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ABSTRACT: Identification of causal variants for complex 
traits has been a focused objective in studies of animal 
genetics for decades. However, identifying such variants is 
a big challenge. So far, only a handful of causal variants 
underlying complex traits have been unambiguously 
characterized in domestic animals. By applying integrated 
genetic analyses of GWAS and eQTL mapping, network 
building and whole-genome resequencing, we herein 
identified three porcine causal variants, including a splice 
mutation in the PHKG1 gene causing acid meat, a 
duplication variant in the MSRB3 gene affecting outer ear 
size, and a regulatory mutation in the EDNRB gene 
underlying the two-end-black coat color phenotypes. These 
findings provide novel insights into the genetic architecture 
of complex traits in domestic animals. 
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Introduction 
 

Dissecting causal variants for complex traits has 
been one of the major objectives of animal genetics for 
decades. The vast majority of complex phenotypes have a 
multifactorial determinism. Inter-individual differences are 
determined by both environmental and genetic factors. 
Traditionally, quantitative trait loci (QTL)/gene mapping 
was utilized to identify quantitative trait nucleotide (QTN) 
underlying phenotypic variations. It is a long road from 
QTL to QTN as it usually takes years to construct 
segregation populations for accumulation of enough 
recombination events and requires extensive phenotypes on 
such populations. Here we illustrate three successful 
examples of QTN identification in pigs by using a battery 
of genetic analyses together with new strategies. 
 

A splice mutation in the PHKG1 gene  
causes acid meat in Duroc related pigs 

 
Glycolytic potential (GP) of skeletal muscle is an 

economically important trait in pigs as it is significantly 
associated with ultimate pH (measured 24 hours after 
slaughter), water holding capacity and processing yield of 
meat (Costa et al. (1998); Hamilton et al. (2003)). GP value 
of > 180 µmol lactate/g is an indicator for the “acid meat” 
(Lundstrom et al. (1996)). PRKAG3 R200Q was the first 

identified causal variant for the undesirable “acid meat”, 
which occurs exclusively in Hampshire and its crossbred 
pigs (Milan et al. (2000)). Here we show a splice mutation 
in the PHKG1 gene also contributes to “acid meat” by an 
integrated system biology analysis.  
 

First, we performed genome-wide association 
studies on two experimental populations: a White Duroc × 
Erhualian F2 cross (N = 930) and a Sutai pig population (N 
= 434), an equivalent of an advanced intercross F19 
population between Duroc and Erhualian pigs. We found 
the strongest association signal for GP and its related traits 
including pH and drip loss at around 17 Mb on SSC3 in 
both populations. The lead SNPs explained 19.6% and 
53.6% of phenotypic variance in GP of F2 and Sutai pigs, 
respectively. The overlapping confidence interval defined 
by the 2-LOD drop method allowed us to refine the location 
of the major locus into a critical region of 180kb. We 
further performed expression QTL (eQTL) mapping using 
muscle transcriptome data of 497 F2 animals. Of 7 
annotated genes in the critical region, only PHKG1 
exhibited identical lead SNPs for both eQTL and GWAS 
mapping. PHKG1 encodes a muscle-specific isoform of the 
catalyticγsubunit of the phosphorylase kinase, which is a 
key regulated enzyme in glycogen breakdown. Therefore, 
PHKG1 stands out as a prime candidate gene for the locus.  
 

We then conducted resequencing of the entire 
PHKG1 gene, and identified a point mutation (C>A) at the 
splice acceptor site of intron 9. This mutation causes a 
32-bp deletion in mRNA sequence and alters the open 
reading frame, resulting in a premature stop codon. The 
genotypes of this mutation showed perfect agreement with 
the QTL genotypes in 9 F1 sires and 4 Sutai founder sires 
determined by marker-assistant segregation analysis. The 
concordance was not observed in any other mutations 
within the PHKG1 gene, supporting the causality of the 
splice mutation. Furthermore, we illustrated that the mutant 
allele induced nonsense mediated decay, reducing 40% of 
the transcript level and thereby yielding lower protein level 
and weaker enzyme activity. As expected, the mRNA level 
of PHKG1 was negatively correlated with glycogen content 
(|r| ≥ 0.4, P < 10-5). Moreover, a co-expression network 
centering on PHKG1 was found to be associated with 
carbohydrate metabolism. To test the effect of the PHKG1 
splice mutation on GP and its related traits, we performed 
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association analyses on multiple populations. In the F2 and 
Sutai populations, the mutation caused ~43% increase in 
GP and ~20% decrease in water-holding capacity of meat. 
The mutation displayed similar effects on GP and its related 
traits in three-way hybrid (Duroc × (Landrace × Yorkshire)) 
pigs, where ~10% of individuals had the “acid meat” 
phenotype. Altogether, we conclude that the PHKG1 splice 
mutation is the causal variant underlying high GP content 
and “acid meat” in pigs. Intriguingly, the unfavorable 
mutant allele occurs mainly in Duroc, a widely used sire 
breed, with a frequency of 0.32. Thus, our finding is of 
great significance for the genetic improvement of meat 
quality in pigs. 
 

A duplication variant affects porcine outer ear  
size by altering the function of MSRB3 

 
Ear size and type are important breed 

characteristics of domestic pigs. We have previously 
identified two major QTL for ear size each on SSC5 and 
SSC7 in a large scale White Duroc × Erhualian F2 
intercross (Ma et al. (2009)), which explained more than 
17% and 45% of the phenotypic variance, respectively. We 
further demonstrate that a missense mutation in PPARD is 
the causative mutation for the QTL on SSC7 (Ren et al. 
(2011)).  
 

To identify the responsible gene and mutation for 
the SSC5 QTL, we genotyped 917 individuals from the F2 
intercross using Illumina 60K SNP chips, and then 
performed a genome-wide association study (GWAS). 
Consistent with the QTL mapping result, a 2.6-Mb region 
(31.44 - 34.06 Mb) on SSC5 showed significant association 
with ear size after correcting for the PPARD effect. We 
further performed haplotype-sharing analysis on 2 founder 
sires and 17 founder dams using 37 SNP data in the 2.6-Mb 
region, which allowed us to refine the major QTL into a 
1.2-Mb interval. Then, we conducted GWAS on 434 
individuals from the Chinese Sutai breed that was originally 
derived from cross between Duroc and Erhualian pigs. We 
found that the lead SNP was identical to that in the White 
Duroc × Erhualian F2 intercross. Therefore, we performed a 
meta-analysis of GWAS on the two populations, and 
defined the most likely QTL position to a 659-kb region 
(32.80 - 33.46 Mb).  
 

To pinpoint the most likely responsible gene, we 
performed homozygosity mapping by searching for shared 
segments in the critical region among Chinese large-eared 
pigs. As a result, all 15 large-eared pigs shared two 
segments of 346 kb and 235 kb. The overlapping region of 
300-kb (32.80 to 33.10 Mb) between the Meta and 
homozygosity mapping analyses appeared to be the most 
likely critical interval containing the responsible gene. Only 
one annotated gene, MSRB3, lies within 300kb region. 
MSRB3 encodes the enzyme that catalyzes the reduction of 
methionine sulfoxide to methionine (Lim et al. (2012)). 
Functional null mutations of MSRB3 are associated with 

Human deafness (Ahmed et al. (2011)). MSRB3 is therefore 
a functionally plausible gene at the major locus. 
 

To characterize the causal variants underlying the 
SSC5 QTL, we first screened mutations in all exons of 
MSRB3 and its flanking LEMD3 gene. We did not detect 
any missense SNPs cosegregating with QTL genotypes of 
founder animals in the two experimental populations. We 
further screened structural variants in the 300-kb region 
using whole-genome resequencing data of 8 Chinese 
indigenous pig breeds with different ear size. We identified 
a 38.4-kb duplication covering the last two exons of the 
MSRB3 gene, which affects the 3’ UTR length of MSRB3. 
We genotyped this duplication in all 19 founder animals 
and a broad panel of 177 individuals from 13 diverse breeds. 
The genotypes of the duplication were completely 
concordant with the QTL genotypes of all F0 pigs from the 
F2 population. This duplication was nearly fixed in pig 
breeds with large and floppy ears. Only one copy of the 
duplicated region exists in breeds with small and erect ears. 
To obtain additional supporting evidence, we performed 
association studies in three populations including 435 Sutai, 
257 Laiwu and 144 Landrace pigs. As we expected, the 
duplication showed constant and significant associations 
with ear size in Sutai (P = 2.2 × 10-16), Laiwu (P = 8.72 
×10-10) and Landrace (P = 1.37 ×10-15) pigs. Taken together, 
we conclude the MSRB3 duplication is the causal mutation 
underlying the major SSC5 QTL effect on ear size. 
 

Interaction of four genes contributes to the 
two-end-black coat color phenotype in Chinese pigs 
 

Two-end-black coat color is one of the 
representative coat colors in Chinese local pigs that are 
widely distributed in middle and lower areas of the Yangtze 
River. These pigs show black heads and hips and white belt 
bodies (Wang et al. (2011)). So far, the molecular basis of 
the two-end-black phenotype remains elusive. 
 

To identify the responsible gene(s) and variant(s) 
for the unique coat color phenotype, we constructed four F2 
resource populations comprising 469 animals using one 
solid black Chinese breed (Erhualian) and four 
two-end-black breeds including Bamaxiang, Shaziling, 
Tongcheng and Rongchang as founder animals. All 469 
individuals were genotyped for ~60,000 SNPs on the 
Illumina DNA chips. We then performed a genome-wide 
linkage analysis and a Meta analysis to identify the genetic 
loci underlying the two-end-black phenotype. Subsequently, 
we scanned variants of strong candidate genes using 
whole-genome sequence data of 111 pigs with diverse coat 
color phenotypes.  
 

We show that EDNRB is a major gene and EDN3, 
KIT and KITLG are modifier genes. The four genes 
collectively determine the two-end-black coat color 
phenotype in Chinese pigs. We speculate that EDNRB 
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controls the formation of the white belt and other genes 
affect the extent of white belt and spot sizes. These results 
add to our traditional understanding of coat colors as 
monogenic traits. By searching for population-specific 
variants in the genomes of two-end-black breeds, we further 
identified 14 candidate causative mutations in the EDNRB 
gene. By genotyping a broad panel of individuals, we 
finally revealed that EDNRB g.16484 A>G was the most 
likely causal variant affecting the two-end-black coat color. 
Our findings enrich our understanding of the pigmentation 
mechanism in mammals. 
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