Title:

Genomic control of pork loin color, myoglobin concentration, marbling, waterholding capacity, and slice shear force, pork fat quality and fatty acid profile, and
ham lean color, ham "halo" severity, and myoglobin concentration –
NPB #17-060

Investigator:

S.D. Shackelford, D.A. King, T.L. Wheeler, D.J. Nonneman, G.A. Rohrer,
and D.D. Boler

Institution

USDA-ARS U.S. Meat Animal Research Center (USMARC)

Date Submitted

05/06/19

Industry Summary:
Genomic regulation of pork quality was investigated using loins (n = 4,025) which were
evaluated during large-scale industrial research projects (n = 4) in which loins were evaluated
between 2009 and 2016. Additionally, biceps femoris samples from pigs (n = 1,019) harvested by
a commercial seedstock supplier were used to study the genetic regulation of a ham muscle color
defect referred to as ham halo. Strong genetic regulation of fatty acid profile was observed for
HIF1AN and SCD, which are two genes located on Chromosome 14. Variation in these two genes
impacted the proportion of saturated fatty acids. Specifically, the proportion of stearic acid was
strongly influenced by variation in these two genes. Selection for animals more prone to produce
saturated fatty should result in improved bacon/belly quality. Given the negative effects that
feeding high levels of ingredients that contain a high level of polyunsaturated fatty acids has on
fat quality, the ability to genetic select for greater propensity to deposit more saturated fat should
help reduce the impact of using those feed ingredients. Additionally, a region on Chromosome X
was identified that impacts the proportion of polyunsaturated fatty acids.
Genetic variation on chromosome 15, in the region where Protein Kinase AMP-Activated
Non-Catalytic Subunit Gamma 3 (PRKAG3) is located, was a strong regulator of ultimate pH of
the loin muscle in this study, as has been shown in numerous other studies. The genomic
analysis of loins sampled in 2015 and 2016 for the NPB Instrument Grading Project showed the
allelic frequency of the favorable (higher ultimate pH) to be 0.72. Thus, it appears that the
industry needs to continue/intensify selection pressure on PRKAG3 to optimize ultimate pH and
water-holding capacity. Simultaneous selection for favorable forms of PRKAG3. and calpastatin
(CAST) should allow the industry produce loins that will be tender and juicy even if the consumer
over cooks the product.
Contact: Dr. Steven Shackelford, USDA-ARS U.S. Meat Animal Research Center,
steven.shackelford@ars.usda.gov, 402-762-4223.
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Scientific Abstract:
A genome-wide association study was conducted to determine if pork quality trait selection
could be enhanced with genomic selection. Genomic regulation of pork quality was investigated
using loins (n = 4,025) which were evaluated during large-scale industrial research projects (n =
4) in which loins were evaluated between 2009 and 2016. Additionally, biceps femoris samples
from pigs (n = 1,019) harvested by a commercial seedstock supplier were used to study the
genetic regulation of a ham muscle color defect referred to as ham halo. Additionally, fatty acid
profile was determined for clear plate samples from the carcasses (n = 818) of one study.
Genomic regulation of fatty acid profile in pork. SNP on Chromosome 14 effected fatty acid
profile traits, particularly the ratio of 18:1 to 18:0 and the ratio of 16:1 to 16:0. The gene
underlying this peak was hypoxia inducible factor 1 subunit alpha inhibitor (HIF1AN). Additional
SNP were genotyped for HIF1AN and other genes located on the same region of Chromosome 14
as HIF1AN, including Stearoyl-CoA Desaturase (SCD) and Fatty Acid Elongase 3 (ELOV3) and
Peroxisome proliferator-activated receptor gamma (PPRC1). This analysis showed a genetic
regulation of fatty acid profile for HIF1AN and SCD. Variation in these two genes impacted the
proportion of saturated fatty acids and stearic acid percentage. Whereas variation in HIF1AN,
but not SCD, influenced monounsaturated fatty acid percentage. Arachidic Acid percentage was
very strongly regulated by genomic variation in Fatty Acid Elongase 7 (ELOVL7). Variation in
PRKAG3 affected LM ultimate pH, Hunter a* (redness), purge loss and cooking loss. Variation in
CAST affect slice shear force and cooking loss. Genomic control of Hunter L*, intramuscular fat
percentage, and myoglobin concentration were characterized by many genes of very small effect.
Introduction: An overview of the researchable question and its importance to producers.
There is a large amount of variation in pork quality. Variation in lean color and marbling
affect consumer purchase decision for fresh pork loin chops at retail. Export markets place
strong demand on pork loins that have dark lean color and a high level of marbling. Large-scale
packing plants frequently segregate product based on subjective assessment of quality to satisfy
the demands of the export markets. Figure 1 shows raw images from the VQG pork loin grading
camera. The degree of variation in lean color and marbling observed in loins from carcasses from
a truck load of first pull pigs from a single finishing unit indicates that there are challenges that
need to be addressed. One approach to controlling variation in pork quality is to apply genomic
selection and mating strategies. To do this requires knowledge of the genomic control of pork
quality. We have invested heavily in this field of research. There are two unique datasets that we
had previously phenotyped for numerous pork quality traits that could greatly

Figure 1. VQG raw images of boneless pork loins, which were evaluated on-line at line speed
as a part of "Determination of the correlation of loin quality parameters with fresh belly
characteristics and fresh and processed ham quality." Note the level of variation in lean color
and marbling level observed in a sample of loins from a truck load of first pull pigs from a
single finishing unit.
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enhance our knowledge of genomic control of pork quality if these samples had high density
genomic data. In the present study, we extracted DNA from stored tissue samples from the
loins that were phenotyped in those experiments. The DNA was genotyped using commercially
available genotyping services that resulted in over 50,000 SNP genotypes per sample. This
allowed us to genomic control of:
1) pork loin pH, color, myoglobin concentration, marbling, water-holding capacity, and
slice shear force,
2) pork fat quality and fatty acid profile, and
3) ham lean color, ham "halo" severity, and myoglobin concentration.
.
Objectives:
A. Conduct genome-wide association study for pork loin lean color and myoglobin
concentration to enable selection for swine whose progeny will produce loins with more
desirable lean color.
B. Conduct genome-wide association study for pork fat quality and fatty acid profile to
enable selection for swine whose progeny will produce bellies with more desirable fat
quality and greater slicing yields.
C. Conduct genome-wide association study for pork ham biceps femoris muscle lean color,
ham halo severity, and myoglobin concentration to enable selection for swine whose
progeny will produce hams with more desirable lean color and less intramuscular
variation in lean color.
Materials & Methods:
Genomic regulation of pork quality was investigated using 1) loins (n = 4,025) which were
evaluated during large-scale industrial research projects (n = 4) in which loins were evaluated
between 2009 and 2016 and 2) biceps femoris samples (n = 1,019), which were collected in 201617 and used to study the ham color defect referred to as “halo.” A description of these data sets
is given in Table 1.
Table 1. Data sets included in this study.
Factor
NPB 09-243 Chilling method
Number of pigs sampled
Description

1,208

599

300 mill run
loins/plant × 4
plants

3 plants
× 2 days
× 100 head

Genotyped
Genotyping platform

302
906

150
449

VQG camera dataa

----

----

NPB 15-103

Ham halo

Total

818
Lean focus and
meat quality
focus pigs × 2
seasons

1,400
7 sampling
groups in 6
plants ×. 200
head

1,019

5,044

(funded
internally)

(NPB 11-042)

SNP60.v2
GGP.v1
GGPHD.v1
POR50.v1

NPB 14-221

818

3

biceps
femoris

Present experiment
(NPB 17-060)

142
1,258


1,019
----

5,044

452
1,355
960
2,277
2,218

Pork fat qualityb
LM Slice shear force
Myoglobin

---
LM

---




LM

LM

Ventralc
Chopsd

---

-------

LM

Deep
muscle and
surface
(halo) of BF

818
4,025
LM
4,025
BFx2
1,019




------



---4,025
e




4,025
Water-holding capacity
a
Loin quality evaluated on-line with VQG pork loin grading camera.
b
Belly quality measurements. IV predicted with NITFOM. Fatty acid profile on clear plate s.c. fat.
c
NPPC color, marbling, and firmness evaluated on the ventral side of the boneless loins when the loins
were boned at ~22 h postmortem.
d
NPPC color, marbling, and firmness evaluated on the chops when the boneless loins were cut into chops at
14 or 20 d postmortem.
e
Purge loss measured for the boneless loins and cooking loss determined for the slice shear force chops.
Loin studies
For each of the loin experiments, loins were collected at the time of carcass cutting and
loin boning. Depending on the packing plant’s production schedule, carcass cutting occurred
between 16 to 22 h postmortem and loin boning occurred minutes to a few hours later. Loin
quality measurements were made during the collection process. Generally, 1) objective color was
assessed for the exposed longissimus on the ventral side of the boneless loin using a Hunter
Miniscan XE Plus colorimeter (HunterLab, Reston, VA) with a 25-mm port, D65 illuminant and a
10° observer and 2) subjective color, firmness, and marbling (NPPC, 1997) were evaluated on the
exposed longissimus on the ventral side of the boneless loin. Then, using a portable pH meter
equipped with a stab electrode, longissimus pH was determined. Boneless loins were vacuum
packaged, boxed, and transported (-2.8°C) to USMARC. Upon arrival at USMARC, loins were
refrigerated (1.5°C), unboxed, and placed on solid shelf carts with a single layer of vacuumpackaged boneless loins on each shelf. Vacuum-packaged boneless loins were weighed for
subsequent determination of purge loss. All loins were aged dorsal side (fat side) down. At 14 d
postmortem (20 d postmortem for NPB 14-221) loins were unpackaged, allowed to drip for 5 min,
and weighed for determination of purge loss.
Subsequently, chops were cut and a face piece was vacuum-packaged and frozen for DNA
tissue preservation. In each experiment, chops 5 and 6, which correspond approximately to the
11th rib region of the loin, were used for determination of slice shear force. Immediately after
chops were cut and tagged, chops were weighed (initial weight for cooking loss determination)
and the time stamp was logged with the scale software. The time stamp was used in subsequent
activities to standardize bloom time. The following day (15 d postmortem), chops were cooked,
weighed to determine cooking loss, and sampled for slice shear force. Slice shear force was
determined for each chop and the mean of those two values was used for all analyses.
For evaluation of pork quality traits, chops were placed on trays in a single layer and
covered with oxygen-permeable PVC film and exposed to oxygen (bloomed) for 30 min (NPB 09243 and chilling method), 2 h (NPB 14-221), or 3 h (NPB 15-103). After blooming, subjective
color, marbling and firmness and objective color were evaluated as described above. Then, pH
was determined and chops were trimmed and vacuum-packaged for subsequent determination of
intramuscular fat (IMF) percentage.
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Fatty Acid Profile
Clear plate fat samples were obtained from the carcasses sampled for NPB 14-221.
Subsequently, fat was extracted and fatty acid profile was determined by Gas Chromatography
and Mass Spectrometry.
Ham halo study
A coring device (2.5 cm diameter) attached to a cordless drill was used to obtain biceps
femoris samples from carcasses (n = 1,019) at 22 h postmortem. Cores were divided
longitudinally creating two half cores that were mirror images. On half core from each carcass
was frozen and air-freighted to USMARC.
Each half-core was partially thawed enough to facilitate dissection, but not enough to
allow the muscle to purge. Cores were carefully dissected into halo and deep portions. Dissection
was conducted so that a small amount of intermediate tissue between the halo and inside
portions of the muscle was discarded. After dissection, each sample was minced, frozen in liquid
nitrogen and pulverized to a fine powder, which was used for determination of myoglobin
concentration. Tissue from the deep portion was preserved for DNA.
Genomic Analysis
DNA was extracted from muscle samples (20 mg) using Promega Wizard SV 96 Genomic
DNA Purification System. DNA samples (300 ng) were submitted to Geneseek for genotyping.
Available genotyping services and have evolved over time. So, a variety of genotyping platforms
were used across these studies (Table 1). Most samples had high-density (> 50,000 SNP)
genotypes. But, some of the samples genotyped previously (1,355) were assessed with a lowdensity platform with the goal of imputation.
Results:
Genomic regulation of fatty acid profile in pork. Preliminary analysis showed that SNP on
Chromosome 14 effected fatty acid profile traits, particularly the ratio of 18:1 to 18:0 and the
ratio of 16:1 to 16:0. The gene underlying this peak was determined to be hypoxia inducible
factor 1 subunit alpha inhibitor (HIF1AN). Additional SNP were genotyped for HIF1AN and other
genes located on the same region of Chromosome 14 as HIF1AN, including Stearoyl-CoA
Desaturase (SCD) and Fatty Acid Elongase 3 (ELOV3) and Peroxisome proliferator-activated
receptor gamma (PPRC1). This analysis showed a Strong genetic regulation of fatty acid profile
for HIF1AN and SCD. Variation in these two genes impacted the proportion of saturated fatty
acids (Figure 1) and stearic acid percentage (Figure 2). Whereas variation in HIF1AN, but not
SCD, influenced monounsaturated fatty acid percentage (Figure 3). Selection for animals more
prone to produce saturated fatty should result in improved bacon/belly quality. Given the
negative effects that feeding high levels of ingredients that contain a high level of polyunsaturated
fatty acids has on fat quality, the ability to genetic select for greater propensity to deposit more
saturated fat should help reduce the impact of using those feed ingredients.
Arachidic Acid percentage was very strongly regulated by SNP on chromosome 16 (Figure
4). This was shown to be caused by genomic variation in Fatty Acid Elongase 7 (ELOVL7). This
elongation factor, adds 2 carbons, changing that fatty acid from C18:0 to C20:0. It is likely that
this allows for the formation of polyunsaturated fats and poor fat quality, although this
relationship needs to be studied.
A region on Chromosome X was identified that impacts the proportion of polyunsaturated
fatty acids (Figure 5). However, to date, we have not been able to clearly elucidate the
mechanism for this peak.
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Figure 1. Manhattan plot of genomic regulation of saturated fatty acid percentage in pork clear
plate fat.

Figure 2. Manhattan plot of genomic regulation of Stearic acid percentage in pork clear plate fat.
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Figure 3. Manhattan plot of genomic regulation of monounsaturated acid percentage in pork
clear plate fat.

Figure 4. Manhattan plot of genomic regulation of Arachidic acid (20:0) percentage in pork clear
plate fat.
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Figure 5. Manhattan plot of genomic regulation of polyunsaturated fatty acid percentage in pork
clear plate fat.

Genomic regulation of pork longissimus ultimate pH. . Longissimus muscle ultimate pH is
associated with SNP that flank PRKAG3 on chromosome 15 (Figure 6). There were not any SNP
in PRKAG3 genotyped. But, the flanking markers in very close proximity to PRKAG3 on the
telomeric end of chromosome 15 likely were in strong linkage disequilibrium with PRKAG3
genotypes allowing for detection of a strong effect. It is possible that the strength of the effect is
underestimated due to phase shifts. Subsequent work will be conducted to genotype these
samples for SNP in PRKAG3.
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Figure 6. Longissimus muscle ultimate pH is associated with SNP that flank PRKAG3 on
chromosome 15.

Genomic regulation of pork lean color. Despite the strong effect that genomic variation in
PRKAG3 had on ultimate pH, we did not observe any effect of PRKAG3 on Hunter L* (Lightness)
of boneless loins or loin chops (Figure 7). In fact, we did not detect any QTL affecting Hunter L*.
But, PRKAG3 and CA6 affected Hunter a* (redness) of boneless loins or loin chops (Figure 8).
We hypothesized that selection for increased muscle myoglobin concentration would allow
the swine industry to select for improvement (darker) of lean color with fighting the antagonistic
relationship between ultimate pH and lean growth. This analysis shows that the genomic region
with the greatest influence on ultimate pH also has some effect on longissimus myoglobin
concentration (Figure 9). We did not detect any QTL having a strong effect on myoglobin
concentration. There appears to be numerous QTL having a small effect. Moreover, the regions
affecting myoglobin concentration in longissimus differ from the those affecting myoglobin
concentration in the deep portion of biceps femoris, which differ from the those affecting
myoglobin concentration in the halo portion of biceps femoris (Figure 10).
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Figure 7. No evidence of QTL affecting Hunter L* of loins.

10

Figure 8. Hunter a* of boneless pork loins and pork chops is affected by genomic variation in
PRKAG3 and CA6.
7

Longissimus muscle Hunter a* (redness) assessed on the ventral side of
the boneless loin shortly after deboning
PRKAG3
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Carbonic anhydrase 6 (CA6)
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Figure 9. Genomic regulation of pork longissimus myoglobin concentration.
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Figure 10. Genomic regulation of pork biceps femoris myoglobin concentration.
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Genomic regulation of pork longissimus slice shear force (tenderness). Genomic variation in
Calpastatin (CAST), strongly affected slice shear force. CAST is the endogenous inhibitor of µcalpain, which is the enzyme in meat that tenderizes the tissues during aging of carcasses and
cuts.
Figure 11. Genomic regulation of pork longissimus muscle slice shear force.
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Genomic regulation of pork longissimus water-holding capacity. Genomic variation in
PRKAG3 and CAST affect cooking loss of pork longissimus chops. We have observed a strong
influence of cooking loss on tenderness and juiciness of pork longissimus chops. In our heavy
pig experiment, chops from loins whose slice shear force chops had < 18% cooking loss were
more tender (6.49 vs 5.78; P < 10-10) and juicier (6.12 vs 5.55; P < 10-10) compared to chops from
loins whose slice shear force chops had > 19% cooking loss. Clearly, the industry should be
selecting for genetics that can produce tender, juicy eating experiences even if the consumer over
cooks the product. SNP on chromosome X and variation in PRKAG3 affected purge loss. That is,
PRKAG3 affected both purge loss and cooking loss. Whereas CAST only influence cooking loss.
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Figure 11. Genomic regulation of pork longissimus muscle cooking loss and purge loss.
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Genomic regulation of pork longissimus intramuscular fat percentage. We did not detect any
QTL with a major effect on intramuscular at percentage or subjective marbling.
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Discussion:
This analysis shows strong potential for controlling fatty acid profile with genomics. This
should allow the industry to control fat quality including belly functionality and slicing yields as
well as bacon quality. Additionally, this work shows that selection for desirable CAST genotypes
will improve tenderness and indirectly influence juiciness by minimizing moisture loss during
cooking. Selection for desirable PRKAG3 genotypes will have a strong effect on ultimate pH and
result in loins with less purge loss and redder chops that will retain more moisture during
cooking.
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