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Abstract. This thesis deals with the identification of genes controlling intramuscular fat and 
backfat thickness. Markers linked to quantitative trait loci (QTL) for these traits in the cross 
between Meishan x Large White breeds will lead to the identification of the underlying 
genetic causes. A whole-genome scan revealed significant evidence for five QTLs affecting 
body composition, of which four were imprinted. Additional markers were typed in this cross 
to further investigate the regions on pig chromosome (SSC) 2, SSC4 and SSC7. Imprinting 
analysis revealed a genome wise significant paternally expressed QTL on SSC2. A radiation 
hybrid (RH) map was constructed for SSC2. Comparison of the porcine RH map with 
homologous human chromosomes identified four conserved segments between SSC2 and 
HSA11, HSA19, and HSA5. To improve the existing comparative map for SSC2 and increase 
the gene density on this chromosome, a porcine BAC library was screened. Sequences from 
the BACs were compared with sequences in the nucleotide databases to identify homology 
with other mammalian sequences. For the investigation of the borders of the conserved 
segments between SSC2 and HSA11 genes located on HSA11 were mapped to SSC2. This 
resulted in refinement of the borders of the conserved segments and in the detection of a new 
rearrangement in the comparative map between HSA11 with the porcine genome. Through 
the use of radiation hybrid maps that include both Type I and II markers, homologous 
chromosomal locations for QTL of specific traits can be identified in other species. The 
conservation of genome organisation between pig, man and mouse makes it possible to take 
advantage of genetically well-characterised species for the selection of candidate genes for 
the imprinted QTL for backfat thickness on SSC2. Human obesity research can help to 
determine the direction and give clues for further porcine fat trait related genetic research, but 
emphasis should be on better understanding of the fat traits in pigs themselves and 
improvement of the genetic map of the pig. 



Stellingen 

1. Als een kenmerk eenmaal is gelokaliseerd in een chromosomale regio door QTL mapping, is het 

identificeren van de onderliggende genen een significant probleem. Ditproefschrift 

2. Zelfs al levert het humane genetische vetzucht-onderzoek aanwijzingen voor rugspek-dikte en 

intramusculair vet in het varken, meer nadruk zal moeten liggen op het verbeteren van de kennis 

van het varkens-genoom en fysiologie van het varken voor volledig begrip over het varkens vet-

metabolisme. Dit proefschrift 

3. Niet alleen genetische veranderingen, maar juist ook epigenetische activiteiten zoals inprenting 

zorgen voor de mogelijkheid om te reageren op verschillen in de omgeving. Vrij naar Pennisi, 

2001, Dit proefschrift 

4. De opmerkelijke overeenkomsten tussen de mens en de muis voor monogenetisch bepaald 

vetzucht geven een ontdekkingsbias aan omdat de zoektocht naar de meeste humane mutaties 

zijn geleid door eerder beschreven muis-mutaties. Barsh et al., 2000 

5. Iemand heeft pas gelijk als zijn gelijk past bij het gelijk van de mensen in wier gezelschap hij 

zich bevindt. Vrij naar J.J. Voskuil, Het Bureau deel 5 

6. Het invoeren van stemplicht geeft naast bijna een verdubbeling van het aantal uitgebrachte 

stemmen een betere afspiegeling van de samenleving in de politiek. 

7. "All animals are equal, but some are more equal than others", gaat zeker op bij het afgeven van 

verblijfsvergunningen in Nederland. 

8. Veel mensen laten zich in hun airconditioned werkruimte onnodig be'invloeden door het weer 

buiten. 
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General Introduction 
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In recent years, genome research in livestock animals such as cattle, pig and chicken has 

increased enormously. The discovery of highly polymorphic microsatellite markers in the 

livestock genomes and the completion of the sequencing of the human genome have a high 

impact on animal genome research. This has led to the construction of genetic linkage maps in 

farm animals and subsequently in a large number of linkage studies, with the aim to localise 

genes involved in all sorts of production traits of these species. Markers linked to these 

quantitative trait loci will lead to the identification of the underlying genetic causes. 

Identification of these markers, and more preferably the genes themselves, will allow breeders 

to select more accurately on important performance traits. In this thesis, the identification of 

genes controlling fatness in the pig and in particular genes controlling intramuscular fat and 

backfat is described. 

Backfat thickness and intramuscular fat 

White adipose tissue is the major energy reserve in higher eukaryotes. Storing energy-

dense triglyceride in periods of energy excess and its mobilisation during energy deprivation are 

its primary purposes (Gregoire et al, 1998, Friedman and Halaas, 1998). Fat is deposited in four 

different depots in the body; subcutaneous (backfat), visceral, intermuscular and intramuscular 

fat (Kouba et al., 1999). The two fat depots of greatest interest to pig breeders are backfat, 

accounting for 60 to 70% of total body fat and intramuscular fat. 

At birth, lipid storage of the piglet is low (1 to 2%), but a ten times increase is reached at 

12 days of age. The cellular development of pig adipose tissue has three successive phases: a 

dominant hyperplasy between 7 and 20 kg, a hyperplasy and hypertrophy between 20 and 70 kg 

and a predominantly hypertrophy beyond 70 kg of live weight (Mourot and Hermier, 2001). 

Backfat is the earliest maturing fat depot, while intramuscular fat is the latest maturing 

(Kolstad, 2001). It is widely accepted that differences in the amounts of fat and fat distribution 

exist between and within pig breeds (Kolstad, 2001). In addition, metabolic differences between 

genetically obese and control pigs are already apparent in the pre-obese state prior to birth when 

foetuses have only 1-2% body fat. 

Selection against backfat thickness to obtain leanness has been very important in pig 

breeding schemes. Reduced carcass fatness brings benefits in both improved carcass quality and 

efficiency of production. Reducing overall fatness, however, also influences the other fat 

depots. The level of intramuscular fat will reduce, which may reduce quality traits such as 

tenderness, juiciness and taste of the meat (Hovenier, 1993). The optimum range of 
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intramuscular fat content for pig meat has been suggested to be 2-3% (DeVol et al., 1988). 

However, the correlation between backfat thickness and intramuscular fat is not undisputed. 

Kouba and co-workers (1999) state that the development of intramuscular fat and backfat 

thickness are partially independent and that the development of intramuscular fat may be 

determined at an early stage, before 20 kg. In their study, intramuscular fat was more developed 

in genetically lean pigs than in genetically fat pigs. Others, however, claim that the correlation 

between intramuscular fat content and backfat thickness and carcass growth is negligible 

(Casteels et al., 1995). This would indicate that different genes are involved in intramuscular fat 

and backfat development. The identification of these genes and implementation in breeding 

schemes could lead to increasing intramuscular fat levels in pigs, without negative 

consequences for backfat thickness and carcass growth. 

Quantitative Trait Loci Mapping 

Fatness in pigs and other traits like milk production in cows and disease resistance are 

quantitative traits. Quantitative traits show a continuous distribution of phenotypic values rather 

than the discrete values observed for a qualitative trait. Quantitative traits are usually controlled 

by multiple genes and in addition are influenced by environmental factors. Two approaches can 

be followed for the identification of genes involved in fatness traits in the pig: the candidate 

gene approach and the genome scan approach. 

Based on the physiology and biology of the trait, candidate genes that are expected to 

influence the trait can be investigated for association with the trait. This approach can be very 

powerful to detect even loci with small effects. For example, the melancortin-4 receptor 

(MC4R) gene has a role in regulation of body weight in humans and mice. In pigs, a significant 

association of porcine MC4R genotypes with backfat has been reported (Kim et al., 2000). 

However, for fatness in pigs many candidate genes have already been identified that can be 

investigated. Many more are present in the genome, but have not yet been investigated because 

of the present limited knowledge of gene functions. Therefore, it is more convenient to evaluate 

all these in one genome scan. 

In a total genome scan the segregation of a large number of genetic markers across the 

genome with the phenotypic trait of interest can be traced (Geldermann et al., 1996). A 

quantitative trait locus (QTL) is defined as a chromosomal region harbouring genes controlling 

variation in quantitative traits (Andersson, 2001). For QTL mapping no prior knowledge about 

the biology of the trait is needed. Several genome scans identifying QTLs involved in fatness 

and growth traits have been reported in pigs (reviewed by Rothschild, 1998). However, once a 
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trait has been located in a large chromosomal region through QTL mapping, identifying the 

underlying gene remains a significant problem. 

Comparative mapping 

The conservation of genome organisation between species makes it possible to take 

advantage of genetically well-characterised species as man and mouse for the improvement of 

the less characterised genomes of livestock species. Evolutionary conserved genes often have 

similar structure and function and important regulatory elements may be conserved even 

between distantly related organisms whose genomes may have little or no similarity overall 

(Onyango et al., 2000). However, during evolution chromosomal rearrangements invariably 

occur, disrupting some of the ancestral linkages. Closely related species usually accumulated 

fewer rearrangements and therefore have long conserved segments (Nadeau and Sankoff, 1998). 

Most existing genetic linkage maps of domestic animals are ill-characterised. They exist 

mainly of random DNA markers (Type II markers). Type II markers have been used extensively 

to saturate the genetic maps of various species because of their technical advantages and high 

degree of polymorphism. However, Type II markers are seldom informative across mammalian 

orders and therefore are not suitable for the comparison of genetic maps from different species. 

Conversely, molecular markers for functional genes (Type I markers) conserved across species 

can be used for this purpose (Caetano et al., 1999). 

Comparative mapping between the pig and human genome revealed extensive 

conservation of synteny between the genomes through heterologous chromsomal painting 

(Rettenberger et al., 1995). Rearrangements in gene orders within syntenic genomic regions 

were detected between man and pig in comparative mapping studies based on genes mapped on 

the linkage maps of both species (Johansson et al., 1995). Comparative mapping has advanced 

by the introduction of somatic cell hybrid (SCH) and radiation hybrid (RH) panels. These 

panels consist of a set of cell lines that contain a random set of fragments of irradiated porcine 

genomic DNA in a hamster background. QTLs in pigs are primarily located on linkage maps 

which contain mainly Type II markers. On the SCH and RH maps Type I and Type II markers 

are integrated, providing the identification of homologous chromosomal locations for the QTLs 

in other species. 
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An introduction to imprinting 

Besides the changes in the DNA code itself, a wide range of phenomena influence gene 

expression at different levels. These so called epigenetic activities include gene regulating 

activities that do not involve changes to the genetic code and that can be passed on to one or 

more generations (Pennisi, 2001). In this way, the DNA code itself does not have to be altered 

for cells to be able to respond to environmental changes. Just as mutations alter DNA, 

epimutations alter DNA methylation or chromatin patterns (Reik and Walter, 2001). Imprinting 

is one of the phenomena that can influence gene expression at the level of post-DNA-

transcription. Imprinting is defined as genes or whole chromosomes that can be silenced, 

activated, or even deleted depending on their parental origin (Ohlsson, 1999). Some genes can 

be kept in active (transcribed) state and others can be held inactive (silenced) in some cell types 

and during different stages in life. These parent-specific effects can for instance be seen in mule 

breeding. A mare crossed with a donkey yields a mule, whereas a stallion crossed with a donkey 

produces a hinny. 

In man, approximately 40 genes are known to have imprinting effects. A sizeable 

number of these genes are involved in fetal growth, where paternally expressed genes enhance 

fetal growth and maternally expressed genes suppress fetal growth. Clustering of imprinted 

genes is seen in several regions, for example on human chromosome (HSA) l ip 15.5. The 

expression patterns of the genes in these clusters can differ. Some genes are paternally 

imprinted, meaning that the maternal allele will be expressed and other genes in that cluster are 

maternally imprinted, resulting in expression of the paternal allele. The organisation of all 

clusters is similar: reciprocally expressed genes are located next to each other, genes coding for 

RNA that is not translated into a protein are present and CpG islands, which function as strong 

promotors and in addition might serve as replication origins, separate the genes within a cluster 

(Jones and Takai, 2001; Pennisi, 2001). 

For all genes and all clusters, methylation seems to play a key role in imprinting. The 

addition of methyl groups to the DNA plays a role in silencing of genes and the methylation 

pattern carries over from one generation to the next. Methyl groups are known to affect protein-

DNA interactions, and thus in general repress gene activity (Razin and Shemer, 1999). During 

two developmental stages the methylation patterns are reprogrammed genome wide. Both in 

germ cells and preimplantation embryos, reprogramming plays a role in generating cells with a 

broad developmental potential and in the erasure of the acquired epigenetic information (Reik 

and Walter, 2001). Failure to methylate DNA correctly has been associated with many human 

diseases (Robertson and Wolffe, 2000). Animals that miss the enzyme to methylate the DNA 
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have embryonic developmental problems and methylation is also required for development after 

birth (Jones and Takia, 2001). 

In addition to the methylation of the DNA, chromatine structure, silencers, histons, 

boundary elements and other chemical modifications are playing a role in the imprinting of 

genes. Imprinting effects can also be seen in the construction of transgenic animals, where 

problems in the development of the transgenic animals and abnormalities are observed (Reik 

and Walter, 2001). 

Aim and outline of this thesis 

This thesis deals with the identification of genes controlling fatness in the pig and in 

particular genes controlling intramuscular fat and backfat thickness. Markers linked to QTL 

controlling intramuscular fat and backfat thickness in the cross between Meishan x Large White 

breeds will lead to the identification of the underlying genetic causes. Identification of genetic 

markers linked to separate genes controlling these fat traits would be a major step-forward, 

enabling animal breeders to select separately for the two traits. De Koning et al. (1999) 

described the detection of large QTLs for fatness traits on SSC2, SSC4, and SSC7. In Chapter 2 

the QTL analysis is described with additional markers on SSC2, SSC4 and SSC7 and 

imprinting analysis for fatness traits. This imprinting analysis was subsequently extended to the 

entire genome (Chapter 3). In the project research emphasis was put on SSC2 since the QTL 

detected on this chromosome is imprinted. Chapter 4 describes the construction of a high-

resolution comparative radiation hybrid map of SSC2. To further improve the comparative map 

of pig chromosome 2 and the homologous regions on the human genome bacterial artificial 

chromosomes (BACs) located in the QTL region were sequenced and compared with human 

and mouse sequence databases (Chapter 5). Chapter 6 deals with the refinement of the borders 

of the conserved segments, and the mapping of additional genes on the porcine genome. 

Finally, in Chapter 8 the results of this thesis are discussed and implications of this work are 

explored. 
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Abstract 

Quantitative Trait Loci (QTL) for fatness traits were reported recently in an experimental 

Meishan x Large White and Landrace F2 cross. To further investigate the regions on pig 

chromosome 2 (SSC2), SSC4 and SSC7, a set of 25 additional markers from these regions 

were typed on 800 animals (619 F2 animals, their Fl parents and F0 grandfathers). Compared 

to the published maps, a modified order of markers was observed for SSC4 and SSC7. 

QTL analyses were performed both within the half-sib families as well as across families 

(line cross). Furthermore, a QTL model accounting for imprinting effects was tested. 

Information content could be increased considerably on all three chromosomes. Evidence for 

the backfat thickness QTL on SSC7 was increased and the location could be reduced to a 33 

cM confidence interval. The QTL for intramuscular fat on SSC4 could not be detected in this 

half sib analysis, whereas under the line cross model a suggestive QTL on a different position 

on SSC4 was detected. For SSC2, in the half-sib analysis a suggestive QTL for backfat 

thickness was detected with the best position at 26 cM. Imprinting analysis, however, 

revealed a genome wise significant paternally expressed QTL on SSC2 with the best position 

at 63 cM. Our results suggest that this QTL is different from the previously reported 

paternally expressed QTL for muscle mass and fat deposition on the distal tip of SSC2p. 

Introduction 

For the mapping of QTLs representing major genes for meat quality traits in livestock a 

whole genome can be scanned using genetic markers. Over the past few years, several 

experimental crosses have been used to detect QTLs for fatness and meat quality traits in pigs 

(Rothschild et al. 1995, Milan et al. 1998, Moser et al. 1998, De Koning et al. 1999). 

However, the identification of the underlying genes causing the QTL effect still remains a 

challenging task. Fine mapping of the QTL region in combination with selection of candidate 

genes is a way to localize and characterize the gene(s) underlying the QTL in question (Fisler 

etal. 1997). 

Previously, we described a total genome scan using an experimental cross between Meishan 

and Large White (De Koning et al. 1999). The traits examined in that study were backfat 

thickness (BFT) and intramuscular fat content (IMF). Low BFT levels are desired by both 

consumers and meat industry. Selection against high BFT levels also decreases IMF levels, 

which reduces the tenderness and juiciness of the meat. Very high levels of IMF, however, 

13 
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are not desirable because consumers do not like visible fat within the meat. The study 

revealed a genome wise significant QTL on SSC7 for BFT as well as suggestive QTLs for 

IMF on SSC4 and for BFT on SSC2. In this paper, we report the typing of additional markers 

in the same population (800 animals) to further investigate these QTL regions. The QTL 

analyses were performed using two different models; the line cross model assuming that the 

different alleles of the QTL are fixed in the founder lines (De Koning et al. 1999) and a half-

sib analysis. Recent publications have revealed a maternally imprinted QTL for muscle mass 

and fat deposition on the distal tip of SSC2p (Jeon et al. 1999, Nezer et al. 1999). For our 

study also a model accounting for monoallelic expression was used to analyze the data. The 

imprinting model was adjusted afterwards to test for maternal or paternal expression. 

Materials and methods 

Population and traits. A detailed description of the animals used in this study was given 

previously (De Koning et al. 1999). Briefly, a cross between Meishan and Dutch Large White 

and Landrace lines was established for detection of major genes (Janss et al. 1997a, 1997b). 

The F2 design cross consisted of 39 half-sib families, 19 of which were used for this study. 

The selection of the 19 families was based on their likely presence of a major gene for 

intramuscular fat content (Janss et al. 1997a). From the 619 F2 offspring, 418 animals had 

phenotypic data for meat quality traits. In this study the results for BFT and IMF are 

presented. BFT was measured with the Hennessy Grading Probe between the third and fourth 

rib of a carcass, 6 cm from the spine. In a sample of Musculus longissimus IMF was 

determined by petroleum ether extraction (Hovenier et al. 1992, De Koning et al. 1999). 

Genotyping and map construction. DNA for genotyping was isolated from frozen blood or 

tissue (spleen, liver). For the total genome scan, 127 microsatellite markers covering the 18 

autosomes and the sex chromosomes had been typed on 19 F0 Meishan grandparents, 150 Fl 

parents and their 619 F2 offspring (De Koning et al. 1999). For this study, an additional 25 

microsatellite markers were typed which are located on SSC2, SSC4 and SSC7. The markers 

used and their map position and allele sizes are summarized in Table 1. Genotyping of the 

microsatellite markers was done as previously described (Groenen et al. 1996, De Koning et 

al. 1999). PCR reactions for all microsatellite markers were performed separately in a 

PTC100 thermocycler (MJ Research) in a final reaction volume of 12 ul. PCR products of 

different markers were subsequently pooled and loaded on an ABI 373 automated sequencer 

14 
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(Perkin Elmer Biosystems, Forster City, CA, USA). Fragment sizes were calculated using the 

GENESCAN 2.1 fragment analysis and GENOTYPER 2.0 software (Perkin Elmer 

Biosystems, Forster City, CA, USA). Linkage analysis was performed using the CRIMAP 

software package version 2.4 (Green et al. 1990). Multipoint maps were made using the 

CRIMAP build option. The FLIPS 5 option was used to check the marker order. 

QTL analyses. Analyses were performed according to De Koning et al. (1999). Two types of 

analyses were used. First a half-sib analysis design following Knott et al. (1996) in which 19 

paternal half-sib families were tested, assuming no fixation of the QTL alleles in the founder 

lines. Secondly, a line cross analysis (Haley et al. 1994) was carried out where additive and 

dominance effects were estimated under the assumption that the two founder lines are fixed 

for the different alleles at the QTL of interest. 

Under the line cross model it was also possible to test for imprinting. First an additional 

imprinting term was fitted, as suggested by Knott et al. (1998). If this was significant the 

model was modified to test whether there was maternal or paternal expression (i.e. paternal or 

maternal imprinting, respectively). In this reduced model, only a paternally or maternally 

expressed effect was fitted. In addition, if imprinting was detected a test to determine whether 

the reduced imprinting model fitted the data better than the line cross model was performed. 

Information content and significance thresholds. Under all models used the information 

content is proportional to the variance of the estimators that are used in the regression 

analyses. For the line cross model, when the variance of the estimator of the additive effect 

plus twice the variance of the estimator of the dominance effect at a given position is large, it 

indicates good marker information in that area. The information content has a maximum of 

1.125 when the marker is typed in all offspring, of which 75% is homozygous and the marker 

is fully informative (Knott et al 1998), but in this study is scaled to vary between 0 and 1. For 

the half-sib analysis a similar procedure was followed (Spelman et al 1996). Two significance 

levels were used in this study. The first one is suggestive linkage where one false positive is 

expected to occur in a total genome scan (Lander and Kruglyak, 1995). Since the porcine 

genome is about 21 Morgan the threshold for suggestive linkage is often very close to the 

chromosomewise 5% threshold. The most stringent threshold is genomewide significance 

where a 5% risk of a false positive is assumed in a genome scan (Lander and Kruglyak, 

1995). Both thresholds were derived empirically by permutation tests. For details see De 

Koning et al. (1999) and Churchill and Doerge (1994). Bootstrapping under the relevant 

15 
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genetic model was applied to determine the confidence intervals (C.I.) for the observed 

QTLs. The best test statistic from each of 10000 bootstrap replicates was stored and sorted in 

descending order to define the 95% cut-off point. Tests for segregation distortion were 

performed following Knott et al 1998, using a two-sided T-test. 

Results 

For SSC2, SSC4, and SSC7, four, eight and thirteen additional markers were typed, 

respectively. The number of informative meioses of these markers are mentioned in Table 1. 

In combination with the microsatellite markers previously typed in the total genome scan this 

resulted in 13, 16 and 22 markers on SSC 2, 4, and 7, respectively and an average marker 

spacing of 14 cM on SSC2 and 10 cM on SSC 4 and SSC7. Adding four additional 

microsatellite markers in the proximal part of SSC4p extended the length of the entire 

chromosome by 40 cM. 

Marker 
SW256 
SW1450 
SW2513 
SW1686 
SW2404 
SW2509 
SW2547 
SW835 
SW2049 
SWR73 
SWR2179 
FABP4 
SW1369 
LTA 
SW2019 
SW1856 
SWR946 
SW859 
SWR1928 
SWR1806 
SW2002 
SWR773 
SW2537 
SW1303 
SW1816 

Size range (1>D) 
92-118 
187-217 
192-216 
139-160 
131-178 
177-198 
99 -133 
220-245 
226 - 238 
166-190 
127-158 
250 - 280 
134-157 
170-220 
127-143 
174-198 
97 - 122 
101-118 
94 -111 
210-222 
106-115 
138-159 
158-182 
134-158 
94 -107 

Chr. 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
4 
4 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

MarJ position" 
25 
43 
52 
62 
1 
13 
34 
44 
50 
63 
75 
88 
52 
58 
60 
62 
73 
80 
88 
101 
130 
143 
160 
181 
203 

Inf. meisoses 
474 
748 
506 
966 
883 
826 
578 
607 
84 
572 
901 
1076 
1010 
808 
763 
954 
573 
553 
969 
749 
402 
745 
640 
948 
394 

Table 1. Size range of alleles and map position calculated of markers used in this study. "Map 

positions in Haldane cM 
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New maps were constructed and compared to the maps published by Archibald et al. 1995 

and Rohrer et al. 1996. No discrepancies with the published maps were found for SSC2. For 

SSC4, the best order was SW2509-SW2547-S0301-SW835-SW2049, which is different from 

the reported order: SW2509-S0301-SW835-SW2547-SW2409. For SSC7, different orders in 

two regions of the chromosome were found. On the p-arm of SSC7 where the QTL for BFT 

is postulated, the best order, SW1928-SW175-SW352-SWR1806, is not in agreement with 

the reported order SW1928-SWR1806-SW175-SW352. On the q-arm of SSC7 where the 

suggestive QTL for IMF is located, the best order is S0212-SW764-SW1303-SW1816 

whereas the reported order is S0212-SW1816-SW764-SW1303. 

The information content for all three chromosomes in the half-sib analysis, line cross 

analysis and imprinting analysis exceeded 50%. The information contents are lower for the 

line cross than for the half-sib analysis, resulting from a correction for scaling between 0 and 

1, and the use of parental genotypes in the line cross analyses. The thresholds for the specific 

imprinting models were higher than the thresholds for the standard line cross. 

Chromosome 

BFT 

2 

4 

7 

IMF 

2 

4 

7 

F ratio 

2 .69 ' 

1.13 

3.43" 

0.53 

1.92 

0.97 

Half-sib analysis 

P-value1 

0.0057 

NS 

0 .0 ' 

NS 

NS 

NS 

Location 

26 

136 

57 

52 

59 

176 

F ratio 

4.95 

3.48 

26.2" 

4.55 

6.02" 

3.94 

P-value' 

0.08 

NS 

0.0' 

0.078 

0.036 

NS 

Line cros 

Location 

59 

137 

57 

13 

98 

53 

analysis 

Estimates 

Additive* 

1.13(0.36) 

-0.19(0.41) 

-2.35 (0.33) 

-0.17(0.08) 

0.24 (0.07) 

-0.12(0.07) 

DominanceJ 

0.036(0.51) 

-1.77(0.68) 

-0.05 (0.50) 

-0 .29(0.14) 

-0.07(0.10) 

0 .23(0.10) 

F ratio 

13.58" 

2.45 

22.20" 

3.09 

5.69' 

5.20 

Imprinting analysis 

P-value1 

0.0022 

NS 

0 .0 ' 

NS 

0.047 

NS 

Location 

59 

75 

55 

51 

95 

167 

Comparison4 

3.58 

-4.45 

-26.95 

-5.90 

-6.19 

-2.64 

Table 2. Half-sib, line cross and imprinting analyses for chromosome 2, 4, and 7. " Indicates 

significance at the suggestive level, b indicates significance at the genome wise level, c test statistic 

not exceeded during 10,000 permutations, ' genome wise p-value, 2 additive effect is the effect of the 

Meishan allele estimated as half the difference between the two homozygous. 3the dominance effect is 

the estimated deviation from the mean of the two homozygous genotypes. 4 test for Imprinting vs. non-

imprinting NS means not significant. The estimates are in mm. Backfat and percent intramuscular fat 

content. 
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On SSC2, in the half-sib analysis a suggestive QTL for BFT is detected which has its 

best position at 26 cM (Table 2). Only three families with a test statistic higher than 15 

mainly contributed to this effect (unpublished results). Under the line cross model, the QTL 

for BFT on SSC2 has its best position at 59 cM, but does not reach the suggestive 

significance level (Figure 1). Typing of the additional markers in the QTL region decreased 

the 95% confidence interval of the QTL detected in the line cross model from 65 cM to 57 

cM. Table 2 also shows the results of the imprinting analyses. To test for significance, 

imprinting analyses were compared to the line cross model without imprinting. The QTL on 

SSC2 shows maternal imprinting, which means that only the paternal allele will be expressed 

in the offspring, resulting in the observed QTL effect (Figure 1). This model with imprinting 

fits the data better than without imprinting, because more variance is explained using this 

model. The best position for this QTL is exactly the same as the position of the QTL in the 

line cross analysis (59 cM), the 95% C.I. is similar to the line cross: 61 cM. No QTLs for 

IMF were detected on SSC2. 

The suggestive QTL for IMF on SSC4p (S0227-S0301 bracket) that was previously 

detected using the half-sib analysis could not be supported in the half-sib analysis of this 

study (Table 2). The suggestive QTL for IMF on SSC4 in the S0001-S0073 interval that was 

reported in the line cross analysis of De Koning et al. (1999), however, is again detected in 

this study, but only one additional marker (FABP4) was typed in this part of the chromosome 

(Figure 2). No imprinting effects were found for IMF on SSC4. 

The QTL for BFT detected in the half-sib analysis on SSC7 has a slightly higher F 

ratio compared to the previous half-sib analysis by De Koning et al. (1999). However, the 

most likely position of the QTL could be narrowed to the S0064 - S0102 interval by adding 

eight markers to this region (Figure 3). In the line cross analysis, the QTL for BFT on SSC7 

was significant at the 5% genome wise level with a test statistic of 17.95 (p= 0.0) in the total 

genome scan (De Koning et al. 1999). With the inclusion of the additional eight markers in 

this line cross analysis an even higher test statistic of 26.20 (p= 0.0) is reached. Additionally, 

the 95% C.I. decreased from 45 cM to 33 cM, and is now located in the interval between 

SW1369 and S0102. The best position is at 57 cM; similar to the best position found in the 

half sib analysis. This QTL has an additive effect of 2,33 mm backfat (see Figure 3). The 

QTL for BFT on SSC7 is also significant at the 5% genome wise level under an imprinting 

model, but explains significantly less variance than under the standard model. For IMF, no 

significant QTLs and no imprinting effects were found on SSC7. 
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Figure 1. QTL analyses for BFT on SSC2. A: half-sib analysis, B: line cross and imprinting analysis: 

Y-line indicates line cross analysis, solid line indicates imprinting analysis, dotted line is the 

information content. Small arrow indicates the suggestive treshold, the large arrow the genome wise 

significance treshold 
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Figure 2. Line cross analysis for IMF on SSC4. Line cross analysis with additional markers. Solid 

line indicates the QTL analysis. The dotted line is the information content. Small arrow indicates the 

suggestive treshold, the large arrow the genome wise significance treshold. 
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Figure 3. Line cross analysis for BFT on SSC7. Line cross analysis with additional markers. Solid 

line indicates the QTL analysis. The dotted line is the information content. Small arrow indicates the 

suggestive treshold, the large arrow the genome wise significance treshold. 
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Discussion 

Discrepancies in locus order on SSC4 and SSC7 were observed. In this study a total of 578, 

749 and 856 informative meioses (Table 1) were used to predict map positions for the 

markers SW2547, SWR1806 and SW764, respectively, whereas Rohrer et al (1996) for these 

markers had respectively 77, 52 and 158 informative meioses to identify the most likely order 

of loci. The observed orders were tested using the FLIPS5 procedure in CRDVIAP (lod = 4). 

Based on our data, the orders observed in this study for SSC4 and SSC7 are at least 10000 

times more likely than the orders reported by Rohrer et al (1996). 

The presence of the BFT QTL on SSC7 was approved in the half-sib analysis as well 

as across families and narrowed down to a smaller interval of 33 cM. In the line cross 

analysis for BFT on SSC7 the most likely position of the QTL is now located in the SW1369 

- SW2019 region. In this part of the chromosome, QTLs for fatness and growth traits have 

been reported in several studies (Rothschild et al. 1995, Milan et al. 1998, Moser et al. 1998, 

Rohrer et al. 1998 and Wang et al. 1998, De Koning et al 1999). For SSC7, typing 8 

additional markers in the QTL region resulted in a more precise location of the QTL as 

predicted (Haley 1995, Schook and Alexander 1997). 

Typing of additional markers at the proximal end of the SSC4p resulted in a flat line 

in the first 80 cM of SSC4, both in the half-sib and the line cross analyses for IMF. The 

suggestive QTL for IMF that was detected in the half-sib analysis of the previous study with 

a best position at 6 cM did not reach the suggestive significance level in this study. Probably, 

in the previous study a false positive was detected due to the relatively low coverage with 

markers in that region. On the q-arm of SSC4 the suggestive QTL for IMF in the line cross 

analysis is detected, located in the FABP4- S0073 interval. This QTL is in the same region as 

the QTL for mean fat depth detected by Andersson et al. 1994, and confirmed for several 

growth and fat traits in later studies (Andersson-Eklund et al. 1998, Knott et al. 1998, 

Walling et al. 1998, Marklund et al. 1999, Paszek et al. 1999). In none of these studies IMF 

was measured. In our Meishan x Large White cross both IMF and BFT were measured, and 

no effect for BFT was observed on SSC4. This is in agreement with Rohrer et al. (1998), who 

did not detect QTLs for several backfat traits on SSC4 in a Meishan x Large White cross. 

In this study, QTL analyses revealed evidence for a QTL for BFT on SSC2 and for 

imprinting of this QTL. Recently this QTL has been confirmed using all 39 families in the 

pedigree (unpublished results). A paternally expressed QTL for muscle mass and fat 

deposition was recently mapped to the IGF2 locus at SSC2 (Jeon et al. 1999, Nezer et al. 
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1999). Although the marker within the IGF2 gene (SWC9 at 2 cM) typed in our cross is 

highly informative and polymorphic in both breeds, the maternally imprinted QTL found in 

our study has its best position at 59 cM. At the position of SWC9 the test statistic is far below 

the suggestive threshold and does not reach the genome wise significance level before the 

marker SW240 that is located 50 cM proximal (Figure lc). No transmission ratio distortions 

were observed at the SWC9 locus or at the best position of the QTL. In addition in this study 

no line specific alleles at the SWC9 locus could be found. Therefore, the imprinted QTL 

observed in this study is expected to be different from the recently reported maternally 

imprinted QTL. However, it could not be excluded that the QTL alleles describes by Nezer et 

al (1999) are not segregating in our cross, and therefore no effect is seen at the SWC9 locus. 

These hypotheses can not be validated unless functional mutations for the assumed IGF2 

variants will be identified. 

The different QTL models indicate different best locations for the BFT QTL on SSC2. 

In the line cross analysis, the parental lines are assumed to be fixed for different QTL alleles. 

In the half-sib analysis, however, different QTL alleles allow for segregation in each family. 

This can explain the different graphs obtained with the two models. A possible explanation 

could be two neighboring QTLs; one additive QTL segregating in mainly three families and a 

paternally expressed QTL. With currently used QTL analysis models it is not possible to test 

this hypothesis. Furthermore, additional markers in the SW2443 - S0141 interval are 

necessary to furhter elucidate the observed effects in this region. 

Conservation of synteny between the human and pig makes it possible to identify 

regions on the human map that are homologous to the QTL region in the pig. For the p arm of 

SSC2 the homologous human region is HSA11. However, comparative mapping is 

complicated by the fact that the QTL region for SSC2 is also partly crossing the breakpoint of 

two conserved synteny groups, HSA11 and HSA19. This breakpoint is likely to be located 

near the centromere of SSC2. The homologous regions for the p arm and the centromere of 

SSC2 in mice are located on chromosomes 7,2 and 19. 

It is known that several genes on HSA1 lp are imprinted. Besides the imprinted genes 

IGF2 en H19 on HSAllpl5.5, several other human imprinted genes have been located in 

HSA1 lpl5.5. In addition, imprinting has been reported for the Willms' tumor gene in human, 

located on HSA1 lpl3 (Falls et al. 1999, Morison et al. 1998). 

With the exception of the Y chromosome, in man putative QTLs affecting obesity 

related phenotypes are found on all chromosomes (Perusse et al. 1999), resulting in a total of 

almost 200 genes or markers linked to obesity phenotypes in humans. In addition, research on 
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obesity related traits in several other species have revealed a large number of QTLs in 

homologous regions of SSC2. 

In mice a QTL for obesity, obq3, is located on chromosome 2 in a region that is 

homologous to SSC2p (Taylor and Philips 1997). In that study, several body composition 

traits (fat pad weights, gonadal fat percentage, inguinal fat percentage, 16-week body weight, 

BMI) were detected on the central part of mouse chromosome 2 in an AKR x C571 cross. A 

QTL for body weight was detected on mouse chromosome 2 with significance at the 

experiment-wide level with a best position at 56 cM (Brockmann et al. 1998). In addition, in 

a cross between mouse lines that were selected on fat content a QTL for fat percentage 

(Fobl) was detected on mouse chromosome 2 (Horvat et al 1999). Fobl maps to the same 

region as obq3 (Taylor and Philips 1997). None of the above mentioned QTL studies report 

about imprinting mechanisms involved in the observed QTLs. 

For SSC7, the typing of additional microsatellites in the QTL region has resulted in a 

smaller region and therefore has contributed to the fine mapping of the gene(s) responsible 

for the observed effect. For SSC2, imprinting analysis revealed a maternally imprinted QTL 

and interesting results for the line cross and half-sib analysis, suggesting the presence of two 

QTLs on this chromosome. In addition, a previously reported QTL for IMF on SSC4p was 

not supported in this study. Additional typing thus turns out to be beneficial to select QTLs 

for fine mapping and in that way avoids hunting a gene that is not present. Work is under way 

to create a higher density of genes on the porcine map to improve the comparative map 

between man, mouse and pig. This will facilitate fine mapping QTLs in pig and selecting 

candidate genes in homologous regions in man and mice. 

This study indicates that genomic imprinting might be more common in livestock 

species then expected. Identification of imprinted genes for fat and growth traits can have 

several important implications in animal breeding. It is therefore important to include 

statistical testing for imprinting in further studies. 
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Abstract 

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 using a novel statistical model that 

separated the expression of paternally and maternally inherited alleles. For backfat thickness, 

a paternally expressed QTL was found on SSC2 and a Mendelian expressed QTL 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. The individual QTL explained 2 up to 10% of the 

phenotypic variance. The known homologies to human and mouse did not reveal positional 

candidates. This study demonstrates that testing for imprinting should become a standard 

procedure to unravel the genetic control of multifactorial traits. 

Introduction 

It is well established that quantitative trait loci (QTL) underlying 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 genes 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 inheritance (3) but these opportunities have not been 

exploited systematically. Knowledge of form of inheritance of identified QTL is important 

for medical and agricultural applications. 

Parental genomes undergo modifications during gametogenesis, resulting for some 

genes in parent-of-origin-specific expression in the offspring. This phenomenon of genomic 

imprinting, as a form of epigenetic gene regulation, has been shown to influence several sub-

chromosomal 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 expression (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 reciprocal translocations resulting in mice with uni-parental 

disomy for portions of the genome have been used to identify imprinted regions on six 
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chromosomes (8). Furthermore chromosomal anomalies associated with imprinted diseases in 

humans helped to identify new imprinted genes and to narrow regions of interest (9,10). More 

recently, molecular genetic approaches taking advantage of e.g. methylation patterns 

observed for imprinted 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 systematically studied for 

multifactorial traits. We present results of a novel 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 Fi, 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 

composition traits. Meishan pigs are characterized by high fatness compared to Dutch pigs, 

which have been selected for lean growth for many generations. On 785 F2 pigs we recorded 

three body composition traits after slaughter: backfat thickness and muscle depth measured 

between the third and fourth rib, and percentage of intramuscular fat inside the Musculus 

longissimus (18). The phenotypic mean (± standard deviation) of the F2 population was 22.0 

(± 5.7) mm for backfat thickness, 40.6 (± 6.7) mm for muscle depth and 1.84 (± 0.87) % for 

intramuscular fat content (18). Assuming Mendelian expression, analyses for backfat 

thickness and intramuscular fat content on part of this population revealed significant 

evidence for quantitative trait loci (QTL) on chromosome 2 and on chromosome 7 affecting 

backfat thickness (19). 

Genotyping and statistical analyses. A whole-genome scan including 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 (19). Genotypes were 

obtained for the F2 animals, their Fi parents and the purebred Meishan grandparents. 

The statistical analyses were based on the line cross concept (20), where original 

breeds are assumed homozygous for different QTL alleles. Extension of this model to test for 

imprinting has been suggested (3) and used in the analysis of the IGF2 region in pigs (17). 

30 



Chapter 3 

This model, however, gives no indication whether there is paternal or maternal expression. 

The model for imprinting (3), therefore was re-parameterized to enable a direct test for the 

contribution of the paternally and maternally inherited effect. For every F2 individual it is 

inferred what the probabilities are that it inherited two Meishan alleles (pu), two Dutch 

alleles (P22). or one from each line (pn or P21, different subscripts according to parental 

origin; first subscript is paternally inherited allele) at 1 centiMorgan (cM) intervals across the 

genome. Under the traditional line cross approach, an additive effect (a) and a dominance 

effect (d) are estimated using the regression of the phenotypes on pa=Pn-p22 and Pd=pi2+P2i-

To separate the contribution of the parents, we introduced the probability that the individual 

inherited a Meishan allele from its father (ppat =[pn+Pi2]-[P22+P2i]) or from its mother (pmat 

=[pn+p2i]-[p22+pi2])- In the saturated model, where the phenotypes were regressed on ppat> 

Pmat and pa the contribution of the individual components to the reduction in residual variance 

was evaluated by a partial F test. The genetic model for a putative QTL was inferred from the 

variance explained by components in the model. 

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 

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% cut-off point of the 

sorted (in descending order) test statistics provided an empirical threshold to define the 

boundaries of the confidence interval. This is an alternative to other bootstrapping strategies 

where QTL positions of the replicates are sorted to determine an empirical confidence 

interval (3). The method used here allows for non-continuous confidence intervals and is 

closer to the traditional Lod drop-off methods. 

Results 

Our genome scan resulted in five significant QTL affecting body composition traits, of which 

four were imprinted. For backfat thickness, there was strong evidence for a paternally 

expressed QTL on porcine chromosome 2 (SSC2) (Table 1). 
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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 backfat thickness on SSC7. In contrast to the QTL 

for backfat 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 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 intramuscular fat content on SSC6 and 10% for the QTL 

affecting backfat thickness on SSC7. 

Location Paternal 
effect 

Backfat thickness (mm) 

SSC2, 36 cM 
SSC7, 57 cM 
Muscle depth (mm) 

24.07f 
30.27f 

SSC7, 56 cM 4.74 
Intramuscular fat content (%) 

SSC6, 23 cM 
SSC6, 117cM 

0.07 
14.71t 

F ratio* 
Maternal 

effect 

2.85 
49.35f 

50.33f 

14.53f 
1.34 

Dominance 

0.51 
0.04 

2.20 

0.00 
0.31 

Inferred 
Genetic model 

Paternal expression 
Mendelian expression 

Maternal expression 

Maternal expression 
Paternal expression 

QTL effect§ 

0.95 (0.20) 
-2.30 (0.25) 

-1.69(0.24) 

0.14(0.04) 
-0.13(0.03) 

Table 1. Genetic model for QTL affecting three body composition traits. * 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. f p < 0.0001 / 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. Standard errors of the estimates are in parentheses. 
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Figure 1. Test statistic profiles for three porcine chromosomes that exhibit imprinting effects for one 

of the body composition traits: (A) SSC2 and backfat thickness, (B) SSC6 and intramuscular fat 

content, (C) SSC7 and muscle depth, and (D) SSC7 and backfat thickness. 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 model. (A) SSC2 

and backfat thickness; (B) SSC6 and intramuscular fat content; (C) SSC7 and muscle depth; (D) 

SSC7 and backfat thickness. Homologous regions in humans are indicated as colored bars (22-25)}. 

Imprinted genes located within these human chromosomal areas are underneath (5). 

A graphical comparison of results obtained under the imprinting and Mendelian 

models is in Fig 1. The imprinted QTL on SSC2 maps 35 cM from the IGF2 region, for 

which an imprinted QTL for body composition 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 further proximal on this chromosome. 

The general outline of the comparative map between pig and human for the regions of 

interest has been established* (22-25) and is in Fig. 1. Genes that have been mapped more 

precisely in pigs, by linkage analysis or on the radiation hybrid panel (25), facilitated 
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refinement of the comparative map. We realize that the comparative map presented here is 

not comprehensive, and that some genes originating from other chromosomes are reported 

but not represented in Fig. 1. 

QTL affecting body composition traits in pigs can have implications for obesity 

research in humans (20). Although several obesity genes that are reported in humans and 

mice map to homologous regions of the imprinted QTL found in this study (26), imprinting 

has only been reported for the Prader-Willi Syndrome (HSA15ql 1.2-ql2, refs. 9,10). 

The QTL on SSC7 can be narrowed to a region homologous with HSA6p21.3-p22. 

This region contains the major histocompatibility complex, including LTA, and shows 

extensive conservation in gene order (27). 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 affecting 

intramuscular fat content on SSC6q, candidate genes MC5R (28), FABP3 (29) and VOX (25) 

map between markers SW316 and S0003. These genes are located on human chromosomes 

18pll.2, Ip33-p32, and lp22, respectively and in humans imprinting 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 HSAlp36 

and PEG3 on HSA19ql3.4 (only imprinted in mice). 

For SSC2, imprinting is reported for the IGF2 area, but until now homology to other 

imprinting clusters could not be established clearly. Data on imprinting of the Wilms Tumor 

gene 1 (WT1) on HSA1 lpl3 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 

multifactorial traits such as obesity, diabetes, and schizophrenia. Genomic imprinting, 

however, is regarded to be a rare phenomenon 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 regions, imprinting has not been reported in pigs, and the known 

homologies to humans and mice did not reveal obvious positional imprinted candidates. To 
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