conclusion

Mapping quantitative traits and unraveling their transcrip-

tional control is challenging, when applied to one pheno-

type at a time. In studies of typical quantitative porcine

traits like WHC, strong effects are rarely found. In this

study we coupled genomic technologies for expression

profiling with genome-wide genetic mapping using SNP

markers and showed that specific chromosomal regions on

SSC 1, 2, 4, 5, 10, and 14 contain functional candidate

genes. These approaches and results allowed us to inves-

tigate and dissect the genetic contribution to natural vari-

ation in porcine muscle gene expression. Besides

confirming that the genes AMBP and IGF2 influence drip

loss, additional promising candidate genes such as TPI1

and SLC37A4, located in interesting regions, were identi-

fied. These promising candidate genes need further vali-

dation in other pig populations and the gene regulation

networks have to be more closely investigated.
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