
 

 

1537 

INTRODUCTION 

 

Consumer demands for pork depend on various meat 

quality parameters such as odor, flavor, tenderness and 

juiciness. Additionally, some physical and biochemical 

parameters such as pH, shear force (SF), water holding 

capacity and intramuscular fat content of meat are also 

important pork quality determinants (Bonneau and Lebret, 

2010).  

Limitations in measuring carcass traits in live animals 

have made it difficult to improve the traits through 

traditional selection approaches (Suzuki et al., 2005). 

Therefore, the use of molecular genetic tools can overcome 

these limits, and offer new opportunities for genetic 

improvement of the traits (Davoli and Braglia, 2008). 

Recently established genome-wide single nucleotide 

polymorphism (SNP) panel has enabled the mapping of 

quantitative trait loci (QTL) and prediction of animal’s 

genetic merit for the traits of interest (Goddard and Hayes, 

2009). A genome-wide association study (GWAS) can 
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significantly improve our understanding of the genetic 

mechanism underlying the complex traits (Lee et al., 2013). 

Therefore, the identification of the genomic regions 

underlying pork quality traits and their applications via 

marker-assisted selection would allow pig breeders to select 

at an early age (Luo et al., 2012). GWAS with high density 

markers exploits linkage disequilibrium (LD) for QTL 

mapping (Meuwissen et al., 2001). 

Berkshire (Susscrofa domesticus) pork possesses some 

merits of meat quality traits such as richness, texture, 

marbling, juiciness, tenderness and flavor (Goodwin and 

Burroughs, 1995). Several GWAS in pigs were reported in 

many pure and crossbreds for various traits including meat 

and carcass quality traits (Sanchez et al., 2014). To date, 

13,958 QTLs were detected in pigs for 668 different traits 

(animalgenome.org/cgi-bin/QTLdb/index, Release on 

September 06, 2015). 

The main objectives in this study were to perform 

GWAS with a high-density Porcine SNP62K BeadChip 

(Illumina, San Diego, CA, USA) in Berkshire to detect 

significant SNPs or QTLs associated with meat and carcass 

quality traits, and to detect candidate genes influencing the 

traits nearby the detected QTLs.  

 

MATERIALS AND METHODS 

 

Materials and methods 

Animals and management: A set of samples (n = 400) 

from Berkshire pigs that were born between 2012 and 2013 

were collected from Dasan breeding farm, Namwon, 

Cheonbuk province, Korea. The piglets were weaned at 3 to 

4 weeks of age and moved into piglet pens, in each of 

which about 100 piglets were raised for 60 days. Then, the 

pigs were placed in growth/fattening pens 20 pigs in size 

for 90 to 120 days. The pigs were fed with the commercial 

feeds according to the regiments of Purina Ltd.  

Carcass and meat quality measurements: The pigs were 

slaughtered approximately at 211(±23) days of age in an 

abattoir in Namwon and cooled subsequently at 0°C for 24 

hour in a chilling room. Carcass and meat quality 

measurements were performed at Sunchon National 

University, Korea. For each individual, slaughter age (sage), 

sex, and year-season of birth were also recorded.  

Carcass weight (CWT) and backfat thickness (BF) of 

each carcass were measured. The parts of loins (m. 

longissimus dorsi) on the left side of the cold carcasses 

were sampled to determine meat quality parameters. As 

soon as collected all samples were placed in vacuum bags, 

transported to the laboratory and then frozen at –50°C until 

they were analyzed. For analysis of drip loss, and heat loss, 

only the subcutaneous fat of meat samples was removed. 

For the other traits, all visible fat was trimmed off. The 

surface color and marbling scores of each loin was 

categorized based on National Pork Producers Council 

(NPPC) standard (NPCC, 2000). The surface color values 

were measured by the Commission Internationale de 

l’Eclairage (CIE) L* (lightness), a* (redness), and b* 

(yellowness) system using a Minolta colorimeter (Model 

CR-410, Minolta Co. Ltd., Japan). The colorimeter was 

calibrated against a white reference tile plate (L* = 89.2, a* 

= 0.921, b* = 0.783). The averaged value of five random 

measurements taken from different locations was used for 

the statistical analysis. The pH value was determined using 

a pH meter (Orion 2 Star, Thermo scientific, Beverly, MA 

01915, USA). The drip loss was measured as the percentage 

weight loss of a standardized (3×3×3 cm) meat sample 

placed in a sealed petri-dish at 4°C during the storage of 2 

days. The heat (cooking) loss was determined as the 

percentage weight loss of a standardized (3×3×3 cm) meat 

sample after cooking in an electric grill with double pans 

(Nova EMG-533, 1,400 W, Evergreen enterprise, Seoul, 

Korea) for 90 s until the internal temperature of the meat 

sample reached 72°C. For, SF measurement, the samples 

were prepared a cubic form (30×30×20 mm), heated until 

internal temperature of the samples reached 72°C±2°C, and 

then cooled for 30 min at room temperature. Each sample 

was cut perpendicular to the longitudinal orientation of the 

muscle fiber with a Warner-Bratzler shear attachment on a 

texture analyzer (TA-XT2, Stable Micro System Ltd., 

Godalming, UK). The maximum SF value (kg) was 

recorded for each sample. Test and pre-test speeds were set 

at 2.0 mm/s while the post-test speeds were set at 5.0 mm/s.  

 

Molecular data  

Using the Infinium HD Assay Ultra Protocol (Illumina), 

all of the 400 animals were genotyped with the Porcine 62K 

SNP BeadChips (Illumina Inc., USA). A total of 62,163 

SNPs were embedded on the chip that covered the entire 

porcine genome. For subsequent data analysis, a subset of 

SNP was selected by removing the SNPs on sex 

chromosomes. After initial filtering, 56,517 SNPs were 

used for further analysis. All SNPs underwent the process 

of quality control (QC) based on the following criteria: i) 

eliminating individuals with call rates less than 90%, ii) 

removing SNPs with minor allele frequency less than 1%, 

iii) filtering out SNPs with call rates less than 90%, iv) 

removing SNPs with significant departure from Hardy 

Weinberg equilibrium (p<0.001). These procedures were 

implemented with PLINK v1.7 (Purcell et al., 2007). A 

number of 41,082 SNPs and 313 individuals passing QC 

thresholds were used for further data analysis. The 

chromosomal positions referred to the pig genome build 

10.2 (Gorenen et al., 2012). 
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Statistical analysis  

A SAS general linear model (GLM) procedure (SAS 

version 9.2) was used to pre-adjust the animal phenotypes 

before GWAS testing. Both sire and sex effects were fitted 

as fixed effects, while slaughter age was considered as a 

covariate in the SAS GLM model. Then, the residuals of 

each phenotype were regressed on additive effects of each 

SNP under a simple linear regression additive model 

(Purcell et al, 2007), by assigning SNP genotypes of AA, 

AB and BB with 1, 0, and –1, respectively, reflecting a 

substitution effect of allele A on allele B. 

After linear regression analysis, permutation tests were 

performed for 1,000 times on each chromosome at 0.05 

chromosome-wide level, such that the SNPs were arranged 

in ascending order of the p values (Purcell et al., 2007). The 

top 50th SNP on each chromosome were selected for further 

stepwise regression analysis. Among the significant SNPs, 

the best set of SNP markers were selected using the 

stepwise regression procedure (Neter et al., 1990), because 

some of the significant SNPs would yield redundant 

information due to LD between closely linked SNPs, i.e a 

non-random association between alleles of different SNPs. 

Inclusion and exclusion of each SNP out of the model was 

determined at 0.001 level (Lee et al., 2013). For significant 

SNPs, phenotypic variation explained by each (jth) SNP 

(S2
snpj) was calculated as ∑ 𝛼𝑖

2 𝑓𝑖 
3
𝑖=1 - µ2, where i denotes 

each genotype, 𝛼𝑖  is the allele substitution effects (𝛼𝑖= –�̂�, 

0, +�̂� for BB, AB, and AA genotypes, respectively, in 

which �̂� was estimated from the simple regression analysis 

for the SNP), 𝑓𝑖 is the frequency of ith genotype, µ is the 

population mean that can be expressed as �̂�  (fAA - fBB) 

(Falconer and Mackay, 2006). Proportion of phenotypic 

variance due to the jth SNP was then estimated as S2
snpj/S2

p, 

in which S2
p is phenotype variance that was obtained from 

residual values of the trait, after adjusting the fixed effect 

and/or covariate effects. Therefore, the estimate proportion 

of phenotype variance due to all of the significant SNPs 

was estimated as ∑
𝑆𝑆𝑁𝑃𝑗

2

𝑆𝑝
2⁄ . 

 

RESULTS AND DISCUSSIONS 

 

From the summary statistics of the phenotypes of the 

studied traits, the highest variability of 66.08% was found 

in drip loss (%), followed by filtering (39.12%), marbling 

scores (30.69%), SF (25.70%), heat loss (24.71%), CIE b 

(21.53%), CIE a (7.12%), CIE L (5.57%) and pH 24 hour 

postmortem (4.14%). The lowest variability was found as 

4.14% in pH 24 hour (Table 1).  

A total of 55 SNPs were detected on different 

chromosomes after the stepwise regression procedures for 

the meat and carcass quality traits. All the SNPs were found 

to be distributed across almost the entire genome. Some 

QTL with pleiotropic effects were also identified. A QTL 

located on Sus scrofa chromosome (SSC)12 at 1.16 Mb 

affecting pH24 hours postmortem was found to affect pork 

color L and the QTL on SSC16 at 76.4 Mb for pH24 

influenced drip loss percentage (Table 2). 

 

Carcass weight 

For CWT, four significant SNPs were detected on SSCs 

12, 15, 16, and 17. The SNP located on SSC 17 at 53.4 Mb 

accounted for the greatest proportion of phenotypic 

variance of 6.25% to the total variance explained by all 

SNPs (Table 2). We found a significant SNP at 45.2 Mb on 

SSC16 for CWT which lies close to the significant SNP 

reported to be associated with ham weight in commercial 

Large white pigs by Sanchez et al., 2014). In this study, we 

detected QTL at 10.78 Mb on SSC12 affecting CWT 

residing within the genomic region affecting carcass length 

in a Duroc and Pietrain crossbred population reported by 

Liu et al. (2007), which supports our findings. The 

significant SNP at 53.4Mb on SSC17 was located within the 

significant QTL region (45 to 68.9 Mb) influencing carcass 

length in Wild Boar, Meishan and Pietrain crossbred 

Table 1. Summary statistics for meat and carcass quality traits in a Berkshire population 

Trait N Average SD Minimum Maximum CV 

Carcass weight (kg) 313 88.08 5.69 73.00 111.00 6.46 

Backfat thickness (mm) 313 25.03 0.37 13.00 37.00 21.44 

pH24 hour 313 5.83 0.24 5.05 6.740 4.14 

CIE L 313 50.52 2.81 42.39 58.42 5.57 

CIE a 313 16.21 1.15 13.19 19.95 7.12 

CIE b 313 5.18 1.12 2.68 8.29 21.53 

Filtering  313 53.83 21.06 10.00 130.00 39.12 

Drip loss (%) 313 3.29 2.18 0.11 13.19 66.08 

Heat loss (%) 313 16.21 4.00 7.57 32.90 24.71 

Shear force (kg) 313 2.64 0.68 1.28 5.22 25.70 

Marbling score 313 2.17 0.67 1.00 4.70 30.69 

SD, standard deviation; CV, coefficient of variation (%); CIE, Commission Internationale de l’Eclairage. 
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population (Pierzchala et al., 2003). 

 

Back fat thickness 

Seven significant SNPs (QTLs) for BF were detected, 

among which the most significant SNP was found at 86.9 

Mb on SSC13. On SSCs 13 and 15, a set of three SNPs 

were found on each chromosome (Table 2). The greatest 

proportion of phenotypic variance was estimated as 6.93%, 

explained by the SNP residing at 90.8 Mb of SSC15 (Table 

2). We found a cluster of three significant SNPs for backfat 

Table 2. Identities, positions of the SNPs with significant effects on meat quality traits in a Berkshire population 

Trait/SNP marker1 SNP2 SSC bp3 Additive4 SE p5 % 𝜎𝑝
26 

Carcass weight        

MARC0025918 [A/G] 12 10,777,057 –1.50 0.46 0.00 5.58 

ASGA0095872 [A/G] 15 21,585,578 1.09 0.46 0.02 5.35 

ALGA0091627 [G/A] 16 45,233,814 1.84 0.69 0.01 5.34 

ASGA0078307 [A/G] 17 53,482,341 1.99 0.78 0.01 6.25 

Back fat thickness        

H3GA0035335 [A/G] 13 5,023,462 1.62 0.50 0.00 5.78 

ALGA0072260 [A/G] 13 86,889,611 1.46 0.35 <0.0001 6.63 

ASGA0059060 [A/G] 13 149,427,695 –2.57 0.73 0.00 6.26 

ALGA0086196 [G/A] 15 55,469,449 0.97 0.44 0.03 5.53 

ALGA0087932 [G/A] 15 90,770,692 –1.06 0.37 0.00 6.93 

H3GA0044733 [A/G] 15 101,830,374 –2.00 0.57 0.00 5.24 

M1GA0021029 [G/A] 16 56,373,766 –0.77 0.37 0.04 6.84 

pH 24 hour        

ASGA0005829 [G/A] 1 196,160,399 0.12 0.03 0.00 6.12 

H3GA0054139 [G/A] 6 89,230,576 0.08 0.03 0.00 6.19 

ASGA0084331 [A/C] 12 1,169,606 0.08 0.02 <0.0001 8.29 

ASGA0097313 [A/G] 13 139,621,909 0.07 0.02 0.00 5.92 

ALGA0114198 [A/G] 16 76,477,777 –0.08 0.04 0.05 6.52 

MARC0021023 [G/A] 17 18,443,559 –0.08 0.03 0.01 5.34 

ALGA0096742 [A/G] 18 357,431 –0.04 0.02 0.02 5.21 

CIE L        

ALGA0000882 [A/G] 1 8,165,225 0.51 0.20 0.01 5.26 

ASGA0091444 [A/G] 6 66,415,891 0.99 0.30 0.00 6.02 

ALGA0038747 [G/A] 7 12,519,137 0.60 0.20 0.00 5.46 

ALGA0046640 [A/G] 8 16,903,059 –0.76 0.21 0.00 5.77 

M1GA0012732 [C/A] 9 6,121,717 –0.89 0.38 0.02 6.10 

ASGA0084331 [A/C] 12 1,169,606 –0.81 0.24 0.00 5.06 

CIE a        

ASGA0014373 [A/G] 3 5,383,015 –0.33 0.14 0.02 6.49 

ASGA0095684 [A/G] 5 13,540,809 –0.28 0.09 0.00 5.74 

ALGA0119652 [A/G] 6 81,530,709 –0.30 0.09 0.00 7.22 

ASGA0044261 [G/A] 9 59,821,223 –0.55 0.12 <0.0001 6.05 

ALGA0063328 [C/A] 11 54,481,943 –0.32 0.12 0.01 5.72 

CIE b        

M1GA0001181 [G/A] 1 28,666,168 0.19 0.08 0.02 6.12 

ALGA0027450 [G/A] 4 99,862,180 0.20 0.08 0.02 6.82 

H3GA0014315 [A/G] 4 111,871,874 –0.25 0.10 0.01 6.96 

BGIS0008247 [A/G] 7 30,146,111 0.31 0.08 0.00 7.13 

M1GA0013521 [A/G] 9 78,521,305 0.24 0.08 0.00 6.17 

ASGA0049404 [A/G] 11 3,203,989 –0.24 0.10 0.02 5.50 

MARC0014510 [G/A] 17 50,786,626 –0.18 0.09 0.04 5.37 

Filtering        

MARC0002939 [A/G] 1 7,098,230 6.65 1.53 <0.0001 5.91 

H3GA0028462 [A/G] 9 141,320,677 11.98 2.88 <0.0001 6.00 
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located at 55.4 to 101 Mb on SSC15, which agrees with the 

results of Liu et al. (2007) who detected a QTL for the same 

trait within the same position. In this study, detection of a 

significant QTL at 56.3 Mb of SSC16 is supported by Liu et 

al. (2007) and Edwards et al. (2008) who reported QTL on 

the same chromosome at 25.8 cM (corresponding to 1.16 to 

67.6 Mb) and 55 cM (22.3 to 71.8 Mb) for BF, respectively. 

Our detected significant SNP on SSC15 at 101.8 Mb is in 

line with the detected QTL for the backfat at 102 Mb in 

Italian Large White pig reported by Fontanesi et al. (2012).  

 

pH 24 hours postmortem  

We found seven significant SNPs for pH24 on SSCs 1, 

6, 12, 13, 16, 17, and 18. The most significant (p<0.001) 

QTL for pH24 was located at 1.2 Mb position of SSC12, 

with 8.3% proportion of phenotypic variance (Table 2). In 

this study, we detected QTL for pH24 at 89.2 Mb of SSC6 

which is in agreement with Yue et al. (2003) who reported 

QTL for the same trait in Wild Boar, Mehisan and Pietrian 

crosses. A significant SNP at 76.4 Mb of SSC16 underlying 

pH24 detected in this study is strongly supported by 

Edwards et al. (2008) who detected a QTL within the 

similar position in a Duroc-Pietrain crossbred population. 

Our detected QTL for pH24 on SSC13 at 139.6 Mb lies 

nearby the QTLS discovered by Evans et al. (2004) 

affecting pH for Semimembranosus and pH for Longissmus 

at 62.2 to 79.3 cM (corresponding 89.5 to 194.99 Mb) in a 

commercial outbred pig.  

 

CIE L 

Six QTLs for CIE L were detected on SSCs 1, 6, 7, 8, 9 

and 12, among which the QTL at 6.12 Mb of SSC9 

accounted for the greatest proportion of phenotypic 

variance (6.10%) of the total phenotypic variance (Table 2). 

The QTL at 66 Mb of SSC6 resided very closely to the QTL 

detected in purebred Duroc pigs by Li et al. (2010). We 

detected a QTL on SSC1 at 8.2 Mb, while a QTL for color 

L was reported at the similar position (Sanchez et al., 2014). 

In this study, a QTL was identified at 6.1 Mb on SSC9 

affecting pork color L, which agrees with the discovery a 

QTL affecting pork color L was in Large White pigs 

reported by Sanchez et al. (2014). Our findings of a 

significant SNP at 16.9 Mb on SSC8 is in line with the 

report of Ma et al. (2009) who also found a QTL for meat 

color within the same region. 

 

CIE a 

Five significant SNPs were detected on SSCs 3, 5, 6, 9 

Table 2. Identities, positions of the SNPs with significant effects on meat quality traits in a Berkshire population (continued) 

Trait/SNP marker1 SNP2 SSC bp3 Additive4 SE p5 % 𝜎𝑝
26 

Drip loss        

MARC0049833 [A/C] 3 31,924,019 2.73 0.68 <0.0001 6.90 

ALGA0114198 [A/G] 16 76,477,777 1.56 0.35 <0.0001 8.15 

Heat loss        

ALGA0114914 [G/A] 3 32,478,846 –1.57 0.47 0.00 8.22 

ALGA0123481 [G/A] 8 109,614,244 0.84 0.30 0.01 5.40 

ASGA0082932 [G/A] 12 42,812,890 –0.81 0.28 0.00 5.09 

ALGA0073197 [G/A] 13 186,717,689 –0.82 0.31 0.01 5.71 

ALGA0081112 [G/A] 14 117,412,009 0.67 0.31 0.03 5.45 

ALGA0105523 [G/A] 15 953,423 0.71 0.32 0.03 6.25 

MARC0034674 [A/G] 15 1,215,287 0.95 0.40 0.02 6.67 

Shear force        

M1GA0023271 [G/A] 18 28,355,414 0.23 0.07 0.00 5.85 

MARC0056150 [A/C] 18 33,203,788 0.18 0.05 0.00 5.51 

Marbling Score        

DIAS0004749 [G/A] 7 52,867,658 0.56 0.16 0.00 5.55 

SIRI0001351 [G/A] 9 96,041,861 –0.12 0.05 0.01 6.01 

ALGA0124271 [A/G] 12 53,987,267 0.11 0.05 0.03 5.68 

H3GA0034708 [G/A] 12 54,757,299 –0.20 0.08 0.01 5.57 

DRGA0013681 [G/A] 14 18,435,530 –0.18 0.06 0.00 6.25 

ASGA0072799 [G/A] 16 14,210,491 0.29 0.07 <0.0001 5.74 

SNP, single nucleotide polymorphism; SSC, Sus scrofa chromosome; SE, standard error.  
1,3 SNP marker annotations and their positions.  
2 Alternative nucleotides.  
4 Estimates of additive effects of the SNP.  
5 Comparison-wise p-value of the test statistic against the null hypothesis of no SNP effect under the one SNP model  
6 Proportion of phenotypic variance explained by each SNP or across all of the significant SNPs for the given trait. 



Iqbal et al. (2015) Asian Australas. J. Anim. Sci. 28:1537-1544 

 

1542 

and 11 for redness of pork color (CIE a), among which the 

QTL at 81.5 Mb of SSC6 explained the greatest proportion 

of variance of 7.2% (Table 2). Our finding of a QTL on 

SSC5 at 13.5 Mb is supported by Li et al. (2010) who 

detected a QTL underlying pork color in the similar region.  

 

CIE b 

Seven QTLs were detected for CIE b on SSCs 1, 4, 7, 9, 

11 and 17, among which two QTLs were located on SSC4. 

The QTL at 30.1 Mb on SSC7 explained the greatest 

proportion of phenotypic variance of 7.1% (Table 2). Our 

detected QTL for CIE b at 111.8 Mb on SSC4 resided 

within the QTL region affecting Japanese color scores (Van 

Wijk et al., 2007). Ponsuksili et al. (2014) reported a QTL 

for CIE b at 114.7 Mb on SSC4 which is located very close 

(111.8 Mb) to our detected significant SNP on SSC 4.  

 

Filtering 

Two significant SNPs for filtering were found at 7 Mb 

and 141.3 Mb of SSCs 1 and 9, respectively. Each of the 

two SNPs explained the same proportion of the phenotypic 

variance of 6% (Table 2). 

 

Drip loss 

We identified two QTLs affecting drip loss percentage 

in pork on SSCs 3 and 16 at 31.9 Mb and 76.4 Mb, 

respectively (Table 2). At the region of the QTL on SSC3, 

Liu et al. (2007) reported a QTL for drip loss in Duroc-

Pietrain crossbred pigs. 

 

Heat loss 

Seven QTLs for heat loss were detected on SSCs 3, 8, 

12, 13, 14, and 15, among which two QTL were located on 

SSC15 at 953 kb and 1.2 Mb, respectively (Table 2). The 

greatest proportion of variance (8.2%) was accounted for by 

the SNP at 32.4 Mb of SSC3 (Table 2). We detected a 

significant SNP at 0.95 Mb on SSC15 which agrees with the 

detection of a QTL for heat loss by Rohrer et al. (2006) 

lying close to our detected significant SNP.  
 

Shear force 

Two QTLs for SF was detected on SSC18 at 28.3 Mb 

and 52.8 Mb, respectively. The greatest proportion of 

phenotypic variance (5.8%) of the total variance was 

explained by the QTL at 28.3 Mb (Table 2).  

 

Marbling score 

Six significant QTLs for marbling score in pork were 

found on SSCs 7, 9, 12, 14, and 16. We found two QTLs on 

SSC12 affecting marbling at 53.9 Mb and at 54.7 Mb which 

is similar to the report of Luo et al. (2012) who identified 

significant SNPs in the similar position in Large White-

Minzhu and Duroc-Pietrain crossbred pigs.  

 

Candidate genes  

According to the functional biological role of genes, 

candidate genes were searched within 500 kb 

downstream/upstream of the detected SNPs. Noticeably; 

five candidate genes were identified nearby the significant 

SNPs for meat and carcass quality traits (Table 3). Gene 

annotation was done using Sus scrofa (pig) genome build 

9.2. For the two significant SNPs on SSCs 12 and 16 

associated with CWT, we found two candidate genes 

namely protein kinase C, Alpha (PRKCA) and survival of 

motor neuron (SMN). The PRKCA gene has positive role in 

mitotic cell cycle, negative regulation of cell proliferation 

(www.ncbi.nlm.nih.gov) hence affects growth and CWT in 

pigs. The SMN1 gene located on SSC16 nearby the 

significant SNP affecting CWT in Berkshire is known to 

cause skeletal muscle wasting in pigs when it is deleted or 

mutated (Jeffrey and Randall, 2011) thereby has influence 

in pig CWT. Two candidate genes myxovirus resistance 1 

(MX1) and myxovirus resistance 2 (MX2) were found 

nearby the significant QTL affecting BF in Berkshire on 

SSC13. The gene, MX1, contributes to meat quality 

attributes such as marbling in pig (Feng et al., 2012), while 

the gene MX2, affects rib fat in pig (Fowler et al., 2013). 

Moreover, the gene solute carrier family 24 member 5 

(SLC24A5), located nearby the identified QTL for pork 

color (CIE b) on SSC1, is found to affect pigmentation 

(Rambow et al., 2008) thereby might have some influence 

on pork color. 

 

CONCLUSION 

 

In this study, 55 significant SNPs (QTL) for pork 

Table 3. Lists of functional candidate genes that are located near the significant SNPs for carcass quality traits 

Trait SNP marker SSCb bp1 Candidate genes2 Functional biological roles 

CWT MARC0025918 12 10,777,057 PRKCA Regulation of cell proliferation, mitotic cell cycle 

 ALGA0091627 16 45,233,814 SMN1 Skeletal muscle wasting 

BFT ASGA0059060 13 149,427,695 MX1 Average backfat thickness, fiber percentage, average daily gain 

    MX2 Fatness in pig 

CIE b M1GA0001181 1 128,666,168 SLC24A5 Pigmentation 

SSC, Sus scrofa chromosome; CWT, carcass weight; BFT, backfat thickness; CIE, Commission Internationale de l’Eclairage.  
1 The marker position. 
2 Genes located within 500 kb downstream/upstream of the detected SNP markers. 
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quality were detected in a Berkshire population. Among the 

QTL, two QTL on SSC12 and SSC16 for pH24 post 

mortem were also found to be involved in pork color and 

drip loss, respectively, indicating a pleiotropic effect. Four 

candidate genes based on biochemical and physiological 

roles relevant to meat and carcass quality traits were 

discovered within 1 Mb distant to the significant markers. 

The detected QTL need to be validated in other Berkshire 

population to be used as potential markers via marker-

assisted selection programs, which will improve meat and 

carcass quality traits in a more effective and efficient way 

than traditional selection and breeding schemes. 

 

CONFLICT OF INTEREST 

 

We certify that there is no conflict of interest with any 

financial organization regarding the material discussed in 

the manuscript. 

 

ACKNOWLEDGMENTS 

 

This research was supported by a grant (PJ01108301) 

from the Next Generation BioGreen 21 Program, Rural 

Development Administration, Republic of Korea. 

 

REFERENCES 

 

Bonneau, M. and B. Lebret. 2010. Production systems and 

influence on eating quality of pork. Meat Sci. 84:293-300. 

Davoli, R. and S. Braglia. 2007. Molecular approaches in pig 

breeding to improve meat quality. Brief. Funct. Genomic. 

Proteomic. 6:313-321. 

Edwards, D. B., C. W. Ernst, N. E. Raney, M. E. Doumit, M. D. 

Hoge, and R. O. Bates. 2008. Quantitative trait locus mapping 

in an F2 Duroc×Pietrain resource population: II. Carcass and 

meat quality traits. J. Anim. Sci. 86:254-266. 

Evans, G. J., E. Giuffra, A. Sanchez, S. Kerje, G. Davalos, O. 

Vidal, S. Illan, J. L. Noguera, L. Varona, I. Velander, O. I. 

SouthwoodI, D. J, de Koning, C. S. Haley, G. S. Plastow, and 

L. Andersson. 2004. Identification of quantitative trait loci for 

production traits in commercial pig populations. Genetics 164: 

621-627. 

Falconer, D. S. and T. F. C. Mackay. 2006. Introduction to 

Quantitative Genetics. 4th ed. Longman Group Ltd., Essex, 

England. 

Feng, Z. M., X. Zhou, H. Shao, X. F. Kong, Y. L. Yin, and R. 

Huang. 2012. Genotyping of five Chinese local pig breeds 

focused on meat quality by using PCR-RFLP based on 

halothane and Mx1. J. Food Agric. Environ. 10(3&4):840-845. 

Fontanesi, L., G. Schiavo, G. Galimberti, D. G. Calò, E. Scotti, P. 

L. Martelli, L. Buttazzoni, R. Casadio, and V. Russo. 2012. A 

genome wide association study for backfat thickness in Italian 

Large White pigs highlights new regions affecting fat 

deposition including neuronal genes. BMC Genomics 13:583. 

Fowler, K. E., R. Pong-Wong, J. Bauer, E. J. Clemente, C. P. 

Reitter, N. A. Affara, S. Waite, G. A. Walling, and D. K. 

Griffin. 2013. Genome wide analysis reveals single nucleotide 

polymorphisms associated with fatness and putative novel 

copy number variants in three pig breeds. BMC Genomics 

14:784. 

Goddard, M. E. and B. J. Hayes. 2009. Mapping genes for 

complex traits in domestic animals and their use in breeding 

programmes. Nat. Rev. Genet. 10: 381-391. 

Goodwin, R. and S. Burroughs. 1995. Genetic Evaluation 

Terminal Line Program Results. National Pork Producers 

Council, Des Moines, IA, USA. 

Jeffrey J. W. and S. P. Randall. 2011. Genetic modifications of 

pigs for medicine and agriculture. Mol. Reprod. Dev. 78:879-

891.  

Lee, S. H., B. H. Choi, D. Lim, C. Gondro, Y. M. Cho, C. G. Dang, 

A. Sharma, G. W. Jang, K. T. Lee, D. Yoon, S. H. Lee, H. K. 

Yeon, B. S. Yang, H. S. Kang, and S. K. Hong. 2013. Genome-

wide association study identifies major loci for carcass weight 

on BTA14 in Hanwoo (Korean Cattle). PLoS ONE 8(10): 

e74677.  

Li, H. D., M. S. Lund, O. F. Christensen, V. R. Gregersen, P. 

Henckel and C. Bendixen. 2010. Qunatitative trait loci analysis 

of swine meat quality traits. J. Anim. Sci. 88:2904-2912. 

Liu, G., D. G. J. Jennen, E. Tholen, H. Juengst, T. Kleinwachter, M. 

Holker, D. Tesfaye, G. Un, H. J. Schreinemachers, E. Murani, 

S. Ponsuksili, J. J. Kim, K. Schellander, and K. Wimmers. 

2007. A genome scan reveals QTL for growth, fatness, 

leanness and meat quality in a Duroc-Pietrain resource 

population. Anim. Genet. 38:241-252. 

Luo, W., S. Chen, D. Cheng, L. Wang, Y. Li, X. Ma, X. Song, X. 

Liu, W. Li, J. Liang, H. Yan, K. Zhao, C. Wang, L. Wang, and 

L. Zhang. 2012. Genome-wide association study of porcine 

hematological parameters in a large White × Minzhu F2 

resource population. Int. J. Biol. Sci. 8:870-881.  

Ma, J., J. Ren, Y. Guo, Y. Duan, N. Ding, L. Zhou, L. Li, X. Yan, 

K. Yang, L. Huang, Y. Song, J. Xie, D. Milan, and L. Huang. 

2009. Genome-wide identification of quantitative trait loci for 

carcass composition and meat quality in a large-scale White 

Duroc×Chinese Erhualian resource population. Anim. Genet. 

40:637-647. 

Meuwissen, T. H. E., B. J. Hayes, and M. E. Goddard. 2001. 

Prediction of total genetic value using genome-wide dense 

marker maps. Genetics 157:1819-1829. 

Neter, J., W. Wasserman, and M. H. Kutner. 1990. Applied linear 

statistical models. 3rd ed. Irwin, Boston, MA, USA. 

NPPC. 2000. Pork composition and quality assessment procedures. 

National Pork Producers Council, Des Moines, IA, USA.  

Pierzchala, M., D. Cieslak, G. Reiner, H. Bartenschlager, G. Moser, 

and H. Geldermann. 2003. Linkage and QTL mapping for Sus 

scrofa chromosome 17. J. Anim. Breed. Genet. 120:132-137. 

Ponsuksili, S., E. Murani, N. Trakooljul, M. Schwerin, and K. 

Wimmers. 2014. Discovery of candidate genes for muscle 

traits based on GWAS supported by eQTL-analysis. Int. J. Biol. 

Sci. 10:327-337. 

Purcell, S., B. Neale, K. Todd-Brown, L. Thomas, M. A. Ferreira, 

D. Bender, J. Maller, P. Sklar, P. I. de Bakker, M. J. Daly, and P. 

C. Sham. 2007. PLINK: a tool set for whole-genome 

association and population-based linkage analyses. Am. J. 

Hum. Genet. 81:559-575. 

Rambow F., G. Piton, S. Bouet, J. J. Leplat, S. Baulande, A. 



Iqbal et al. (2015) Asian Australas. J. Anim. Sci. 28:1537-1544 

 

1544 

Marrau, M. Stam, V. Horak, and V. N. Silvia. 2008. Gene 

expression signature for spontaneous cancer regression in 

melanoma pigs. Neoplasia 10:714-726. 

Rohrer, G. A., R. M. Thallman, S. Shackelford, T. Wheeler, and M. 

Koohmaraie. 2006. A genome scan for loci affecting pork 

quality in a Duroc-Landrace F2 population. Anim. Genet. 37: 

17-27. 

Rothschild, M. F. and A. Ruvinsky. 2011. The Genetics of the Pig 

CABI 2nd ed., Oxfordshire, UK. 

Sanchez, M. P., T. Tribout, N. Iannuccelli, M. Bouffaud, B. Servin, 

A. Tenghe, P. Dehais, N. Muller, M. P. D. Schneider, M. J. 

Mercat, C. Rogel-Gaillard, D. Milan, J. P. Bidanel, and H. 

Gilbert. 2014. A genome-wide association study of production 

traits in a commercial population of Large White pigs: 

evidence of haplotypes affecting meat quality. Genet. Sel. Evol. 

46:12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Suzuki, K., M. Irie, H. Kadowaki, T. Shibata, M. Kumagai, and A. 

Nishida. 2005. Genetic parameter estimates of meat quality 

traits in Duroc pigs selected for average daily gain, 

longissimus muscle area, backfat thickness, and intramuscular 

fat content. J. Anim. Sci. 83:2058-2065. 

Van Wijk, H. J., H. Buschbell, B. Dibbits, S. C. Liefers, B. 

Harlizius, H. C. M. Heuven, E. F. Knol, H. Bovenhuis, and M. 

A. M. Groenen. 2007. Variance component analysis of 

quantitative trait loci for pork carcass composition and meat 

quality on SSC4 and SSC11. J. Anim. Sci. 85:22-30. 

Yue, G., A. Stratil, M. Kopecny, D. Schroffelova, Jr. J. Schroffel, J. 

Hojny, S. Cepica, R. Davoli, P. Zambonelli, C. Brunsch, I. 

Sternstein, G. Moser, H. Bartenschlager, G. Reiner, and H. 

Geldermann. 2003. Linkage and QTL mapping for Sus scrofa 

chromosome 6. J. Anim. Breed. Genet. 120:45-55. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


