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Effect of polymorphisms in candidate genes on reproduction traits in
Finnish pig populations

Abstract

Reproduction traits play an important role in economically viable piglet production and are closely related to
the quality and length of the productive life of the sow. A increased removal rate of young sows is undesirable
not only because of the associated financial penalties incurred, but also because of ethical concerns. Candidate
genes and gene pathways have been identified for fertility in model species, and recent studies have provided
evidence that polymorphisms within these genes are associated with reproduction traits in American
Yorkshire/Large White and Landrace populations. In this study we evaluated the impact of single
polymorphisms (n = 7) in 7 candidate genes on reproductive efficiency in Finnish Yorkshire (n = 280) and
Landrace (n = 271) populations: IGFBP1, IGFBP2, IGFBP3, IGFBPS, CPTIA (carnitine O-
palmitoyltransferase I), COX2 (PG-endoperoxide synthase 2, also known as cyclooxygenase-2), and
SLC22AS [organic cation/carnitine transporter 2 (solute carrier family member I), OCTN2]. In the Finnish
Yorkshire population, only 4 of the analyzed markers were polymorphic. Significant effects on farrowing time
were detected from the Yorkshire data, with polymorphisms within the genes CPT1A [a (allele substitution
effect of allele A) = 2.97 d for age at first farrowing) ], IGFBP3 (a = 0.54 d for farrowing interval of parities >1),
and IGFBPS (a =3.22,1.27,and 0.85 d for age at first farrowing and farrowing interval in the first and later
parities, respectively). For the Landrace population, 6 markers were polymorphic, and significant effects were
detected for traits affecting litter size. The polymorphism within the COX2 gene had an additive effect of 0.3
piglets for litter size in parities >1, and the IGFBPI gene had an additive effect 0of 0.21, 0.26, and 0.11 piglets
for litter size in the first parity, parities >1, and stillborn in parities >1, respectively. The additive effect of the
SNP within the IGFBP2 gene was 0.16, 0.09, and 0.09 piglets for litter size in parities >1 and stillborn in the
first and later parities, respectively. Finally, the IGFBPS gene had an additive effect of 0.18, 0.07, and 0.07
piglets for litter size in the first parity, stillborn in parities >1, and mortality between farrowing and weaning in
the first parity, respectively. These results support the suitability of the candidate gene approach for
identification of markers to improve the reproductive performance of sows and to provide potential markers
for marker-assisted selection.
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Effect of polymorphisms in candidate genes on reproduction
traits in Finnish pig populations’
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*Agrifood Research Finland, MTT, Biotechnology and Food Research, Genomics, FI-36100 Jokioinen, Finland;
and tFaba Breeding Co-op, PO Box 40, FI-01301 Vantaa, Finland; and {Department of Animal Science
and Center for Integrated Animal Genomics, lowa State University, 2255 Kildee Hall, Ames 50011

ABSTRACT: Reproduction traits play an important
role in economically viable piglet production and are
closely related to the quality and length of the produc-
tive life of the sow. A increased removal rate of young
sows is undesirable not only because of the associ-
ated financial penalties incurred, but also because of
ethical concerns. Candidate genes and gene pathways
have been identified for fertility in model species, and
recent studies have provided evidence that polymor-
phisms within these genes are associated with repro-
duction traits in American Yorkshire/Large White and
Landrace populations. In this study we evaluated the
impact of single polymorphisms (n = 7) in 7 candi-
date genes on reproductive efficiency in Finnish York-
shire (n = 280) and Landrace (n = 271) populations:
IGFBP1, IGFBP2, IGFBP3, IGFBP5, CPTIA (carni-
tine O-palmitoyltransferase 1), COX2 (PG-endoperox-
ide synthase 2, also known as cyclooxgenase-2), and
SLC22A5 [organic cation/carnitine transporter 2 (sol-
ute carrier family member I), OCTNZ]. In the Finnish
Yorkshire population, only 4 of the analyzed markers
were polymorphic. Significant effects on farrowing time
were detected from the Yorkshire data, with polymor-
phisms within the genes CPT1A [a (allele substitution

effect of allele A) = 2.97 d for age at first farrowing)],
IGFBP3 (a = 0.54 d for farrowing interval of parities
>1), and IGFBP5 (a = 3.22, 1.27, and 0.85 d for age
at first farrowing and farrowing interval in the first and
later parities, respectively). For the Landrace popula-
tion, 6 markers were polymorphic, and significant ef-
fects were detected for traits affecting litter size. The
polymorphism within the COX2 gene had an additive
effect of 0.3 piglets for litter size in parities >1, and
the IGFBPI gene had an additive effect of 0.21, 0.26,
and 0.11 piglets for litter size in the first parity, pari-
ties >1, and stillborn in parities >1, respectively. The
additive effect of the SNP within the IGFBP2 gene
was 0.16, 0.09, and 0.09 piglets for litter size in parities
>1 and stillborn in the first and later parities, respec-
tively. Finally, the IGFBP5 gene had an additive effect
of 0.18, 0.07, and 0.07 piglets for litter size in the first
parity, stillborn in parities >1, and mortality between
farrowing and weaning in the first parity, respectively.
These results support the suitability of the candidate
gene approach for identification of markers to improve
the reproductive performance of sows and to provide
potential markers for marker-assisted selection.

Key words: candidate gene, pig, reproduction, sow productive life
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INTRODUCTION

Sow productive life (SPL) is an important trait in
modern pork production. Sow productive life is a mea-
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sure of the longevity and reproductive performance of
a sow and is directly related to the number of viable
piglets produced during its lifespan. Sows with reduced
piglet production are removed early in their productive
lifetime. Approximately 15 to 20% of the sows removed
have produced only 1 litter, and more than 50% are re-
moved before their fifth parity (Lucia et al., 2002; Eng-
blom et al., 2007, 2008). The increased removal rate of
young animals is of considerable concern. Reproductive
traits are known to be of poor heritability (Roehe and
Kennedy, 1995; Ehlers et al., 2005; Holm et al., 2005);
however, these traits are correlated with the length of
SPL (Serenius and Stalder, 2004, 2006; Serenius et al.,
2008). The economic cost and ethical issues associated
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with a short SPL has increased the interest in selecting
for traits affecting the SPL in pig breeding programs.

Polymorphisms within genes that lead to a longer
lifespan and reproduction defects in model organisms
have been tested for associations with survival and
prolificacy traits in American Yorkshire and Landrace
populations (Mote et al., 2009). Significant correlations
with litter size have been detected using SNP within
the genes IGFBP1, SLC22A5 [organic cation/carni-
tine transporter 2 (solute carrier family member T),
OCTNZ, and CPT1A (carnitine O-palmitoyltrans-
ferase I). Furthermore, polymorphisms within the CP-
T1A and IGFBPS genes were found to be associated
with sow survival. These genes play an important bio-
logical role in female fertility: /GFBP modulates the ac-
tion of IGF, which is involved in regulation of follicular
function; SLC22A5 plays an important role in placental
carnitine transport; and CPT1A is essential to the pro-
duction of ATP. We also studied the association of an
SNP within the COX2 (PG-endoperoxide synthase 2,
also known as cyclooxygenase-2) gene, which catalyzes
the initial steps in PG synthesis. This study reports the
association of markers within 7 candidate genes with
reproduction traits in the Finnish Yorkshire and Lan-
drace pig populations.

MATERIALS AND METHODS

Institutional Animal Care and Use Committee was
not obtained for this study because already existing
hair samples were used for genotyping. Only hair sam-
ples were collected from animals.

Animal Material and DNA Samples

Hair samples of 280 Finnish Yorkshire and 271 Lan-
drace boars were collected for DNA extraction. Boars
were selected based on the number of tested daughters,
with the minimum being 30 for Yorkshire and 47 for
Landrace. The average number of daughters for Lan-
drace boars was 143 and the average number was 141

for the Yorkshire boars. The roots of 1 to 2 hairs were
lysed in lysis buffer [0.5 mg/mL of proteinase K and 2
pL Mg-free PCR buffer (Dynazyme DNA polymerase,
Finnzymes, Espoo, Finland) in distilled H,O] at 55°C
for 60 min after proteinase K inactivation at 98°C for
10 min. For the genotyping of individual samples, 5
pL of the lysate was added to the PCR reaction mix-
ture [containing 1 unit of Dynazyme DNA polymerase
(Finnzymes), 1.5 mM MgCl,, 0.2 mM deoxynucleotide
5'-triphosphate, and 10 pmol of each primer in a final
concentration of 30 pL] and subjected to 30 amplifica-
tion cycles (94°C, 1 min; 58°C, 1 min; 72°C, 1 min) with
some marker-specific changes in annealing temperature.
Thereafter, PCR products were digested with 5 units
of the appropriate restriction enzyme and incubated
overnight at 37°C. Digested samples were analyzed on
5% agarose gels.

Genetic Markers and Analyzed Traits

Intronic SNP within 7 candidate genes were analyzed:
IGFBP1, IGFBP2, IGFBP3, IGFBP5, CPTIA, COX2,
and SLC22A5. Detailed information on the SNP (posi-
tions, specific primers, and allele nominations) is given
in Table 1. The analyzed traits for both breeds were
age at first farrowing, first farrowing interval, second
farrowing interval, total number of piglets born (litter
size) in the first and later parities, number of stillborn
piglets in the first and later parities, and piglet mor-
tality between farrowing and weaning in the first and
later parities. The sire phenotypes (EBV) were esti-
mated based on their daughter evaluations (n > 30).
The mean EBV, minimum and maximum of the EBV,
and SD are shown in Table 2.

Statistical Analyses

For all genotyped boars, standardized BLUP breed-
ing values of the studied traits were obtained from Faba
Breeding (Vantaa, Finland) to determine the associa-
tions between genetic markers and prolificacy-related

Table 2. Traits analyzed in the Finnish Yorkshire and Landrace populations

Yorkshire Landrace
Minimum to SD (SD Minimum to SD (SD
Trait Mean' maximum?® population)3 Mean' maximum?® population)3
Litter size, first parity 10.3 —24 to 1.7 0.69 (0.43) 10.7 —2.3 to 1-7 0.77 (0.49)
Litter size, later parities 11.9 —2.5to 1.7 0.73 (0.43) 12.2 —2.5to 1.7 0.78 (0.52)
No. of stillborn, first parity 1.2 —0.6 to 1.3 0.31 (0.18) 1.1 —0.6 to 1.3 0.28 (0.21)
No. of stillborn, later parities 1.2 —0.6 to 0.9 0.31 (0.17) 1.1 —0.6 to 1.0 0.27 (0.21)
Mortality between farrowing and weaning, first parity 1.0 —0.5 to 1.2 0.26 (0.18) 1.5 —0.8 to 1.5 0.33 (0.19)
Mortality between farrowing and weaning, later parities 1.5 —0.6 to 1.3 0.29 (0.16) 1.8 —0.9to 1.4 0.34 (0.21)
Farrowing interval, first parity, d 176 —5t09 3.31 (2.58) 177 —7to 13 4.17 (2.76)
Farrowing interval, later parities, d 168 —4to7 2.20 (1.63) 169 —6to9 2.71 (1.63)
Age at first farrowing, d 378 —18 to 30 9.32 (7.69) 369 —20 to 27 8.93 (8.21)

"Population phenotypic mean.

*Minimum and maximum values of the EBV expressed as a deviation from the population mean.
*SD of the EBV in the data. Values in parentheses indicate SD of the EBV of the total population.
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traits. Associations with gene variants (SNP) and fer-
tility traits were tested using the GLM procedure (SAS
Inst. Inc., Cary, NC). The model included sire of the
boar as a fixed effect and genotype as a covariate (AA
=2, AB =1, BB = 0), where A (allele 1 in Table 1)
and B (allele 2 in Table 1) are 2 alleles of each SNP.
This modeling allows estimation of the allele substitu-
tion effect of allele A (later marked as “a”). Results
with P < 0.05 were considered significant. This method
does not allow for multiple testing, but the focus of this
article was to validate the previous positive findings
(Mote et al., 2009), rather than to test a random set
of SNP.

RESULTS

Genotyping of Yorkshire and Landrace boars over all
the tested markers revealed greater variation within the
Finnish Landrace population than within the Finnish
Yorkshire population for the studied markers (Table
3). Only 4 out of 7 markers within the studied genes
were polymorphic (allele frequency >0.05) in the Finn-
ish Yorkshire population (Table 3). In the Finnish Lan-
drace population, 6 out of 7 markers had a minor al-
lele frequency greater than 0.05. Overall, these 2 breeds
were considerably different in allele frequencies in all
7 markers. All SNP were in Hardy-Weinberg equilib-
rium.

Marker Associations
in the Finnish Yorkshire

In the Yorkshire population, the SNP in the CPTIA
gene was associated with age at first farrowing. The
substitution effect of allele 1 in CPTIA was —2.97 d (P
< 0.05). Thus, the homozygote 22 sows were on average
5.94 d older at first farrowing than the homozygote 11
sows (Table 4). The frequency of the favorable allele 1
was 0.78.

The SNP in the IGFBP3 and IGFBP5 genes also
showed a tentative association (P < 0.1) with the far-
rowing intervals. There was an association of IGFPBS
with the age at first farrowing and with farrowing inter-
vals in the first and later parities. The beneficial allele
for all associated traits with this marker was allele 2,
with substitution effects of —3.22, —1.27, and —0.85
d (P < 0.1), respectively (Table 4). The SNP within
IGFBPS3 was associated with the farrowing interval in
later parities. The substitution effect of allele 1 was
—0.54 d (P < 0.1). Frequencies of the favorable alleles
for IGFBP3 and IGFBPS5 were 0.30 and 0.79, respec-
tively (Table 3).

Marker Associations in the Finnish Landrace

Four of the analyzed markers showed associations
with reproduction traits in the Finnish Landrace popu-
lation (Table 5). The most significant effect was de-
tected with the SNP within /IGFBP2: allele 1 was as-

Table 3. Genotype frequencies of SNP within the genes IGFBP1, IGFBP2, IGFBP3, IGFBP5, SLC22A5, CPT1A, and COX2" in the Landrace (LAN) and

Yorkshire (Y) data

IGFBP?2 IGFBP3 IGFBP5 SLC22A5 CPTI1A cox2

IGFBP1

LAN LAN LAN LAN LAN LAN

LAN

Genotype

0
3

73

16
68
90
174

119

176

68
111

21

134

61

115

40

98

196

11

60
12
191

9
0

185

45

66
186
259

81
100
202

80

117

66

12
22

56
235

80
129

22
254

79
217

76

58

220

63

266

Total

0.02

0.29

0.22

0.02

0.02

0.47

0.21

0.30

0.21

0.02

0.32

0.41

0.14

Minor allele frequency

'SLC22A5 = organic cation/carnitine transporter 2 (solute carrier family member I), OCTN2; CPT1A = carnitine O-palmitoyltransferase I; COX2 = PG-endoperoxide synthase 2, also known as

cyclooxygenase-2.
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sociated with a smaller number of stillborn piglets in
the first and later parities than was allele 2 (a = —0.09
piglets; P < 0.01 in the first and later parities). Allele
1 of IGFBP2 also had a trend toward a smaller litter
size in later parities (a = —0.16; P < 0.1). A more
significant effect on the litter size for later parities was
detected with an SNP within the gene COX2. The ad-
ditive effect of allele 1 was 0.30 (P < 0.05), indicating
a 0.6-piglet larger litter size for 11 homozygote sows
compared with 22 sows. Allele 1 of IGFBP1 also had
a significant effect on litter size (a = —0.26; P < 0.05)
and the number of stillborn piglets (a = —0.11; P =
0.038) in later parities and had tentative significance
for an effect in litter size in the first parity (—0.21; P <
0.1). Furthermore, the polymorphism within IGFBP5
indicated a trend toward significance for an effect in
litter size (Table 5). The beneficial allele for litter size
in the genes IGFBP1, IGFBP2, and IGFBP5 was allele
2, with frequencies of 0.14, 0.32, and 0.85, respectively,
and beneficial allele for litter size in COX2 was allele 1,
with a frequency of 0.29 (Table 5). The favorable allele
of these genes for litter size had a negative effect on
the number of stillborn piglets. However, the favorable
effect on litter size seemed to be twice as large as the
unfavorable effect on the number of stillborn piglets;
thus, the number of weaned piglets increased.

DISCUSSION

Even though SPL is not very heritable (Serenius
and Stalder, 2004), its economic importance in pig
production highlights the potential benefits of iden-
tifying markers for the selection of high-performance
sows. Initial analysis of American Yorkshire and Lan-
drace populations indicated that several markers were
significantly associated with either sow survival or re-
productive traits (Mote et al., 2009). Markers selected
from these preliminary data were evaluated in 2 Finn-
ish pig populations. Our data included AI boars with
relatively reliable EBV for reproduction traits based
on their daughter records. The reliability of the results
was ensured by applying the 30-daughter limit for boar
selection. However, the limited number of boars tested
and the low variance in some of the analyzed SNP di-
minished the power of the analysis and restricted the
amount of information that could be generated from
the data. Irrespective of these constraints and limita-
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tions, it was possible to detect significant effects of spe-
cific gene variants on reproduction traits.

In a recent association analysis (Mote et al., 2009),
the most promising markers for sow survival were with-
in genes C-C chemokine receptor 7 (CCR7) and CP-
T1A. The CPT1A gene codes for an enzyme involved
in the transport of certain long-chain fatty acids into
mitochondria, a process essential to the production of
ATP. Tissue energy balance is one of the most impor-
tant factors influencing reproduction efficiency in the
sow, and it is possible that energy status is associated
with variation in CPT1A activity. Our results support
the potential of the CPT1A gene as a possible marker
for farrowing age. This study demonstrated that Finn-
ish Yorkshire gilts carrying allele 1 of this gene were 3 d
younger at first farrowing than gilts carrying the other
allele. However, the beneficial allele 1 was already the
major allele in this population, diminishing the entire
value of this marker in marker-assisted selection.

Quantitatively, the most relevant effect was detected
within the Landrace population: the sows carrying al-
lele 1 of the COX2 gene had 0.3 piglets more in later
parities than sows carrying the other allele. The benefi-
cial allele was also the minor allele (frequency of 0.29)
in the Finnish Landrace population. The metabolism
of cyclooxygenase is the initial step in PG synthesis.
It is generally considered that COX1 has more of a
housekeeping function, whereas COX2 is induced by
a variety of stimuli (Breyer et al., 2000; Smith et al.,
2000). The synthesis of PG via the activity of COX2
plays an important role in embryo hatching (Huang et
al., 2003, 2004), blastocyst development (Pakrasi and
Jain, 2007), and implantation (Huang et al., 2007; Pak-
rasi and Jain, 2008). In the pig, polymorphisms within
the COX2 gene may influence litter size via the effects
on PG production that affect early embryonic develop-
ment.

The minor alleles (allele 2) of the SNP within the
genes IGFBPI1 and IGFBP2 had positive effects on lit-
ter size in later parities of Finnish Landrace sows. This
allele also increased the number of stillborn piglets,
probably because of the larger litter size, but the ben-
eficial effect on litter size was greater than the negative
effect on the number of stillborn piglets. Thus, these
markers can be seen as useful candidates for marker-
assisted selection to increase litter size in the Finnish
Landrace population. In addition, the marker within

Table 4. Estimates of additive genetic effects (a) of reproduction traits for Finnish Yorkshire'

CPTIA (n = 191)

IGFBP3 (n = 202) IGFBP5 (n = 129)

Trait a SE P-value a SE P-value a SE P-value
Age at first farrowing, d —2.97 1.33 0.03 NS NS NS 3.22 1.79 0.08
Farrowing interval, first parity, d NS NS NS NS NS NS 1.27 0.68 0.05
Farrowing interval, later parities, d NS NS NS —0.54 0.31 0.08 0.85 0.44 0.06

'CPT1A = carnitine O-palmitoyltransferase I; n = number of animals; a = additive effects represent the effect of allele 1; NS = not signifi-

cant.
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Table 5. Estimates of the additive effects (a) of reproduction traits for Finnish Landrace'

IGFBPI1 (n = 266) IGFBP2 (n = 254) IGFBP5 (n = 259)

COX2 (n = 174)

P-value

SE

P-value

SE

P-value

SE

P-value

SE

Trait

0.07

NS

0.10

—0.18
NS

NS

NS NS NS

0.09
0.04
NS

0.04

NS

0.12
0.13

NS

—0.21
—0.26

NS
0.05

NS
NS

NS

Litter size, first parity
Litter size, later parities

0.09
0.01
0.01

NS

0.09
0.03
0.03

NS

—0.16
—0.09
—0.09

NS

0.15

NS

0.30
NS

NS NS

NS

NS

—0.11

No. of stillborn, first parity

0.05
0.10

0.04

0.04

—0.07
—0.07

0.05

NS

NS NS

NS

No. of stillborn, later parities

NS

NS NS

NS

Mortality between farrowing and weaning, first parity

'C0X2 = PG-endoperoxide synthase 2, also known as cyclooxygenase-2; n = number of animals; a = additive effects represent the effect of allele 1; NS = not significant.

Sironen et al.

the IGFBP5 gene showed associations with traits af-
fecting the litter size. However, the beneficial allele 2
is already common (frequency of 0.85) in the Finnish
Landrace population. The IGFBPS gene was also as-
sociated with farrowing intervals in the Finnish York-
shire. As in the Landrace population, the beneficial
allele 2 was also the major allele in this population
(frequency of 0.79); therefore, selection for this marker
would not have a major impact on these populations.
Another IGFBP marker demonstrating a moderate as-
sociation with sow survival was recently detected in
the IGFBPS gene (Mote et al., 2009). In the Finnish
Yorkshire population, this marker was moderately as-
sociated with farrowing interval in later parities (0.5-d
shorter interval for sows carrying allele 1).

It is conceivable that the IGFBP gene could affect
the litter size and survival of sows through IGF-I and
IGF-II, which are local regulators of follicular func-
tion with a possible role in the regulation of follicular
development and intraovarian sex steroid production
(Adashi et al., 1985; Stadtmauer et al., 1998). The 1G-
FBP1 protein is involved in regulating the menstrual
cycle, ovulation, implantation, and fetal growth (Fowler
et al., 2000). In humans, IGFBP1 serum concentrations
are decreased in polycystic ovarian syndrome, which
causes menstrual disturbance and anovulatory infertil-
ity (Fowler et al., 2000). Conversely, elevated concen-
trations of IGFBP1 cause poor implantation, uterine
receptivity, and subsequent miscarriage (Fowler et al.,
2000). The concentrations of IGFBP3 have been shown
to be reduced in women experiencing abnormal men-
strual cycles (de Boer et al., 1997).

The effect of the IGFBP2 gene on the number of
stillborn piglets found in the Landrace population may
be derived from the function of IGFBPZ2 in fetal devel-
opment. The IGFBP2 gene is expressed at increased
concentrations (Han et al., 1996; van Kleffens et al.,
1999) and is known to play an important role in prena-
tal development and cell movement (Wang et al., 2006).
Knockdown of IGFBP2 results in developmental delay,
growth retardation, and cardiovascular disruption in
Zebrafish embryos (Wood et al., 2005). Based on previ-
ously reported evidence, the IGFBP genes appear to be
good candidate markers for reproductive performance
and may affect sow survival via their actions in the
female reproductive system.

In conclusion, the current data suggest that the selec-
tion of markers within candidate genes could be used
to improve SPL. In the Finnish Landrace population,
markers within the IGFBPI1, IGFBP2, IGFPB5, and
COX2 genes are potentially useful in marker-assisted
selection for litter size. In the Finnish Yorkshire popu-
lation, markers within the CPT1A, IGFBPS3, and IGF-
PBJ5 genes are potentially useful for reducing farrowing
intervals. The CPT1A gene appears to be a particularly
promising candidate marker for sow survival because it
was also found in the American pig populations (Mote
et al., 2009). Similarities in associations between this
and previous evaluations suggest that, at least to some
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extent, marker information for different pig populations
could possibly be used across breeds. However, identifi-
cation of polymorphisms and their impact on desirable
traits need to be validated for each population.
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