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Figure 4. Tests for QTL with parent-of-origin effects on loin muscle area in the distal region of A) chromosome 10
and B) for 16-d weight in the distal region of chromosome 17.
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commercially used breeds of swine, Berkshire and
Yorkshire, by genotyping another 33 markers in re-
gions of interest; 2) to further develop tests for detec-
tion of QTL with parent-of-origin effects; and 3) to
implement these methods to further characterize QTL
for growth and meat quality traits in the Berkshire-
Yorkshire cross. Results obtained for these objectives
will be further discussed in the following.

Mendelian QTL Scan

Results of the new genome scan were in general
consistent with the previously reported results on the
same cross by Malek et al. (2001a,b), where a less
complete marker map was used. The increase of mark-
ers in regions of interest helped to uncover several
QTL that did not reach the suggestive level of signifi-
cance (5% chromosomewise) under the previous scan
and increased the level of significance of others. On
the other hand, several QTL that reached significance
in the previous scan dropped below the level of sugges-
tive significance, indicating that they may have been
false-positives. Nevertheless, the new scan resulted in
a net increase in the number of significant QTL at the
chromosome- and genomewise levels. Positions of most
QTL did not change at all or only slightly.

The increase in the number of QTL detected was
achieved by increasing the information content in
some areas. The most notable example is in Figure
2A for the marker interval SW2445-SW766 on SSC2,
where F-values for off-flavor score and drip loss in-
creased compared with the initial results of Malek et
al. (2001b) and reached genomewise significance after
adding marker SW1686. A new QTL for firmness was
also detected in the same region. Significant QTL for
backfat traits were also detected in the proximal area
of SSC2 after extending the map by genotyping two
additional markers (Figure 2A). This region harbors
the IGF2 gene, which has strong effects on muscle
mass and fat deposition (Nezer et al., 1999; Jeon et
al., 1999; de Koning et al., 2001a). New markers in
the distal region of SSC5 allowed identification of a
new QTL for water-holding capacity and an increase
in significance to the 1% genomewise level of QTL
related to backfat. Knott et al. (1998) also identified
QTL for backfat traits on SSC5, although not in exactly
the same region, but Milan et al. (2002) found QTL
for leanness traits on SSC5 in the same chromosomal
region as in the current study. New QTL were also
discovered on several other chromosomes. Although
not every newly detected QTL can be confirmed by
literature because the definition of traits are different
or the traits have not been analyzed in other studies,
our findings are consistent with previous results from
this cross, as reported by Malek et al. (2001a,b) regard-
ing the segregation of important QTL for growth and
meat quality traits between the Berkshire and York-
shire breeds.
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QTL with Parent-of-Origin Effects

Methods for Detection. The standard strategy for
QTL detection using least squares regression involves
fitting the Mendelian model at each position along the
chromosome, identifying the position with the highest
test statistic, and determining its level of significance.
With the advent of searches for QTL with parent-of-
origin-effects (e.g., Knott et al., 1998; de Koning et al.,
2000), a complication is added by the need to choose
among several alternative models, each of which can
be fitted along the chromosome and tested against al-
ternative models. This opens a debate about the best
sequence and type of tests to conduct, at which posi-
tions to conduct these tests, and of the significance
thresholds levels to use.

Knott et al. (1998) proposed to detect QTL with par-
ent-of-origin effects by testing a full model against the
Mendelian model based on a comparisonwise test at
the best position for the Mendelian model. Their full
model was the same as the Mendelian model but with
addition of an effect for the contrast between the two
types of heterozygotes (12 vs. 21). De Koning et al.
(2000) solved for the inability of the imprinting model
of Knott et al. (1998) to identify the mode of expression
(paternal or maternal) by reparameterizing this model
by fitting separate effects of paternal and maternal
alleles, equivalent to the full model fitted in this study.
They compared their full model with models that con-
tained only the paternal or the maternal effect. Im-
printing was inferred if one of the parental contribu-
tions was significant from zero and the contribution
from the other parent and dominance were not signifi-
cant. This test does, however, not evaluate whether
the two parental contributions are different from each
other, which is needed to test for significant deviations
from Mendelian expression. In addition, the test was
conducted at a comparisonwise level at the best posi-
tion for the imprinting model, which may be different
from the best position for the Mendelian model. The
same test was applied in de Koning et al. (2001a,b).

Recently, de Koning et al. (2002) used simulation to
compare three alternative tests to identify QTL with
parent-of-origin effects. All tests were applied to cases
in which a significant QTL was detected using either
the paternal or the maternal expression model. Their
first test was identical to our test of the full model
against the Mendelian model and to the test of Knott
et al. (1998), except it was carried out at the position
of the best QTL using a comparisonwise threshold. In
contrast, Knott et al. (1998) conducted the test at the
best position for the imprinted QTL, whereas our test
of the full against the Mendelian model was evaluated
against a chromosomewise threshold. The second test
evaluated by de Koning et al. (2002) was identical to
the test used by de Koning et al. (2000, 2001a,b): the
full model was evaluated against the significant im-
printing model at the best position of the imprinted
QTL. Their third test inferred imprinting only if both
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the first and second tests pointed toward imprinting.
De Koning et al. (2002) showed that, although the first
test is in general more liberal in declaring imprinted
QTL, the first and second tests could lead to higher
than desired rates of detection of spurious imprinting
in some situations, in particular when the QTL was
segregating within the parental breeds and the num-
ber of F'; sires was low. Applying both tests simultane-
ously was the least liberal in declaring imprinting.

The testing procedure for imprinting that was em-
ployed in the current study differs from the tests pro-
posed by de Koning et al. (2002) in both the sequence
of tests and the derivation of significance thresholds.
Both will result in a more stringent test for declaring
imprinting compared with the test used by de Koning
et al. (2000, 2001a,b) and is the main reason for the
lower proportion of QTL with parent-of-origin effects
in this compared with their studies. The main justifi-
cation for a somewhat conservative attitude toward
declaring imprinting is that imprinting should be con-
sidered as the exception rather than the rule. Thus,
substantial evidence is needed to reject Mendelian ex-
pression. This also provided the basis for the sequence
of tests that was used to declare parent-of-origin ef-
fects in the current study (see Figure 1). Thus, the
genome was first scanned using the Mendelian model,
followed by tests of the full against the Mendelian
model in regions where the Mendelian model was sig-
nificant, and by tests of the full against the no QTL
model in regions where the Mendelian model was not
significant. Compared with the approach of de Koning
et al. (2000, 2002), who conducted a complete scan of
the genome using the Mendelian, paternal, and mater-
nal expression models, this approach may identify
slightly fewer QTL regions because the larger degrees
of freedom of the full model reduces the power to detect
QTL that are truly imprinted. Once imprinting has
been declared based on the first set of tests, the re-
mainder of the decision tree (Figure 1) involves de-
termining the nature of the parent-of-origin effect, by
testing the full model against both the paternal and
maternal expression models.

The second difference between the tests for im-
printing proposed here vs. those used previously is the
way in which significance thresholds were determined.
In contrast to the comparisonwise tests conducted at
either the best position for the Mendelian QTL (Knott
et al., 1998) or at the best position for the imprinted
QTL (de Koning et al. 2000, 2001a,b, 2002), chromo-
somewise thresholds were used here. The rationale for
using chromosomewise thresholds for comparison of
alternative expression models is that the best position
may differ between models and estimates of position
have large confidence intervals, often covering a large
part of the chromosome. Thus, models must be com-
pared across the QTL region, which involves multiple
correlated tests.

We developed specialized permutation tests to ac-
count for the multiple tests conducted when comparing

2225

two models. Simulation results (Table 2) demonstrated
that these tests result in appropriate control of type I
errors. One limitation of the derived thresholds is that
the tests, as implemented in the decision tree, are not
independent but thresholds were derived for each step
in the decision tree, without taking results from previ-
ous steps into account. In principle, thresholds must
be derived conditional on previous decisions but this
overly complicates the permutation strategy. Despite
this limitation, we can state that our strategy enables
detection of both QTL showing Mendelian inheritance
and QTL showing parent-of-origin effects and that it
is able to distinguish QTL with parent-of-origin effects
from those with Mendelian expression.

It is important to note that evidence of parent-of-
origin effects identified using this strategy does not
necessarily imply imprinting. Parent-of-origin effects
in an F, design such as analyzed here, can also be
caused by QTL that segregate within the parental
breeds, which can cause a different frequency of QTL
alleles among F; dams vs. Fy sires, in particular if the
number of F; parents is small, as demonstrated by de
Koning et al. (2002). Our simulation results (Table 2),
however, demonstrate that for our design and testing
strategy, segregation of QTL does not result in a large
increase in false-positive rates for tests for imprinting.
These simulations, as well as those of de Koning et al.
(2002), however, were based on the assumption that
markers and QTL are in equilibrium in the parental
breeds. This is important when considering that evi-
dence for parent-of-origin effects in an Fy design comes
from markers that segregate within the parental lines;
markers that are fixed for alternate alleles in the pa-
rental breeds, as is the case for inbred lines, do not
allow distinction of parental origin of alleles in hetero-
zygous Fy progeny because the progeny and both F;
parents have the same heterozyous genotype. Tracing
parental origin of marker alleles in heterozygous Fs
progeny, therefore, requires the F; sire and dam to
have inherited different marker alleles from at least
one of the parental breeds. This can result in false
detection of parent-of-origin effects for Mendelian QTL
if the marker and QTL are in disequilibrium in the
parental breed (M. Georges, University of Liege, Bel-
gium, personal communication).

In this study, partial imprinting was inferred if both
the maternal and paternal allele had significant effects
but they were significantly different from each other,
as suggested by de Koning et al. (2002). Although alter-
native hypothetical models could explain such find-
ings, partial imprinting has been described by Jirtle
(1999) for the M6P/IGF2R gene in humans.

Detected QTL. Several regions with parent-of-origin
effects were identified in the Berkshire x Yorkshire
cross, using the proposed approach (Table 4). Although
the number of QTL with parent-of-origin effects was
much lower compared with results described by de
Koning et al. (2000, 2001a,b), Knott et al. (1998) identi-
fied only four QTL with parent-of-origin effects in two
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different regions across the entire genome, whereas
Quintanilla et al. (2002) detected three QTL showing
parent-of-origin effects on SSC9 by using similar
methods as Knott et al. (1998). Milan et al. (2002) also
used the approach of Knott et al. (1998) and identified
five regions showing parent-of-origin effects, on chro-
mosomes 6, 7, 9, and 17. Differences in numbers of
QTL with parent-of-origin effects are primarily deter-
mined by the approach for detection and the procedure
of significance testing, as well as by the number and
nature of traits and populations analyzed. Some QTL
with parent-of-origin effects detected in the current
study confirm results of de Koning et al. (2000,
2001a,b), Rattink et al. (2000), Nezer et al. (1999), and
Jeon et al. (1999), as will be discussed below.

One of the major regions shown to harbor QTL with
parent-of-origin effects in our study was on SSC1 for
backfat traits (Table 4, Figure 3A). So far, no other
study has detected parent-of-origin effects for backfat
traits within this region. This region might be of spe-
cial interest because this porcine genomic region may
be conserved in HSA15 (Goureau et al., 1996), in which
the Prader-Willi syndrome is harbored, which is
known to be affected by imprinting in humans (Buiting
et al., 2001).

The IGF2 region on SSC2 had several QTL with
strong paternal expression effects on muscle mass and
fat deposition (Table 4, Figure 2). These results con-
firm earlier studies by Nezer et al. (1999), Jeon et al.
(1999), and de Koning et al. (2000). Recently, Georges
et al. (2003) mapped the apparent causative polymor-
phism for this QTL to IGF2. Hirooka et al. (2001) iden-
tified a paternally expressed QTL for teat number in
the same genomic region.

Our results also identified maternal expression of a
QTL for lipid percent on SSC6, which partially con-
firms a maternally expressed QTL for drip loss in the
same region by de Koning et al. (2001a). De Koning
et al. (2001a) also identified a maternally expressed
QTL for intramuscular fat content about 50 ¢cM proxi-
mal to our lipid percent QTL on SSC6. Although not
confirmed by other studies, we detected a Mendelian
QTL for chewiness score at 54 cM on SCC6, which is
correlated to sensory evaluations of the porcine longis-
simus muscle (Huff-Lonergan et al., 2001).

Several QTL with maternal expression for meat
quality traits were mapped to the same region of SSC9
(Table 4). These results agree with de Koning et al.
(2001a), who detected maternal expression for shear
force and pH in a similar region. Milan et al. (2002)
found QTL with parent-of-origin effects for belly
weight and the percentage of ham and loin in the car-
cass in the same region, but did not provide informa-
tion on the direction of expression (paternal vs. mater-
nal). Quintanilla et al. (2002) revealed imprinted QTL
affecting growth traits in the distal region of SSC9.
We identified Mendelian QTL for the same type of
traits in the same chromosomal region (Table 3).
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Several QTL with parent-of-origin effects on growth
and meat quality traits were also identified on SSC10
(Table 4; Figure 4A). Within the distal region of our
paternally expressed QTL for loin muscle area, de Kon-
ing et al. (2001b) located a paternally expressed QTL
for early growth. Another QTL with parent-of-origin
effects on early growth was identified by Knott et al.
(1998) in the distal region of SCC10.

We also detected two QTL with parent of origin-
effects affecting meat quality traits on SSC15 (Table
4). Previous studies (Malek et al., 2001b) detected QTL
for meat quality on this chromosome using a Mende-
lian model, but, so far, no other study has detected
imprinted QTL on this chromosome.

Two maternally expressed QTL that influence per-
formance traits were detected on SSC17 (Table 4, Fig-
ure 4B). De Koning et al. (2001b) also reported a mater-
nally expressed QTL for lifetime growth on SSC17,
but the identified genomic region was about 75 cM
proximal to our QTL. Our results might be confirmed
by findings in humans because this porcine genomic
region is conserved in HSA20 (Lee et al., 2001). Davies
and Hughes (1993) have implicated GNASI as a ma-
ternally expressed gene in this conserved region in
humans for the inheritance pattern of Albright’s he-
reditary osteodystrophy.

Some QTL with parent-of-origin effects detected by
other studies could only be identified as Mendelian
QTL within our study. This includes QTL with parent-
of-origin effects on SSC4 identified by Knott et al.
(1998). We detected Mendelian QTL for lumbar and
last-rib backfat in a nearby region. De Koning et al.
(2001Db) also detected a maternally expressed QTL for
growth on test in a similar region. De Koning et al.
(2000) also detected maternal expression of a QTL for
muscle depth on SSC7, which could not be confirmed in
our study. We did, however, detect several Mendelian
QTL, with significant effects on growth and composi-
tion, in the same chromosomal region.

Nature of Parent-of-Origin Effects. For most of the
QTL showing parent-of-origin effects, biological rea-
sons for the inherited mode are difficult to derive. Most
of the traits investigated here, in particular those re-
lated to meat quality, have not been considered in the
mouse or human, which are the two most extensively
studied species with regard to imprinting. Evolution-
ary reasons behind the presence of parent-of-origin
effects are also unclear, although several theories ex-
ist. One of the best accepted theories is based on the
conflict hypothesis, as proposed by Tycko and Morison
(2002), which seeks to explain the evolutionary devel-
opment of imprinting mechanisms by positing opposite
maternal vs. paternal “drives” to control allocation of
maternal resources to the conceptus. The father will
propagate his genome most efficiently if his germline
imprints genes in a pattern that promotes growth of
his offspring, both in utero and in the postnatal period.
The mother, by contrast, is postulated to propagate
her genome more successfully by imprinting genes to
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prevent undue metabolic demands on her resources
by any single conceptus or by any single pregnancy.

The conflict hypothesis model makes a strong predic-
tion that the mode of expression of a gene should corre-
late with its function. Genes that are paternally ex-
pressed are predicted to promote growth of the off-
spring or in some other way increase demands on
maternal resources, whereas maternally expressed
genes should have the opposite effect and tend to con-
serve resources to divide them among more offspring
and to maximize reproductive performance on the fe-
male. In our study, QTL with parent-of-origin effects
for growth-related traits tended to be paternally ex-
pressed (11 out of 17), whereas those for meat quality
QTL tended to be maternally expressed. Hermesch et
al. (2000) found nonzero genetic correlations between
reproduction traits and meat quality traits for Austra-
lian pigs, which may explain the excess of maternally
vs. paternally expressed QTL for meat quality traits.
Further research is, however, needed to evaluate
these conjectures.

Implications

This study has confirmed previous quantitative trait
loci for economic traits, identified several new quanti-
tative trait loci, and characterized their mode of inheri-
tance using new statistical approaches to identify par-
ent-of-origin effects. Results are based on two commer-
cially used breeds, thereby making the results more
relevant to the industry. Follow-up research is needed
to further characterize these quantitative trait loci
using fine mapping or candidate gene approaches, and
to identify corresponding quantitative trait loci in
other crosses and within commercial breeds. This will
enable the use of these quantitative trait loci in the
industry, in particular those identified for meat qual-
ity, which is difficult to select for in conventional strat-
egies. Characterization of the mode of inheritance of
the quantitative trait loci is important to enable their
proper incorporation into selection programs and to
allow breeders to derive specific crossbreeding and
mating combinations to optimize the genetic constitu-
tion of animals in relation to their role in the produc-
tion system.
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