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A combination of two variants in PRKAG3 is
needed for a positive effect on meat quality in
pigs
Pekka Uimari1,2* and Anu Sironen1
Abstract

Background: Color and pH of meat measured 24 h post mortem are common selection objectives in pig breeding
programs. Several amino acid substitutions in PRKAG3 have been associated with various meat quality traits. In our
previous study ASGA0070625, a SNP next to PRKAG3, had the most significant association with meat quality traits in
the Finnish Yorkshire. However, the known amino acid substitutions, including I199V, did not show any association.
The aims of this study were to characterize further variation in PRKAG3 and its promoter region, and to test the
association between these variants and the pH and color of pork meat.
Results: The data comprised of 220 Finnish Landrace and 230 Finnish Yorkshire artificial insemination boars with
progeny information. We sequenced the coding and promoter region of PRKAG3 in these and in three additional
wild boars. Genotypes from our previous genome-wide scans were also included in the data. Association between
SNPs or haplotypes and meat quality traits (deregressed estimates of breeding values from Finnish national
breeding value estimation for pH, color lightness and redness measured from loin or ham) was tested using a linear
regression model. Sequencing revealed several novel amino acid substitutions in PRKAG3, including K24E, I41V,
K131R, and P134L. Linkage disequilibrium was strong among the novel variants, SNPs in the promoter region and
ASGA0070625, especially for the Yorkshire. The strongest associations were observed between ASGA0070625 and
the SNPs in the promoter region and pH measured from loin in the Yorkshire and between I199V and pH measured
from ham in the Landrace. In contrast, ASGA0070625 was not significantly associated with meat quality traits in the
Landrace and I199V not in the Yorkshire. Haplotype analysis showed a significant association between a haplotype
consisting of 199I and 24E alleles (or g.-157C or g.-58A alleles in the promoter region) and pH measured from loin
and ham in both breeds (P-values varied from 1.72 × 10�4 to 1.80 × 10�8).
Conclusions: We conclude that haplotype g.-157C - g.-58A - 24E - 199I in PRKAG3 has a positive effect on meat
quality in pigs. Our results are readily applicable for marker-assisted selection in pigs.
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Background
Meat quality characteristics such as water-holding cap-
acity, tenderness, intramuscular fat, and taste are im-
portant for the meat industry as well as for consumers
[1-3]. Since direct measurement of some of these traits
is considered laborious in practice, many breeding pro-
grams only use correlated traits like pH and color of
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meat for selection. In Finland, pH and color of loin have
been among the pig breeding objectives since 1983 and
meat quality of ham since 2000 [1].

Several important genes are known to have a major effect
on meat quality and carcass composition traits in pigs,
including RYR1 (ryanodine receptor 1) on chromosome 6
[4]; PRKAG3 (protein kinase, AMP-activated, gamma 3
non-catalytic subunit) on chromosome 15 [5,6]; IGF2 (insu-
lin-like growth factor 2) on chromosome 2 [7,8]; CAST
(calpastatin) on chromosome 2 [9]; and MC4R (melanocor-
tin 4 receptor) on chromosome 1 [10]. A previous genome-
wide association study in the Finnish Yorkshire population
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revealed a strong association between pH measured from
loin and a chromosomal region around PRKAG3 [11].
However, none of the reported amino acid substitutions
T30N, G52S, L53P, I199V, or R200Q were as strongly asso-
ciated with pH as SNP ASGA0070625 (RS80816788, pos-
ition 133,677,385 Sus Scrofa build 10.2), which is located
near the PRKAG3 gene. A further study with more markers
on the PRKAG3 region was therefore needed. Additionally,
the Finnish Landrace breed could be used as a validation
population for the initial findings.

This article reports novel variations within the
PRKAG3 gene in Finnish Yorkshire and Landrace pigs,
shows the linkage disequilibrium (LD) structure around
PRKAG3, and presents the results from our association
analysis between SNPs or haplotypes and meat quality
traits. We show that to achieve a positive effect on meat
quality traits, particularly in pH measured post mortem
from loin and ham, the animal has to carry both the
199I allele and the combination g.-157C - g.-58A - 24E.
This haplotype was significant for meat quality in both
breeds.

Results
SNP discovery
Sequencing of the exons and promoter region of
PRKAG3 revealed four novel amino acid substitutions:
K24E, I41V, K131R, and P134L (Table 1). The four SNPs
upstream of the PRKAG3 transcription initiation site re-
ported by Ryan et al. [12] were also detected in the stud-
ied Finnish Yorkshire and Landrace populations. Two
additional synonymous substitutions were observed at
amino acids 193 and 194, but these were very rare in
Table 1 Positions, alleles and minor allele frequencies of the
Exon Variationa SS number RS number Position

ASGA0070625 80816788 13367738

g.-311A > G 196959880 13380045

g.-221G > A 196952335 13380054

g.-157C > G 196956394 13380061

g.-58A > G 196959698 13380070

2 K24E 947848631 13380120

3 T30N 328566929 13380207

3 I41V 947848632 13380210

3 G52S 343733804 13380213

4 L53P 337462352 13380249

4 K131R 947848633 13380273

4 P134L 947848634 13380274

5 I199V 13380382

5 R200Q 13380382
aThe novel amino acid substitutions are given in italics with corresponding dbSNP s
bBased on Sus Scrofa build 10.2.
cThe minor allele is given first.
both populations (frequency less than 3%) and were thus
excluded from later analysis. Minor allele frequencies of
the novel amino acid substitutions varied from 0.17 to
0.20 and from 0.15 to 0.20 in the Yorkshire and
Landrace, respectively. Alleles 53P and 200R were fixed
in both populations. Allele 30T was also very rare in the
Yorkshire, with a frequency of only 1% compared to 13%
in the Landrace, whereas alleles 52S and 199I were more
common in the Yorkshire than in the Landrace.

Functional analysis of the amino acid substitutions using
SIFT [13] (Sorting Intolerant From Tolerant, http://sift.bii.
a-star.edu.sg/) underlined three substitutions, K24E, I41V
and L53P, as damaging (Table 2). These effects appeared to
be transcript specific indicating differences between effects
of substitutions on protein isoforms. For substitutions I41V
and L53P the SIFT scores were similar for all protein iso-
forms, but a clear difference for K24E was identified
(Table 2).

Linkage disequilibrium
Figure 1 shows the linkage disequilibrium (LD) within
and around PRKAG3. Overall, LD was stronger and ex-
tended over a longer range in the Finnish Yorkshire than
Landrace. In the Yorkshire, g.-311A > G, g.-221G > A, g.-
157C > G, g.-58A > G, K24E, I41V, K131R, and P134L
were in complete LD with ASGA0070625, the SNP that
showed the strongest association with pH measured
from loin in our previous whole-genome analysis [11].
In the Finnish Landrace, ASGA0070625 was in complete
LD with g.-157C > G, g.-58A > G, and K24E. Interest-
ingly, the known amino acid substitutions T30N, G53S,
and I199V were in very weak LD with ASGA0070625
identified SNPs in PRKAG3
on chromosome 15, bpb Allelesc Yorkshire Landrace

5 A/G 0.21 0.28

6 G/A 0.19 0.13

6 A/G 0.19 0.13

0 G/C 0.20 0.26

9 G/A 0.20 0.26

7 A/G 0.17 0.20

1 A/C 0.01 0.13

3 A/G 0.20 0.16

6 A/G 0.43 0.12

9 T/C 0 0

3 G/A 0.19 0.15

2 T/C 0.19 0.16

8 A/G 0.45 0.30

9 A/G 0 0

ubmission numbers (http://www.ncbi.nlm.nih.gov/SNP/).

http://sift.bii.a-star.edu.sg/
http://sift.bii.a-star.edu.sg/
http://www.ncbi.nlm.nih.gov/SNP/


Table 2 Effect of the identified SNPs in PRKAG3 on protein sequence
Reference Position on chromosome 15, bp Amino acid co-ordinate Transcript SIFTa

K24E 133801207 47 ENSSSCT00000017641 0.16

K24E 133801207 24 ENSSSCT00000033825 0.01

T30N 133802071 80 ENSSSCT00000017641 0.44

T30N 133802071 57 ENSSSCT00000033825 0.20

T30N 133802071 30 ENSSSCT00000036402 0.32

I41V 133802103 91 ENSSSCT00000017641 0.05

I41V 133802103 68 ENSSSCT00000033825 0.07

I41V 133802103 41 ENSSSCT00000036402 0.03

G52S 133802136 102 ENSSSCT00000017641 0.11

G52S 133802136 79 ENSSSCT00000033825 0.13

G52S 133802136 52 ENSSSCT00000036402 0.13

L53P 133802499 103 ENSSSCT00000017641 0.04

L53P 133802499 80 ENSSSCT00000033825 0.05

L53P 133802499 53 ENSSSCT00000036402 0.07

K131R 133802733 181 ENSSSCT00000017641 1.00

K131R 133802733 131 ENSSSCT00000036402 1.00

K131R 133802733 158 ENSSSCT00000033825 1.00

P134L 133802742 184 ENSSSCT00000017641 0.58

P134L 133802742 134 ENSSSCT00000036402 0.58

P134L 133802742 161 ENSSSCT00000033825 0.58

I199V 133803828 249 ENSSSCT00000017641 1.00

I199V 133803828 199 ENSSSCT00000036402 1.00

I199V 133803828 226 ENSSSCT00000033825 1.00
aSIFT score <0.05 is considered as damaging.
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and, hence, also with the novel amino acid substitutions
and SNPs in the promoter region of PRKAG3 in both
breeds.

Haplotypes
In total, 12 different haplotypes were observed in ei-
ther of the breeds (Table 3). One of these, HAP3, is
actually the same as the wild haplotype identified in
the sequences from the European wild boars used in
this study (based on three wild boar samples). HAP3
was the most common haplotype in the Finnish
Landrace breed (frequency 0.34), but very rare in the
Finnish Yorkshire (frequency 0.01). HAP1, a haplotype
similar to the wild haplotype except for a point muta-
tion of G to A at G52S, was the most frequent in the
Yorkshire with a frequency of 0.42. Again there was a
notable difference in frequencies between the two
breeds (frequency only 0.12 in the Landrace). HAP2,
another haplotype similar to the wild haplotype ex-
cept for a point mutation of G to A at I199V, was
common in both breeds, with frequencies of 0.36 and
0.25 for the Yorkshire and Landrace, respectively. The
other haplotypes (HAP4 to HAP12) jointly accounted
for 22% to 29% of the haplotypes identified in the
Yorkshire and Landrace, respectively. Some of the
rare haplotypes may be spurious due to genotyping or
haplotyping errors.

SNP association
Based on the genotypes from our previous whole-
genome scans [11,14], the most significant SNPs
affecting meat quality traits were in the region from
120 Mb to 140 Mb on chromosome 15 in the
proximity of PRKAG3 (Figure 2). The smallest
P-value was observed for association between six
SNPs (ASGA0070634, ASGA0070625, MARC0083357,
DBUN0002708, MARC0039273, and DIAS0002965)
and pH measured from loin in the Finnish Yorkshire.
These six SNPs were in complete LD in the region
from 133.64 Mb to 134.01 Mb. Their estimated allele
substitution effect for the Yorkshire was �0.059 ±
0.008 (P-value = 7.28 × 10�13), corresponding to 1.3 SD
of the estimated polygenic effect. Minor alleles A, A,
C, A, A, and G of ASGA0070634, ASGA0070625,
MARC0083357, DBUN0002708, MARC0039273, and
DIAS0002965, respectively, decreased pH measured



Figure 1 Linkage disequilibrium (LD) expressed as r2 values (black color indicated complete LD) within and around PRKAG3 for the
Finnish Yorkshire (A) and Landrace (B).
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from loin. None of these six SNPs showed statistically
significant association with any of the measured traits
in the Finnish Landrace (see Figure 2 for pH
measured from loin, as an example). Statistical
significance was claimed if the P-value was below
2.0 × 10�6. This stringent limit was set because the
observations used in this study were the same as
those in our previous genome-wide scans [11,14].

Because of the strong LD with ASGA0070625, the
novel amino acid substitutions identified in this study
and SNPs in the promoter region of PRKAG3 gave
very small P-values for pH measured from loin for
the Finnish Yorkshire (Table 4). The differences in P-
values between ASGA0070625 and the SNPs which
were in complete LD with ASGA0070625 were due to
slight differences in the number of genotypes available
for each SNP. No significant association was detected
between I199V and the measured meat quality traits
for the Yorkshire. For the Landrace, in contrast, the
strongest association was observed between I199V
and pH measured from ham (P-value = 6.44 × 10�7

with an allele substitution effect of 0.030 ± 0.006). The
association between I199V and pH measured from
loin was also strong in the Landrace (Table 4).












