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ABSTRACT: A QTL analysis of female reproductive
data from a 3-generation experimental cross between
Meishan and Large White pig breeds is presented. Six
F, boars and 23 F; sows, progeny of 6 Large White
boars and 6 Meishan sows, produced 502 F, gilts whose
reproductive tract was collected after slaughter at 30
d of gestation. Five traits [i.e., the total weight of the
reproductive tract, of the empty uterine horns, of the
ovaries (WOV), and of the embryos|, as well as the
length of uterine horns (LUH), were measured and ana-
lyzed with and without adjustment for litter size. Ani-
mals were genotyped for a total of 137 markers covering
the entire porcine genome. Analyses were carried out
based on interval mapping methods, using a line-cross
regression and a half-full sib maximum likelihood test.
A total of 18 genome-wide significant (P < 0.05) QTL
were detected on 9 different chromosomes (i.e., SSC 1,
5,6,7,9,12, 13, 18, and X). Five genome-wide signifi-
cant QTL were detected for LUH, 4 for weight of the

empty uterine horns and WOV, 2 for total weight of
the reproductive tract, and 1 for weight of the embryos.
Twenty-two additional suggestive QTL were also de-
tected. The largest effects were obtained for LUH and
WOV on SSC13 (9.2 and 7.0% of trait phenotypic vari-
ance, respectively). Meishan alleles had both positive
(e.g., on SSC7) and negative effects (e.g., on SSC13) on
the traits investigated. Moreover, the QTL were gener-
ally not fixed in founder breeds, and opposite effects
were in some cases obtained in different families. Al-
though reproductive tract characteristics had only a
moderate correlation with reproductive performances,
most of the major QTL detected in this study were
previously reported as affecting female reproduction,
generally with reduced significance levels. This study
thus shows that focusing on traits with high heritabil-
ity might help to detect loci involved in low heritability
major traits for breeding.
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INTRODUCTION

Some native pig breeds of China, such as the Taihu
set of breeds, are known to exhibit high reproductive
performances, in particular larger litters than conven-
tional maternal breeds (Bidanel et al., 1989, Lee and
Haley, 1995). The physiological and genetic bases of
this increased prolificacy remain largely unknown. Sev-
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eral studies have been implemented to search for QTL
explaining the difference in reproductive traits between
Meishan and Western breeds (e.g., Rohrer et al., 1999;
Bidanel et al., 2008; Noguera et al., 2009). Yet, the
number of QTL affecting reproduction traits identified
so far is limited compared with other traits of interest
(Bidanel and Rothschild, 2002), and most of them are
only suggestive QTL.

Uterine capacity is a major component of litter size
at birth (Bennett and Leymaster, 1989). Meishan sows
have been shown to have a better uterine capacity
than British Large White sows (Lee and Haley, 1995).
Though variations in uterine capacity are not solely due
to variations in uterine dimensions, it may be hypothe-
sized that the physical characteristics of the uterus con-
tribute to some extent to differences in uterine capacity
or litter size (e.g., Wu et al., 1987). As most body com-
position traits, reproductive tract measurements have
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rather high heritability values, which make it easier to
find QTL than for lowly heritable traits. The QTL af-
fecting these measurements are then also expected to
be associated with variations in litter traits. Yet, very
few results QTL are available for reproductive tract
characteristics in the PigQTLdb (http://www.animal
genome.org). These traits were measured at 30 d of ges-
tation within the PorQTL program, a large experiment
aimed at detecting QTL for a large number of traits of
interest in a Large White x Meishan F, pig population
(Bidanel et al., 2001; Milan et al., 2002; Quintanilla et
al., 2003). This paper reports the results of a whole-
genome scan aimed at mapping QTL affecting these
female reproductive tract measurements.

MATERIALS AND METHODS

Animal care followed the general guidelines outlined
in the European welfare regulation (directive 91/630/
EC).

Animals and Data Recording

A 3-generation resource population was developed
between 1991 and 1997 at the French National Insti-
tute of Agronomic Research experimental research farm
Le Magneraud (Surgeres, Charente-Maritime), by first
mating 6 unrelated Large White boars to 6 lowly relat-
ed Meishan sows (1 boar/sow). The 12 founder animals
were tested and found to be free of the mutation at
the ryanodyne receptor locus, which is responsible for
halothane susceptibility. One boar and 4 gilts were kept
for breeding in each of the 6 litters produced (except in
1 litter where only 3 females were available). Three or
4 F, females were assigned to each of the F, boars and
were mated to produce F, families. A total of 573 F,
female and 530 male pigs were used for QTL mapping
(Bidanel et al., 2001).

The F, sows were managed under a batch farrow-
ing system, with a 3-wk interval between contiguous
batches. The F, females were raised in Le Magneraud,
with the exception of 68 females raised in another ex-
perimental herd (SESP, Rouillé, Vienne) in 1992, as de-
scribed in Bidanel et al. (2001, 2008). Sexually mature
gilts were submitted to a synchronization treatment
with a progestagen at 26 or 29 wk of age. The gilts were
inseminated twice at a 12-h interval on the estrus after
the progestagen treatment with semen from Piétrain
boars and weighed. The gilts were then slaughtered at
1 mo of gestation. The reproductive tract of pregnant

gilts was collected at the slaughterhouse and immedi-
ately dissected to measure its main characteristics.

The whole reproductive tract was weighed. It was
then placed on a flat surface and cut free of ligaments
at the bifurcation of the 2 horns and at the utero-tubal
junction to separate out the uterine horns, the ova-
ries, and the vagina plus cervix set. Each element was
weighed, and the length of each uterine horn was mea-
sured with a flexible tape without stretching. Uterine
horns were then cut longitudinally and embryos and
placentas removed sequentially. Each embryo was ex-
amined and subjectively classified as viable or degener-
ating. The total embryo weight was then measured for
each uterine horn. Ovaries were weighed and ovulation
rate was determined by counting the number of corpora
lutea on each ovary after dissection.

Traits Analyzed

Five traits were defined and analyzed from the
above-mentioned measurements [i.e., the total weight of
the reproductive tract (TWRT), the weight (WUH)
and the length (LUH) of 2 empty uterine horns, and
the total weights of embryos (WEMB) and of ova-
ries (WOV)]. The number of records, overall means,
and phenotypic SD of the 5 traits studied are shown in
Table 1.

Genotyping and Map Construction

All Fy males, their 29 parents, and 12 grandparents
were genotyped for 136 microsatellite markers and the
major histocompatibility complex. The markers covered
all autosomes and the X chromosomes, with 3 to 12
markers on each. Genotypes were obtained as described
by Bidanel et al. (2001). Multipoint linkage analyses
were carried out with the 2.4 version of the CriMap
software (Green et al., 1990). Recombination units were
then transformed to map distances using the Haldane
mapping function. The average distance between ad-
jacent markers was 22.0 ¢cM on the sex-averaged map
(Bidanel et al., 2001).

Statistical Analyses

The data g used for QTL mapping were obtained as
residuals from a linear model including the fixed effects
of contemporary group, as well as gilt BW at mating
and days of gestation (except WOV) as covariates. Re-
sidual correlations were computed as Pearson correla-

Table 1. Descriptive statistics for the 5 traits analyzed

Trait Abbreviation n Mean SD
Total weight of the reproductive tract, kg TWRT 465 3.06 0.84
Weight of empty uterine horns, kg WUH 465 1.18 0.23
Length of uterine horns, m LUH 465 3.54 0.67
Weight of ovaries, g WOV 502 14.7 2.41
Weight of embryos, log, g WEMB 465 2.58 0.48
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tion coefficients between residuals. Additional analyses
were performed by adding ovulation rate (for WOV) or
number of viable embryos (for TWRT, WUH, LUH,
and WEMB) as covariates. The analyses were per-
formed using the GLM procedure (SAS Inst. Inc., Cary,
NC).

Two types of interval mapping analyses were per-
formed: 1) a line cross analysis assuming that founder
populations are fixed for different QTL alleles (referred
to as the LC model hereafter), and 2) a model assum-
ing that the F, population is a mixture of full- and
half-sib families, with no assumption about the number
of QTL alleles and allele frequencies within the founder
populations (referred to as the HFS model hereafter).

LC Model. The LC model used assumed a biallelic
QTL with alternative alleles fixed in founder breeds, @
in Meishan and ¢ in Large White animals. Denoting the
effects of QQ, Qq/qQ, and qq as a, d, and —a, respec-
tively, the adjusted performance §; of an F, offspring ¢
can be written as

U= p + cua + cud +e, 1]

where p is the population mean, ¢,; and c,; are the coef-
ficients of additive (a) and dominance (d) components,
respectively, for animal ¢ at a given putative position
in the genome, and e; is the residual error. The ¢, and
cq were computed as c¢,; = Prob(QQ) — Proby(qq) and
¢y = Prob(Qq) + Probj(qQ), where Prob(XX) is the
probability of having genotype XX for animal i. The
genotype probabilities were computed as described in
Haley et al. (1994). At each tested location (each cen-
timorgan), an F-ratio was computed to compare the
hypothesis with 1 QTL (H1) vs. the hypothesis of no
QTL on the chromosome. Reported estimates for a and
d were those obtained at the location with the greatest
F-ratio. A positive a will then correspond to Meishan
alleles increasing the trait value, a positive d to domi-
nance of the Meishan alleles on the Large White alleles.
The analyses were carried out using the QTL Express
software (Seaton et al., 2002).

Significance thresholds were empirically determined
at the chromosome level (P,) by first performing 1,000
permutations of the trait values against the genotypes.
Then, for chromosome-wide (CW) significant chromo-
somal regions (P, < 0.05), 9,000 additional permuta-
tions were carried out to obtain more precise distribu-
tions of the test statistics under HO and to accurately
determine genome-wide (GW) significance thresholds.
These GW significance levels (P,) were obtained, ap-
plying an approximate Bonferroni correction with fac-
tor nc to significance levels P, [i.e., as a solution to P,
=1-(1-P)"], where P, is a GW test probability
and nc is the number of chromosomes, which gives P,
= 0.0027 for P, = 0.05 and nc = 19 (Knott et al.,
1998). Chromosome-wide thresholds at P < 0.05 varied
slightly depending on chromosomes and traits, but they
were on average equal to F'= 7.6 and 5.4, respectively,
with 2 (autosomes) and 1 (chromosomes X) df in the

numerator. Genome-wide significance thresholds (0.05
false-positives per genome scan) were on average equal
to FF = 13.0 and 8.5, respectively, for F-ratios with 1
and 2 df in the numerator.

Outbred Model. The HFS analyses with a single
QTL model were carried out to better take into ac-
count the possibility that a QTL segregates in 1 or both
founder populations. The F, population was supposed
to be structured in 24 full-sib families nested within 6
independent sire families. Hence, a dam mated to dif-
ferent sires was considered as a different dam for each
sire. Test statistics were computed with 1-cM steps
along the genome, as the ratio of likelihoods under the
hypotheses of one (H1) vs. no (HO) QTL at the position
considered. Under H1, a QTL with a gene substitution
effect (o) for each sire and each dam was fitted to the
data (Bidanel et al., 2001). Significance thresholds were
determined empirically by simulating trait values under
a polygenic infinitesimal model and a normal distribu-
tion of performance traits (Le Roy et al., 1998) for the
F, progeny. Simulations were preferred to permutations
to ensure an extensive description of the empirical dis-
tribution of the test statistic under HO while respecting
the structures of the families (Churchill and Doerge,
2008); permutations should be carried out within full-
sib families, which had a too limited size in our data
set to guarantee accurate estimation of the thresholds.
As for the LC model, 1,000 simulations were first per-
formed for each chromosome x trait combination to
determine CW significance levels (P,). Then, for CW
significant chromosomal regions (P, < 0.05), 9,000 ad-
ditional simulations were carried out to accurately de-
termine GW significance thresholds using a Bonferroni
correction as described previously. For each QTL reach-
ing a CW significance level of 5%, additional tests with
models ignoring dam QTL effects within sire families
were performed, so the sire status for the QTL was
tested. To avoid a large number of additional computa-
tions, sires whose likelihood ratio tests were less than
the value of a x* distribution with 1 df and for a type
I error of 5% (= 3.84) were considered homozygous for
the locus. Simulations performed in a limited number
of cases showed that this threshold slightly underes-
timated the real threshold, but a low threshold was
considered adequate to detect the existence of homo-
zygous sires at the QTL. Finally, the average substitu-
tion effect of each QTL was computed as the mean of
the substitution effects estimated for the heterozygous
sires. A positive substitution effect corresponded to an
increase of the trait value due to the Meishan alleles.

RESULTS

Residual correlations between the 5 traits are shown
in Table 2. The 3 uterine measurements (i.e., TWRT,
WUH, and LUH) were strongly correlated (correlation
p > 0.50). These measurements also had strong correla-
tions with embryo weight, but were weakly correlated
with the WOV.
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Table 2. Coefficients of correlation between the 5
traits studied

Trait! ‘WUH LUH WOV WEMB
TWRT 0.79%** 0.59%** 0.18%*** 0.74%*%*
WUH 0.55%** 0.24%%* 0.48%**
LUH —0.03 NS 0.45%%*
WOV 0.11*

'TWRT = total weight of the reproductive tract; WUH = weight of
empty uterine horns; LUH = length of uterine horns; WOV = weight
of ovaries; WEMB = weight of embryos.

*P < 0.05; ***P < 0.001; NS = not significant (P > 0.10).

Residual correlations between the 5 traits studied
and the reproductive traits investigated in Bidanel et
al. (2008) are given in Table 3. Gilt weight at mating
had low to moderate positive correlations with the 5
traits (0.07 to 0.31). Correlations with ovulation were
moderate (0.34 to 0.47). With the exception of WOV,
correlations were rather strong with the number of vi-
able embryos (0.47 to 0.80) and with embryo survival
at 30 d of gestation (0.38 to 0.72).

Results of QTL mapping analyses showing associa-
tions with at least a CW level of significance obtained
using both LC and HF'S models are given in Table 4 for
uterine measurements and Table 5 for ovarian and em-
bryo weights. When 1 of the 2 methods gave nonsignifi-
cant results, the maximum value of the test statistics
and the corresponding position are still provided, but
not estimates of QTL effects, which are not significant.
In addition to the results obtained for the base traits
(i.e., TWRT, WUH, LUH, WOV, and WEMB), results
of analyses on traits adjusted for ovulation rate or num-
ber of viable embryos (NVE) are also provided.

Genome-wide significant QTL were detected on
7 different chromosomes (i.e., SSC 1, 5, 7, 9, 13, 18,
and X) using the LC model. Two additional chromo-
somes (i.e., SSC 6 and 12) carried GW significant QTL
detected only with the HFS model. The SSC 1 GW
significant QTL was close to SW396. It affected LUH
and explained a smaller fraction of the phenotypic vari-
ance when the data were adjusted for number of em-
bryos (2.7 vs. 4.4%). Meishan alleles had a positive and
partly dominant effect. This QTL was confirmed with
HFS analyses, which additionally showed that only 3
of the F, sires were likely to be heterozygous for the
QTL, so that the LC estimate of additive genetic effect
(a) was biased downward. At least another CW signifi-
cant QTL affecting WUH and TWRT was detected on
SSC1. In fact, 2 most likely regions, one in the S0155-
S0374 interval and the second one in the neighborhood
of SW1301, were detected depending on the analyses.
The LC analyses located the QTL affecting WUH in
the vicinity of SW1301, but HFS analyses located it
close to SW1828 (WUH) or in the S0155-S0374 inter-
val for WUH adjusted for the number of embryos. The
situation was even more complex for TWRT because
the most likely positions for LC and HF'S were inverted
when adjusting for NVE. A more detailed examination

of likelihood ratio curves showed that the overall profile
was very flat due to large family differences in the QTL
most probable position (Figure 1), which suggests that
different QTL may be segregating in different families.

On SSC5, a QTL mainly affecting WUH and located
in the SW2425 to SW1134 interval was detected using
the LC model only. Meishan alleles were dominant over
Large White alleles and had low to moderate additive
effects. A QTL affecting LUH was detected on SSC 6
with the HFS model only. Both negative and positive
QTL substitution effects of similar magnitude were ob-
tained in different sire families. Similar opposite sub-
stitution effects according to sire family were obtained
for TWRT and, to a lesser extent, for LUH and WUH,
on SSC12. In both cases, positive and negative QTL
substitution effects probably canceled each other out
and could not be detected when using the simpler LC
model.

The LRA1 to SW352 region on SSC 7 had strong ef-
fects on both WUH and LUH, with positive and partly
dominant effects of Meishan alleles explaining up to
6.3% of the phenotypic variance. The HFS analyses
tended to show that the QTL was not segregating in
the 6 F, sire families and even had opposite effects on
WUH in different families. A second GW significant
QTL located at about 30 cM from the former one af-
fected WOV, with negative dominant effects of Meis-
han alleles.

Contrary to the QTL affecting LUH on SSC1 and
WUH on SSC5, the QTL located on SSC 9 close to
SW2093, and on SSC 13 between S0223 and SW225,
explained a larger fraction of the phenotypic variance
of reproductive tract characteristics when the data
were adjusted for NVE. Meishan alleles had in both
cases negative and partially recessive effects explain-
ing up to 4.6 and 10.3% of trait phenotypic variance,
respectively. No opposite effect according to sire fam-
ily was detected, but the QTL segregation could not
be validated in all sire families. Quantitative trait loci
were also detected for WOV on both chromosomes, in
the same position on SSC13, but at a somewhat differ-
ent location on SSC9 [in the SW911 to SW2401 interval

Table 3. Coefficients of correlation between the 5 traits
studied and reproductive traits

Trait! WTM? OR? NVE? ES?
TWRT 0.19%F 0.31 %% 0.77%%* 0.66%+*
WUH 0.27%F* 0.35%%* 0.55%%* 0.40%%*
LUH 0.21%%* 0.24%%* 0.47%%* 0.38%%*
WOV 0.31 %% 0.47%% 0.18%%* —0.07¢
WEMB 0.07 NS 0.24%%% 0.80%** 0.72%%*

'TWRT = total weight of the reproductive tract; WUH = weight of
empty uterine horns; LUH = length of uterine horns; WOV = weight
of ovaries; WEMB = weight of embryos.

*WTM = weight at mating; OR = ovulation rate; NVE = number
of viable embryos at 30 d of gestation; ES = embryo survival at 30 d
of gestation.

TP < 0.10; ***P < 0.001; NS = not significant (P > 0.10).
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Table 4. Results of QTL analyses for reproductive tract measurements

Line cross model

Half-full sib model

Trait' Ssc Loc’ Foratio a + SE? d + SE’ by Loc LR’ a’ Nh’
LUH} 1 79 11.8%% 0.19 (0.04) 0.12 (0.07) 4.2 78 55.9t 0.43 3
LUHy 1 79 8.11 0.14 (0.04) 0.11 (0.06) 2.7 74 52.5¢ 0.42 3
WUH 1 172 8.3t —0.06 (0.02) 0.04 (0.02) 3.5 146 50.5 — —
WUHy 1 167 6.3t —0.05 (0.01) 0.02 (0.02) 35 116 47.2 — —
TWRT 1 171 5.8} —0.20 (0.06) 0.09 (0.09) 2.8 128 51.2 — —
TWRTy 1 116 7.01 —0.14 (0.04) 0.01 (0.05) 3.3 171 53.3} —0.30 3
WUHy 2 25 6.6t 0.06 (0.02) 0.05 (0.04) 2.3 21 53.7+ —0.12/0.10 1/4
WUHy 4 32 5.61 —0.03 (0.02) 0.07 (0.03) 2.4 44 54.5¢ —0.09/0.10 2/2
LUH 5 39 6.9% 0.10 (0.05) 0.23 (0.07) 2.9 81 43.9 — —
WUH; 5 41 10.5% 0.05 (0.02) 0.07 (0.02) 2.7 79 51.2 — —
WUHy 5 38 7.81 0.04 (0.01) 0.06 (0.02) 2.3 112 47.6 — —
TWRT 5 41 6.71 0.16 (0 06) 0.20 (0 08) 2.8 76 42.5 — —
LUHt 6 5 3.1 — 121 71.3* —0.22/0.20 2/2
LUH\i 6 5 2.3 — — — 123 66.4* —0.14/0.17 1/3
TWRTy 6 148 8.5¢ 0.20 (0.05) 0.10 (0.09) 3.6 150 51.0 — —
LUH} 7 69 6.5t 0.17 (0.05) 0.01 (0.07) 2.8 78 65.3* 0.44 2
LUHyt 7 68 8.0f 0.17 (0.04) 0.05 (0.06) 3.3 57 75.1%% 0.26 3
WUHZ 7 64 4.5 — — — 85 76.8%* —0.10/0.11 1/3
WUHy? 7 62 5.0 — — — 79 73.8%* —0.08/0.08 2/4
LUH 9 3 7.51 0.18 (0.05) 0.16 (0.09) 3.2 6 50.1
WUH{ 9 112 5.9% 0.05 (0.02) 0.04 (0.02) 2.5 108 77.3%% —0.15 3
WUHy? 9 109 8.9% 0.05 (0 01) 0.04 (0.02) 3.7 107 85.7F** —0.15 3
TWRTZ 9 112 3.6 — — 111 69.3* —0.54 4
TWRT i 9 105 11.0%* —0.19 (0.04) 0.07 (0.07) 4.6 106 60.17 —0.25 5
LUH 11 11 7.1% 0.18 (0.05) —0.03 (0.08) 3.7 0 59.1% 0.31 4
LUHy 11 7 7.01 0.16 (0.04) 0.03 (0.07) 3.4 111 49.7 — —
LUH 12 69 2.6 — — — 0 58.1t —0.27/0.52 2/1
WUH 12 100 2.6 — — — 0 60.7t —0.12/0.17 2/1
TWRT 12 50 3.3 — 0 66.4* —0.39/0.30 2/2
TWRTy 12 46 7.81 0.17 (O 04) 0.06 (0 07) 3.3 0 37.5 — —
LUHt 13 82 13.8%%%* —0.26 (0.04) 0.06 (0.08) 5.7 72 69.8* —0.13 4
LUHyt 13 82 23.3%*% —0.30 (0.04) 0.04 (0.07) 9.2 58 76.3%* —0.25 5
WUHyE 13 70 9.6* —0.06 (0.01) —0.01 (0.02) 4.2 72 55.9% —0.08 4
TWRTy 14 39 6.9t —0.15 (0.04) —0.04 (0.07) 3.7 21 53.3 — —
TWRT 18 89 6.2} 0.16 (0.05) 0.14 (O 08) 2.6 89 46.6 — —
WUHZ X 5 21.3%%* —0.10 (0.02) 4.5 74 51.0% —0.08 —
WUHy? X 74 9.6% —0.06 (0.02) — 3.6 72 50.87 —0.06 —
TWRTy X 79 8.3t —0.28 (0.10) — 1.8 86 44.1 — —
'TWRT = total weight of the reproductive tract; WUH = weight of empty uterine horns; LUH = length of uterine horns; TWRTy, WUHy;, and

LUHy = TRWT, WUH, and LUH, respectively, adjusted for number of embryos.

*Most probable location of the QTL.

3a = additive genetic effect (Meishan-Large White alleles) + SE; d = dominance effect & SE. Effects are expressed in trait units.

“Fraction of the phenotypic variance explained by the QTL.
LR = likelihood ratio.

%Average allele substitution effect of heterozygous F, sires (in trait units; Meishan-Large White alleles).
"Number of heterozygous sires (with negative effect/with positive effect when necessary).
¥ K and *** =5, 1, and 0.1% genome-wide significance levels, respectively. T = 5% chromosome-wide significance.

fIndicates significant results at the genome-wide level.

(i.e., at around 60 cM from SW2093)]. Meishan alleles
had positive effects on SSC13, but had family-depen-
dent effects on SSC9.

The QTL located on SSC X had a GW significant
effect on WUH. It also affected TWRT, though to a
lesser extent. Meishan alleles had a negative effect on
both WUH and TWRT. Finally, the GW significant
QTL detected using HF'S on SSC 6 and SSC 12 were
QTL with opposite effects according to sire family. The
SSC 6 QTL mainly had effects on LUH, whereas both
TWRT and, to a lesser extent LUH and WUH, were
affected by the SSC 12 QTL.

Additional CW significant QTL were detected on
SSC 2, 5, 11, and 15. They explained a low to moderate
proportion of trait phenotypic variance (between 2.3
and 3.7%). Their effects will not be further detailed.

DISCUSSION

This study used a low-density microsatellite marker
panel, and an experimental design with a limited num-
ber of large families adapted to linkage analysis. It has
resulted in large QTL mapping interval (20 to 40 ¢cM),
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Figure 1. Within-sire likelihood ratio profiles for the total weight
of the reproductive tract (TWRT) on SSC 1. Color version available
in the online PDF.
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so that a lot of work is necessary before expecting to
find the causal mutation for these QTL.

Newly available high-density SNP chips (Ramos et
al., 2009) allow much more accurate QTL mapping
through association or linkage disequilibrium linkage
analysis methods, provided that an adequate experi-
mental design has been used (i.e., large numbers of
small nuclear families). The gain in accuracy due to the
use of high-density SNP chips would probably be more
limited with the current F, design, as a strong link-
age disequilibrium remains in F, populations, although
some additional information could have been from his-
torical recombinations in founder animals. In spite of
these limits, the study provides new and original infor-
mation on the genetic architecture of traits of interest
for pig production that contributes to the growing list
of pig QTL (see QTLdb at http://www.animalgenome.
org).

As in previous studies, we used 2 complementary
models to detect QTL: a simple LC model that assumes
different QTL alleles to be fixed in grand-parental
populations and a HFS model that takes into account
the hierarchical family structure of pig populations. As
discussed by Bidanel et al. (2008), the LC model is
more powerful when different QTL alleles are fixed in

Table 5. Results of QTL analyses for ovarian and embryo weight

Line cross model

Half-full sib model

Trait! SSC Loc? F-ratio a + SE? d + SE? h2Q4 Loc? LR’ al Nh'
WEMBy 1 110 4.9 — — — 172 58.4t —0.32/0.28 2/1
WOV 4 87 5.57 —0.44 (0.16) 0.38 (0.23) 2.3 91 55.61 —1.03/0.95 2/1
WOVy 4 87 3.5 91 57.3t —0.97/0.64 2/2
WEMB 4 109 5.7t — — — 12 62.61 —0.18/0.24 1/2
WEMBy 4 89 2.7 — — — 16 63.0F —0.06,/0.09 3/3
WOV 6 161 6.57 0.76 (0.23) 0.49 (0.44) 2.8 130 44.3

WOVy 6 86 6.87 0.68 (0.20) 0.41 (0.38) 2.9 106 18.7 —

WOV 7 42 6.37 —0.64 (0.20) —0.56 (0.33) 2.7 106 50.3 —

WOVt 7 39 9.8% —0.83 (0.20) —0.49 (0.34) 4.1 87 57.7% —2.07 3
WOVt 9 51 10.8%* —0.76 (0.16) 0.02 (0.24) 4.5 143 50.1 —

WOVt 9 49 12.5% —0.78 (0.16) 0.01 (0.24) 5.3 53 58.31 —1.18/0.96 3/1
WEMB 9 0 4.0 36 64.0* 0.41 1
WOV 12 53 8.07 —0.70 (0.20) 0.47 (0.33) 3.4 66 56.07 —1.33

WOVy 12 51 8.71 —0.73 (0.19) 0.37 (0.32) 3.7 66 59.71 —1.31 3
WEMB{ 12 114 3.1 0 69.4* —0.31/0.18 1/1
WOVt 13 81 17.2%%% 1.00 (0.17) 0.16 (0.27) 7.0 70 69.4* 0.76

WOVt 13 80 11.6%* 0.78 (0.25) 0.07 (0.25) 4.9 71 66.4t1 0.92 4
WEMB 13 91 2.8 84 61.0tF —0.15/0.32 2/3
WOV 14 73 6.47 —0.42 (0.18) 0.81 (0.31) 2.7 53 50.3 — —
WOV 15 100 6.71 0.67 (0.20) 0.42 (0.34) 2.9 98 39.4 —

WOVy 15 104 6.47 0.62 (0.18) 0.26 (0.30) 2.7 19 33.1

WOV 18 18 8.71 —0.75 (0.19) —0.34 (0.36) 3.7 25 54.6 —

WOVt 18 22 10.7* —0.79 (0.17) —0.12 (0.32) 4.5 22 61.61 —0.85 4

"WOV = weight of ovaries; WEMB = weight of embryos; Xy = trait adjusted for ovulation rate (WO) or number of embryos (other traits).

*Most probable location of the QTL.

*a = additive genetic effect (Meishan-Large White alleles) = SE; d = dominance effect & SE. Effects are expressed in trait units.

Fraction of the phenotypic variance explained by the QTL.
LR = likelihood ratio.

SAverage allele substitution effect of heterozygous F; sires (in trait units; Meishan-Large White alleles).
"Number of heterozygous sires (with negative effect/with positive effect when necessary).

*FFand ***F =5, 1, and 0.1% genome-wide significance levels, respectively. T = 5% chromosome-wide significance.

tIndicates significant results at the genome-wide level.
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founder populations because fewer parameters have to
be estimated compared with the HFS model, whereas
this latter model allows additional QTL that are seg-
regating in parental populations to be detected. In this
study, though the majority of the QTL were detected
with both methods, some QTL (e.g., on SSC5) could
be only detected only with the LC model, whereas oth-
ers (e.g., on SSC6 and SSC12) were revealed only with
the HF'S model. This latter model additionally confirms
the result of Bidanel et al. (2008) that, in spite of large
breed differences for reproductive performance, QTL
alleles with large effects on reproduction traits are still
segregating in founder breeds.

A large number of QTL affecting female reproductive
tract characteristics during gestation were detected,
which illustrates the complex genetic determinism of
traits contributing to reproductive efficiency in pigs.
Most of them are new results, as a very limited number
of QTL affecting reproductive tract characteristics have
been reported so far. Indeed, only Rohrer et al. (1999)
and Wilkie et al. (1999) previously reported QTL on fe-
male reproductive tract measurements on SSC5, SSC7,
and SSC8. The SSC5 QTL affecting uterine length de-
tected by Wilkie et al. (1999) was mapped in the same
chromosomal region as the QTL affecting LUH, WUH,
and TWRT in the present study (42 cM vs. 46 to 48
cM). Conversely, the confidence interval of the SSC7
QTL on uterine length and SSC8 QTL on uterine ca-
pacity and weight of ovaries did not correspond to any
of the QTL regions detected in the current study.

The large number of QTL detected for reproductive
tract characteristics contrasts with the reduced number
of QTL found by Bidanel et al. (2008) for the number
of viable embryos (2 CW significant QTL) and embryo
survival (1 GW and 1 CW significant QTL). Bidanel
et al. (2008) clearly illustrate that it is much easier to
find QTL for these rather highly heritable traits than
for lowly heritable reproductive traits. This of course
does not imply that all the QTL we have identified
also influence prolificacy. First of all, reproductive tract
measurements have only moderate correlations with lit-
ter size. Then, traits measured during gestation are im-
perfect predictors of traits measured at birth, as shown
for litter size by Johnson et al. (1999) in pigs or Blasco
et al. (2005) in rabbits. Nevertheless, it has to be no-
ticed that the QTL regions carrying the litter size QTL
found by Bidanel et al. (2008) on SSC 12 and SSC
18 were the same regions as those found to influence
TWRT, WUH, and LUH on SSC 12 and TWRT on
SSC 18. The correspondence was even better between
ovulation rate measurements and WOV, with QTL at
common locations on SSC4 (74 vs. 87 ¢M), SSC7 (54
vs. 42 ¢cM), and SSC13 (72 vs. 70 cM). Moreover, sev-
eral QTL of the QTL regions identified in this study
were found to carry reproduction QTL in other studies.
For instance, the SSC6 QTL affecting the length of
uterine horns was close to the QTL affecting litter size
detected by Wilkie et al. (1999), Tribout et al. (2008),
and Li et al. (2009). The QTL affecting ovarian weight

in the SW1354-SW1369 interval on SSC7 contains the
properdin locus, which was shown to be associated with
litter size at birth by Buske et al. (2005). The most
likely positions of the QTL affecting the weight of uter-
ine horns on SSC12 and SSC13 are almost the same as
those reported for QTL affecting litter size at birth,
respectively, by Fernandez-Rodriguez et al. (2010) and
Noguera et al. (2009).

It has also to be emphasized that several of the QTL
we have identified are located in chromosomal regions
carrying a large number of QTL affecting other eco-
nomically important traits. This is particularly the case
for SSC1, SSC4, SSC6, and SSC13. This raises at least
2 questions: 1) are the QTL involved linked or pleiotro-
pic QTL; 2) is it possible to find haplotypes that have
favorable effects on all the affected traits? This second
point is of major importance for selection because hap-
lotypes with mainly favorable effects will be of high in-
terest, whereas antagonistic effects may largely impair
the efficiency of marker-assisted or genomic selection.
These can be addressed using more sophisticated mod-
els than the simple 1 trait/1 QTL model used in this
study, such as those developed by Gilbert and Le Roy
(2003), and by taking advantage of high-density SNP
chips. A large variety of breeds should be investigated
to have a clear vision of the variability and phenotypic
effects of the various haplotypes encountered in pig
populations.

The objective of this study was to map new QTL for
traits that were not thoroughly investigated before and
did not have a direct application in breeding programs.
Such a direct application would be difficult for at least
3 reasons; 1) the traits investigated are not of direct
interest for breeders, but are indirect predictors of ma-
jor traits of interest; 2) the use of an F, population
between divergent breeds makes it difficult to use the
results in commercial breeds because many QTL are
likely to differ between experimental and commercial
populations (although some common QTL have been
detected; e.g., Evans et al., 2003); 3) the low accuracy
of QTL localization would only allow within-family
marker-assisted selection to be used, which is known
to have a limited efficiency in pig breeding schemes.
Currently, the most promising strategy for using mark-
er information in breeding schemes is through the use
of high-density SNP chips through genomic selection.
Some recent results tend to show that genomic selec-
tion can improve the efficiency of pig breeding schemes
(reviewed by, e.g., Tribout et al., 2011), provided that
genotyping costs are limited enough to allow the use of
SNP chips on a large scale.

In conclusion, this study has shown that reproductive
tract measurements during gestation are influenced by
a large number of QTL. Several of these QTL were lo-
cated in chromosomal regions that have been shown to
affect female reproductive performance, so that QTL or
association studies on these highly heritable traits may
be helpful to map or even identify reproduction QTL.
Yet, additional investigation using more sophisticated
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genetic models as well as functional studies would be
useful to better understand the relationships between
reproductive tract characteristics and litter size or em-
bryonic growth and viability.
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