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ABSTRACT

An understanding of the genetic control of porcine female
reproductive performance would offer the opportunity to utilize
natural variation and improve selective breeding programs
through marker-assisted selection. The Chinese Meishan is one
of the most prolific pig breeds known, farrowing three to five
more viable piglets per litter than the European Large White
breed. This difference in prolificacy is attributed to the Mei-
shan’s superior prenatal survival levels. The present study uti-
lized a three-generation cross in which the founder grandparen-
tal animals were purebred Meishan and Large White pigs in a
scan for quantitative trait loci (QTL) on porcine chromosome 8
(SSC8) associated with reproductive performance. Reproductive
traits, including number of corpora lutea (ovulation rate), teat
number, litter size, and prenatal survival, were recorded for as
many as 220 F, females. Putative QTL for the related traits of
litter size and prenatal survival were identified at the distal end
of the long arm of SSC8. A physiological candidate gene, SPP1,
was found to lie within the 95% confidence interval of these
QTL. A suggestive QTL for teat number was revealed on the
short arm of SSC8. The present study demonstrates, to our
knowledge, the first independent confirmation of QTL for fe-
cundity on SSC8, and these QTL regions provide a crucial start-
ing point in the search for the causal genetic variants.

embryo, gene regulation, gonadotropin-releasing hormone recep-
tor, mammary glands, ovulation

INTRODUCTION

The key porcine reproductive traits, including ovulation
rate, prenatal survival, and litter size, are expressed only in
females and display low heritabilities [1]. Therefore, im-
provement of these traits in pigs by selective breeding has
proved to be difficult. However, the substantial differences
in reproductive performance between pig breeds indicate
that useful genetic variation is available for investigation.
For example, the European Large White and the Chinese
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Meishan breeds show marked differences in fecundity. The
Meishan is one of the most prolific pig breeds known [2],
farrowing three to five more viable piglets per litter than
European breeds. Thus, Meishan pigs are assumed to carry
aleles with the potential to enhance the reproductive per-
formance of Western breeds [3].

Because prolificacy is expressed in one sex relatively
late in life, it is a trait for which marker-assisted selection
could be particularly beneficia [4, 5]. Information from ge-
netic markers could be used to select males carrying desir-
able alleles for female reproductive performance and to se-
lect females without waiting for them to reach sexual ma-
turity and have their first litter.

Two approaches have been pursued to identify genetic
markers for reproduction traits. First, genome scans em-
ploying anonymous DNA markers have been used to iden-
tify quantitative trait loci (QTL) influencing these traits [6—
8]. Second, physiological candidate gene approaches have
utilized polymorphisms within or close to genes that are
known to play a role during reproduction in tests for as-
sociations with fecundity [9-13].

Our strategy combines these two approaches, identifying
QTL through genome scans using interval mapping and
testing genes identified as candidates on both positional and
physiological grounds. The proportion of pig genes that
have been mapped is small; consequently, the number of
positional candidate genes is limited. However, extensive
conservation of genome organization exists between mam-
malian genomes, so the selection of positional candidates
can be supplemented by genes predicted from comparative
genome mapping information to map to the region of in-
terest [14]. For example, porcine chromosome 8 (SSC8) is
homologous to much of human chromosome 4 [15, 16],
regions of sheep chromosome 6 [17], and regions of mouse
chromosome 5 [18].

In the present study, we have focused on identifying
QTL for reproductive performance on SSC8. Although ear-
lier studies have provided evidence for QTL on this chro-
mosome influencing several reproductive traits, none of
these QTL has yet been confirmed across populations [6—
8, 19-21]. We report here, to our knowledge, the first in-
dependent confirmation of reproductive QTL on SSC8 and
eliminate some candidate genes on the basis of their map
locations.

MATERIALS AND METHODS
Animals

Three separate Meishan X Large White cross-populations were devel-
oped at Rodlin Institute over a period of 8 yr. These groups were defined
as QTL 1, QTL 2.1, and QTL 2.2. The last two populations had a small
number of grandparental individuals in common.
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The purebred Meishan pigs were derived from an importation of 11
males and 21 females from the Jiadan county pedigree on the Lou Tang
research farm in China in 1987 [22]. The first animals used in the present
study were second-generation descendants of these imports. The purebred
Large White pigs were from a control population derived from a broad
sample of genotypes in 1982 [23].

In al populations, F, reciproca crosses were produced (Meishan male
X Large White female, and Large White male X Meishan female), and
al Fy animals were unrelated [24]. From the subsequent F; generation,
boars were mated to sows of a different grandparental pairing. The re-
sulting F, female offspring were mated to one of a few selected purebred
Large White boars, and various reproductive traits were recorded. In total,
the present study included 35 F, (13 males and 22 females), 94 F; (14
males and 80 females), and 220 F, (all female) individuals.

The animals had a minimum live weight of 85 kg at the start of each
trial, and they were reared indoors on standard commercial growth rations
provided ad libitum until the time scheduled for first mating (for more
detail, see [22]).

Matings for each of the F, individuals in the three different year groups
took place in two 6-wk periods. Gilts in the first age group (age group 1)
were 8-11 mo of age, corresponding to the animal’s first parity. They were
then remated at 13-17 mo of age. Individuals in this second age group
(age group 2) mostly had their second parity; a few who had an unsuc-
cessful first mating had their first litter at this later age. All sows were
observed daily for signs of estrus and were mated on the same day as
detection.

Phenotypic Data Recording

At 5-20 days after mating, the number of corpora lutea on the left and
right ovaries was recorded by laparoscopy and used as an estimate of
ovulation rate [25]. At laparoscopy, the weight of the animal was recorded.
In addition, the number of teats on the right- and left-hand sides of each
gilt was counted. Some sows then returned to estrus and, if they were still
within the 6-wk mating period, were remated. For those animals success-
fully remated in this manner, no record exists of the corresponding number
of corpora lutea, because the mating occurred after laparoscopy. These
procedures were repeated for the same animals approximately 5 mo later.
Table 1 shows the mean, range, and SD of values recorded for each trait
and covariate.

Prenatal survival was calculated as the number of piglets born divided
by the total ovulation rate for those individuals in which their farrowing
records corresponded to the ovulation rate recorded. Gestational length
(days) was calculated as the difference between the age of the sow at
mating and her age at farrowing. Analyses on the trait data were carried
out within age groups, and the variance within each trait was calculated
to confirm that the data displayed a normal distribution, an assumption of
the QTL analysis. Individuals with incomplete records were removed from
the analysis.

Genotyping

The DNA was prepared by standard procedures from spleen tissue
collected postmortem. The genotypes of the F, trait-recorded females, their
F, parents, and their purebred grandparents were determined for 21 poly-
morphic genetic markers (Table 2).

For each microsatellite marker, the alelic DNA fragments were am-
plified from 75-ng aliquots of genomic DNA in 15-pl reaction volumes
containing 7.5 pmol of each primer, 2.0 mM of each dNTR, 1.5 mM MgCl,
in 1X polymerase chain reaction (PCR) buffer, and 0.375 U of Tag DNA
polymerase. When additional magnesium was necessary in the reaction
mix, the required amount of double-distilled water was substituted with
25 mM MgCl,. The PCR amplifications were performed using either a
Hybaid Omnigene or Touchdown thermocycler (Ashford, U.K.). Appro-
priate dilutions of PCR products for microsatellite markers were pooled
along with a 350 Tamra size standard (Applied Biosystems, Warrington,
U.K.) and fractionated on 6% polyacrylamide gels on an ABI 373 DNA
sequencer (Applied Biosystems). The sizes of the allelic fragments were
estimated using the ABI GeneScan 2.1 software (Applied Biosystems).

The PCR-restriction fragment length polymorphism (RFLP), bi-direc-
tional PCR amplification of specific allele (Bi-PASA), and PCR-double-
stranded conformational polymorphism (DSCP) techniques were used to
genotype markers in the porcine AREG, FGG, IBSP, GNRHR, HD, QDPR,
SLIT2, SPP1, and STE genes. The PCR reactions were performed on ap-
proximately 50 ng of genomic DNA as templates in a fina volume of 10
wl containing 3 pmol of each primer, 200 nM dNTPs, 2.5 mM MgCl,, 50
mM KCI, 10 mM Tris-HCl, 0.1% Triton X-100, and 0.5 U of Taq poly-

2173

merase. After denaturation at 94°C for 3 min, 30 amplification cycleswere
performed consisting of denaturation at 94°C for 30 sec, annealing at 61°C
or 57°C for 30 sec, and extension at 72°C for 30 sec, followed by a further
5-min extension at 72°C. In the PCR-RFLP assays, 5 pl of PCR products
were digested with 5 U of Syl for the porcine AREG gene, Avall for HD,
Bfal for QDPR, and BstNI for SLIT2 gene, respectively. Pairs of allele-
specific primers were designed for each marker in the porcine FGG, IBSP,
GNRHR, and SPP1 genes for use with the technique of Bi-PASA geno-
typing [35]. Both PCR-RFLP and Bi-PASA products were then examined
by electrophoresis on 1.5% agarose gels with 1X Tris-borate EDTA buffer.
The PCR products of the STE gene were examined using 8% acrylamide
gels. The gels were stained with ethidium bromide and photographed.

All genotypes were entered into a resSpecies database (http://
www.resSpecies.org) through a data submission tool that checks for in-
heritance errors in the data.

Linkage Map Construction

Genotypes from al 21 markers were used to produce a linkage map
of SSC8 using MultiMap [36]. The resulting linkage map was checked
using the chrompic option in CRI-MAP version 2.4 (http://compgen.
rutgers.edu/multimap/crimap) to highlight potential genotyping errors in-
volving double-recombinants occurring within short map distances (i.e.,
<5 cM). When these occurred, the genotypes were corrected or removed,
and the analysis was repeated. The linkage map developed was then used
for the QTL scan (discussed below).

QTL Scan

The method for QTL analysis of a three-generation pedigree derived
from a cross between outbred lines involving the use of regression-based
interval mapping [37] was effected using the QTL Express web interface
(http://qtl.cap.ed.ac.uk) [38]. A “‘fixed QTL allele” model, in which ge-
netically distinct founder lines, in this case Meishan and Large White pigs,
were assumed to be fixed for alternative aleles at the QTL affecting the
traits of interest was used.

Each reproductive trait measured for animals in age groups 1 and 2
was investigated individually for evidence of single QTL on SSC8. Teat
number was only considered for the younger age group. When traits were
measured individually on the left- and right-hand sides of the animal, only
the sum of left- and right-hand values were investigated. To develop the
model for each QTL analysis, the effect of the covariates (i.e., age at
mating, weight at laparoscopy, and length of gestation) on the individual
reproductive traits measured were investigated by the use of stepwise mul-
tiple-regression analysis using Minitab statistical software (release 13.32;
http://www.minitab.com).

For all QTL analyses, experimental group (i.e,, QTL 1, QTL 2.1, and
QTL 2.2) was included as a fixed effect. Animals classed into age group
2 also had the parity of the sow (i.e., 1 or 2) included as a fixed effect.

Initially, the additive and dominant coefficients were calculated for
each marker, and the mean of these two coefficients was used to determine
the information content of each individual marker. By using all the marker
information simultaneously, the genetic information content (i.e., the
amount of information available to determine the grandparental or breed
origin of each allele) was estimated at 1-cM intervals along the whole
chromosome [38]. The information content varies between 0 and 1, where
a value of 1 means that the grandparental/breed origin is known with
certainty.

Using ordinary least squares, the phenotypic values were regressed
onto the additive and dominant coefficients to estimate the additive and
dominance effects of putative QTL at 1-cM intervals through the chro-
mosome. The ratio of regression mean square to the residual mean square
provided the variance (F) ratio test statistic, and the most likely QTL
position was taken at the maximum value of F along the chromosome.

A single position permutation analysis was initialy carried out, using
1000 permutations of the trait data, to determine the maximum nominal
significance level of potential QTL for each trait. A chromosome-wide
permutation analysis with 1000 permutations was then carried out to de-
termine whether the QTL were significant (P < 0.05) at the chromosomal
level, which is approximately equivalent to a suggestive QTL at the ge-
nome-wide level [39]. The additive and dominance effects were fitted si-
multaneously in the initial QTL analyses. Either the additive or dominance
effects or both must be significant to generate a significant F value for the
QTL. To determine which effects underpin the QTL, the estimates of the
additive and dominance effects of each QTL were tested for significance
(P < 0.05) by the use of atwo-tailed Student t-test.
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TABLE 1. Range, mean (£SEM), and standard deviation (SD) of values for each trait and covariate recorded.

Age group 1 (n = 169)2

Age group 2 (n = 144)2

Mean Mean

Tratis recorded Range (=SEM) SD Range (=SEM) SD
Ovulation rate (right ovary) 0:15 7.7 (0.2) 3.1 3:18 9.0 (0.3) 3.1
Ovulation rate (left ovary) 1:21 9.4 (0.3) 3.3 1:18 9.4 (0.3) 3.0
Total ovulation rate 9:31 17.1 (0.3) 3.5 10:30 18.4 (0.3) 3.7
Number teats on right side 6:9 7.5 (0.1) 0.8 — — —
Number teats on left side 6:9 7.5 (0.1) 0.8 — — —
Total number teats 12:18 15.0 (0.1) 1.3 — — —
Litter size 2:22 12.2 (0.3) 3.6 1:22 12.8 (0.3 3.4
Prenatal survival 0.1:1.0 0.7 (0.0) 0.2 0.1:1.0 0.7 (0.0 0.2
Covariates

Age at mating (days) 248:357 300.7 (1.8) 22.8 402:559 491.6 (3.0) 35.8

Age at farrowing (days) 360:469 414.9 (1.8) 22.8 517:673 606.0 (3.0) 35.9

Gestation Length (days) 108:119 114.1 (0.1) 1.6 111:118 114.4 (0.1) 1.5

Weight at laparoscopy (kg) 90:195 141.5 (1.6) 20.6 110:245 169.4 (2.3) 27.6

2n = Numbers of animals. Note that calculations were only on those animals that had complete trait records.

Gene-Association Analysis

Genetic markers within or close to several genes (GNRHR, IBSP, STE,
AREG, SPP1, 9.IT2, QDPR, FGG, and HD) were used to test for evidence
of within-breed, marker-associated variation for the reproductive traits of
interest.

In theinitial QTL analyses, it was assumed that the two founder breeds
were fixed for alternative alleles at the QTL. To the extent that the gene-
associated markers have allele frequencies that differed between the two
founder breeds, an analysis looking for trait associations with a gene-
associated marker may be declared to be significant just because it explains
some of the effect of a breed-associated QTL. However, some of the gene-
associated polymorphisms are not fixed for aternative allelesin the found-
er breeds and, therefore, can be used as an additional fixed effect in a
QTL analysis to test for within-breed variation associated with the gene
marker. These tests for within-breed variation were achieved by including
the genotypes of each gene-associated marker as a fixed effect in the
“fixed QTL allele” model as used previously. A resulting significant re-
duction in the residual mean square (i.e., a better fit of the data to the
revised model) would indicate variation in the trait of interest associated
with the gene marker over and above any resulting from the QTL. All
gene-associated markers investigated were bialelic. Individuals homozy-
gous for one of the alleles were coded as 1, heterozygous individuals as
2 and homozygous animals for the alternative alele as 3.

In theory, similar analyses could also be implemented for each of the
microsatellite markers. However, there are many more genotypic classes
for multiallelic markers such as microsatellites, and the number of animals
in each class would be too small.

An F test was used to determine whether the model with these gene-
associated markers fitted as fixed effects gave a significantly better fit to
the data than the initial “‘fixed QTL allele” model. The value for the
residual sum of squares calculated for the full model of interval mapping
(i.e., the effect of the QTL, covariates, and fixed effects) with the gene
fitted as a fixed effect was compared to the equivalent value for the ** fixed
QTL allele” model. The following calculation was used:

_ (RSS — RSS,)/(df; — dfy)

RSS,/dfy
where RSS = the residual sum of squares for the full model of interval
mapping for the ““fixed QTL allele” model (;) and the gene fitted as fixed
effect model () and df = degrees of freedom (numerator: df = df; — dfy;
denominator: df = dfy).

For those models that revealed evidence of trait variation associated
with the gene of interest, it was possible to investigate whether significant
variation in the effect on the trait occurred between any two genotypic
classes for the gene of interest (e.g., whether homozygous animals differed
from heterozygous animals at a particular locus). The significance of var-
iation between genotype classes was tested using a two-tailed Student t-
test.

RESULTS
Linkage Map

The linkage map developed (Fig. 1) was in close agree-
ment, in terms of length and marker order, with the map of

F

SSC8 produced by Rohrer et al. [40]. The individua in-
formation content of each marker along the chromosome
and the information content at 1-cM intervals using simul-
taneous marker analysis are shown in Figure 1. For the
QTL analysis, simultaneous marker information was used,
and it can be seen that the information available to deter-
mine the QTL genotype at any one point along the chro-
mosome was greater than 0.5, with the lowest area of in-
formation content on the p arm of the chromosome, around
the marker SW268.

QTL Scan

The stepwise multiple-regression analysis revealed that
the weight of the animal had a significant effect on the total
ovulation rate for animals in both age group 1 (P < 0.001)
and age group 2 (P < 0.01). Animals of greater weight had
increased ovulation rates. For animals in age group 1 only,
the weight of the anima and the length of gestation sig-
nificantly (P < 0.05) affected litter size. Individuals with
shorter lengths of gestation had larger litters, and in accor-
dance with ovulation rate, heavier animals had larger litters.
Again, for animals in age group 1 only, length of gestation
had a significant effect (P < 0.05) on prenatal survival.
Individuals with shorter gestation periods also had higher
levels of prenatal survival. None of the other variables for
animals in either age group had a significant effect on the
other traits.

The QTL analyses were carried out separately for each
trait, for animals in both age groups, fitting the relevant
covariates and fixed effects. The number of animals with
genotype data and information available for each trait var-
ied, depending, for example, on whether the ovulation rate
recorded for an F, individual corresponded to the subse-
quent litter that was born (Table 3). The estimated QTL
locations and the corresponding significance levels are sum-
marized in Table 3. The chromosome-wide permutation
analyses reveadled two putative QTL for prenatal survival
(P < 0.05) and number of teats (P < 0.05) for animals in
age group 1 (i.e, first-parity animals mated at 8-11 mo of
age). A QTL for litter size, which is significant only at the
nominal level (P < 0.01), was colocated with the prenata
survival QTL. Table 4 shows the estimates of the genetic
effects for those QTL as being significant above the nom-
inal level.

The interval mapping plots for prenatal survival and the
related trait of litter size are shown in Figure 2 for animals
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TABLE 2. PCR conditions for each primer pair.

Marker Marker type Reference

Anonymous DNA markers
S0017 Microsatellite [26]
50178 Microsatellite [27]2
50225 Microsatellite [28]b
SwW7 Microsatellite [29]
SWe61 Microsatellite [29]¢
SW268 Microsatellite [29]
SW905 Microsatellite [29]
SW2410 Microsatellite [30]
SW2611 Microsatellite [30]

Gene-associated markers
AREG PCR-RFLP (Styl)
FGG-2 Bi-PASA [31]
IBSP Bi-PASA [31]
GNRHR-1 Bi-PASA [32]
GNRHR-2 Bi-PASA [11]
HD PCR-RFLP (Avall) [11]
QDPR PCR-RFLP (Bfal) [32]
SLIT2 PCR-RFLP (BstNI) [32]
SPP1-1 Microsatellite [33]d
SPP1-4 PCR-RFLP [34]
SPP1-5 Bi-PASA [32]
STE PCR-DSCP [31]

2 Conditions that gave more consistent results for individual markers var-
ied from the published data as follows: 1.5 mM magnesium; denaturation
cycle of 94°C for 5 min; annealing phase of 30 cycles of 94°C, 58°C ,
and 72°C, each for 30 sec; and extension cycle of 72°C for 5 min.

b Conditions that gave more consistent results for individual markers var-
ied from the published data as follows: 1.5 mM magnesium; denaturation
cycle of 94°C for 5 min; annealing phase of 30 cycles of 94°C, 55°C, and
72°C, each for 30 sec; and extension cycle of 72°C for 5 min.

¢ Conditions that gave more consistent results for individual markers var-
ied from the published data as follows: 2.0 mM magnesium; and 35 cy-
cles of annealing at 60°C.

d Conditions that gave more consistent results for individual markers var-
ied from the published data as follows: 1.5 mM magnesium; denaturation
cycle of 94°C for 5 min, 57°C for 30 sec, and 72°C for 1 min; annealing
phase of 30 cycles of 94°C for 45 sec, 55°C for 30 sec, and 72°C for 45
sec; and extension cycle of 72°C for 5 min.

in age group 1. A clear peak was observed in the F values
calculated between markers SAV61 and 0178, close to the
microsatellite marker 5” of the SPP1 gene at the distal end
of the long arm of porcine chromosome 8 (SSC8q).

Figure 3 shows the interval mapping plot for the QTL
controlling the number of teats (black line). The QTL,
which is significant at the chromosome-wide level (P <
0.05), is located near the SLIT2 gene on the short arm of
porcine chromosome 8 (SSC8p).
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FIG. 1. Individual information content of each marker along the chro-

mosome (X) and also at 1-cM intervals using simultaneous marker infor-
mation (). The x-axis shows the position of markers on the linkage map
alongside the distances (in cM) on pig chromosome 8 (total length, 139.3
cM).

Association Analyses Fitting Candidate Gene Marker
Genotypes as Fixed Effects

Because most of the biallelic gene loci were not fixed in
the founder breeds, they could be used to test for within-
breed variation. The allele frequenciesin the founder breeds
at each of these loci are shown in Table 5.

For ovulation rate in age group 1 animas, GNRHR-2
was the only genetic marker that resulted in a significant
improvement (P < 0.01) in the fit of the model when added
to the ““fixed QTL allele’” model. Under this extended mod-
el, evidence was found of a QTL for ovulation rate (F =
3.01) at approximately 3 cM. However, this QTL is only
significant at the nominal level (P < 0.05). A second peak
(F = 2.5) was observed at approximately 80 cM (i.e., close
to the GNRHR gene; not shown); however, the F values
calculated at this location were slightly lower than the nom-
inal significance level (P > 0.05). The effect of the ovu-
lation rate QTL at position 3 cM was additive (P < 0.05),
with an estimate of +0.71 ova += 0.33 (mean = SEM) per
Large White allele. The effects of the putative QTL at ap-
proximately 80 cM were also seen to be additive with the
increasing allele inherited from the Large White founders.
The Student t-test revealed that, when the GNRHR-2 ge-
notypes were included as a component in afixed QTL mod-
el, individuals homozygous for allele 1 had an estimated
increase of 3.41 + 1.47 ova (P < 0.05) compared to in-
dividuals homozygous for alele 2.

TABLE 3. The estimated QTL locations for all traits and the corresponding significance levels.

Number F, Position on

Trait animals? SSC8 F-ratio Significance level (P)
Age group 1

Total ovulation rate 179 2 cM 1.96 N.S.b (> 0.05)

Total number teats 193 49 cM 5.21 Chromosome wide (< 0.05)

Litter size 152 127 cM 4.79 Nominal (< 0.01)

Prenatal survival 152 125 cM 6.84 Chromosome wide (< 0.05)
Age group 2

Total ovulation rate 153 139 cM 1.39 N.S.b (> 0.05)

Litter size 134 38 cM 2.09 N.S.b (> 0.05)

Prenatal survival 134 38 cM 2.70 N.S.b (> 0.05)

2 Number of F, animals = number of individuals with both genotype and phenotype records.
b N.S., Nonsignificant (P > 0.05 at nominal level).
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TABLE 4. Estimates of the genetic effects for those QTL significant above the nominal level?

Addivtive Dominance
Trait effectb (=SEM) P effecte (=SEM) P
Age group 1
Total number teats +0.25 teats (0.14) > 0.05 +0.58 teats (0.20) < 0.01
Litter size +0.32 pigs (0.42) > 0.1 ~1.80 pigs (0.60) < 0.01
Prenatal survival +0.02 (2%) (0.02) > 0.1 —=0.11 (11%) (0.03) < 0.001

a Those effects significant above the 95% confidence level are highlighted in bold.
b Additive effect is estimated as half the difference between the homozygotes for Meishan versus Large White alleles.
¢ Dominance effect is estimated as the deviation of the heterozygotes from the mean of the homozygotes.

Adding genetic markers associated with the genes AREG
and SLIT2 as fixed effects resulted in significant improve-
ments (P < 0.005) in the model fit when compared to the
“fixed QTL allele’” model for teat number. Including AREG
genotypes in the analysis model improved the evidence for
the teat number QTL close to SLIT2 on SSC8p, increasing
the maximum F from 5.21 to 8.84 (Fig. 3). This estimate
of the QTL is significant at the equivalent of a genome-
wide level (P < 0.01 at the chromosome-wide level). The
additive effect of the QTL (P < 0.01) was estimated as an
increasein 0.49 + 0.16 teats per copy of the Meishan allele.
The dominance effect was also significant (P <0.01), with
an estimate of +0.64 + 0.20 teats. Individuals who were
homozygous for alele 2 at the AREG locus were signifi-
cantly different (P < 0.05) from individuals homozygous
for alele 1, with an estimated increase of 0.68 teats = 0.27
teats.

When the genotypes of the SLIT2 locus were included
as fixed effects, the QTL was no longer evident. It can be
seen from Figure 3 that the peak F value is directly above
the location of the SLIT2 gene, and the difference in fre-
quency of SLIT2 aleles between the lines is such that the
SLIT2 genotypes are confounded with the breed origin.

The genetic markers SPP1-5 and IBSP, which are locat-
ed close to the peaks for the litter size and prenatal survival
QTL identified under the *‘fixed QTL alele’ model for age
group 1 sows (Fig. 2), are fixed for alternative aleles in
the founder breed (Table 5). Thus, when these markers are
added as fixed effects, they are simply confounded with the
breed origin, and the evidence for the QTL is eliminated.

DISCUSSION

We found evidence for QTL toward the telomere of the
g arm of SSC8 controlling prenatal survival and litter size
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FIG. 2. Interval mapping of prenatal survival (thick black line, n = 152)

and litter size (gray line, n = 152) on porcine chromosome 8 for animals
in age group 1. Nominal significance level (dashed horizontal line, P <
0.05) and chromosome-wide significance level (solid horizontal line, P <
0.05).

in young sows at first parity. The effects of these QTL were
both negative overdominant (i.e., the heterozygotes show
inferior performance to both classes of homozygotes). Al-
though the additive effects were not significant, the bene-
ficial aleles at this QTL appear to be from the Meishan
breed. Such effects of the Meishan alleles at these QTL
would be consistent with previous observations that the
Meishan delivers its superior litter size through higher lev-
els of prenatal survival for a given ovulation rate [3, 41].
However, evidence of positive overdominance has been re-
ported in earlier studies [3].

Evidence was also found for a QTL on SSC8 for teat
number, the trait for which we had the most recorded ani-
mals. A QTL, significant at the chromosome-wide level,
was detected on the p arm of SSC8 around the SLIT2 locus,
with the increasing alleles coming from the Meishan breed.
Interestingly, when the genotypes at the AREG genetic
marker were added to the model, the evidence for the QTL
became stronger. The AREG polymorphism is close to fix-
ation for alternative alleles in the Large White and Meishan
founders (Table 5), with allele 2 only being present in the
Large White, and individuals homozygous for allele 2 at
this locus were shown to have an increase estimate of teat
number. The effects at the QTL (closeto SLIT2) and around
AREG are acting in opposite directions, with the increasing
alele associated with the Meishan and Large White, re-
spectively, at these two locations. Thus, the improvement
in the support for the QTL in the extended model may be
largely a result of fitting a two-locus model (i.e., a QTL
plus AREG as a second locus) that reduces the interference
from two QTL with opposing effects. Indeed, when a two-
QTL model was investigated, evidence suggested that two
QTL were acting in opposite directions, one at approxi-
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Genetic markers across porcine chromosome 8
FIG. 3. Interval mapping of number of teats (thick black line, n = 193)

and where genotypes at the AREG loci were fitted as a fixed effect (gray
line, n = 193) on porcine chromosome 8 for animals in age group 1.
Nominal significance level (dashed horizontal line, P < 0.05) and chro-
mosome-wide significance level (solid horizontal line, P < 0.05).
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mately 49 cM (near SLIT2), with the increasing alele as-
sociated with the Meishan, and one a 100 cM (near
AREG), with the increasing allele associated with the Large
White (unpublished data).

The SLIT2 gene is of interest because it maps directly
below the peak for the QTL with the positive aleles from
the Meishan breed. The SLIT2 is a homologue of the Dro-
sophila glit gene, which plays a critical role in central ner-
vous system midline formation during embryogenesis [42].
The human homologue of this gene is expressed in the
spinal cord, and it is believed that mammalian SLIT pro-
teins may participate in the formation and maintenance of
the nervous and endocrine systems by protein-protein in-
teractions [43]. Therefore, no other data suggest that this
gene plays a role in determining teat number.

Number of teats has not been investigated in most pre-
vious porcine reproductive QTL studies [6-8, 21]. How-
ever, evidence for a QTL affecting number of teats also on
the p arm of SSC8 at the genome-wide significance level
(P < 0.05) has been reported [20]. Hirooka et al. [44] found
strong evidence for teat number QTL on chromosomes 10
and 12 in a Meishan X Dutch cross, with the beneficial
aleles from the Meishan breed and a QTL on chromosome
2 with a negative effect of the Meishan adlele. In addition,
Rohrer [45] found significant evidence for a QTL for teat
number in a Meishan X Large White cross, aso on porcine
chromosome 10. Neither of these studies found evidence
for QTL on SSC8 influencing teat number.

In agreement with the study by Rohrer et a. [8], which
also utilized a Meishan X Large White cross, we found
some evidence for a QTL for ovulation rate at the p telo-
mere of SSC8 when GNRHR-2 genotypes were fitted as
fixed effects in the QTL analysis. In both studies, an ad-
ditive increasing effect from the Large White breed was
seen. Our data provide insufficient evidence for this QTL
to merit reporting the finding on its own; however, the es-
timated location of the QTL and the direction of the effect
are consistent with the data of Rohrer et a. [8]. Because
the power to detect minor QTL was limited in the present
study as well as in most previous studies of reproductive
traits, it is important to report QTL for which the evidence
is weak, because confidence in such QTL can be strength-
ened by comparisons across studies. There would aso be
considerable benefit in analyzing data pooled from several
small to medium-sized studies (for example, see [46]).

We found no evidence for a QTL for ovulation rate at
the telomere of the q arm, as reported by Rathje et al. [6].
However, when this research group included additional an-
imals in a more comprehensive study, the previously re-
ported QTL for ovulation rate at the telomeric end of the
g arm of SSC8 was not confirmed [20]. Cassady et a. [20]
described a QTL for age at puberty at SSC8qg-ter, a trait
that was not investigated in the present study.

Wilkie et al. [7] reported a putative QTL for ovulation
rate around the centromere of SSC8, with a positive addi-
tive effect from the Yorkshire breed within the University
of Illinois Meishan X Yorkshire Swine Resource Family.
In a follow-up study, in which more markers were scored
in these animals, the SSC8 centromeric QTL for number
of corpora lutea was confirmed with increased confidence
[21]. In the present study, a region was observed around
the centromere of SSC8 that appeared to display an additive
increasing effect from the Large White breed when
GNRHR-2 genotypes were added as fixed effects to the
QTL model. Under this extended model, two peaks were
seen, one at 3 cM (F = 3.01) and one at 80 cM, close to
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TABLE 5. The frequency of allele 7 in the founder breeds at each of the
gene marker loci.

Meishan purebreed Large White purebreed

Fo animals Fo animals
GNRHR-1 1.00 0.19
FGG-2 0.84 0.35
IBSP 1.00 0.00
GNRHR-2 0.97 0.39
STE 0.28 0.23
SPP1-5 1.00 0.00
SPP1-4 1.00 0.46
AREG 1.00 0.04
HD 0.63 0.00
QDPR 0.94 0.31
SLIT2 0.69 0.12

the GNRHR locus (F = 2.5), both displaying positive ad-
ditive effects from the Large White breed.

It is recognized that the model in which it is assumed
that the founder breeds are fixed for aternative QTL alleles
is often an oversimplification in outbred species such as
pigs. Including within-breed variation at the GNRHR-2
marker represents a modest improvement in the sophisti-
cation of the model and provides a better fit for the ovu-
lation rate data.

In an earlier study on the same animals, associations
between the number of corpora lutea and GNRHR geno-
types were tested [11]. The alele most prevaent in the
Meishan breed for the polymorphism identified at position
1721 of the gene was shown to be associated with increased
numbers of corpora lutea for animals at first parity. The
genotypes for this polymorphism were included in this
study as GNRHR-2, with the same allele being coded as
alele 1. Although allele 1 is present in both founder breeds,
it is much more abundant in the Meishan (Table 5), and as
adready mentioned, animals with the 1,1 genotype at the
GNRHR-2 locus had an estimated 3.41 +1.47 ova more
than 2,2 homozygotes (P < 0.05). Thus, the effects asso-
ciated with GNRHR that maps close to the centromere ap-
pear to differ from those of the QTL reported for the Illinois
population, in which the Meishan allele has a decreasing
effect on the number of corpora lutea [7, 21]. Both studies
lacked the power to determine whether two QTL acting in
opposite directions may be present in close proximity to
one another around the centromere of SSC8.

Milan et a. [19] reported preliminary evidence for pu-
tative QTL for ovulation rate and litter size, with positive
effects from the Meishan breed resulting in an increase of
one or two ova or piglets on chromosomes 7 and 8. How-
ever, these authors did not provide information regarding
the location of the QTL on these chromosomes.

The statistical support for QTL, for al the traits exam-
ined across both age groups of sows, was more compelling
for the younger age group. The main reason for this could
be the loss of power resulting from the smaller number of
F, animals available in this second age group with trait data
recorded.

One of the reasons to search for reproductive QTL on
SSC8 was that the pig homologue of the Booroola fecun-
dity gene (BMPRI1B) was predicted to, and is now known
to map to the g arm of SSC8, relatively close to SPP1 [47].
Alleles at the BMPR1B locus are known to improve litter
size in sheep through increases in ovulation rate [48, 49].
However, because we found no evidence for an ovulation
rate QTL on the g arm of SSC8, where pig BMPR1B maps,
and because the litter-size QTL effects appear to be attrib-
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utable to improvements in embryo survival, it seems un-
likely that BMPRI1B is the gene responsible for the pig lit-
ter-size QTL reported here.

Interestingly, however, variation in a microsatellite re-
peat 5' of the SPP1 gene was previously shown to be as-
sociated with an increasein litter sizein aMeishan X Large
White cross [10]. This marker lies within the 95% confi-
dence intervals for the litter-size and embryo-survival QTL.
More recently, Korin-Kossakowska et al. [50] reported as-
sociations between the presence of a SINE in the SPP1
gene [34] and litter size of the second and subsequent par-
ities for 519 sows from a commercia Polish line.

Also known as osteopontin, SPP1 is a physiologica as
well as a positional candidate gene. Studies of this gene
have revealed that it is expressed in a variety of tissues,
including the epithelial cells of the endometrium and the
metrial gland cells of the decidua within the uterus, the
placenta, and the invading trophaoblast, during the defined
window of receptivity of the peri-implantation period of
pregnancy in several mammalian species [51, 52]. These
studies indicate that this gene has an important role to play
in embryo implantation and placentation.

The SPP1 protein is secreted into the uterine lumen dur-
ing early pregnancy in humans and ewes, and it binds to
integrin heterodimer receptors expressed on luminal epithe-
lial cells in response to increased levels of progesterone
[53]. Thisinduces adhesion between the luminal epithelium
of the endometrium and the trophectoderm of the blasto-
cyst, and it triggers the cascade of molecular events leading
to successful implantation and placental function [54, 55].
The same process is believed to occur in pigs, in that SPP1
MRNA has been shown to be expressed by the porcine
uterine luminal epithelium during the early implantation pe-
riod and to induce cytoplasmic reorganization and focal ad-
hesions in the uterus and on the conceptus [56]. It has been
reported that the significant differences in prenatal survival
levels between the Meishan breed and U.S. as well as Eu-
ropean commercia breeds can be mainly attributed to the
marked reduction in peri-implantation conceptus loss seen
in the Meishan breed [57, 58]. Even when the uterus size
and the ovulation rate of the two breeds has been observed
to be similar, the Meishan breed farrows three to five more
viable piglets per litter [2, 3].

Although the SPP1 gene is a candidate for the litter size
and prenatal survival traits based on positional and physi-
ological arguments, the confidence intervals for the QTL
identified in the present study are large, harboring hundreds
of genes. Although a DNA test based on the causal genetic
variation provides the most powerful tool for marker-as-
sisted selection, the markers that define the litter-size and
prenatal-survival QTL can be used for this purpose in the
meantime.
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