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Introduction

Marketability of pork products, particularly pork 
loins, is impacted by lean color (Wilson et al., 1959). 
Loins with darker, redder lean color are preferentially 
selected for export markets and thus, have greater val-
ue. Loins with very pale lean color are discriminated 
against. Thus, the National Pork Board has set a 5-yr 
goal to decrease the percentage of pork loin chops 

scoring below the National Pork Board color score 3 
by 10 percentage points (National Pork Board, 2015).

Normal pork quality development is largely regard-
ed to be dependent on the relationship between carcass 
temperature and pH decline (Bendall and Swatland, 
1988; Joo et al., 1999). During the conversion of mus-
cle to meat, the rate and extent of pH decline influ-
ences pork color characteristics (Huff-Lonergan and 
Lonergan, 2005; Lindahl et al., 2006). In extreme cases 
when pH decreases too drastically, proteins denature 
affecting light reflectance, i.e., pale color (Joo et al., 
1999; Huff-Lonergan and Lonergan, 2005). Thus, most 
research on pork color has focused on ultimate pH and 
pH decline immediately postmortem. Consequently, 
the pork industry has successfully implemented tech-
nology and processes to limit pale, soft, and exudative 
pork. Over the past 20 yr, advances in genetics, animal 
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handling, stunning, and pork carcass processing have 
dramatically reduced the incidence of abnormal pH de-
cline (Berg, 1998; Cassens, 2000; Channon et al., 2000; 
Sionek and Przybylski, 2016); yet, many loins are still 
undesirably pale (National Pork Board, 2015). Thus, to 
accomplish the industry-wide goal of improving pork 
lean color, an alternative strategy is needed to increase 
redness and decrease lightness of pork loin lean color.

Novel efforts to improve pork color should address 
additional mechanisms (Mancini and Hunt, 2005). A 
logical approach to increase redness of lean color is to 
increase concentrations of the red pigment present in 
pork muscle. Because myoglobin is the primary pig-
ment influencing pork lean color, increasing myoglo-
bin concentrations should lead to decreased lightness 
and increased redness under normal pH (Lindahl et al., 
2001; Karamucki et al., 2013; Neethling et al., 2017).

Selection for improved pork quality is difficult be-
cause most pork quality attributes can’t be measured on a 
live animal (Rothschild and Ruvinsky, 2011). Numerous 
studies have been conducted to identify genomic re-
gions associated with pork color and pH in commer-
cial pigs (Nonneman et al., 2013; Sanchez et al., 2014; 
Bernal Rubio et al., 2015; Liu et al., 2015). A summary 
of Quantitative Trait Loci (QTL) discovered in pigs can 
be found at PigQTLdb (https://www.animalgenome.org/
cgi-bin/QTLdb/SS/browse). A total of 702 associations 
have been detected for some measure of post-mortem 
muscle pH, while 602 associations have been reported 
for some measure of muscle color. Despite the well-
known association of muscle pH and pork color (Bendall 
and Swatland, 1988; Joo et al., 1999; Lindahl et al., 2006; 
Neethling et al., 2017), the majority of genomic regions 
identified in genome wide association studies are only as-
sociated with muscle pH or muscle color. As expected, 
the most common co-localization of associations was 
found between pH and L*, where 25 associations for 
these 2 traits directly overlap. Unfortunately, PigQTLdb 
does not contain any studies in pigs where myoglobin 
concentration has been evaluated.

Marker-assisted selection to improve meat quality 
traits has been beneficial to the swine industry (Miar 
et al., 2014), yet greater improvements could result if 
markers were detected for pigments associated with 
meat color. The objective of this study was to identify 
genetic markers associated with myoglobin content in 
porcine longissimus thoracis et lumborum muscle to 
expand our knowledge of genetic factors controlling 
the color of pork. The loin was selected as it is the 
primal cut where color is of greatest economic impor-
tance in the U.S. pork industry, and it is the primal 
targeted by the National Pork Board goals.

Materials and Methods

Data collection

The animals sampled in this experiment did not 
originate and were not under the control of the U.S. 
Meat Animal Research Center (USMARC). Animal 
management and handling was conducted as part of 
the normal procedures of commercial operations and 
animals were humanely harvested in USDA-inspected 
processing facilities. Loins were identified for inclu-
sion in the experiment postmortem. Thus, animal 
procedures were not reviewed and approved by the 
USMARC Animal Care and Use Committee.

Source of animals used in this study and sample pro-
cessing have been described in detail by Shackelford et 
al. (2012). Data were collected on pigs (n = 599) from 2 
different commercial swine grow-finish barns which re-
ceived weaned pigs from the same commercial sow farm. 
All pigs were from the same genetic line, approximately 6 
mo of age, and comprised 314 females and 285 castrated 
males. Each barn sent an equal number of pigs to three 
different processing plants located equal distances from 
the grow-finish facilities on the same day. All animals 
were fed the same diets throughout the grow-finish period.

Muscle pH was collected on loin chops from ap-
proximately the 14th rib region at 14 d postmortem during 
pork loin chop evaluation as described in Shackelford et 
al. (2012). Briefly, pH was measured on longissimus mus-
cle using an Omega PHE-2385 (Omega Engineering Inc., 
Stamford, CT) pH probe with a Reed SD-230 handheld 
pH meter (Reed Instruments, Wilmington, NC). The pH 
meter was calibrated with pH 7 and pH 4 buffers accord-
ing to the manufacturer’s instructions at the beginning of 
each measurement session.

A 2.54-cm thick chop was obtained from the 10th 
rib region of each loin, placed on a polystyrene tray with 
a soaker pad, and overwrapped with oxygen permeable 
polyvinylchloride film [Stretchable meat film 55003815, 
Prime Source, St. Louis, MO; oxygen transmission rate = 
1.4 mL / (cm2 ∙ 24 h) at 23°C]. Packages were placed un-
der continuous fluorescent lighting (color temperature = 
3,500K; color rendering index = 86; 32 W; T8 Ecolux 
bulb, model F32T8/SPX35 GE, GE Lighting, Cleveland, 
OH). Light intensity at the meat surface was 2,000 lx. 
Packaged chops were allowed to bloom for at least 2 
h before color measurement began. Instrumental color 
readings (2·LM chop–1·) were taken on each chop us-
ing a Hunter Miniscan XE Plus colorimeter (HunterLab, 
Reston, VA) with a 25-mm port. The colorimeter was set 
to collect data with Illuminant A and a 10° observer. The 
CIE L* (lightness), a* (redness), and b* (yellowness) 
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color-space values were reported as the average of the 
readings taken on each chop.

A chop, corresponding to the first lumbar vertebrae 
region, designated for myoglobin content determination 
was vacuum packaged and stored at –20°C until further 
analysis. Chops were partially thawed so that external 
fat and epimysium could be removed. Care was taken 
to ensure chops did not thaw enough for purge to be 
lost. The remaining longissimus lumborum tissue was 
pulverized in liquid nitrogen to produce a fine, homog-
enous powder. Myoglobin was extracted in a phosphate 
buffer (40 mM K2PO4) as described by American Meat 
Science Association (2012) from 2.5 g of powdered 
tissue. A 200-μL aliquot of the extract was transferred 
in triplicate to a 96-well plate, which included a phos-
phate buffer blank. Absorbance values were obtained at 
525 and 700 nm using a SpectraMas plus 96-well plate 
reader (Molecular Devices, Sunnydale, CA). Extracted 
myoglobin pigment concentration (mg/g muscle) was 
calculated by taking the difference between the absor-
bance at 525 nm and 700 nm, a millimolar extinction 
coefficient of 7.6 mM–1cm–1, the molecular weight of 
myoglobin (17,000), and the appropriate dilution factor.

Genotyping

Genomic DNA was extracted from longissimus 
lumborum tissue, after sampling for myoglobin con-
centration, using a WIZARD genomic DNA purifi-
cation kit according to the manufacturer’s protocol 
(Promega Corp., Madison, WI). Genotyping was 
conducted using the Illumina Porcine SNP60 V2 chip 
(Illumina, Inc., San Diego, CA) and GGP-Porcine chip 
(GeneSeek, Lansing, MI). Genotypes were filtered to 
include only those with minor allele frequency ≥ 5% 
and a unique map position in the Sscrofa10.2 genome 
assembly (Groenen et al., 2012). After quality checks 
7,755 SNP from the GGP-Porcine chip were used for 
subsequent analyses. In total, 150 pigs were geno-
typed using the Illumina Porcine SNP60 V2 chip and 
449 pigs were genotyped using the GGP-Porcine chip. 
Markers that overlapped between the GGP-Porcine 
chip and the Illumina Porcine SNP 60 V2 chip were 
used. Averages for missing genotypes were used.

Genomic analysis

Priors for genetic and residual variances for each 
trait were obtained by running Bayes-Cpi using GenSel 
(Fernando and Garrick, 2009). The prior proportion of 
SNP that are assumed to have no effect on myoglobin 
concentration within an iteration of the Monte Carlo 

Markov Chain was also determined. A Bayes-C variable 
selection method, using GenSel software (Fernando and 
Garrick, 2009), was used to identify and quantify ge-
nomic regions associated with myoglobin concentration. 
A chain of 41,000 iterations was used with the first 1,000 
cycles discarded as burn-in. Myoglobin concentration 
was analyzed with a fixed effect of harvest group (fin-
ishing farm and processing plant) and ultimate pH as a 
covariate. The posterior distribution for the genetic vari-
ance was derived using effects sampled every 40 itera-
tions. Genomic regions associated with myoglobin con-
centration were identified using 1-Mb genome windows.

Further analysis on the most significant SNP from the 
detected regions in GenSel was conducted and analyzed 
using a general linear model in R (R Core Team, 2013). 
Harvest group was included in the model as a fixed ef-
fect. Ultimate pH and the most significant SNP from the 
detected regions were included in the model as covariates.

Gene functions in significant genomic regions

Genes located within 0.5 Mb of significant ge-
nomic regions were identified using the NCBI annota-
tion of Sscrofa10.2 (Release 104, Supplementary Table 
S1). Functions of these genes were determined using 
the PANTHER classification system (version 11.1; Mi 
et al., 2013; http://www.pantherdb.org/chart/summary/
pantherChart.jsp?filterLevel=1&chartType=1&listT
ype=1&type=5&species=Susscrofa). An enrichment 
analysis of gene function was performed using the 
implementation of binomial test of over-representation. 
Gene ontology (GO) terms were assessed using the de-
fault Ensembl Sus scrofa GO annotation as background 
for the enrichment analysis. Over-representation of 
GO terms were considered statistically significant at a 
Bonferroni corrected P-value ≤ 0.05.

Results

All loins included in the present study had normal 
color and water holding characteristics, and none dis-
played the pale, soft, and exudative condition. These 
loins were a subset of those described as ‘Commercial’ 
by Bernal Rubio et al. (2015) where QTL scans were 
conducted for standard measures of pork quality, includ-
ing color. The mean ± standard deviation for color traits 
among those 599 loin samples was 57.06 ± 2.94, 15.21 
± 1.45 and 21.83 ± 1.79 for L*, a*, and b*, respectively. 
In addition, Pearson correlation coefficients between 
color traits and myoglobin concentrations were –0.556, 
0.303 and –0.161 for L*, a*, and b*, respectively. In 
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the current study, as myoglobin concentration increased, 
ultimate pH increased, and L* values decreased.

Genome wide association study

Average myoglobin concentration for the 599 
grow-finish pigs used in the study was 0.87 ± 0.005 
mg/g. Ultimate pH averaged 5.70 ± 0.006. Detailed 
results for each 1-Mb window predicted by GenSel to 
explain a significant percentage of genetic variation (≥ 
1.0%) are shown in Table 1. Heritability for myoglobin 
concentration was low (0.091). Nearly 63% of the ge-
netic variance associated with myoglobin concentration 
was explained by regions within seven chromosomes. 

Chromosome 7 had one region that accounted for 37.0% 
of the genetic variance. Chromosome 14 had four re-
gions cumulatively accounting for 9.8% of the genetic 
variance in myoglobin concentration. Chromosome 16 
had one region that accounted for 6.0% of the genetic 
variance while chromosome X had one region that ac-
counted for 4.7% of the genetic variance.

Output from linear model is shown in Table 2. 
Contemporary group was not significant, however the 
best-fit model included contemporary group (R2 = 0.41). 
Ultimate pH was significantly associated with myoglobin 
concentration (P < 2.2E-16). As ultimate pH increased, 
myoglobin concentrations also increased (regression co-
efficient 4.52 ± 0.28). Two SNP from the general linear 
model exceeded a Bonferroni correction factor assum-
ing 7755 tests of significance (P > 6.45E-06). These two 
SNP are ALGA0038081 located on SSC 7 at position 
4406736 and ALGA0082929 located on SSC 14 at posi-
tion 146970022. Five other SNP had highly significant 
nominal significance levels (P < 0.001).

Discussion

The impact of muscle pH on pork lean color is well 
documented and has been extensively studied in an effort 
to mitigate incidence of the Pale, Soft, and Exudative (PSE) 
lean condition (Berg, 1998; Cassens, 2000; Channon et al., 
2000; Sionek and Przybylski, 2016). As pH declines, in-
creased internal reflectance (Bendall and Swatland, 1988) 
and increased lightness of meat occurs (Joo et al., 1999). 
Change in genetics of market animals, animal handling, 
stunning, and chilling have reduced losses due to inferior 

Table 1. Windows identified in the GenSel analysis 
that explain at least 1.0% of genetic variation in myo-
globin concentration

 
 
Chromosome

 
Position1, 

Mb

% of genetic 
variance  

explained

 
Number  
of SNPs

Frequency  
of iterations  
with, P > 0

7 4 36.97 9 0.89
16 77 5.98 3 0.24
X 11 4.66 4 0.20
14 146 4.52 2 0.19
14 82 2.03 3 0.11
14 108 2.03 3 0.10
4 14 1.59 4 0.08
1 86 1.51 3 0.07
15 141 1.40 5 0.08
14 54 1.19 3 0.06
1 140 1.10 3 0.05

1Positions are based on the Sscrofa 10.2 genome.

Table 2. Linear model output for analysis of myoglobin concentration using most significant SNP from windows 
identified in GenSel
Effect/SNP	 rs# Map Position1 Estimate ( ± SE) P-value
Contemporary Group 0.1047
Ultimate pH 4.52 ± 0.28 2.20E-16
ALGA0038081 80949003 7_4406736 -0.036 ± 0.006 2.35E-07
ALGA0082929 80787250 14_146970022 0.028 ± 0.011 1.34E-06
ASGA0080798 80945548 X_11060922 -0.024 ± 0.006 1.17E-05
ASGA0003560 80995769 1_86991865 0.021 ± 0.007 6.39E-05
ALGA0091756 81462291 16_77815248 0.027 ± 0.006 1.26E-04
H3GA0041684 80856633 14_108719339 -0.014 ± 0.007 3.77E-04
MARC0039560 80782447 1_140541767 0.017 ± 0.007 8.62E-04
H3GA0012050 80940346 4_14722391 0.018 ± 0.006 0.0016
ASGA0064592 80975788 14_82509062 0.023 ± 0.007 0.0031
H3GA0045233 80939746 15_141419118 -0.022 ± 0.007 0.0051
ASGA0063381 80978128 14_54230949 -0.031 ± 0.012 0.0111

1Positions are based on the Sscrofa 10.2 genome.
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pork quality (Sionek and Przybylski, 2016), so further 
efforts to improve pork color should address additional 
mechanisms, including myoglobin concentration. Muscle 
color is affected by numerous attributes, perhaps most no-
tably by pigment concentration (Karamucki et al., 2013; 
Neethling et al., 2017). Lindahl et al. (2001) reported that 
pigment concentration and myoglobin redox state ex-
plained 86 and 90% of the variation in L* and a* values of 
pork longissimus and biceps femoris.

The strong positive relationship between myoglobin 
concentration and muscle pH was surprising (Table 2). 
We speculate that the correlation between muscle pH and 
myoglobin content are likely a result in increased glyco-
lytic metabolism associated with increased proportion of 
white muscle fibers (i.e., white muscle fibers more depen-
dent on glycolytic metabolism would be expected to have 
lower pH due to greater lactate accumulation, as well as 
lesser myoglobin content). Ryu and Kim (2005) reported 
that increases in the percentage of white (Type IIb) mus-
cle fibers in pork longissimus muscle was associated with 
increased glycolytic rate, and increased L* values at 45 
min and 24 h postmortem, and decreased a* values at 45 
min postmortem. England et al. (2016) reported greater 
myoglobin content in pork masseter muscle, which is 
predominately composed of slow (red) muscle fibers, 
compared to longissimus muscle, which has a greater 
proportion of fast (white) muscle fibers. Genes located 
within the QTL for myoglobin content, which will be dis-
cussed in detail below, support this hypothesis.

Additional QTL identified for myoglobin content 
may also help explain the relationship between muscle 
pH and myoglobin content. Proto-oncogene tyrosine-
protein kinase, located in region SSC 1_86 Mb regu-
lates intracellular pH in cardiomyocytes through ATP 
activation (Pucéat et al., 1998). Qiao et al. (2011) iden-
tified a QTL in region SSC 15_141 Mb, with a strong 
effect on 24-hour postmortem pH and color. Thus, QTL 
for myoglobin content in the present experiment and 
QTL for muscle pH reported by other investigators 
overlap to some degree. This suggests that the mecha-
nism by which this gene influences pH, may also be 
related to myoglobin concentration. Alternatively, the 
genes influencing myoglobin concentration may simply 
be segregating along with genes regulating muscle pH.

Heritability for myoglobin concentration in this 
study was low (0.091). Newcom et al. (2004) estimated 
the heritability for soluble myoglobin concentration to be 
0.27 from a data set representing 7 different sire breeds 
in a progeny test for the 1999 National Barrow Show. 
An estimate of heritability for myoglobin concentration 
was much higher (0.63) in Duroc barrows (Allen et al., 
1966). The high heritability estimate from Newcom et al. 

(2004) is likely due to study design in which environ-
mental variation was limited and purebred animals from 
7 different breeds were used. Thus, Newcom et al. (2004) 
had minimized environmental variation while maximiz-
ing genetic variation. Allen et al. (1966) only had 55 
Duroc barrows and also studied 87 Yorkshire barrows. 
They were unable to estimate heritability in the Yorkshire 
population and their heritability estimate in Duroc bar-
rows (0.63) wasn’t significantly different from 0 due to 
an extremely high standard error (0.61). In the current 
study pigs were from the same terminal cross such that 
genotypic variation in the data set is reduced. While pigs 
were reared on 2 different finishing farms and harvested 
in 3 different processing facilities, these environmental 
factors were balanced such that they could be adequately 
accounted for in the statistical model.

This is the first study to conduct a Genome Wide 
Association Study for myoglobin content in pork longis-
simus muscle. Myoglobin, through comparative map-
ping, has been mapped to SSC 5_9 Mb. No QTL were 
found in this region. However, a major QTL, located on 
chromosome 7 (SSC 7_4), was identified that explained 
approximately one third of the genetic variation in myo-
globin concentration. Bone morphogenetic protein 6 
(BMP6), located in the region SSC 7_4 Mb, regulates 
a range of biological processes, including iron homeo-
stasis, ovulation, and bone and fat development. This 
gene has been shown to impact meat quality (Lee et al., 
2014). As a member of the hedgehog-signaling pathway, 
BMP6 may be important in slow oxidative fiber cluster-
ing in pigs (Lee et al., 2014). Hence, selection for desir-
able alleles of BMP6 may increase iron homeostasis and 
increase oxidative fiber clustering, which could in turn 
increase myoglobin concentration in the meat.

Another candidate gene, located in SSC 15_141 
Mb, was insulin receptor substrate 1 (IRS1). This gene 
has been shown to be highly associated with slow-
twitch and fast-twitch oxidative fibers (Liu et al., 2016). 
ADAM metallopeptidase domain 12 (ADAM12), a 
candidate in SSC 14_146 Mb has been shown to have 
higher expression in slow-oxidative muscle fibers in 
cattle (Coles et al., 2014). Red oxidative muscle fiber 
types have higher myoglobin content than white glyco-
lytic muscle fiber types (Beecher et al., 1965). Muscles 
with increased myoglobin concentrations are likely to 
be more dependent on oxidative metabolism than those 
with lesser myoglobin content. Greater myoglobin 
would be needed to supply oxygen for aerobic metabo-
lism, while less anaerobic metabolism would ultimately 
result in less lactate in postmortem muscle (higher ulti-
mate pH). Thus, we speculate that the positive correla-
tion between muscle pH and myoglobin concentration 
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is the result of differences in muscle fiber type composi-
tion affecting both traits. Thus, selection for increased 
myoglobin content should also increase ultimate pH.

Over-representation of GO terms for the set of genes 
located in significant genomic regions was analyzed us-
ing PANTHER. In this set of genes, cellular component 
terms: organelle part, cytoplasmic part, and cytoplasm 
were significantly over-represented (Table 3). Many of the 
candidate genes annotated by enriched GO terms were lo-
cated on chromosome 14, in particular region SSC 14_82 
Mb. One of the genes, calcium-calmodulin dependent 
protein kinase II (CAMK2G), located in SSC 14_82 Mb, 
is responsible for sarcoplasmic reticulum calcium trans-
port into skeletal muscle, thus assisting in calcium release 
in slow and fast twitch muscles. Another candidate gene, 
myozenin 1 (MYOZ1), located in SSC 14_ 82 Mb, is a 
sarcomeric calcineurin binding protein of striated muscles 
(Frey et al., 2008). Protein phosphatase 3 catalytic subunit 
β (PPP3CB), located in SSC 14_82 Mb, is a calcium-de-
pendent, calmodulin-stimulated protein phosphatase and 
plays a role in calmodulin activation of calcineurin.

All 3 of the above mentioned candidate genes 
(CAMK2G, MYOZ1, PPP3CB) regulate calcium or 
calmodulin, which control activation of calcineurin. 
Calcineurin is a calcium and calmodulin dependent ser-
ine phosphatase, which has been shown to regulate skel-
etal muscle fiber type switching (Chin et al., 1998; Olson 
and Williams, 2000; Parsons et al., 2003). This occurs 
through targeting transcriptional factors of the nucle-
ar factor of activated T cells (McCullagh et al., 2004). 
Kanatous et al. (2009) established the calcineurin path-
way as a potent transcriptional regulator of myoglobin 
gene expression. Selection on functional variants within 
these candidate genes could increase myoglobin concen-
trations through a change in muscle fiber type.

Conclusion

Candidate genes associated with myoglobin con-
centration in swine longissimus thoracis et lumborum 
muscle were identified. Gene ontology terms organ-
elle part, cytoplasmic part, and cytoplasm were among 
those over-represented in the set of candidate genes. 
Chromosome 14 had three candidate genes involved in 
the regulation of calcineurin, thus regulating muscle fi-
ber type. Additionally, the major QTL on chromosome 7 
harbored a gene involved in iron homeostasis. Selection 
for genetic markers and candidate genes identified in this 
study may result in higher myoglobin concentrations in 
pork longissimus, which would improve lean meat color.

Literature Cited
Allen, E., J. C. Forrest, A. B. Chapman, N. First, R. W. Bray, and 

E. J. Briskey. 1966. Phenotypic and genetic associations be-
tween porcine muscle properties. J. Anim. Sci. 25:962–966. 
doi:10.2527/jas1966.254962x

American Meat Science Association (AMSA). 2012. Meat color mea-
surement guidelines. Am. Meat Sci. Assoc. Chicago, IL.

Beecher, G. R., R. G. Cassens, W. G. Hoekstra, and E. J. Briskey. 
1965. Red and white fiber content and associated post-mortem 
properties of seven porcine muscles. J. Food Sci. 30:969–976. 
doi:10.1111/j.1365-2621.1965.tb01872.x

Bendall, J. R., and H. J. Swatland. 1988. A review of the relation-
ships of pH with physical aspects of pork quality. Meat Sci. 
24:85–126. doi:10.1016/0309-1740(88)90052-6

Bernal Rubio, Y. L., J. L. Gualdrón Duarte, R. O. Bates, C. W. Ernst, 
D. Nonneman, G. A. Rohrer, D. A. King, S. D. Shackelford, T. L. 
Wheeler, R. J. C. Cantet, and J. P. Steibel. 2015. Implementing me-
ta-analysis from genome-wide association studies for pork quality 
traits. J. Anim. Sci. 93:5607–5617. doi:10.2527/jas.2015-9502

Berg, E. P. 1998. Critical points affecting fresh pork quality within 
the packing plant. Des Moines, IA: NPPC Facts.

Table 3. List of gene ontology terms that were significantly over-represented in the set of genes located in sig-
nificant windows from the GenSel analysis.

 
Ontology term

Gene set (n genes) Genes  
expected

 
P-valueAnnotated genes1 (21,398) Genes2 (93)

Biological Process
Hydrogen peroxide metabolic process 17 4 0.08 7.79E-03
Social behavior 26 4 0.12 4.13E-02
Intraspecies interaction between organisms 26 4 0.12 4.13E-02
Regulation of hormone levels 237 10 1.06 8.21E-04

Cellular Component
Organelle part 5211 42 1.80 2.63E-02
Cytoplasmic part 5319 46 23.86 9.03E-04
Cytoplasm 6878 52 30.86 7.26E-03

1Number of genes in the background Sus scrofa annotation set with given GO term. Total number of annotated genes is shown in parentheses.
2Number of genes with given GO term. Total number of genes with annotations in the background Sus scrofa annotation set is shown in parentheses.



195

Meat and Muscle Biology 2018, 2(1):189-196                Cross et al. 	 Genome-Wide Study of Myoglobin Concentration

American Meat Science Association. www.meatandmusclebiology.com

Cassens, R. G. 2000. Historical perspectives and current aspects 
of pork meat quality in the USA. Food Chem. 69:357–363. 
doi:10.1016/S0308-8146(00)00048-0

Channon, H. A., A. M. Payne, and R. D. Warner. 2000. Halothane 
genotype, pre-slaughter handling and stunning method all 
influence pork quality. Meat Sci. 56:291–299. doi:10.1016/
S0309-1740(00)00056-5

Chin, E. R., R. N. Olson, J. A. Richardson, Q. Yang, C. Humphries, 
J. M. Shelton, H. Wu, W. Zhu, R. Bassel-Duby, and R. S. 
Williams. 1998. A calcineurin dependent transcriptional 
pathway controls skeletal muscle fiber type. Genes Dev. 
12:2499–2509. doi:10.1101/gad.12.16.2499

Coles, C. A., J. Wadeson, M. I. Knight, L. M. Café, W. H. Johns, 
J. D. White, P. L. Greenwood, and M. B. McDonagh. 2014. 
A disintegrin and metalloprotease-12 is type I myofiber 
specific in Bos Taurus and Bos indicus cattle. J. Anim. Sci. 
92:1473–1483. doi:10.2527/jas.2013-7069

England, E. M., S. K. Matarneh, E. M. Oliver, A. Apaoblaza, T. L. 
Scheffler, H. Shi, and D. E. Gerrard. 2016. Excess glycogen 
does not resolve high ultimate pH of oxidative muscle. Meat Sci. 
114:95–102. doi:10.1016/j.meatsci.2015.10.010

Fernando, R. L., and D. J. Garrick. 2009. GenSel– User manual 
for a portfolio of genomic selection related analyses. Animal 
Breeding and Genetics, Iowa State University, Ames, IA.

Frey, N., D. Frank, S. Lippl, C. Kuhn, H. Kögler, T. Barrientos, C. 
Rohr, R. Will, O. J. Müller, H. Weiler, R. Basel-Duby, H. A. 
Katus, and E. N. Olson. 2008. Calsarcin-2 deficiency increases 
exercise capacity in mice through calcineurin/NFAT activation. 
J. Clin. Invest. 118:3598–3608. doi:10.1172/JCI36277

Groenen, M. A. M., A. L. Archibald, H. Uenishi, C. K. Tuggle, Y. 
Takeuchi, M. F. Rothschild, C. Rogel-Gailard, C. Park, D. 
Milan, H. J. Megens, S. Li, D. M. Larkin, H. Kim, L. A. Frantz, 
M. Caccamo, H. Ahn, B. L. Aken, A. Anselmo, C. Anthon, L. 
Auvil, B. Badaoui, C. W. Beattie, C. Bendixen, D. Berman, F. 
Blecha, J. Blomberg, L. Bolund, M. Bosse, S. Botti, Z. Buije, M. 
Bystrom, B. Capitanu, D. Carvalho-Silva, P. Chardon, C. Chen, 
R. Cheng, S. H. Choi, W. Chow, R. C. Clark, C. Clee, R. P. M. A. 
Crooijmans, H. D. Dawson, P. Dehais, F. DeSapio, B. Dibbits, N. 
Drou, Z. Q. Du, K. Eversole, J. Fadista, S. Fairley, T. Faraut, G. 
J. Faulkner, K. E. Fowler, M. Fredholm, E. Fritz, J. G. R. Gilbert, 
E. Guiffra, J. Gorodkin, D. K. Griffin, J. L. Harrow, A. Hayward, 
K. Howe, Z. L. Hu, S. J. Humphray, T. Hunt, H. Hornshoj, J. T. 
Jeon, P. Jern, M. Jones, J. Jurka, H. Kanamori, R. Kapetanovic, 
J. Kim, J. H. Kim, K. W. Kim, T. H. Kim, G. Larson, K. Lee, K. 
T. Lee, R. Legget, H. A. Lewin, Y. Li, W. Liu, J. E. Loveland, 
Y. Lu, J. K. Lunney, J. Ma, O. Madsen, K. Mann, L. Matthews, 
S. McClaren, T. Morozumi, M. P. Murtaugh, J. Narayan, D. T. 
Nguyen, P. Ni, S. J. Oh, S. Onteru, F. Panitz, E. W. Park, H. 
S. Park, G. Pascal, Y. Paudel, M. Perez-Enciso, R. Ramerez-
Gonzalez, J. M. Reecy, S. Rodrigas-Zas, G. A. Rohrer, L. Rund, 
Y. Sang, K. Schachtschneider, J. G. Schraiber, J. Schwartz, L. 
Scobie, C. Scott, S. Searle, B. Servin, B. R. Southey, G. Sperber, 
P. Stadler, J. V. Sweedler, H. Tafer, B. Thomsen, R. Wali, J. 
Wang, J. Wang, S. White, X. Xu, M. Yerle, J. Zhang, J. Zhang, S. 
Zhao, J. Rogers, C. Churcher, and L. B. Schook. 2012. Analysis 
of pig genomes provide insight into porcine demography and 
evolution. Nature 491:393–398. doi:10.1038/nature11622

Huff-Lonergan, E., and S. M. Lonergan. 2005. Mechanisms of 
water-holding capacity of meat: The role of postmortem 
biochemical and structural changes. Meat Sci. 71:194–204. 
doi:10.1016/j.meatsci.2005.04.022

Joo, S. T., R. G. Kauffmann, B. C. Kim, and G. B. Park. 1999. The 
relationship of sarcoplasmic and myofibrillar protein solubility to 
colour and water-holding capacity in porcine longissimus muscle. 
Meat Sci. 52:291–297. doi:10.1016/S0309-1740(99)00005-4

Kanatous, S. B., P. P. A. Mammen, P. B. Rosenberg, C. M. Martin, 
W. D. White, J. M. DiMaio, G. Huang, S. Muallem, and D. 
J. Garry. 2009. Hypoxia reprograms calcium signaling and 
regulates myoglobin expression. Am. J. Physiol. Cell Physiol. 
296:C393–C402. doi:10.1152/ajpcell.00428.2008

Karamucki, T., M. Jakubomska, A. Rybarczyk, and J. Gardzielewska. 
2013. The influence of myoglobin on the colour of minced pork 
loin. Meat Sci. 94:234–238. doi:10.1016/j.meatsci.2013.01.014

Lee, T., D. H. Shin, S. Cho, H. S. Kang, S. H. Kim, H. K. Lee, H. Ki, 
and K. S. Seo. 2014. Genome-wide association study of inte-
grated meat quality-related traits of the Duroc pig breed. Asian-
Australasian. J. Anim. Sci. 27:303–309. 10.5713/ajas.2013.13385

Lindahl, G., P. Henckel, A. H. Karlsson, and H. J. Andersen. 2006. 
Significance of early postmortem temperature and pH decline 
on colour characteristics of pork loin form different crossbreeds. 
Meat Sci. 72:613–623. doi:10.1016/j.meatsci.2005.09.014

Lindahl, G., K. Lundström, and E. Tornberg. 2001. Contribution of 
pigment content, myoglobin forms and internal reflectance to 
the colour of pork loin and ham from pure breed pigs. Meat Sci. 
59:141–151. doi:10.1016/S0309-1740(01)00064-X

Liu, X., N. Trakooljul, F. Hadlich, E. Muráni, K. Wimmers, and 
S. Ponsuksili. 2016. MicroRNA-mRNA regulatory network-
ing fine-tunes the porcine muscle fiber type, muscular mito-
chondrial respiratory and metabolic enzyme activities. BMC 
Genomics 17:531. doi:10.1186/s12864-016-2850-8

Liu, X., X. Xiong, J. Yang, L. Zhou, B. Yang, H. Ai, H. Ma, X. Xie, 
Y. Huang, S. Fang, S. Xiao, J. Ren, J. Ma, and L. Huang. 2015. 
Genome-wide association analyses for meat quality traits in 
Chinese Erhualian pigs and a western Duroc x (Landrace x 
Yorkshire) commercial population. Genet. Sel. Evol. 47:44. 
doi:10.1186/s12711-015-0120-x

Mancini, R. A., and M. C. Hunt. 2005. Current research in meat color. 
Meat Sci. 71:100–121. doi:10.1016/j.meatsci.2005.03.003

McCullagh, K. A., E. Calabria, G. Pallafacchina, S. Ciciliot, A. L. 
Serrano, C. Argentini, J. M. Kalhovde, T. Lømo, and S. Schiaffino. 
2004. NFAT is nerve activity sensor in skeletal muscle and con-
trols activity-dependent myosin switching. Proc. Natl. Acad. Sci. 
USA 101:10590–10595. doi:10.1073/pnas.0308035101

Mi, H., A. Muruganujan, and P. D. Thomas. 2013. PANTHER in 
2013: Modeling the evolution of gene function, and other 
gene attributes, in the context of phylogenetic trees. Nucleic 
Acids Res. 41:D377–D386. doi:10.1093/nar/gks1118

Miar, Y., G. S. Plastow, S. S. Moore, G. Manafiazar, P. Charagu, 
R. A. Kemp, B. Van Haandel, A. E. Huisman, C. Y. Zhang, 
R. M. McKay, H. L. Bruce, and Z. Wang. 2014. Genetic and 
phenotypic parameters for carcass and meat quality traits 
in commercial crossbred pigs. J. Anim. Sci. 92:2869–2884. 
doi:10.2527/jas.2014-7685



Meat and Muscle Biology 2018, 2(1):189-196                Cross et al. 	 Genome-Wide Study of Myoglobin Concentration

196American Meat Science Association. www.meatandmusclebiology.com

National Pork Board. 2015. Goals and smart objectives. Proceedings of 
the National Pork Industry Forum, San Antonio, Texas 5-7 March. 
p. 3-4. (http://www.porkindustryforum.com/wp-content/uploads/
2015/02/2015PorkActBinder.pdf (accessed 6 March 2018). 

Neethling, N. E., S. P. Suman, G. O. Sigge, L. C. Hoffman, and 
M. C. Hunt. 2017. Exogenous and endogenous factors influ-
encing color of fresh meat from ungulates. Meat Mus. Biol. 
1:253–275. doi:10.22175/mmb2017.06.0032

Newcom, D. W., K. J. Stalder, T. J. Baas, R. N. Goodwin, F. C. Parrish, 
and B. R. Wiegand. 2004. Breed differences and genetic param-
eters of myoglobin concentration in porcine longissimus mus-
cle. J. Anim. Sci. 82:2264–2268. doi:10.2527/2004.8282264x

Nonneman, D. J., S. D. Shackelford, D. A. King, T. L. Wheeler, R. T. 
Wiedmann, W. M. Snelling, and G. A. Rohrer. 2013. Genome-
wide association of meat quality traits and tenderness in swine. 
J. Anim. Sci. 91:4043–4050. doi:10.2527/jas.2013-6255

Olson, E. N., and R. S. Williams. 2000. Remodeling muscles with 
calcineurin. BioEssays 22:510–519. doi:10.1002/(SICI)1521-
1878(200006)22:6<510::AID-BIES4>3.0.CO;2-1

Parsons, S. A., B. J. Wilkins, O.F. Bueno, and J. D. Molkentin. 
2003. Altered skeletal muscle phenotypes in calcineurin Aα 
and Aβ gene-targeted mice. Mol. Cell. Biol. 23:4331–4343. 
doi:10.1128/MCB.23.12.4331-4343.2003

Pucéat, M., S. Roche, and G. Vassort. 1998. Src family tyrosine 
kinase regulates intracellular pH in cardiomyocytes. J. Cell 
Biol. 141:1637–1646. doi:10.1083/jcb.141.7.1637

Qiao, R. M., J. W. Ma, Y. M. Guo, Y. Y. Duan, L. H. Zhou, and 
L. S. Huang. 2011. Validation of a paternally imprinted QTL 
affecting pH24h distinct from PRKAG3 on SSC15. Anim. 
Genet. 42:316–320. 10.1111/j.1365-2052.2010.02133.x

R Core Team. 2013. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.

Rothschild, M. F., and A. Ruvinsky. 2011. Genetics of meat quality and 
carcass traits In: The genetics of a pig. 2nd ed. CABI Publishing, 
Cambridge, MA. p. 355–390. doi:10.1079/9781845937560.0000

Ryu, Y. C., and B. C. Kim. 2005. The relationship between muscle 
fiber characteristics, postmortem metabolic rate, and meat 
quality of pig longissimus dorsi muscle. Meat Sci. 71:351–
357. doi:10.1016/j.meatsci.2005.04.015

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 produc-
tion traits in a commercial population of Large White pigs: 
Evidence of haplotypes affecting meat quality. Genet. Sel. 
Evol. 46:12. doi:10.1186/1297-9686-46-12

Shackelford, S. D., D. A. King, and L. Wheeler. 2012. Chilling rate ef-
fects on pork loin tenderness in commercial processing plants. J. 
Anim. Sci. 90:2842–2849. doi:10.2527/jas.2011-4855

Sionek, B., and W. Przybylski. 2016. The Impact of Ante- and 
Post-Mortem Factors on the Incidence of Pork Defective 
Meat– A Review. Ann. Anim. Sci. 16:333–345. doi:10.1515/
aoas-2015-0086

Wilson, G. D., I. D. Ginger, B. S. Schweigert, and W. J. Aunan. 
1959. A study of the variations of myoglobin concentra-
tion in “two-toned” hams. J. Anim. Sci. 18:1080–1086. 
doi:10.2527/jas1959.1831080x


