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The ovary and placenta are dynamic structures requiring constant modification both struc-
turally and through cell–cell communication capabilities. The extracellular matrix and base-
ment membranes are primarily composed of a milieu of glycosaminoglycans, including
heparan sulfate and hyaluronan. Heparanase (HPSE) and hyaluronidases (HYAL) are respon-
sible for degrading heparan sulfate and hyaluronan, respectively. Therefore, the objective
of this study was to evaluate the relationship of SNPs distinct to HPSE, HYAL1, and HYAL2
with measurements of reproduction and production traits in swine. Single trait associa-
tions were performed on a Landrace–Duroc–Yorkshire population using SNPs discovered
and identified in HPSE, HYAL1, and HYAL2. Analyses were conducted on an extended
pedigree and SNPs were found to be associated with reproductive and production traits.
Prior to multiple-testing corrections, SNPs within HPSE were weakly associated (P < 0.03)
having additive effects with age at puberty (−2.5 ± 1.08 days), ovulation rate (0.5 ± 0.24
corpora lutea), and number of piglets born alive (0.9 ± 0.44 piglets). A HYAL1 and two
HYAL2 SNP were nominally associated (P ≤ 0.0063) with number of piglets born alive
after multiple-testing corrections (effects between 1.02 and 1.44 piglets), while one of the
same HYAL2 markers maintained a modest association (P = 0.0043) having a dominant
effect with number of piglets weaned (1.2 ± 0.41 piglets) after multiple-testing correction.
Functionally, HPSE and HYAL1 and 2 have been shown to participate in events related to
ovarian and placental activity. SNPs from these studies could potentially assist with under-
standing genetic components underlying sow lifetime productivity as measured by piglet
survivability based on number born alive and number weaned, thereby contributing to a
greater number of pigs/sow/year.
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INTRODUCTION
Glycosaminoglycans contribute to a variety of tissue structures
and comprise a large portion of the extracellular matrix. One
significant glycosaminoglycan is heparan sulfate, which binds to
and assembles extracellular matrix proteins contributing to its
infrastructure, as well as other processes including tissue remod-
eling, vascularization, and metastatic events (Vlodavsky et al.,
2002). Heparanase (HPSE) is the predominate endoglycosidase
that degrades heparan sulfate. Porcine HPSE is located on SSC8
at approximately 116 cM (Miles et al., 2009). Suggested QTL for
total number of piglets born (King et al., 2003), number of piglets
born alive (King et al., 2003) and significant QTL for weight of
ovary (Rohrer et al., 1999) have been found in this region on SSC8
spanning from ∼90 to 135 cM (Hu et al., 2007).

Breakdown of heparan sulfate by HPSE contributes to struc-
tural alterations to not only the extracellular matrix, but also to
the basement membrane of tissue structures. Temporal levels of
HPSE were evident in granulosa cells and macrophages of human

and murine ovaries during the luteal phase and luteal regression,
supporting a role for HPSE in extracellular matrix and basement
membrane remodeling in the ovary (Haimov-Kochman et al.,
2005).

Matrix metalloproteinases in association with HPSE have been
implicated in endometrial remodeling during gestation in cat-
tle and baboons (Hashizume, 2007; D’Souza et al., 2008). In the
porcine placenta, HPSE expression was elevated and localized to
the cuboidal trophoblast cells (Miles et al., 2009). These findings
suggest that HPSE may function to alter and modify the uterine
environment and placenta thereby potentially impacting litter size
and prenatal survivability.

Another endoglycosidase with implications in placental and
ovulatory development is hyaluronidase (HYAL). Interaction
between hyaluronan and CD44, its primary receptor, in expand-
ing cumulus cells of the ovary affect oocyte maturation (Yokoo
et al., 2010). Furthermore, it has been established that degrada-
tion of hyaluronan by HYAL is necessary for normal follicular
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development and maturation (Tempel et al., 2000). Hyaluronidase
1, 2, and 3 were localized to granulosa cells of murine ovaries
(Orimoto et al., 2008) and were involved in induction of apoptosis
and follicular atresia independent of their catalytic activity upon
hyaluronan.

Increased levels of hyaluronan, along with decreased levels
of HYAL3, within the decidua of gestating mice was correlated
with spontaneous abortion in comparison to day 7.5 normal
pregnancy mice (Cordo-Russo et al., 2009). Vallet et al. (2010)
reported a putative role of stromal hyaluronidases in the structural
development and angiogenesis of developing pig placentas.

The HYAL1–3 gene family resides on SSC13 (Gatphayak et al.,
2004) and map to approximately 27 cM as determined by use of
comparative radiation hybrid and linkage maps (Meyers et al.,
2005). Within proximity to the HYAL genes, several QTL have
been identified with implications to reproductive traits in swine
(Hu et al., 2007). Two ovulation rate QTL (Rathje et al., 1997;
Bidanel et al., 2008), an age at puberty QTL (Bidanel et al.,
2008), and most recently a QTL for testosterone levels (Ren et al.,
2009) have been reported in the same region on SSC13. Interest-
ingly, a SNP within HYAL2 was associated with levels of testos-
terone and androstenone in Norwegian Landrace boars (Moe
et al., 2009). Furthermore HYAL2 SNP haplotypes had a negative
effect on testosterone levels, which may be indicative of reduced
fertility.

Heparanse, HYAL1, and HYAL2 play a role in reproduction
and production in swine and are located within close proximity to
reported QTL for fertility and production. Therefore, the objec-
tive of this study was to determine if SNP within HPSE, HYAL1, or
HYAL2 were associated with reproduction and production traits
within a Landrace–Duroc–Yorkshire (LDY) resource population.

MATERIALS AND METHODS
ANIMALS
A founder animal population generated fromYorkshire × maternal
Landrace (YL) was mated with commercially available semen
from unrelated Duroc or high-lean Landrace boars. Offspring
(Duroc ×YL and Landrace ×YL) were then reciprocally bred to
create a 4-line composite LDY animal (Holl et al., 2004). The LDY
population has been maintained by inter se matings for at least
nine generations.

A basic corn–soybean meal diet was provided to females and
was modified depending upon stage of growth or development.
From 12 to 16 week of age, gilts received a grower diet contain-
ing 16% protein, which was reduced to 12.5% protein during the
breeding phase; diets during gestation and lactation consisted of
16.9% protein, and returned to 12.5% protein post-weaning. Diets
were formulated to meet or exceed National Research Council
(NRC, 1998) recommendations.

All experimental procedures were reviewed and approved by
the U.S. Meat Animal Research Center Animal Care and Use
Committee.

SNP DISCOVERY
SNPs in candidate genes were identified by extensive, but not
complete gene sequencing (Tables 1 and 2). Briefly, sequenc-
ing primers were designed based on data from GenBank for
Sus scrofa HPSE (FJ713408), HYAL1 (NM214441), and HYAL2
(NM214440) cDNA. Primers were designed in exons to amplify
intronic regions. Location within the gene of forward and reverse
primers, are presented in Table 1. Generation and sequencing of
the coding regions for HYAL1 and HYAL2 were described pre-
viously (Vallet et al., 2010). Genomic DNA was isolated from

Table 1 | Amplification primers for sequencing HPSE, HYAL1, and HYAL2 for SNP detection and identification.

Gene U.S. MARC ID GenBank Accession Gene region1 Primer (forward and reverse) Tm2 (◦C)

HPSE 67641 FJ713408 Exon 6 5’-CCTCGACGAAAGAATGCTG-3’ 60

67642 Exon 8 5’-GTGGCATCTTGCCCATTC-3’

HPSE 67643 FJ713408 Exon 7 5’-CCTGAAGACTGGGGGAAAAG-3’ 60

67644 Exon 8 5’-GAAAATCTTCTTTGGTGGCATC-3’

HPSE 67645 FJ713408 Exon 8 5’-GATGCCACCAAAGAAGATTTTC-3’ 60

67646 Exon 9 5’-CTTGTGGGGTCTGGTCTCTTC-3’

HPSE 67647 FJ713408 Exon 11 5’-CAGAAAGAAGCAAACTCCGG-3’ 60

67648 Exon 12 5’-GGCGTGGTAACTGCAAGC-3’

HYAL13 52629 NM214441 CDS 5’-TCAAAGCCTGCTCTCAGCTC-3’ 58

52632 5’-GCATGTGCCAGTCACCG-3’

HYAL23 52630 NM214440 CDS 5’-ACACTGGCTCTGGTGTTGG-3’ 58

52633 5’-AGCCAGGTGAGAGACCCTTAC-3’

HYAL2 67637 NM214440 Exon 1 5’-CTCCCGGTCTACGTCTTCAC-3’ 60

67638 Exon 2 5’-GGCTGCACTCTCACCAATG-3’

HYAL2 67639 NM214440 Exon 2 5’-CATTGGTGAGAGTGCAGCC-3’ 60

67640 Exon 3 5’-GCCGTGTCAGGTAATCCTTG-3’

1Gene region refers to the specific segment of the gene that amplification primers were designed from. CDS, coding sequence.
2Annealing temperature.
3Sequencing previously described (Vallet et al., 2010).
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Table 2 | SNPs identified from sequencing.

Gene Marker ID Allele Frequency1 Location Genbank dbSNP ID

HPSE 67641_141 C/T 0.41/0.59 Intron 6 GF109942 ss244236423

HPSE 67641_288 A/G 0.13/0.87 Intron 6 GF109942 ss244236424

HPSE 67641_450 A/G 0.40/0.60 Intron 6 GF109942 ss244236425

HPSE 67641_574 C/T 0.29/0.71 Exon 7 GF109942 ss244236426

HPSE 67641_709 A/T 0.72/0.28 Intron 7 GF109942 ss244236427

HPSE 67643_318 C/T NA Intron 7 GF109939 ss244236428

HPSE 67643_480 C/T NA Intron 7 GF109939 ss244236429

HPSE 67643_627 A/G NA Intron 7 GF109939 ss244236430

HPSE 67645_383 AA/DEL NA Intron 8 GF109941 ss244236431

HPSE 67645_490 A/G NA Intron 8 GF109941 ss244236432

HPSE 67645_555 G/T NA Intron 8 GF109941 ss244236433

HPSE 67645_588 A/G NA Intron 8 GF109941 ss244236434

HPSE 67645_596 A/G NA Intron 8 GF109941 ss244236435

HPSE 67645_609 C/T NA Intron 8 GF109941 ss244236436

HPSE 67645_627 TT/DEL NA Intron 8 GF109941 ss244236437

HPSE 67645_657 C/G NA Intron 8 GF109941 ss244236438

HPSE 67645_731 A/G NA Intron 8 GF109941 ss244236439

HPSE 67647_151 A/G 0.30/0.70 Intron 11 GF109943 ss244236440

HPSE 67647_424 A/G NA Intron 11 GF109943 ss244236441

HPSE 67647_443 C/G NA Intron 11 GF109943 ss244236442

HPSE 67647_463 A/C 0.71/0.29 Intron 11 GF109943 ss244236443

HPSE 67647_692 A/G 0.69/0.30 Intron 11 GF109943 ss244236444

HYAL1 52629_47 A/G NA Exon 1, UTR GF109945 ss244236449

HYAL1 52629_135 C/T NA Exon 1 GF109945 ss244236450

HYAL1 52629_143 C/T 0.33/0.67 Exon 1 GF109945 ss244236447

HYAL1 52629_200 A/G NA Exon 1 GF109945 ss244236448

HYAL1 52629_808 G/T 0.07/0.93 Exon 1 GF109945 ss244236445

HYAL1 52629_863 A/G NA Exon 1 GF109945 ss244236446

HYAL2 52630_556 A/C NA Exon 1 GF109938 ss244236455

HYAL2 67637_222 C/T 0.93/0.07 Intron 1 GF109944 ss244236421

HYAL2 67639_112 CT/DEL 0.94/0.06 Intron 2 GF109940 ss244236422

HYAL2 52630_1387 C/T NA Exon 3 GF109938 ss244236451

HYAL2 52630_1388 A/T NA Exon 3 GF109938 ss244236452

HYAL2 52630_1390 A/C NA Exon 3 GF109938 ss244236453

HYAL2 52630_1392 C/T NA Exon 3 GF109938 ss244236454

1Frequency derived from the 4-line composite animal of Landrace–Duroc–Yorkshire population at U.S. MARC calculated with GenoProb. NA, not available (SNP have

not been characterized in the LDY population).

semen of diverse breeds of unrelated pigs using phenol:chloroform
extraction followed by ethanol precipitation. Amplification was
performed using AmpliTaq Gold (Applied Biosystems, Foster City,
CA, USA), 1× of supplied buffer with 1.5 mM MgCl2, 200 μM
dNTPs, 0.33 μM each primer, and 25 ng of genomic DNA in 25 μL
reactions. Polymerase chain reaction was performed on a PTC-100
Programmable Thermal Controller machine (MJ Research Inc.,
Watertown, MA, USA) with appropriate annealing temperatures
(Table 1). Quality of amplicon products was verified on a 1.6%
agarose gel. The remaining PCR product was prepared for direct
sequencing using the amplification primers on an ABI Prism 3730
DNA analyzer (Applied Biosystems). Sequence results were assem-
bled and analyzed for polymorphisms as described previously
(Rempel et al., 2010).

GENOTYPING
Genomic DNA was isolated from tail tissue using the Wizard DNA
extraction kit (Promega, Madison, WI, USA) or leukocytes using
a saturated salt extraction method (Miller et al., 1988). SNPs
were genotyped using primer extension on the Sequenom Mas-
sArray system (San Diego, CA, USA). Amplification and probe
primers for a subset (n = 12) of all discovered SNP were designed
using the MassArray Assay Designer software (Sequenom). Ten
microliter PCR reactions contained 10 ng of genomic DNA, 0.5 U
HotStar Taq (Qiagen, Valencia, CA, USA), 1× of supplied buffer
with 3.5 mM MgCl2, 250 μM dNTPs (Invitrogen, Carlsbad, CA,
USA), and 100 nM forward and reverse tailed primers (Inte-
grated DNA Technologies, Coralville, IA, USA). The primer exten-
sion reaction used 0.625–1.25 μM probe primer (Integrated DNA
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Technologies) and was performed according to the manufacturer’s
recommendations for iPLEX chemistry (Sequenom).

PHENOTYPIC TRAITS
Phenotypic data were collected from the LDY population from
2004 to 2009 for association analyses (Table 3). Age at puberty
was defined as the first detected standing estrus beginning at
approximately 150 days of age and continued through 260 days of
age. Estrus was detected using once daily fenceline exposure, with
mature boars, while herdsmen applied back pressure to determine
receptivity. Breeding females were bred by artificial insemination
on a subsequent estrus during a set breeding season. Females
were relocated into individual farrowing crates at approximately
110 days of gestation. Data on the total number of piglets born,
number of piglets born alive, and litter birth weight were collected
from sows at farrowing. Average lactation length was 18 days,
at which time dams were separated from the piglets. Data were
recorded for number of piglets weaned and litter weight at wean-
ing. Following weaning sows were relocated and placed in group
pen environments (20 sows/pen). Weaning to estrus interval was
measured as the number of days following weaning until estrus
was detected using back pressure by a herdsman during fenceline
boar exposure. If a female failed to show estrus within 14 days
post-weaning a value of 20 days was given for statistical purposes.
Ovulation rate was determined as the number of corpora lutea at
time of slaughter following an estrus event.

STATISTICAL ANALYSES
Genotypic probabilities of the 12 SNPs for all animals in the
extended pedigree (n = 3,056) were calculated using GenoProb
software (Thallman et al., 2002), an allelic peeling algorithm pro-
gram that can be used to predict ordered genotype distributions
on pedigreed animals with incomplete genotypic data (Thallman
et al., 2001a,b). GenoProb predicts both the missing genotypes and
corrects genotyping errors.

In the preliminary analysis each trait was analyzed indepen-
dently by MTDFREML (Boldman et al., 1995). The following
details the models used to generate heritabilities and associations
for SNP markers tested within the current dataset.

For age at puberty: yij = μ + animali + bgj + eij

For weaning to estrus interval: yikl = μ + animali + fgk +
lactl + eikl

For ovulation rate: yiklm = μ + animali + fgk + lactl + OR
agem + eiklm

For number of piglets born alive, litter birth weight, and num-
ber of piglets weaned: yikn = μ + animali + fgk + lit siren + eikn

where animali is the random effect because of the ith female; bgj

is the fixed effect because of the jth birth group the female was
born; fgk is the fixed effect because of the kth farrowing group in
which the dam farrowed; lactl is the covariate effect of the lth lac-
tation length in days; OR agem is the covariate effect of the mth age
in days of the dam at the time ovulation rate was collected; lit siren

is the random effect of the nth sire used for artificial insemination.
Both litter birth weight and number of piglets weaned included
an adjustment for the number of piglets in each litter; number
weighed and number weaned in litter, respectively.

The effects were calculated by using the genotypic probabilities
computed by GenoProb described elsewhere (Allan et al., 2007;
Kuehn et al., 2007). For each SNP, genotypic regressions for addi-
tive and dominance were in the model and run in a single-marker
analysis. Additive regressions represented the number of copies of
one allele (e.g., 0, 1, or 2). Dominance regressors were 0 for both
homozygous genotypes and 1 for heterozygous genotypes. Because
GenoProb produces probabilities of genotypes, actual regressors
for each SNP were derived as the sum of the products of the prob-
ability of each genotype (e.g., AA, Aa, aa) and their regressor value
(additive: 0, 1, 2 or dominance: 0, 1, 0). Heritability estimates
were obtained from models with no SNP included; all subse-
quent SNP models used this heritability rather than re-estimating.
Nominally significant (P < 0.10) SNP from the initial model are
reported (Table 4). A Bonferroni correction for multiple-testing
(α/n; ∗α = 0.10 or ∗∗α = 0.05; n = 12 SNP) was used to provide a
preliminary measure of importance of these gene regions for the
traits tested.

RESULTS
Partial gene sequencing of HPSE, HYAL1, and HYAL2 yielded a
total of 35 SNP (Table 2). Three of the identified SNP within

Table 3 | Mean and SD of phenotypic measurements in a LDY population.

Trait Records Mean SD Range h1 (SE)

AP1 847 203.1 16.67 142–246 0.31 (0.093)

WEI1 1,311 7.0 4.07 0–203 0.06 (0.037)

OR 955 16.8 4.16 1–82 0.32 (0.098)

NBA 1,526 9.4 3.08 0–18 0.09 (0.038)

LBW2 1,524 15.3 3.95 1.2–25.4 0.25 (0.059)

WND 1,526 8.3 2.92 1–18 0.13 (0.044)

LWW2 1,487 45.9 14.76 4.0–93.5 0.31 (0.053)

AP, age at puberty; WEI, weaning to estrus interval; OR, ovulation rate; NBA, number born alive; LBW, litter birth weight adjusted for number weighed; WND, number

weaned; LWW, litter wean weight adjusted for number weaned in litter.
1Data reported in days.
2Data reported in kilograms and adjusted for number weighed.
3Any female with WEI greater than 14 days or that did not show estrus within 14 days post-weaning was set at 20 for analyses purposes.
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Table 4 | Single trait association analysis of SNP with reproduction and production performance traits in a LDY swine population.

Gene SNP Marker Trait Effect Effect P -value1 Estimate SE

HPSE 67641_450 AP A 0.0206 −2.50 1.076

HPSE 67641_141 OR A 0.0286 0.54 0.245

HYAL1 52629_808 NBA A 0.0109 0.94 0.371

D 0.0049* 1.19 0.422

HYAL2 67637_222 NBA A 0.0063* 1.02 0.373

D 0.0009** 1.44 0.433

HYAL2 67639_112 NBA A 0.0291 −0.89 0.409

D 0.0098 1.21 0.469

HPSE 67641_574 LBW A 0.0528 0.85 0.439

HYAL2 67637_222 LBW A 0.0374 2.15 1.033

D 0.0155 2.90 1.198

HYAL2 67639_112 LBW A 0.0349 −2.40 1.134

D 0.0191 3.04 1.297

HYAL1 52629_808 WND A 0.0278 0.77 0.348

D 0.0221 0.91 0.397

HYAL2 67637_222 WND A 0.0163 0.84 0.350

D 0.0043* 1.16 0.407

HYAL2 67639_112 WND D 0.0338 0.94 0.440

A = additive; D = dominance.
1Significance following Bonferroni multiple-testing correction (α/n) for number of markers genotyped (n = 12) reported at *α = 0.10 and **α = 0.05.

HYAL1 (52629_135, 52629_143, and 52629_808) have been
previously reported (Gatphayak et al., 2004; Moe et al., 2009) and
one SNP within HYAL2 (67637_222) has also been reported (Moe
et al., 2009). However, these SNP had not been submitted to the
GenBank dbSNP resource therefore all identified SNP were sub-
mitted using the nomenclature from the current study. Of the 35
SNPs, 12 were incorporated into an assay using MassArray Assay
Design software (Sequenom). The subset of HPSE (8 markers),
HYAL1 (2 markers), and HYAL2 (2 markers) SNPs were genotyped
in a LDY population and had a minor allele frequency of 0.06 or
greater (Table 2).

Summaries of phenotypic data analyzed including mean, SD,
ranges, and heritabilities are presented in Table 3. All production
and weaning to estrus interval data were collected from females
following their first parity. Seven traits were analyzed using sin-
gle locus analysis. Associations with P-values less than 0.05 prior
to Bonferroni corrections are reported in Table 4. Three mark-
ers maintained nominal significance (α < 0.10) and one marker
maintained significance (α < 0.05) after multiple-test correction
(Table 4).

Reproductive traits, age at puberty and ovulation rate, evalu-
ated within the current study had minimal associations (P < 0.03)
when initial analyses were performed, but no associations were
maintained following correction procedures.

Initial marker analyses identified putative associations for
production traits including number of piglets born alive, litter
birth weight, and number of piglets weaned for HPSE, HYAL1,
and HYAL2. However associations maintained after correction
for multiple-testing were restricted to number of piglets born
alive and number of piglets weaned. A single HYAL1 marker,
52629_808, was nominally (P = 0.0049) associated with number

of piglets born alive having a dominant effect of 1.19 ± 0.422
piglets. HYAL2 marker 67637_222 was associated with num-
ber of piglets born alive with an additive effect (P = 0.0063)
of 1.02 ± 0.373 piglets and a dominant effect (P = 0.0009) of
1.44 ± 0.433 piglets. Similarly, the same HYAL2 marker had a
dominant effect (P = 0.0043) of 1.16 ± 0.407 piglets for number
of piglets weaned.

DISCUSSION
In the current study, several SNPs were identified from three can-
didate genes, HPSE, HYAL1, and HYAL2. Biological investigations
have shown a link among these genes and reproductive and pro-
duction traits in swine. Therefore, we investigated the relationship
between SNPs of these genes and reproductive and production
traits.

Two individual HPSE markers had moderate associations with
age at puberty or ovulation rate respectively, prior to correction
for multiple-testing. Others (Cassady et al., 2001; Holl et al., 2004)
have reported putative QTL for age at puberty on SSC8 within close
proximity to the position of HPSE. Likewise a QTL for weight of
ovary was also described in a Meishan–White composite popula-
tion between 116 and 137 cM on SSC8 (Rohrer et al., 1999). An
age at puberty study using a White Duroc–Erhualian population
detected a peak at 77 cM on SSC8 using a 5% chromosome-
wide threshold, but a secondary peak just below the threshold
was notable at approximately 125 cM within the region of HPSE
(Yang et al., 2008). It is also worth noting that Buske et al. (2006)
compiled several fertility-related QTL studies and found a pre-
dominant clustering of QTL across SSC8 for reproductive traits in
swine. Likely the markers we have genotyped within HPSE were
not in strong linkage disequilibrium with the causative mutation.
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But rather we may infer that our proximity on chromosome 8 was
relevant based on our moderate association results and supporting
literature from others. Another possible candidate gene is secreted
phosphoprotein 1 (SPP1),which has been shown to have an impact
on conceptus–embryo interactions during implantation in several
mammalian species including swine (Ross et al., 2007; Erikson
et al., 2009; Kim et al., 2010) and is located at approximately 112 cM
on SSC8. Furthermore polymorphisms within SPP1 have been
associated with male fertility traits, sperm motility, and abnor-
mal spermatozoa rate, within Pietrain and Pietrain × Hampshire
boars (Lin et al., 2006). Secreted phosphoprotein 1 may also har-
bor mutations linked to fertility traits, but to date no associations
for age at puberty or ovulation rate have been reported for SNP
within the SPP1 gene either.

An SNP within HYAL2 had moderate associations with number
of piglets born alive and associated with number of piglets weaned
following multiple-test corrections within the current study. Moe
et al. (2009) identified the same SNP within Duroc and Nor-
wegian Landrace breeds. The minor allele frequency in Duroc
was less than 1% and nearly 49% in Norwegian Landrace. The
HYAL2 SNP was associated independently and within a haplotype
analysis with various androgen levels in the plasma of Norwegian
Landrace boars, suggesting a relationship of this SNP with fertility-
related traits (Moe et al., 2009). Our genotyping efforts identified
a minor allele frequency of 7% for the same SNP within the
composite Duroc, Yorkshire, and double Landrace-derived pop-
ulation. Enough genetic discrepancy may exist among the breeds
used within these two reports. Nonetheless, the HYAL2 marker,
67637_222, was modestly associated with number of piglets born
alive and maintained an association with number of piglets weaned
following multiple-testing correction in the current study. The
HYAL gene family resides near 27 cM on SSC13. No QTL for
number of piglets weaned has been reported on SSC13. However,
others (Noguera et al., 2009) have reported a single-dimensional
model QTL for number of piglets born alive and total number
of piglets born within a Meishan × Iberian population on SSC13
(50 cM) and further described separate epistatic interacting QTLs
on SSC13 (66–82 cM) and SSC9 (1–7 cM) for number of piglets
born alive using a bi-dimensional modeling system. Both of these
reported QTL lie distal to HYAL1–3 on SSC13. In the current study,
SNP were analyzed under single trait conditions, but in the future

bi-dimensional analyses using the Illumina 60K BeadChip data
along with additional independently genotyped SNP data may
provide guidance and insight into regions with independent as
well as epistatic interactions. These putative studies may confirm
involvement of the region where the HYAL gene family resides
or provide a more refined region on SSC13 for number of piglets
born alive and the highly correlated trait of number weaned within
close proximity to the HYAL1–3 genes.

CONCLUSION
The complexity of the reproductive and production traits evalu-
ated within this study increase the difficulty in ascertaining the
impact of single candidate gene markers for HPSE, HYAL1, and
HYAL2. However, previous reports identified the importance of
these two genes for both ovarian and uterine/placental function,
which can have an influence on litter size and piglet survivabil-
ity. HYAL1 and HYAL2 SNP had putative effects on number of
piglets born alive as well as number of piglets weaned based upon
limited association levels in the current study. These candidate
SNP likely have minimal, if any, linkage disequilibrium with the
mutation that affects these traits, however linkage was not assessed
in this study due to inherent reduction in statistical power. It is
also plausible that these intricate traits are influenced by multiple
genes working in a coordinated effort. Future use of genome-
wide association analyses for swine production and reproduction
traits will further refine regions of interest on SSC8 and SSC13 for
greater interrogation that will more than likely lead to discovery
of causative nucleotides or responsible genes or gene networks.
However the use of SNP within HPSE, HYAL1, and HYAL2 do not
appear to be suitable for marker assisted selection for reproduction
and production traits within the population tested.
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