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The role of imprinting in body composition was investigated in an
experimental cross between Chinese Meishan pigs and commercial
Dutch pigs. A whole-genome scan revealed significant evidence for
five quantitative trait loci (QTL) affecting body composition, of
which four were imprinted. Imprinting was tested with a statistical
model that separated the expression of paternally and maternally
inherited alleles. For back fat thickness, a paternally expressed QTL
was found on Sus scrofa chromosome 2 (SSC2), and a Mendelian-
expressed QTL was found on SSC7. In the same region of SSC7, a
maternally expressed QTL affecting muscle depth was found.
Chromosome 6 harbored a maternally expressed QTL on the short
arm and a paternally expressed QTL on the long arm, both affecting
intramuscular fat content. The individual QTL explained from 2%
up to 10% of the phenotypic variance. The known homologies to
human and mouse did not reveal positional candidate genes. This
study demonstrates that testing for imprinting should become a
standard procedure to unravel the genetic control of multifactorial
traits.

I t is well established that quantitative trait loci (QTL) under-
lying the genetic variance of multifactorial traits can be

mapped in experimental as well as outbred populations (1, 2).
Whole-genome scans have revealed a number of genomic re-
gions contributing to genetic variation and have provided insight
into the form of gene action. The genome scans can also be used
to search for non-Mendelian forms of expression (3), but these
opportunities have not been exploited systematically. Knowl-
edge of mode of inheritance of identified QTL is important for
medical and agricultural applications.

Parental genomes undergo modifications during gametogen-
esis, resulting, for some genes, in parent-of-origin-specific ex-
pression in the offspring. This phenomenon of genomic imprint-
ing, as a form of epigenetic gene regulation, has been shown to
influence several subchromosomal areas in mammals (4). In
human and mouse, most imprinted genes are arranged in
chromosomal clusters†, and their linked organization suggests
coordinated mechanisms controlling imprinting and gene ex-
pression (5, 6). It is generally viewed that imprinting is involved
in fetal growth and brain development (7).

Different approaches have been used over time to identify
imprinted areas in the genome. Both Robertsonian and recip-
rocal translocations resulting in mice with uniparental disomy for
portions of the genome have been used to identify imprinted
regions on six chromosomes (8). Furthermore, chromosomal
anomalies associated with imprinted diseases in humans helped
to identify imprinted genes and to narrow regions of interest (9,
10). More recently, molecular genetic approaches taking advan-
tage of, for example, methylation patterns observed for im-
printed genes, have been used to isolate imprinted genes (11–14).
The number of known genes is increasing rapidly, but imprinting
has been reported only for about 30 (8). In livestock, evidence
for imprinting was found for one specific chromosomal region in
sheep and one in pigs (15–17). Imprinting effects, however, have
not been studied systematically for multifactorial traits. We

present results of a genome-wide approach to detect imprinted
regions for multifactorial traits in an experimental cross of pigs.

Materials and Methods
Experimental Population. Boars from the Chinese Meishan pig
breed were crossed with sows from commercial Dutch pig lines.
From the resulting F1, randomly selected boars and sows were
mated to create the F2 population (18). This experimental
population facilitates the dissection of the genetics underlying
phenotypic differences between these breeds for body compo-
sition traits. Meishan pigs are characterized by high fatness
compared with Dutch pigs, which have been selected for lean
growth for many generations. On 785 F2 pigs, we recorded three
body composition traits after slaughter: back fat thickness and
muscle depth measured between the third and fourth rib, and
percentage of intramuscular fat inside the Musculus longissimus
(18). The phenotypic mean (6 SD) of the F2 population was 22.0
(6 5.7) mm for back fat thickness, 40.6 (6 6.7) mm for muscle
depth, and 1.84 (6 0.87)% for intramuscular fat content (18).
Assuming Mendelian expression, analyses for back fat thickness
and intramuscular fat content on part of this population revealed
significant evidence for QTL on chromosome 2 and on chro-
mosome 7 affecting back fat thickness (19).

Genotyping and Statistical Analyses. A whole-genome scan includ-
ing a test for imprinting was used to map autosomal QTL on the
F2 population. Genotypes were obtained for 132 microsatellite
markers, covering more than 90% of the porcine genome, which
were selected after testing many markers on the individual
Meishan grandfathers and DNA pools of the grandmother lines
(19). Genotypes were obtained for the F2 animals, their F1
parents, and the purebred Meishan grandparents.

The statistical analyses were based on the line cross concept
(20), where original breeds are assumed homozygous for differ-
ent QTL alleles but can have marker alleles in common. Exten-
sion of this model to test for imprinting has been suggested (3)
and used in the analysis of the IGF2 region in pigs (17). Analysis
with this model, however, provided evidence for imprinting, but
a separate test was needed to infer paternal or maternal expres-
sion. The model for imprinting (3), therefore was reparameter-
ized to enable a direct test for the contribution of the paternally
and maternally inherited effect. For every F2 individual, we
inferred the probabilities of inheriting two Meishan alleles (P11),
two Dutch alleles (P22), or one from each line (P12 or P21,
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different subscripts according to parental origin; first subscript
is paternally inherited allele) at 1-centimorgan (cM) intervals
across the genome. Using multiple marker information for a
given location in the genome, we calculated the probability of the
two alleles in an offspring corresponding to any of the four
possible combinations (3, 20). The probabilities are functions of
the recombination rates between the location under consider-
ation and the flanking informative markers, which may vary
from progeny to progeny depending on the genotype of the F1
parents and the Meishan grandparents. Under the traditional
line cross approach, an additive effect (a) and a dominance effect
(d) are estimated by using the regression of the phenotypes on
Pa 5 P11 2 P22 and Pd 5 P12 1 P21. To separate the contribution
of the parents, we introduced the probability that the individual
inherited a Meishan allele from its father (Ppat 5 [P11 1 P12] 2
[P22 1 P21]) or from its mother (Pmat 5 [P11 1 P21] 2 [P22 1 P12]).
A saturated model, which included a paternal (Ppat), a maternal
(Pmat), and a dominance component (Pd), was fitted at 1-cM
intervals across the genome. For each position of a QTL, the
mode of inheritance of the QTL was inferred based on the
contribution of each of the three components. The contribution
of a component was measured by the reduction in total sum of
squares caused by incorporating that component in the model
after fitting the other components. The F statistic was used to
evaluate the significance of each component. This evaluation
facilitated discrimination between QTL showing exclusive pa-
ternal expression, exclusive maternal expression, or Mendelian
expression.

Significance Thresholds and Confidence Intervals. For the inferred
genetic models, the significance thresholds and the confidence
intervals of the QTL position were determined empirically. The
significance threshold was set at the 5% genome-wise risk level
(21). This threshold accounted for testing the entire genome but
not for testing multiple traits. These thresholds were determined
by permutation with at least 10,000 replicates (19).

Empirical confidence intervals for the QTL position were
obtained by bootstrapping the data followed by analysis of the
replicates under the inferred genetic model. From each of 10,000
bootstrap replicates, the best test statistic was stored. The 95%
cutoff point of the sorted (in descending order) test statistics
provided an empirical threshold to define the boundaries of the
confidence interval. This method is an alternative to other
bootstrapping strategies in which QTL positions of the replicates
are sorted to determine an empirical confidence interval (3). The
method used here allows for noncontinuous confidence intervals
and is closer to the traditional logarithm of odds drop-off
methods.

Results
Our genome scan resulted in five significant QTL affecting body
composition traits, of which four were imprinted. For back fat
thickness, there was strong evidence for a paternally expressed QTL
on Sus scrofa chromosome 2 (SSC2; Table 1). For the QTL affecting
back fat thickness on SSC7, both the paternal and maternal
component were highly significant, implying Mendelian expression
for this QTL. For muscle depth, a highly significant QTL mapped
to the same area as the QTL for back fat thickness on SSC7. In
contrast to the QTL for back fat thickness, the QTL for muscle
depth was maternally expressed (Table 1). From these results, it
cannot be determined whether there are two linked loci or one locus
with pleiotropic effects that shows imprinting during one stage of
development and Mendelian expression during another.

With a model ignoring imprinting, suggestive evidence for a
Mendelian QTL for intramuscular fat content was reported on
the long arm of SSC6 (19). The present analysis, however,
revealed that this effect was caused by a significant paternally
expressed QTL (Table 1). In addition, a maternally expressed
QTL affecting the same trait was found on the short arm of the
same chromosome. The phenotypic variance explained by the
individual QTL varied from 2% for the QTL affecting intra-
muscular fat content on SSC6 to 10% for the QTL affecting back
fat thickness on SSC7.

A graphical comparison of results obtained under the imprint-
ing and Mendelian models is shown in Fig. 1. The imprinted QTL
for back fat thickness on SSC2 maps 35 cM from the IGF2 region,
for which an imprinted QTL for muscularity and fat deposition
has been reported (16, 17). Although the confidence interval
does not exclude IGF2 as a candidate gene, our results indicate
that an additional imprinted QTL is present more proximal on
this chromosome. The reported QTL in the IGF2 region pri-
marily controlled muscularity (16, 17), whereas in the present
study, we found no evidence for a QTL affecting muscle depth
on SSC2. All three studies provided convincing evidence for a
QTL, which rules out chance as a cause for the observed
differences in affected traits between studies. The discrepancies,
however, might very well be due to the differences in founder
populations, in particular between the Piétrain, wild boar, and
Meishan breeds. Also, differences in age and weight at which
carcass composition was measured may play a role.

The general outline of the comparative map between pig and
human for the regions of interest has been established‡ by using
bidirectional chromosome painting, a somatic cell hybrid panel,

‡The comparative map of the pig can be viewed at http:yywww.toulouse.inra.frylgcypigy
cytoycyto.htm. Alignment of the porcine cytogenetic and linkage map is adapted from
http:yysol.marc.usda.govygenomeyswineyhtmlsychromosomeolist.html.

Table 1. Genetic model for QTL affecting three body composition traits

Location

F ratio*

Inferred genetic model Confidence interval† QTL effect‡Paternal effect Maternal effect Dominance

Back fat thickness, mm
SSC2, 36 cM 24.07§ 2.85 0.51 Paternal expression 0–73 0.95 (0.20)
SSC7, 57 cM 30.27§ 49.35§ 0.04 Mendelian expression 38–72 22.30 (0.25)

Muscle depth, mm
SSC7, 56 cM 4.74 50.33§ 2.20 Maternal expression 41–72 21.69 (0.24)

Intramuscular fat content, %
SSC6, 23 cM 0.07 14.53§ 0.00 Maternal expression 0–52 0.14 (0.04)
SSC6, 117 cM 14.71§ 1.34 0.31 Paternal expression 90–150 20.13 (0.03)

*Partial F ratio for the individual components of a model including a paternal, maternal, and dominance component at the most likely position of the QTL.
†Empirical confidence intervals obtained by bootstrapping for the relevant model.
‡Estimates of QTL effects for the inferred genetic model. The additive effect (Mendelian expression) and the paternal or maternal effect (imprinting) are
expressed as the deviation of the Meishan allele (3, 19, 20). Standard errors of the estimates are in parentheses.

§P , 0.0001.
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and fluorescent in situ hybridization (refs. 22–24; Fig. 1). Genes
that have been mapped more precisely in pigs, by linkage analysis
or on the radiation hybrid panel (26), facilitated further refine-
ment of the comparative map. We realize that the comparative
map presented herein is not comprehensive and that some genes
originating from other chromosomes are reported but not rep-
resented in Fig. 1.

QTL affecting body composition traits in pigs can have
implications for obesity research in humans (20). Although
several obesity-related disorders that are reported in humans
and mice map to homologous regions of the imprinted QTL
found in this study (27), imprinting has been reported only for
the Prader–Willi Syndrome (HSA15q11.2-q12; refs. 9 and 10).

The QTL on SSC7 can be narrowed to a region homologous
with HSA6p21.3-p22. This region contains the major histocom-
patibility complex, including LTA, and shows extensive conser-
vation in gene order (28). Imprinted genes have not been
reported for this region in humans or mice (5).

For the maternally expressed QTL affecting intramuscular fat
content on SSC6p, several genes that map to the area are located
on HSA16q22-ter. No imprinted genes have been reported for
this region in humans. For the paternally expressed QTL affect-
ing intramuscular fat content on SSC6q, candidate genes MC5R

(29), FABP3 (30), and UOX (26) map between markers SW316
and S0003. These genes are located on human chromosomes
18p11.2, 1p33-p32, and 1p22, respectively, and in humans, im-
printing has not been reported for these regions. However, the
confidence interval of this QTL extends on both sides to
homologous regions in humans, where imprinted genes have
been reported: p73 on HSA1p36 and PEG3 on HSA19q13.4
(imprinted only in mice).

For SSC2, imprinting is reported for the IGF2 area, but until
now, homology to other imprinting clusters could not be estab-
lished clearly. Data on imprinting of the Wilms’ Tumor gene 1
(WT1) on HSA11p13 are contradictory (5).

Discussion
The progress of the genome projects, in particular the large
number of polymorphisms that have been characterized in many
species, has boosted the search for genes involved in multifac-
torial traits such as obesity, diabetes, and schizophrenia.
Genomic imprinting, however, is regarded to be a rare phenom-
enon and consequently is ignored in most studies. Our results
indicate that genomic imprinting might be a more common
phenomenon than previously thought. We detected five QTL, of
which four were subject to imprinting. For at least two of these

Fig. 1. Test statistic profiles for three porcine chromosomes that exhibit imprinting effects for one of the body composition traits: SSC2 and back fat thickness
(A), SSC6 and intramuscular fat content (B), SSC7 and muscle depth (C), and SSC7 and back fat thickness (D). The black line represents the test statistic for a
Mendelian QTL vs. no QTL. The blue line represents the test statistic for a paternally expressed QTL vs. no QTL. The red line represents the test statistic for a
maternally expressed QTL vs. no QTL. The black horizontal line denotes the 5% genome-wise threshold for the Mendelian model, and the blue line indicates
the same threshold for the imprinting models (thresholds for maternal and paternal expression were very similar and well within the sampling variance associated
with permutation testing). Homologous regions in humans are indicated as colored bars (22–24, 26).‡ Imprinted genes located within these human chromosomal
areas are listed at the bottom (5, 25).
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regions, imprinting has not been reported in pigs, and the known
homologies to humans and mice did not reveal obvious posi-
tional imprinted candidates. To our knowledge, only one study
has considered imprinting in a genome-wide analysis, and these
results indicated that uniparental expression, both paternal and
maternal, might indeed be involved in diabetes (31).

The statistical analysis presented herein provides information
on the mode of expression of genes. In addition, analysis under
different modes of expression increases the power of finding
genes. This increase is exemplified by the results for intramus-
cular fat content on SSC6, where significant evidence for QTL
was found only under the imprinting model. The approach is
implemented in this study for a cross between outbred lines but
can be extended to other designs and methods of analysis,
including mapping methods used in human genetic studies. For
implementation of the method proposed herein, it is essential
that parental origin of marker alleles can be derived for the
offspring. This requirement excludes studies based on F2 crosses
or a single backcross between inbred lines that are commonly
used in mice and rats (3). These model species have contributed
enormously to the current understanding of genetic variation.
The inability to detect imprinting in the most commonly used
mapping designs has certainly contributed to the current feeling
that imprinting is a rare phenomenon. The problem can be
overcome by producing one backcross population from F1
fathers as well as one from F1 mothers as applied by Clapcott et
al. (32) to demonstrate genomic imprinting for a major QTL
controlling susceptibility to trypanosomiasis in mice. Outbred
crosses, such as the cross between two pig breeds in our study,
are the ideal resource for detection of imprinted regions.

The model of analysis assumes that alleles at the QTL are fixed
in the parental lines. The QTL will be detected when the parental
lines carry different alleles, which is likely given the marked
morphological divergence between European and Chinese Mei-
shan pigs. If the fixation assumption is violated and the alleles at
the QTL are still segregating in either or both of the lines, the
power of its detection will be greatly reduced, and its effect will
be underestimated (33). Extreme QTL allele frequency differ-
ences between male and female parents could lead to the false
identification of imprinting for a Mendelian QTL. In our study,
this risk is small, because male and female parents were selected

randomly from the same F1 population. Furthermore, a large
number of parents reduces the chance of allele frequency
differences caused by sampling.

Genome-wide screens for QTL often result in estimates of
QTL positions that lack precision, which complicates the iden-
tification of the responsible gene. Knowledge of the fact that the
QTL is subject to imprinting will help in identifying the genes.
Expression studies aimed at the identification of monoallelic
expression of positional candidates will further aid the identifi-
cation of the gene(s) responsible for the observed QTL effect.
Genotypes of the parents can be used to discriminate between
random inactivation and parent-of-origin effects.

For the practice of animal breeding, identification of major
imprinted loci affecting body composition has several implica-
tions. Our results call for a revision of methods for genetic
evaluation that currently ignore non-Mendelian expression. The
net result of gametic imprinting is a reduction of the expected
phenotypic covariance between parents and offspring relative to
that between siblings. Identification of imprinted loci opens new
perspectives for crossbreeding, which is common practice in pig
breeding. Imprinted genes could further accommodate differ-
entiation between sow lines, which are required to have optimal
body composition to support their reproductive performance,
and between boar lines, to ensure high-quality pork.

Although the mechanisms underlying imprinting are not to-
tally unraveled (5), this study clearly demonstrates the important
role of imprinting for body composition traits. We strongly urge,
therefore, the inclusion of statistical testing for imprinting in
human and animal genetic research, both in genome scans and
in evaluating candidate genes.
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