
Introduction

Although carcass traits in commercial breeds of
pigs have already reached relatively high levels,
their molecular background remains mostly un-
known. Many studies search for SNPs significantly
influencing genetic variation of these traits. Using a
molecular approach, several polymorphisms,
namely the missense mutation in RYR1 (Fujii et al.
1991), and in PRKAG3 (Milan et al. 2000), have
shown major effects on lean meat content and
meat quality, as well as the point mutation in
intron 3 of IGF2 (Van Laere et al. 2003) underly-
ing a major QTL for muscle growth and lean meat
content. Pig growth rate seems to be correlated
with feed intake, as it was shown by Kim et al.
(2000) in case of the melanocortin 4 receptor gene
(MC4R) and by Houston et al. (2006) for the

cholecystokinin type A receptor gene (CCKAR).
For many SNPs related to pork quality (reviewed
by Brym and Kaminski 2006), association studies
have been less successful than expected in detect-
ing causal genetic variants. For most SNPs investi-
gated to date, their effects on traits were estimated
for single polymorphisms without considering
their genetic background. The development of ar-
ray technology facilitated genotyping of many
SNPs simultaneously in the same sample of ani-
mals. It opened new possibilities to estimate ef-
fects of many SNPs and taking into account epistatic
effects, which increases the precision of additive ef-
fect estimation. In this report we use this new oppor-
tunity, based on data generated by the mini-chip
SNiPORK consisting of SNPs, which were mostly
indicated by other authors as associated with pork
yield and quality (Kamiñski et al. 2008).
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The aim of this study was to estimate additive
effects of the 52 SNPs precorrected for the addi-
tive polygenic background for their further utilisa-
tion in MAS and genomewide breeding value
prediction, as well as to reveal which of the 52
candidate SNPs have significant additive and
epistatic effects on growth rate (GR), meat content
(MC) and selection index (SI) in order to identify
potential candidate genes.

Materials and methods

A total of 108 Large White and 198 Landrace
boars were included in the study. Boars were born
between 2002 and 2006, and sampled randomly
from a single herd when they reached the age
when daily gain and meat content are officially
measured. All boars were genotyped for 52 SNPs
by the method described earlier (Kaminski et al.
2008) to determine which of them or their combi-
nations influence growth rate, meat content or se-
lection index. All these traits were measured and
calculated following obligatory and standardized
instructions controlled by the Regional Animal
Breeding Centers.

GR is standardized at the age of 180 days and is
estimated by the formula:
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where Z is body weight (kg) on the day of mea-
surement and W is the age (in days) on the day of
measurement.

MC is measured between the 170th – 210th day
of boar’s life and is calculated as follows:

MC = –0.4776 P2ST – 0.4593 P4ST +
0.3486 P4MST + 48.9829,
where P2ST is standardized backfat thickness at
point P2 (behind the last rib, 3 cm from the middle
line of the back), P4ST is standardized backfat
thickness at point P4 (behind the last rib, 8 cm
from the middle line of the back) and P4MST is the
height of loin at point P4. GR and backfat thick-
ness were transformed and adjusted to day 180 of
boars’ life and 110 kg of body weight.
SI is calculated using the following formula:

SI = 0.1556 GR + 3.1023 MC – 179.4935.
The effects of SNPs were estimated by the fol-

lowing mixed model:
y X X q Z eq� � � ��� � ,

where y is a vector of trait values (GR, MC or SI),
� is a vector of fixed effects comprising: a general
mean, an animal’s birth year × birth season class

(10 classes), an animal’s breed (Large White and
Landrace), an animal’s RYR genotype class (NN
or Nn), q is a vector of fixed SNP effects compris-
ing an additive, dominance and pairwise addi-
tive-by-additive epistatic effects, � is a vector of
random polygenic effects of animals assuming
� ~ N(0, A� �

2 ) with A representing additive

polygenic relationships between individuals and
� �

2 being a component of the total additive genetic
variance attributed to polygenes; e is a vector of
random errors assuming e � N(0, I� e

2 ) with � e
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noting the error variance, X�, Xq and Z are corre-
sponding design matrices. Both variance
components were assumed as known (i.e. were not
estimated) with � �

2 =0.3� y
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2 . Corre-
sponding elements of Xq are set up following the
parameterization of Álvarez-Castro and Carlborg
(2007), where codes for additive effects are given
by:
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where P i j(� ) is the frequency of SNP genotype ij
estimated from the data,
and for the additive by additive epistasis by:

x x xqe qaSNP qaSNPi j
�  , where xqaSNPi

represents
the parameterization for an additive effect of i-th
SNP.

Parameters of the model were estimated based
on solving mixed model equations (Henderson
1963).

Note that it is a standard parameterisation,
where an additive effect is equal to half of the dif-
ference between the two homozygotes (11 and
22), while the dominance effect represents a dif-
ference between a heterozygous genotype (12) and
the mean of both homozygotes. In the case of fit-
ting the additive effects only this model is equiva-
lent to models proposed previously by Kao and
Zeng (2002) and Zeng et al. (2005). Moreover, for
allele frequencies P(1)=P(2)=0.5 it is furthermore
equivalent to Cockerham (1954).

The above model was evaluated 1 350 times,
but each time out of 52 SNPs a set of 5 SNPs was
randomly selected for q. A final estimate of each
effect of the model was an average of the estimates
obtained during the 1 350 evaluations. A null hy-
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pothesis assuming that the SNP effect amounts to
zero (H0 : �qi = 0) was tested using the Wald test
W Vqi

T

qi qi� �
� � �� �1 �� N

2 , where ��qi  [1:N] represents a

vector of estimated additive, dominance or
epistatic effects, �Vqi  [N:N] is the diagonal

covariance matrix of the SNP effects, with the di-
agonal elements expressed by the average vari-
ance of the effects over 1 350 evaluations. N is the
number of times a given parameter was estimated
during the 1 350 evaluations. The nominal P val-
ues were subjected to a Bonferroni and false dis-
covery rate (FDR) corrections (Storey and
Tibshirani 2003).

Results and Discussion

The average phenotypic level of analysed traits
within the data set was relatively high
(GR 826 ± 55.7SD; MC 60.9 ± 1.37SD;
SI 155.1±13.9SD) in comparison to the whole
population of both breeds in Poland. An average
proportion of missing genotypes over all SNPs
was 1.3 %. For 7 loci this rate increased up to 4 -
6% (CASTA47G, LDLRRP1, MSTN, MYOD1,

SULT1, MYOP, ADP). Out of 85 SNPs originally
described by Kaminski et al. (2008), 33 were re-
moved from the analysis. In most cases these
SNPs did not show the Hardy-Weinberg equilib-
rium. Three of them (CYP4A24, DGAT1, HSL)
turned out to be monomorphic in the studied popu-
lation. Allele and genotype frequencies of ana-
lysed loci are given in Table 1.

Since the sample size was small to moderate,
the issue of power was considered. First, the
power to detect significant main effects (i.e. addi-
tive and dominance) is higher than the power to
detect significant epistasis. Second, the incorpora-
tion of epistasis into the simulation model results
in a higher power of detection of main effects. For
example, by using simulations Kao and Zeng
(2002) observed that the power of the likelihood
ratio test for detecting a QTL with both additive,
dominance and epistatic effects, improved from
0.238, when no epistasis was considered in the
model, to 0.5 with epistasis considered. It should
be noted that the sample size considered in their
simulations amounted to 200 individuals and thus
was smaller than in our study.

It should be noted that SNPs used in our analy-
sis are not random SNPs (randomly dispersed in
the pig genome), but the so-called “candidate
SNPs”, which have defined biochemical and phys-

iological functions, predisposing them to be in-
volved in growth or muscle/fat metabolism and
thus they are expected to show effects on analysed
traits. So far these SNPs were studied separately
using single SNP models in diverse populations
and mainly by the use of statistical models, which
do not account for the additive polygenic back-
ground (e.g. ANOVA). In this report we combine
a statistical model for estimating additive effects
of many candidate SNPs, including additive, dom-
inance and epistatic effects with the stochastic ap-
proach, which allows for circumventing the model
overparameterisation problem. Still the most lim-
iting factors in the analysis were sample size and
breed effects. Theoretically, collecting more than
300 boars originating from one breed would be a
considerable advantage in terms of power and ac-
curacy of effects’ estimation, but practically, such
large herds are not available in Poland. Environ-
mental conditions, especially in highly selected
boars, have a tremendous influence on growth and
meat parameters, therefore we preferred to investi-
gate boars of two breeds, but held in one herd, be-
lieving that such an assumption guarantees no bias
in the estimation of genetic effects. It should be
noted that Large White and Landrace pigs are the
most similar commercial breeds in respect to their
growth rate, maturation time, meat contents and
other traits important in pig breeding. Neverthe-
less, the breed effect was included in the model
(see Materials and methods).

Among nearly 4 257 estimates obtained, many
significant (P<0.01), but minor effects (below 1
phenotypic standard deviation) were calculated.
No SNPs with significant effects on all of the ana-
lysed traits were found (Table 2). The most signifi-
cant additive effects were detected for TYR (11.56
g) and LPL (11.04 g) for GR, PKLR (0.42%) and
H-FAB T1324del (0.30%) for MC as well as for
GAA (1.96), CAST A499C (1.92) and MYF6
(1.90) for SI. Several SNPs (TNNT3, CYP2E,

CAST A499C), which showed additive effects on
analysed traits in our study, were shown (by other
authors) to be also associated with meat quality
traits, e.g. tenderness, pH, intramuscular fat con-
tent, muscle colour, scatole content (Lobjois et al.
2008; Amills et al. 2005; Lin et al. 2006; Arnyasi
et al. 2006; Krzecio et al. 2005). They are promis-
ing candidates for simultaneous improvement of
both types of traits (quantity and quality of meat),
which is one of the most challenging tasks of
marker assisted selection applied to pig breeding.
To indicate such SNPs they should be used in sep-
arate association studies with both meat yield and
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Table 1. Molecular definition of 52 SNiPORK SNPs, their genotype and allele frequencies.

Locus symbol Chromosome Locus name GenBank SNP position SNP significance Major  allele frequency Genotype frequency

1 2 3 4 5 6 7 8

ACSL X acylo CoA synthase long chain 4 DQ144454 G2645A 3’UTR G - 0.658 AA - 0.342
AG - 0.658

APOA2 4 apolipoprotein A2 AJ564196 G350A intron3 G - 0.749 AG - 0.502
GG - 0.498

CAST 2 Calpastatin DQ339697+ AY594692 A408G N167S A - 0.670 AA - 0.461
AG - 0.418

CAST 2 Calpastatin DD217638 A47G R339K A - 0.811 AA - 0.755
AG - 0.111

CAST 2 Calpastatin DD217639 A499C R728S A - 0.750 AA - 0.612
AC - 0.276

CRH 4 corticotropin releasing hormone AF440229 G400A R28Q C - 0.500 CC - 0.292
CT - 0.415

CSTB 13 Cystatin AJ315561 A367G D63N C - 0.615 CC - 0.428
CT - 0.375

CYP21 7 Steroid 21 hydroxylase M83939 A2991C intron splicing site A - 0.645 AA - 0.418
AC - 0.454

CYP2E1
C2412T

14 cytochrome p450 2E1 AJ697882 C2412T 5’-flanking T - 0572 CT - 0.475
TT - 0.334

CYP2E1
G744A

14 cytochrome p450 2E1 AJ697882 G744A A475T A – 0.575 AA -  0.340
AG -  0.471

DECR1 4 mitochondrial 2,4 dienoyl CoA reductase AF335499 G90C V54L C - 0.560 CC - 0.323
CG - 0.474

DES 15 Desmin AF136188 C749T silent C - 0.898 CC - 0.826
CT - 0.144

ESR1 1 estrogen receptor alpha AF034974 T472C silent T - 0.748 CT - 0.286
TT - 0.605

ESR2 1 estrogen receptor beta AY357117 G388A M317V A - 0.657 AA - 0.474
AG - 0.366

FHL3 unknown four and half LIM only protein AY377857 A312G G75R G - 0.561 AG - 0.275
GG - 0.423

GAA 12 alpha acid glucosidase AJ557226 C38T silent T - 0.579 CT - 0.526
TT - 0.316

GAD2 10 glutamate decarboxylase 2 gene AF473817 T340C intron C - 0.919 CC - 0.845
CT - 0.148

GH 12 growth hormone U58113 A306T TATA box A - 0.536 AA - 0.295
AT - 0.482
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Table 1 cont.
1 2 3 4 5 6 7 8

GH 12 growth hormone U58113 G200T SP1 binding A – 0.825 AA - 0.708
AG - 0.233

GH 12 growth hormone AY727040 A485 R22Q G – 0.926 GG - 0.866
GT - 0.121

GHR 16 growth hormone receptor DQ388035 A155G silent R51 G – 0.672 AG - 0.343
GG - 0.500

GYS1 6 glycogen synthase AJ507152 G418A intron 14 A - 0.733 AA - 0.528
AG - 0.409

H FABP 6 heart fatty acid binding protein X98558, own sequencing T1324del 5’ flanking T - 0.816 T/delT - 0.222
TT -  0.705

H FABP 6 heart fatty acid binding protein Y16180 T737C I51T T - 0.862 CT - 0.210
TT - 0.757

HSD11B1 9 Â-hydroksysteroid dehydrogenase AF414124 G446C Q123H C - 0.795 CC - 0.652
CG - 0.282

LDHA 2 Lactate dehydrogenase AJ557233 G46T silent G - 0.863 GG - 0.756
GT - 0.214

LDLRRP1 8 low density lipoprotein receptor related pro-
tein 1

AF526393 A459G 3’UTR G - 0.760 AG - 0.307
GG - 0.606

LEPR 6 leptine receptor AF184173 C609T T69M T - 0.593 CT - 0.363
TT - 0.412

LPL 14 lipoprotein lipase AY332511 G1026A intron 6 A - 0.540 AA - 0.290
AG - 0.498

MC4R 1 melanocortin 4 receptor AF087937 G678A D298N G - 0.622 AG - 0.441
GG - 0.402

MC5R 6 melanocortin 5 receptor AF133793 G303A A109T A - 0.570 AA - 0.428
AG - 0.284

MEF2A 1 myocyte enhancer factor 2A AF053924 G413T silent G - 0.526 AG - 0.495
GG - 0.279

MEF2D 4 myocyte enhancer factor 2D AJ519842 C638T intron 4 C – 0.926 CC - 0.862
CT – 0.128

MYF5 5 myogenic factor 5 Y17154 C580T 5’ flanking C - 0.902 CC - 0.817
CT - 0.170

MYF6 5 myogenic factor 6, herculin AY327443 T255C 5’ flanking T - 0.669 CT - 0.426
TT - 0.456

MYH4 12 Myosin  heavy chain 2D AJ493461 T26A 3’UTR A – 0.887 AA - 0.791
AT - 0.192
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Table 1 cont.
1 2 3 4 5 6 7 8

MYOD1 2 myogenic factor 3, MYF3 U12574 G566C R76P G - 0.880 CG - 0.159
GG - 0.800

MYOP 14 myopalladin AJ560657 G298T 3’UTR T - 0.509 GT - 0.202
TT - 0.408

PKLR 4 pyruvate kinase AJ251197 T384C intron 10 T - 0.639 CT - 0.433
TT - 0.423

PKM2 7 pyruvate kinase 2 muscle AJ557235 T32C 3’UTR C - 0.524 CC - 0.278
CT - 0.493

PPARG 13 peroxisome proliferator activated receptor
gamma 1

AY044238 A324G promoter G - 0.578 AG - 0.444
GG - 0.356

PPARGC1 8 peroxisome proliferator activated receptor
gamma coactivator1

AY484500 T678A C430A T - 0.582 AT - 0.457
TT - 0.353

PRKAG3 15 AMP activated protein kinase ã subunit AF214521 G1849A R250Q G - 0.850 AG - 0.287
GG - 0.706

PRLR 16 prolactin receptor U96306 A201G S591G A - 0.626 AA - 0.376
AG - 0.500

QTL BamHI X QTL RFLP marker AY574041 C94T marker T - 0.734 CT - 0.003
TT - 0.732

RYR1 6 ryanodine receptor X68247 C1666T R615C C - 0.949 CC - 0.902
CT - 0.095

SFRS1 17 splicing factor arginine/serine rich 1 DQ098951 C1146T intron T - 0.579 CT - 0.482
TT - 0.338

SULT1A1 3 phenol sulfating phenol sulfotransferase 1 AJ885177 G76A Nd A - 0.639 AA - 0.432
AG - 0.414

TGFB1 6 transforming growth factor beta AJ621785 G180A intron 6 G - 0.876 AG - 0.201
GG - 0.776

TGFB1R 1 transforming growth factor receptor beta AB182258 C141T P8S T - 0.525 CT - 0.527
TT - 0.262

TNNT3 2 skeletal muscle troponin T3 AJ566367 T153C intron14 C - 0.623 CC - 0.517
CT - 0.213

TYR 9 tyrosinase AB207236 C663T silent C - 0.520 CC - 0.255
CT - 0.529
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Table 2. Additive effects of analyzed SNPs significant at P < 0.01 after the Bonferroni correction, nominal P values and FDR values. * - SNPs effects without referees in scientific
literature (association studies with GR or MC); For SI – all effects in table are origina

SNP symbol Growth rate [g] Meat content [%] Selection Index

Effect P FDR Allele Effect P FDR Allele Effect P FDR Allele

APOA2 0.11±0.12 4.4×10-5 9.4×10-4 G

CAST ×A408G 7.32±5.44 3.9×10–5 8.0×10–04 G

CAST ×A499C 11.33±5.44 »0.00 »0.00 C 1.92±1.16 9.4×10–7 4.9×10–5 C

CYP2E1× C2412T 0.23±0.16 8.0×10–7 2.5×10–5 T

CYP2E1× G744A 0.25±0.15 1.9×10–13 1.0×10–11 A

DECR1 8.66±4.89 »0.00 »0.00 G

ESR2 8.43±5.58
*

1.4×10–4 2.2×10–3 G 0.15±0.16
*

1.5×10–3 2.0×10–2 A

GAA 0.27±0.17
*

1.3×10–8 4.8×10–7 T 1.96±1.16 6.4×10–12 5.8×10–10 T

H-FABP× T1324del 0.30±0.16 »0.00 »0.00 C

LPL 11.04±5.19 »0.00 »0.00 A 1.39±1.02 1.1×10–4 3.7×10–3 A

MYF6 8.75±6.04 7.3×10–3 4.6×10–2 T 1.90±1.16 2.9×10–7 1.7×10–5 T

PKLR
0.42±0.16
*

»0.00 »0.00 T

PPARG 5.50±5.09 2.1×10–3 2.5×10–2 A

PPARGC1 0.35±0.16 »0.00 »0.00 T

SFRS1 0.24±0.16
*

7.2×10–9 2.8×10–7 T

SULT1A1 1.31±1.09 7.9×10–3 1.6×10–1 A

TGFB1R 6.49±4.02 2.8×10–6 7.9×10–5 C

TNNT3 0.24±0.16
*

»0.00 »0.00 T 1.47±1.11 1.0×10–2 2.5×10–1 T

TYR 11.56±5.01 »0.00 »0.00 C 1.52±0.99 3.9×10–14 4.9×10–12 C



quality traits measured in the same population.
The project aiming at the estimation of effects of
52 SNPs on 21 meat quality traits is currently un-
derway.

Reviewing literature to find reports corre-
sponding to SNPs, which were considered in our
study, we have found that among 9 SNPs showing
significant effects on GR, our results are probably
novel for 1 SNP and for MC – for 5 (the SNPs are
marked with * in Table 2). A detailed discussion
with the available literature for all remaining
SNPs listed in Table 2 would take too much space
and therefore is not given in this paper. Generally,
most of the published effects confirm our results
or show the same trend (data not shown). Here we
would like to focus our attention on several SNPs
which seem to be the most interesting. For in-
stance, the effect of MC4R polymorphism on
growth rate (average daily gains) did not reach the
significance criteria, although based on results ob-
tained by Stachowiak et al. (2005), Jakubka et al.
(2006), Kim et al. (2006) and Meidtner et al.
(2006) its effect on the trait was indicated. On the
other hand, results reporting a significant effect of
DECR1 polymorphism on GR, presented in this
paper, are concordant with the extended analysis
published recently by our team (Kaminski et al.
2009), but different from those described by
Amills et al. (2005). Discussing SNP allele effects
on meat content (meatness) is in many cases prob-
lematic, because in several reports meat content
was measured either more specifically or indi-
rectly, for example as meat mass for many specific
carcass parts or backfat thickness in different body
points. For example, Lei et al. (2004) found that
pigs with the AA genotype of the LPL locus had a
longer carcass, less backfat at the last rib and less
average backfat than pigs with the GG genotype,
but in our study these effects were not confirmed
for meat content.

Selection index was associated with 7 SNPs.
Surprisingly, so far this parameter was not a sub-
ject of association studies, although as combining
both traits (GR and MC) it could be very useful in
indicating markers which impact traits being un-
der selection. The ESR2 locus did not reach signif-
icance level for SI – but did it for both traits
included in the SI algorithm, since different alleles
are responsible for the positive effect on GR and
MC. On the other hand, such results indicate that
for practical selection, single SNPs cannot be reli-
able markers, since their effect may disappear in
the selection index.

Concluding, our analysis revealed many signif-
icant effects on growth rate, meat content and se-

lection index in boars. For future application of the
polymorphisms in MAS, where only additive ef-
fects are of practical importance, thanks to the in-
clusion of epistatic effects we were able to obtain
unbiased estimates of the latter (i.e. additive ef-
fects).
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