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Most traits and disorders have a multifactorial background
indicating that they are controlled by environmental factors as
well as an unknown number of quantitative trait loci (QTLs)1,2.
The identification of mutations underlying QTLs is a challenge
because each locus explains only a fraction of the phenotypic
variation3,4. A paternally expressed QTL affecting muscle growth,
fat deposition and size of the heart in pigs maps to the IGF2
(insulin-like growth factor 2) region5,6. Here we show that this
QTL is caused by a nucleotide substitution in intron 3 of IGF2.
The mutation occurs in an evolutionarily conserved CpG
island that is hypomethylated in skeletal muscle. The mutation

abrogates in vitro interaction with a nuclear factor, probably a
repressor, and pigs inheriting the mutation from their sire have a
threefold increase in IGF2 messenger RNA expression in post-
natal muscle. Our study establishes a causal relationship between
a single-base-pair substitution in a non-coding region and a QTL
effect. The result supports the long-held view that regulatory
mutations are important for controlling phenotypic variation7.

The QTL affecting muscle growth, fat deposition and heart size
was first identified in intercrosses between the European wild boar
and Large White domestic pigs and between Piétrain and Large
White pigs5,6. The alleles from the Large White breed in the first
cross and the Piétrain breed in the second cross increased muscle
mass and reduced back-fat thickness. The QTL explained 15–30% of
the phenotypic variation in muscle mass and 10–20% of the
variation in back-fat thickness5,6. We recently used a haplotype-
sharing approach to refine the map position of the QTL8. We
assumed that a new allele (Q) promoting muscle development
occurred g generations ago on a chromosome carrying the wild-
type allele (q). We also assumed that the favourable allele had gone
through a selective sweep due to the strong selection for lean growth
in commercial pig populations. A QTL genotype cannot be deduced
directly from an individual’s phenotype but the QTL genotype of
sires can be determined by progeny testing and marker-assisted
segregation analysis2. Twenty-eight chromosomes with known QTL
status were identified. All 19 Q-bearing chromosomes shared a
haplotype in the 250-kilobase (kb) interval between the markers
370SNP6/15 and SWC9 (IGF2 3

0
untranslated region), which was

therefore predicted to contain the QTL. This region contains INS
and IGF2 as the only known paternally expressed genes. Given their
known functions and especially the role of IGF2 in myogenesis9,
they stood out as prime positional candidates.

We re-sequenced one of the 19 Q chromosomes (P208) and six q
chromosomes (each corresponding to a distinct marker haplotype)
for a 28.6-kb segment containing IGF2, INS and the 3

0
end of TH.

This chromosome collection was expanded by including Q and q
chromosomes from the following: (1) a wild boar/Large White
intercross segregating for the QTL5; (2) a Swedish Landrace boar
showing no evidence for QTL segregation in a previous study10; and
(3) F1 sires from a Hampshire/Landrace cross and a Meishan/Large
White intercross both showing no indication for QTL segregation
(see Methods). The lack of evidence for QTL segregation shows that
the boars are either homozygous Q/Q or q/q. A Japanese wild boar
was included as a reference for the phylogenetic analysis and it was
assumed to be homozygous wild type (q/q). We identified a total of
258 DNA sequence polymorphisms corresponding to one poly-
morphic nucleotide per 111 base pairs (bp) (Fig. 1). Two major and
quite divergent clusters of haplotypes were revealed (Supplemen-
tary Fig. 1). The two established Q haplotypes from Piétrain and
Large White animals (P208 and LW3) were identical to each other
and to the chromosomes from the Landrace (LRJ) and Hampshire/
Landrace (H205) animals, showing that the latter two must be of Q
type as well. The absence of QTL segregation in the offspring of
the F1 Hampshire £ Landrace boar carrying the H205 and H254
chromosomes implies that the latter recombinant chromosome is
also of Q type. This places the causative mutation downstream from
IGF2 intron 1, in the region for which H254 is identical to the other
Q chromosomes. The Large White chromosome (LW197) from the
Meishan/Large White pedigree clearly clustered with q chromo-
somes, implying that the F1 sire used for sequencing was homo-
zygous q/q as no overall evidence for QTL segregation was observed
in this intercross. This is consistent with a previous study showing
that Meishan pigs carry an IGF2 allele associated with low muscle
mass11. Surprisingly, the Meishan allele (M220) was nearly identical
to the Q chromosomes but with one notable exception, it shared
guanine with all q chromosomes at a position (IGF2-intron3-
nucleotide 3072) where all Q chromosomes have adenine (Fig. 1).

Under a bi-allelic QTL model, the causative mutation would
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correspond to a DNA polymorphism for which the two alleles
segregate perfectly between Q and q chromosomes. The G to A
transition at IGF2-intron3-3072 is the only polymorphism fulfilling
this criterion, implying that it is the causative quantitative trait
nucleotide (QTN)1. We genotyped the founders and 12 F1 boars for
the putative QTN to verify the QTL status of animals from the
Meishan/Large White intercross. All founders and F1 boars were
homozygous G/G (q/q) except one Large White founder and one F1

boar, which were heterozygous A/G. A QTL analysis revealed that
the heterozygous boar, but no other F1 sire, showed clear evidence
for segregation of a paternally expressed QTL, and the Meishan
allele increased back-fat thickness as predicted (x2 with 1 degree of
freedom ¼ 7.75, P ¼ 0.005). Including this, we have so far tested 13
large sire families where the sire is heterozygous A/G at the QTN,
and all have shown evidence for QTL segregation. In contrast, we
have tested more than 50 sires, representing several different breeds,
genotyped as homozygous A/A or G/G without obtaining any
evidence for the segregation of a paternally expressed QTL at the
IGF2 locus. The results provide conclusive genetic evidence that
IGF2-intron3-G3072A is the causative mutation. The Meishan allele
is apparently identical to the ancestral haplotype on which the
mutation occurred.

IGF2-intron3-3072 is part of an evolutionarily conserved CpG
island of unknown function12 located between differentially methyl-
ated region 1 (DMR1) and a matrix attachment region previously

defined in mice13–15. The 94-bp sequence around the mutation
shows about 85% identity to human, and the wild-type nucleotide
at IGF2-intron3-3072 is conserved among eight mammalian species
(Fig. 1). The QTN occurs 3 bp downstream of a conserved 8-bp
palindrome. The methylation status of the 300-bp fragment centred
on IGF2-intron3-3072 and containing 50 CpG dinucleotides was
examined by bisulphite sequencing in four-month-old Q pat/q mat

and q pat/Q mat pigs. The CpG island was methylated in liver (26% of
CpGs methylated on average), whereas in skeletal muscle both
paternal (pat) and maternal (mat) chromosomes were essentially
unmethylated (including the IGF2-intron3-3071 C residue) irre-
spective of QTL genotype (3.4% of CpGs methylated on average,
Fig. 2a; see also Supplementary Fig. 2).

To uncover a possible function for this element, we performed
electrophoretic mobility shift assays (EMSAs) using wild-type (q)
and mutant (Q) sequences. Nuclear extracts were incubated with
radioactively labelled q or Q double-stranded oligonucleotides. One
specific complex (C1 in Fig. 2b) was obtained with the unmethyl-
ated wild-type (q) but not the mutant (Q) probe using extracts from
murine C2C12 myoblasts. This complex was not obtained with the
q* probe, which has a methylated CpG at the QTN (Fig. 2b). A
complex with approximately the same migration—but slightly
weaker—was also detected in extracts from human HEK293
embryonic kidney cells and HepG2 hepatocytes. The specificity of
the complex was confirmed as competition was obtained with 10-

Figure 1 Polymorphisms in a 28.6-kb segment containing TH (exon 14), INS and IGF2

among 15 pig chromosomes with deduced QTL status. The (GþC) content of a

moving 100-bp window is shown on a grey scale (black 100%, white 0%). Yellow

cylinders mark evolutionarily conserved regions12. Viewgene29 was used to highlight

differences between the reference P208 sequence and other chromosomes. Blocks

indicate transitions (blue), transversions (green), insertions (red) and deletions (black). The

QTN is indicated with an asterisk and the surrounding sequence is shown for eight

mammals (CpGs are highlighted in red; a palindromic sequence is underlined). P, Piétrain;

LW, Large White; LR, Landrace; H, Hampshire; M, Meishan; EWB, European wild boar;

JWB, Japanese wild boar.
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fold molar excess of unlabelled q probe, whereas a 50-fold excess of
unlabelled Q probe or methylated q* probe did not compete
(Fig. 2b). Thus, the wild-type sequence binds a nuclear factor,
and this interaction is abrogated by the mutation or methylation of
the actual CpG site.

We analysed the effect of the IGF2 Q mutation on transcription
by using a transient transfection assay in mouse C2C12 myoblasts.
We made Q and q constructs containing a 578-bp fragment from the
actual region inserted in front of a luciferase reporter gene driven by
the endogenous pig IGF2 promoter 3 (P3) located approximately
5 kb downstream from the QTN (Fig. 1). This promoter was chosen
because it generates the predominant IGF2 transcript in muscle and
the QTN affected the amount of P3 transcripts in vivo (see below).
The q fragment clearly acted as a repressor element and reduced

luciferase activity to about 25%, whereas the Q fragment was a
significantly weaker repressor element and showed about 70%
activity compared with P3 alone (Fig. 2c). Our interpretation of
this result, combined with those from the EMSA experiment, is that
the Q mutation abrogates the interaction with a putative repressor
protein. Thus, the IGF2-intron3-G3072A transition may be suffi-
cient to explain the QTL effect as the two constructs only differ at
this position. The constructs were also inserted in front of the
heterologous herpes thymidine kinase (TK) minimal promoter. In
this case the q construct caused a twofold increase of transcription
whereas the Q construct caused a significantly higher, sevenfold
increase (Supplementary Fig. 3). The results support our interpreta-
tion that the q allele represses transcriptional activity in C2C12
myoblasts when compared with the Q allele.

The in vivo effect of the mutation on IGF2 expression was studied
in a purpose-built Q/q £ Q/q intercross. We tested the effect of the
intron3-3072 mutation on IGF2 imprinting, as a deletion encom-
passing DMR0, DMR1 and the associated CpG island derepresses
the maternal IGF2 allele in mesodermal tissues in mouse14. This was
achieved by monitoring transcription from paternal and maternal
alleles in tissues of q/q, Qpat/q mat and q pat/Q mat animals hetero-
zygous for the SWC9 microsatellite located in the IGF2 3

0
untrans-

lated region. Before birth, IGF2 was expressed exclusively from the
paternal allele in skeletal muscle and kidney, irrespective of QTL
genotype. At four months of age, weak expression from the
maternal allele was observed in skeletal muscle, however at com-
parable rates for all three QTL genotypes (Supplementary Fig. 4).
Only the paternal allele could be detected in four-month-old
kidney. Consequently, the mutation does not seem to affect the

Figure 2 Methylation status, EMSA and transfection assays assessing the significance of

the IGF2 mutation. a, Percentage methylation around the QTN in liver and skeletal muscle

of four-month-old pigs. Means^ s.e.m. are given; the numbers of analysed paternal (Pat)

and maternal (Mat) chromosomes were in the range 10–26. b, EMSA using nuclear

extracts (NE) from C2C12, HEK293 and HepG2 cells. Complex 1 (C1) was exclusively

detected with the q probe. C2 was stronger in q but also probably present in the Q lane. C3

was unspecific. c, Luciferase assays of reporter constructs using pig IGF2 P3 promoter

and intron 3 fragments (Q and q ). Relative activities compared with the P3–LUC reporter

are reported (means ^ s.e.m.). Triple asterisk, P , 0.001.

Figure 3 Analysis of IGF2 mRNA expression. a, Northern blot of skeletal muscle (gluteus)

poly(A)þ RNA from three-week-old piglets. Animals 1–4 and 5–8 carried a paternal

IGF2*Q or *q allele, respectively. P3 and P4 indicate promoter usage, and a/b superscripts

indicate the alternative polyadenylation signal used. All four transcripts showed a higher

relative expression (standardized using GAPDH ) in the *Q group (P , 0.05). b, Real-time

PCR analysis of IGF2 expression in pigs carrying paternal IGF2*Q (grey columns) or *q

(white columns) alleles. Expression levels were normalized using GAPDH. Means ^

s.e.m. are given, n ¼ 3–11. Asterisk, P , 0.05; double asterisk, P , 0.01; w, week;

m, month.
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imprinting status of IGF2. The partial derepression of the maternal
allele in skeletal muscle may however explain why in a previous
study muscle growth was found to be slightly superior in q pat/Qmat

versus q/q animals, and in Q/Q versus Qpat/q mat animals5.
The Q allele was expected to be associated with increased IGF2

expression because IGF-II stimulates myogenesis9. We monitored
the relative mRNA expression of IGF2 at different ages in the Q=q
£Q=q intercross using both northern blot analysis and real-time
polymerase chain reaction (PCR) (Fig. 3). The expression levels in
fetal muscle and postnatal liver at three weeks of age were approxi-
mately tenfold higher compared with postnatal muscle. No signifi-
cant difference was observed in fetal samples or in postnatal
liver samples, but a significant threefold increase of postnatal
IGF2 mRNA expression in skeletal muscle was observed in Q/Q
or Q pat/q mat versus q pat/Qmat or q/q progeny. There was also a
significant, but less pronounced, increase of mRNA expression in
heart associated with the Q pat allele. The significant difference in
IGF2 expression revealed by real-time PCR was confirmed using
two different internal controls: GAPDH (Fig. 3b) and HPRT (data
not shown). We found an increase of all detected transcripts
originating from the three promoters (P2–P4) located downstream
of the QTN. The results provide strong support for IGF2 being
the causative gene. The significant differences in IGF2 mRNA
expression between genotypes in skeletal and cardiac muscle and
the lack of significant differences in fetal muscle and postnatal liver
are consistent with our previous data showing clear phenotypic
effects of the IGF2 QTL on muscle growth and size of the heart but
no effects on birth weight or weight of liver5. The results demon-
strate that IGF2 has an important role in regulating postnatal
myogenesis. The higher expression in postnatal skeletal and cardiac
muscle associated with the Q allele parallels the observation of a
continued postnatal IGF2 expression in mesodermal tissue of
transgenic mice carrying a 5-kb deletion of IGF2 encompassing
DMR1 and the associated CpG island14.

Immunoreactive serum levels of IGF-II were determined by a
radioimmunoassay, but no significant differences between geno-
types were observed (Supplementary Fig. 5). This finding was
expected because the major source of IGF-II in serum is generated
from liver, where no difference in IGF2 expression was detected
(Fig. 3b). The results suggest that locally produced IGF-II in muscle
determines the phenotype, as also indicated by the observation that
there is no general overgrowth in pigs expressing the Q allele but
rather a changed body composition.

There has been a strong selection for lean growth (high muscle
mass and low fat content) in commercial pig populations over the
past 50 yr. Therefore we investigated how this selection pressure has
affected the allele frequency distribution of the IGF2 QTL. The
causative mutation was absent in a small sample of European and
Asian wild boars and in breeds that have not been strongly selected
for lean growth (Supplementary Table 1). In contrast, the causative
mutation was found at high frequencies in several breeds that have
been subjected to strong selection for lean growth. This confirms
our prior assumption that IGF2*Q has experienced a selective sweep
and has been spread between breeds by cross-breeding. The IGF2*Q
mutation increases meat production, at the expense of fat, by 3–4%.
The high frequency of IGF2*Q among major pig breeds implies that
this mutation has had a large impact on pig production. European
and Asian pigs were domesticated from different subspecies of the
wild boar, and Asian germplasm was introgressed into European
pig breeds during the eighteenth and nineteenth centuries16. The
IGF2*Q mutation apparently occurred on an Asian chromosome as
it shows a very close relationship to the haplotype carried by
Chinese Meishan pigs. This explains the large genetic distance
between Q and q haplotypes present in European domestic pigs
(Fig. 1; see also Supplementary Fig. 1).

We have achieved an extraordinary resolution, down to a single
nucleotide difference, in the genetic analysis of a QTL. This was

possible by exploiting a selective sweep of a favourable mutation in
commercial pig populations. Determination of complete genome
sequences from major farm animals in the near future will allow the
exploitation of the full potential of farm animal genomics. High-
density single-nucleotide polymorphism typing of domestic ani-
mals will allow identification of selective sweeps as documented here.
Furthermore, re-sequencing of the entire genome using samples from
different breeds, including wild ancestral species, will be very fruitful
for studying genotype–phenotype relationships. This is well illus-
trated by the recent identification of the causative mutations for
several interesting phenotypes in domestic animals17–23. For
instance, the callipyge mutation in sheep shares several features
with the IGF2 mutation in pigs; it affects body composition
(muscle/fat content), shows a parent-of-origin effect and is a
single-base substitution in a non-coding region22. In fact, farm
animal genetics provides major advantages compared with human
genetics, and in some aspects compared with model organisms,
for genetic dissection of multifactorial traits2. Farm animals are
emerging as prime model organisms for understanding the genetic
basis for multifactorial traits. A

Methods
Marker-assisted segregation analysis
QTL genotyping of the Pietrain/Large White, wild boar/Large White and Hampshire/
Landrace crosses was performed as described8. Briefly, the likelihood of the pedigree data
was computed under two hypotheses: H0, postulating that the corresponding boar was
homozygous at the QTL (Q/Q or q/q), and H1, postulating that the boar was heterozygous
Q/q. Likelihoods were computed using ‘percentage lean meat’ as phenotype, and assuming
an allele substitution effect of 3.0%6. If the probability in favour of one of the hypotheses
were superior or equal to 100:1, the most likely hypothesis was considered to be true. The
Meishan/Large White cross consisted of 703 F2 animals with data on back-fat depths. An
interval analysis approach24 with microsatellite markers spanning the IGF2 region revealed
no indication of an overall QTL effect, imprinted or not.

DNA sequencing
Animals homozygous for 13 of the haplotypes of interest were identified using flanking
markers and pedigree information. A 28.6-kb segment was amplified from genomic DNA
in seven long-range PCR products using the Expand Long Template PCR system (Roche
Diagnostics GmbH). The same procedure was used to amplify the remaining M220 and
LW197 haplotypes from two BAC clones isolated from a genomic library made from a
Meishan/Large White F1 individual25. PCR products were purified using Geneclean
(Polylab) and sequenced using the Big Dye Terminator Sequencing or dGTP Big Dye
Terminator kits (Perkin Elmer). All primers are given in Supplementary Table 2. The
sequence traces were assembled and analysed for DNA sequence polymorphism using
Polyphred/Phrap/Consed26.

Genotyping of IGF2-intron3-3072
Genotyping was done by pyrosequencing (Pyrosequencing AB). A 231-bp DNA fragment
was PCR-amplified using Hot Star Taq DNA polymerase and Q-Solution (Qiagen) with
the primers 18274F (5

0
-biotin-GGGCCGCGGCTTCGCCTAG-3

0
) and 18274R (5

0
-

CGCACGCTTCTCCTGCCACTG-3
0
). The sequencing primer (5

0
-CCCCACGCGCTCC

CGCGCT-3 0 ) was designed on the reverse strand because of the palindrome located 5 0 of
the QTN.

Bisulphite-based methylation analysis
Bisulphite sequencing was performed as described27. A 300-bp fragment centred around
intron3-3072 was amplified using a two-step PCR reaction with the following primers:
PCR1-UP, 5

0
-TTGAGTGGGGATTGTTGAAGTTTT-3

0
; PCR1-DN, 5

0
-ACCCACTTAT

AATCTAAAAAAATAATAAATATATCTAA-3
0
; PCR2-UP, 5

0
-GGGGATTGTTGAAG

TTTT-3 0 ; PCR2-DN, 5 0 -CTTCTCCTACCACTAAAAA-3 0 . The amplified strand was
chosen in order to differentiate the Q and q alleles. PCR products were cloned in the
pCR2.1 vector (Invitrogen). Plasmid DNA was purified (Plasmid mini kit, Qiagen) and
sequenced (Big Dye Terminator kit, Perkin Elmer). Inserts with identical sequences, that is
having the same combination of C residues (whether part of a CpG dinucleotide or not)
converted to U, were considered to derive from the same PCR product and were only
considered once.

Electrophoretic mobility shift assays
DNA-binding proteins were extracted as described28. EMSAs were performed with 40 fm
32P-labelled, double-stranded oligonucleotide, 10 mg nuclear extract and 2 mg poly(dI-dC)
in binding buffer (15 mM HEPES pH 7.65, 30.1 mM KCl, 2 mM MgCl2, 2 mM spermidine,
0.1 mM EDTA, 0.63 mM dithiothreitol, 0.06% NP-40, 7.5% glycerol). For competition
assays a 10-, 20-, 50- and 100-fold molar excess of cold double-stranded oligonucleotide
were added. Reactions were incubated for 20 min on ice before 32P-labelled, double-
stranded oligonucleotide was added. Binding was allowed to proceed for 30 min at room
temperature. DNA–protein complexes were resolved on a 5% native polyacrylamide gel
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run in TBE £0.5 at room temperature for 2 h at 150 V. The following two (Q/q) 27-bp
unmethylated oligonucleotides were used: 5

0
-GATCCTTCGCCTAGGCTC(A/G)CAGCG

CGGGAGCGA-3 0 . A methylated q probe (q*) was generated by incorporating a
methylated cytosine at the mutated CpG site during oligonucleotide synthesis.

Transient transfection assay
The constructs contained 578 bp from IGF2 intron 3 (nucleotides 2868–3446), followed by
the IGF2 P3 promoter (nucleotides 2222 to þ45 relative to the start of transcription)12

and a luciferase reporter. C2C12 myoblast cells were grown to approximately 80%
confluence. Cells were transiently co-transfected with the firefly luciferase reporter
construct (4 mg) and a Renilla luciferase control vector (phRG-TK, Promega; 80 ng) using
10 mg Lipofectamine 2000 (Invitrogen). Cells were incubated for 25 h before lysis in 100 ml
Triton lysis solution. Luciferase activities were measured using the Dual-Luciferase
Reporter Assay System (Promega). The results are based on four triplicate experiments
using two independent plasmid preparations for each construct. Statistical analysis was
done with an analysis of variance.

Northern blot analysis and real-time RT–PCR
Total RNA was prepared using Trizol (Invitrogen) and treated with DNase I (Ambion).
Products from the first-strand complementary DNA synthesis (Amersham Biosciences)
were purified with QIAquick columns (Qiagen). Poly(A)þ RNA was then isolated using
the Oligotex mRNA kit (Qiagen). Poly(A)þ mRNA (about 75 ng) from each sample
was separated in a MOPS/formaldehyde agarose gel and transferred overnight to a
Hybond-Nþ nylon membrane (Amersham Biosciences). The membrane was hybridized in
ExpressHyb hybridization solution (Clontech). The quantification of the transcripts was
performed with a Phosphor Imager 425 (Molecular Dynamics). Real-time PCR was
performed with an ABI PRISM 7700 instrument (Applied Biosystems). TaqMan probes
and primers are given in Supplementary Table 3. PCRs were performed in triplicate using
the Universal PCR Master Mix (Applied Biosystems). Messenger RNA was quantified
using ten-point calibration curves established by dilution series of the cloned PCR
products. Statistical evaluations were done with a two-sided Kruskal–Wallis rank-sum
test.
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Haematopoietic stem cells (HSCs) are a subset of bone marrow
cells that are capable of self-renewal and of forming all types of
blood cells (multi-potential)1. However, the HSC ‘niche’—the
in vivo regulatory microenvironment where HSCs reside—and
the mechanisms involved in controlling the number of adult
HSCs remain largely unknown. The bone morphogenetic protein
(BMP) signal has an essential role in inducing haematopoietic
tissue during embryogenesis2,3. We investigated the roles of the
BMP signalling pathway in regulating adult HSC development
in vivo by analysing mutant mice with conditional inactivation of
BMP receptor type IA (BMPRIA). Here we show that an increase
in the number of spindle-shaped N-cadherin1CD452 osteoblas-
tic (SNO) cells correlates with an increase in the number of HSCs.
The long-term HSCs are found attached to SNO cells. Two
adherens junction molecules, N-cadherin and b-catenin, are
asymmetrically localized between the SNO cells and the long-
term HSCs. We conclude that SNO cells lining the bone surface
function as a key component of the niche to support HSCs, and
that BMP signalling through BMPRIA controls the number of
HSCs by regulating niche size.
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