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ABSTRACT: Improving meat quality is a high priority in 
the pork industry to enhance profitability and strengthen 
competitiveness. Meat pH and colour are two important 
measurements affecting meat quality. This study detected a 
promising genomic region on chromosome 15 affecting 
fresh (FpH24h) and thawed (TMpH) muscle pH, and fat 
colour b* (FCOL b*) by genome-wide association. Eight 
significant SNPs were confirmed affecting these traits. The 
most favorable one (SNP7) which is close to PRKAG3 
explained 2.15%, 2.69% and 4.29% of the total phenotypic 
variance for the three traits. Three SNPs were intragenic 
with TNS1, NRAMP1 and PLCD4, and another four are 
close to RUFY4, CXCR2, SNORA42, mir375 and WNT10A. 
These results provide useful genomic information for 
marker assisted selection (MAS) on meat pH and colour. 
The MAS response and genomic architecture of this region 
need further investigation.   
Keywords: Pork quality; Genome-wide association; 
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Introduction 
 

For the pork industry, improving meat quality is a 
high priority to satisfy consumer preference and eating 
perception. Consumer desire for a safe, wholesome and 
quality eating experience is a key driver to increasing 
demand for pork. Therefore, exploring and utilizing new 
technology to improve meat quality is critical to the long 
term sustainability and competitiveness of the swine 
industry. Meat colour and pH are two important 
measurements of meat quality. However, it is a challenge to 
improve them by traditional breeding methods due to their 
low heritability (0.11 - 0.15) (van Wijk et al. (2005)), high 
cost of measurement and limited amount of data available 
post-mortem. Marker assisted selection (MAS) has been 
proposed to improve these traits. However, routine 
implementation of MAS is not very efficient due to the lack 
of knowledge of candidate genes and causative mutations 
for these economically important traits. For example, 
PRKAG3 (Protein Kinase, AMP-Activated, Gamma 3 Non-
Catalytic Subunit) has so far been one of the few major 
genes known to affect meat pH. Four missense substitutions 
(T30N, G52S, I199V and R200Q) in PRKAG3 were 
considered to be the most likely loci affecting meat quality 
(Milan et al. (2000); Ciobanu et al. (2001)). Genome-wide 
association studies (GWAS) are now the state-of-the-art 
approach to identify promising new markers and develop 

genomic tools to improve these traits (Ramos et al. (2009)). 
However, to date GWAS focused on meat quality are still 
limited (Nonneman et al. (2013); Becker et al. (2013); Ma et 
al. (2013)). Therefore, the aims of the present study were to 
detect the most promising QTLs or markers and explore the 
potential candidate genes affecting meat pH and colour. The 
results will contribute useful information to MAS or 
genome selection for these traits. 

 
Materials and methods 

 
Animals and data. A total of 1770 crossbred 

commercial pigs (Duroc* (Landrace * Large White)) from 
two commercial populations (800 from Hypor and 970 from 
Genesus) were obtained for this study. All animals were 
sent to the processing plant when the body weight was close 
to 115-120 kg. Fresh meat quality, including pH (FpH24h), 
longissimus dorsi subcutaneous fat colour (FCOL L*, a*, 
b*), and colour of the quadriceps femoris in the ham face 
(QFCOL L*, a*, b*), was conducted 24 h after 
exsanguination. FpH24h was measured on two different 
locations on the surface of the loin muscle at the 10th rib. 
The average was used for the final analysis. Also 24 h post 
mortem, a three rib section of the longissimus dorsi was 
removed from each carcass from 4th to 7th rib. This section 
was harvested, vacuum packaged, frozen at -20 ºC and 
maintained frozen until meat quality testing. Prior to testing, 
the pork loins were thawed for 72 hours at 4 ºC. Thawed 
muscle pH (TMpH) and colour (TMCOL L*, a*, b*) were 
collected on the thawed loins. TMpH was measured using a 
portable pH meter (Fisher Scientific Company, Toronto, 
Ontario) equipped with a glass electrode (Hanna HI 98121, 
Hanna instruments, Canada) calibrated at room temperature 
using standards of pH 4.01 and 7.01. For TMpH, the pH 
probe was inserted about 5 cm into the centre of the loin 
three times through a small slit in three different locations 
within 2.5 cm from the posterior of the longissimus loin. 
The average was used as the final value for the analysis. For 
both fresh and thawed samples, colour measurements were 
performed using a Konica Minolta Chroma-meter CR-400 
(Konica Minolta Sensing Inc., Japan) and colour was 
objectively described by the  Commission Internationale de 
L’eclairage (CIE) L* (lightness), a* (redness) and b* 
(yellowness) colour system. Three readings were taken from 
the cut surface and the average was used for statistical 
analyses. 

 



Genotypes. Genotyping was conducted by Delta 
Genomics (Edmonton, AB, Canada) using the Illumina 
Porcine60 SNP Beadchip v2.0. A total number of 45190 
SNPs were selected by the filtering criteria of Chi-square of 
Hardy-Weinberg equilibrium test < 600, call rate ≥ 95%, 
and minor allele frequency (MAF) ≥ 5%.  

 
Statistical analysis. Firstly, a single marker 

regression (𝑌 = 𝑋𝑏 + 𝑆α + 𝑍𝑢 + 𝑒 ) including a random 
polygenic effect was used for genome-wide association by 
ASReml (Gilmour et al. (2009)). Where 𝑌 is a vector of 
phenotypes, 𝑏 is a vector of fixed effects including mean, 
population, sex and a contemporary growth group, α is a 
vector of the SNP substitution effect fitted as a fixed factor, 
𝑢 is a random additive genetic effects (excluding the marker 
under evaluation) with [𝑢~  𝑁 0,𝑮𝜎!! , where 𝑮  is the 
genomic relationship matrix constructed based on identity-
by-decent (IBD), and 𝜎!! is the polygenic additive variance, 
𝑒  is a vector of residual errors with a distribution of 
[𝑒~𝑁 0, 𝐼𝜎!!) , where I is the identity matrix and 𝜎!! is the 
residual variance. X, S and Z are the incidence matrices for 
b, α and  𝑢. Type I error for multiple tests was controlled by 
the false discovery rate (FDR) proposed by Benjamini and 
Hochberg (1995). The genome-wide significant and 
suggestive significant thresholds were set at FDR < 0.05 and 
FDR < 0.10, respectively. Secondly, a multiple marker 
regression was implemented by simultaneously fitting all 
the significant SNPs detected by single marker regression to 
retest and confirm the most promising markers. The fixed 
factors were the same as those in single marker regression. 
Candidate/nearest genes for the most significant markers 
were identified by Ensembl Biomart of Sscrofa 10.2 genome 
version online (http://uswest.ensembl.org/biomart). 

 
Results and Discussion 

The tag genomic region affecting 
 

pH and colour. A promising genomic region on 
SSC15 was detected affecting meat QFCOL b*, FpH24h and 
TMpH by single marker association. Seventeen SNPs in the 
tag region covering about 1.2 Mb were significantly (FDR < 
0.10) associated with at least one of the traits. High pairwise 
LD (linkage disequilibrium) was detected among these 
SNPs. For example, the r2 ranged from 0.40 to 1.00 among 
the last 6 SNPs in the region, and reached to 0.42 for the 
first two and 0.59 for the 4th and 5th SNPs. These results 
provided useful information to further identify the most 
significant SNPs and promising candidate genes. 

 
Most significant SNPs and their effects. The high 

LD among the SNPs indicated a complicated relationship 
between the markers, which resulted in overestimation of 
the marker effects in a single marker regression approach. 
Using the multiple marker association, eight of the 17 SNPs 
remained significant, showed promising effects, and 
explained a large proportion of the total phenotypic variance 
(Table 1). SNPs 1, 3 and 7 showed significant effects on all 
three traits (P < 0.05). SNP7 displayed the greatest effect on 
the three traits and explained the largest proportion of the 

total phenotypic variance of 4.29%, 2.15% and 2.69% for 
QFCOL b*, FpH24h and TMpH, respectively. Another two 
and three SNPs remained significant for QFCOL b* and 
TMpH.  

 
Table 1 the most significant SNPs and their effects by 
multiple marker association 

Trait No. SNP_Nam
e 

Eff
ect SE P Pro. 

(%) 

QFCO
L b* 

SNP1 ALGA008
7078 

0.0
40 

0.06
0 

0.03
1 0.04 

SNP2 H3GA0054
274 

0.1
14 

0.07
7 

0.00
1 0.22 

SNP3 MARC008
2467 

-
0.0
15 

0.09
3 

0.00
2 0.01 

SNP7 MARC008
3357 

0.4
02 

0.10
3 

0.00
2 4.29 

SNP8 DIAS0003
606 

-
0.2
20 

0.08
9 

0.01
5 1.27 

FpH24h 

SNP1 ALGA008
7078 

-
0.0
02 

0.00
4 

0.01
9 0.02 

SNP3 MARC008
2467 

-
0.0
01 

0.00
6 

0.00
1 0.01 

SNP7 MARC008
3357 

-
0.0
20 

0.00
6 

< 
.001 2.15 

TMpH 

SNP1 ALGA008
7078 

0.0
01 

0.00
4 

0.04
8 0.01 

SNP3 MARC008
2467 

-
0.0
06 

0.00
5 

< 
.001 0.28 

SNP4 ALGA008
7118 

0.0
02 

0.00
5 

0.06
5 0.02 

SNP5 ALGA008
7127 

0.0
09 

0.00
5 

0.03
9 0.60 

SNP6 DIAS0000
968 

-
0.0
08 

0.00
4 

0.03
4 0.53 

SNP7 MARC008
3357 

-
0.0
18 

0.00
5 

0.03
9 2.69 

SE: standard error; P: P_value from the t test; 
Pro.: proportion of the marker variance to the total phenotypic variance 

 
Candidate gene identification. Candidate gene 

identification (Fig 1) showed that SNP7 is about 62 kb 
upstream of PRKAG3, which was previously reported as a 
candidate gene for meat pH and colour. One of the most 
important substitutions in PRKAG3 (R200Q), which was 
restricted in Hampshire and Hampshire-synthetic lines, 
caused a 70% increase in muscle glycogen in RN- 
homozygous and heterozygous pigs that resulted in lower 
ultimate pH and water-holding capacity (Milan et al. 
(2000)). Another three mutations (T30N, G52S, I199V) in 
PRKAG3 showed strong effects on loin pH and have been of 



more interest since they are segregating in common 
commercial breeds (Ciobanu et al. (2001); Otto et al. 
(2007)). Haplotype based association suggested that the RN- 

phenotype could be a combined effect of the 199V-200Q 
haplotype rather than solely a result of the R200Q 
substitution (Ciobanu et al. (2001)). SNP7 is one of the 
closest SNPs to PRKAG3 in the Porcine60 SNP panel. The 
significant effect of SNP7 on pH and colour b* is most 
likely due to PRKAG3. However, since all the mutations in 
PRKAG3 are not included in the Porcine60 SNP panel, the 
extent of LD between SNP7 and the mutations in PRKAG3, 
as well as their regulation mechanism need further 
investigation. Another possibility is that SNP7 has its own 
effect which is distinct from PRKAG3 or combined with 
PRKAG3 affecting meat quality. The latest evidence showed 
that, other than PRKAG3, there might be other candidate 
genes and causative variants affecting meat pH and colour 
on SSC15. For example, Qiao et al. (2000) reported a 
paternally imprinted QTL on SSC15 which is distinct from 
PRKAG3. Candidate gene identification also showed that 
SNP7 is closer (~ 8 kb) to ZNF142 (zinc finger protein 142). 
ZNF142 was reported as a putative candidate gene for both 
developmental and malignant disorders in human 
(Tommerup and Vissing (1995)). ZNF domains are one of 
the most abundant classes of the transcriptional factors to 
regulate cell growth and differentiation, which might be 
related to the cellular regulation processes during post-
mortem. 

 
SNPs 1, 5 and 6 were intragenic with TNS1, 

NRAMP1 and PLCD4. Another four SNPs were close to 
RUFY4, CXCR2, SNORA42, mir375 and WNT10A. These 
genes may be involved in pathways that regulate the cellular 
membrane integrity and maintain muscle water-holding 
capacity during the large micro-environmental changes that 
occur during post-mortem (Huff-Lonergan and Lonergan 
(2005)). However, further studies are needed to investigate 
the functional annotation and networks for these genes 
affecting meat pH and colour. 

 
Conclusion 

 
 A promising chromosomal region and eight 
significant SNPs have been detected on SSC15 and 
confirmed to be associated with meat pH and colour b* by 

genome-wide association in crossbred commercial lines. 
The most significant results were obtained with SNP7 which 
is the closest to PRKAG3 in the Porcine60 SNP panel. It 
showed the greatest effect and explained the largest 
proportion of phenotypic variance for three traits. These 
SNPs in this region represent the promising markers for 
MAS and genome selection for meat quality improvement. 
However, the selection response, genomic architecture of 
this region and functional regulation of the candidate genes 
need to be further investigated to identify if there are other 
genes and interactions in this region impacting meat quality. 
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Fig 1 candidate gene identification for the most significant SNPs 


