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Letter

Identification of the Single Base Change Causing
the Callipyge Muscle Hypertrophy Phenotype,

the Only Known Example of Polar Overdominance
in Mammals

Brad A. Freking,'* Susan K. Murphy,? Andrew A. Wylie,? Simon ]. Rhodes,?
John W. Keele,' Kreg A. Leymaster,’ Randy L. Jirtle,” and Timothy P.L. Smith'

"U.S. Department of Agriculture, Agricultural Research Service, U.S. Meat Animal Research Center, Clay Center, Nebraska
68933-0166, USA; 2Department of Radiation Oncology, Duke University Medical Center, Durham, North Carolina 27710,
USA; 3Department of Biology, Indiana University-Purdue University Indianapolis, Indianapolis, Indiana 46202, USA.

A small genetic region near the telomere of ovine chromosome 18 was previously shown to carry the mutation
causing the callipyge muscle hypertrophy phenotype in sheep. Expression of this phenotype is the only known
case in mammals of paternal polar overdominance gene action. A region surrounding two positional candidate
genes was sequenced in animals of known genotype. Mutation detection focused on an inbred ram of callipyge
phenotype postulated to have inherited chromosome segments identical-by-descent with exception of the
mutated position. In support of this hypothesis, this inbred ram was homozygous over 210 Kb of sequence,
except for a single heterozygous base position. This single polymorphism was genotyped in multiple families
segregating the callipyge locus (CLPG), providing 100% concordance with animals of known CLPG genotype, and
was unique to descendants of the founder animal. The mutation lies in a region of high homology among
mouse, sheep, cattle, and humans, but not in any previously identified expressed transcript. A substantial open
reading frame exists in the sheep sequence surrounding the mutation, although this frame is not conserved
among species. Initial functional analysis indicates sequence encompassing the mutation is part of a novel
transcript expressed in sheep fetal muscle we have named CLPGI.

[The sequence data described in this paper have been submitted to GenBank under the following accession
numbers: G74891-G75331 for all STS generated; AF401294 for the amplicon identifying the specific callipyge
mutation; AF533009 for the partial expressed transcript.]

Callipyge is a muscle hypertrophy phenotype in sheep (Jack-
son and Green 1993), resulting from an apparent single locus
mutation in the telomeric region of ovine chromosome 18
(CLPG; Cockett et al. 1994). Dramatic effects on muscle de-
velopment, carcass composition, shape, and meat quality are
hallmarks of the callipyge syndrome (Koohmaraie et al. 1995;
Freking et al. 1998b, 1999). The muscle hypertrophy pheno-
type is expressed in a unique parent of origin-dependent man-
ner referred to as paternal polar overdominance (Cockett et al.
1996; Freking et al. 1998a). The only genotype that expresses
muscle hypertrophy in this type of gene action is one in
which the mutant callipyge allele (C) is inherited from the sire
and a normal allele (N) from the dam (genotype CN). Inter-
estingly, sheep with two copies of the mutant allele (genotype
CC) did not express muscle hypertrophy even though other
phenotypes such as increased longissimus muscle calpastatin
enzyme activity and increased longissimus muscle shear force
were observed relative to noncarrier (genotype NN) or mater-
nal-derived heterozygous (genotype NC) genotypes (Freking
et al. 1999). Understanding the mechanism by which the
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CLPG mutation alters these phenotypes would improve our
basic knowledge of factors involved in muscle growth, carcass
leanness, and meat quality, as well as delineate unique forms
of genomic imprinting regulation.

Two independent efforts to identify the CLPG mutation
in sheep have resulted in refinement of physical and com-
parative maps of the region on chromosome 18 (Fahrenkrug
et al. 2000; Berghmans et al. 2001). Animals with genetic re-
combination events were used to reduce the candidate inter-
val to an approximately 400-Kb region containing plausible
candidate genes such as delta, Drosophila, homolog-like
(DLK1; also known as PREF-1) and maternally expressed gene
3 (MEG3; also known as GTL2). The homologous regions on
human chromosome 14 and mouse chromosome 12 have
been intensively studied because DLK1 and MEG3 are recip-
rocally imprinted and expressed from the paternal and ma-
ternal alleles, respectively (Schmidt et al. 2000; Takada et al.
2000; Wylie et al. 2000). The human DLKI-MEG3 region also
has a conserved spatial, structural, and epigenetic organiza-
tion comparable to that of IGF2-H19 region (Wylie et al.
2000). These include common CTCF binding sites, differen-
tially methylated CpG islands, and downstream enhancer se-
quences. Charlier et al. (2001b) reported that the homologous
imprinted domain in sheep contains the imprinted tran-
scripts DAT, PEG11, antiPEG11, and MEGS, in addition to
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DLK1 and MEG3. The imprint status of the first four of these
genes in humans is unknown. The CLPG genotype status does
not alter the imprinting polarity of these genes, but does af-
fect the expression pattern of several transcripts from the
CLPG interval during muscle development (Bidwell et al.
2001; Charlier et al. 2001a). However, the mutation respon-
sible for different phenotypes associated with callipyge in
sheep remains elusive. Our objective was to identify the spe-
cific DNA mutation responsible for the unique gene action
producing the muscular hypertrophy phenotype.

RESULTS

Development of a DNA Panel for Mutation Detection
The region containing CLPG was small enough to make com-
plete sequencing of the interval a realistic approach to dis-
cover the mutation. We chose a strategy of PCR amplification
and direct sequencing of the products to detect nucleotide
sequence differences among animals of known CLPG geno-
types. Principal difficulties in applying this approach were the
potential to overlook large-scale inversions and the presence
of nucleotide sequence variation occurring in sheep indepen-
dent of the causative mutation. To ensure detection of in-
verted chromosomal segments on mutated versus normal
chromosomes, overlapping amplicons were used that
spanned the entire interval, and DNAs from both homozy-
gous classes were used as template. At the boundaries of seg-
ments inverted by a putative mutation, primer pairs would
successfully amplify normal chromosomes but fail on tem-
plates homozygous for the mutation.

A more difficult problem was presented by the relatively
high frequency of polymorphisms among sheep in our panel
(see below). Initial sequencing utilized four affected (CN; hy-
pertrophy phenotype), two normal (NN; normal phenotype),
and two homozygous mutant (CC; normal phenotype) ani-
mals. It was postulated that single nucleotide polymorphisms
(SNPs) heterozygous in affected and homozygous for alterna-

tive alleles in NN and CC animals were candidates for the
causative mutation. Areas containing coding regions of pre-
viously identified candidate genes (DLK1, MEG3; Fahrenkrug
et al. 2000) were first sequenced in these animals. Although
polymorphisms were detected, none uniquely differentiated
the CLPG alleles.

We sought a more efficient approach to identify all types
of potential mutations within the broader region containing
CLPG. An experiment at the U.S. Meat Animal Research Cen-
ter (MARC) used nine Dorset rams expressing the muscle hy-
pertrophy phenotype with pedigree information tracing back
to Solid Gold, the first animal known to express the pheno-
type. These rams were extensively progeny-tested as part of
the grandparent generation of the MARC resource popula-
tion. All rams were proven to be heterozygous at CLPG (Frek-
ing et al. 1998a); however, there were significant differences
in marker heterozygosity among this group of rams. Chromo-
some-wide marker heterozygosity for six rams chosen to be
part of the mutation detection panel is shown in Figure 1. The
CLPG locus has been mapped by breakpoint mapping to the
interval between MULGES and OY3 microsatellite markers
(Berghmans et al. 2001), at approximately position 86-87 cM
in Figure 1. This figure illustrates that two of these rams
(198812900 and 199112900) exhibited no marker informa-
tiveness in the critical region of chromosome 18. Both rams
were born into the flock that produced Solid Gold.

The lack of marker informativeness in the two rams,
proven to be heterozygous at CLPG, suggested they would be
useful for detecting the mutation responsible for the muscle
hypertrophy phenotype. The pedigree for 198812900 was of
particular interest, as the most telomeric heterozygous marker
was microsatellite locus HH47, over 25 ¢cM centromeric from
CLPG (Freking et al. 1998a). Based on pedigree and marker
data, it was hypothesized that this ram was identical-
by-descent for the telomeric one-third of the chromosome,
except for the CLPG mutation, which would be predicted
to reside only on the paternally derived chromosome.
One of the inbreeding paths identified for 198812900 fits
this hypothesis (common ancestor
S318167; Fig. 2). Ram S318167, the

) RS * * * kkkkk * & ok * W ok M
f 1 Map sire of Solid Gold, was normal in
appearance according to his owner,
o %k % E ek - ! indicating that the ram was not CN.
! | 198812900 Moreover, the owner stated that
RS 1A R RO R * ™ 190012500 5318167 was used extensively in
- the flock but produced only a single
2 *EErr = = ] 199112000  offspring (Solid Gold) displaying
o * * * K e e e * * % * e characteristic muscular hypertro-
! 1 195212042 phy, suggesting that S318167
r * * * _* ¥ * ¥ bl * * W * *: 199212092 was NN, and that the CLPG muta-
. . % wmnr ® . . - . e tion occurred in the germ cell that
preeemeees { 199212000  produced Solid Gold. Because
. ' . ' . L . R L ' 198812900 was only two genera-
i ) § ) ) i i i 0 ) tions removed from Solid Gold, the
o 10 20 30 40 50 60 70 80 T 90 likelihood of additional mutations
Relative Position on Chromosome 18, cM CLPG not involved in CLPG having ac-
Locus crued in the vicinity of the locus

Figure 1 Marker informativeness among heterozygous (by progeny testing) CLPG Dorset rams used
in the mutation discovery panel. Asterisks on the top row (Map) indicate relative positions of markers
used to construct the chromosome 18 linkage group. The arrow (position 86-87 cM) indicates relative
position of the CLPG locus. Markers heterozygous are presented as asterisks for each ram. All rams were
genotyped for all markers on the chromosome 18 map. Regions of the linkage group for each ram not
flanked by an informative marker are indicated by dotted lines. Of particular interest, rams 198812900
and 199112900 exhibit marker homozygosity in the critical region containing CLPG.

is small. On this basis, 198812900
was chosen for complete sequenc-
ing of the entire region contain-
ing DLK1 and MEG3, as detection
of a polymorphism in this region
should reveal the causative muta-
tion.
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A second ram, 199112900, also appeared to be identical-
by-descent in the telomeric region with the exception of the
mutation, as markers telomeric to ILSTS054 (position 71 cM)
were not informative. However, the extent of the uninforma-
tive region was smaller than that of 198812900, and the dam
of 199112900 was not recorded, so an inbreeding path such as
the one defined for 198812900 could not be identified. Nev-
ertheless, detection of a polymorphism in this ram could also
uncover the CLPG mutation, providing confirmation of re-
sults obtained for 198812900. Therefore, these two rams were
both used to detect the mutation, but completion of sequenc-
ing focused on 198812900 due to his known inbreeding.

These key rams permitted establishment of the most ef-
ficient screen available for the causative polymorphism. Ge-
nomic DNAs from the parents of Solid Gold were not avail-
able for testing the hypothesis for the origin of the causative
mutation. A panel of animals for SNP discovery and valida-
tion was selected that included the six progeny-tested hetero-
zygous Dorset rams (CN genotype, Fig. 1), two CN Dorset X
Romanov F1 rams, two NN Romanov ewes, and two CC rams
from an introgression flock at MARC. The two inbred CN
rams were used for detection of the causative polymorphism,
while NN and CC animals established normal and mutant
alleles, respectively. Only products from primer pairs that suc-
cessfully amplified all genotypes were used for sequencing.
This prevented allele amplification bias that could potentially
obscure the causative mutation.

Coverage of Candidate Interval by PCR
Amplification and Sequencing

A total of 388 unique primer pairs successfully amplified
sheep genomic DNA and produced sequence information tar-
geting the region containing CLPG. Individual amplicons
were not considered successfully amplified and finished as a
sequence until at least one of the two homozygous CC tem-
plates, in addition to the inbred 198812900 ram, produced a
quality sequence read. This approach allowed us to exclude
allele amplification bias as the cause of homozygosity in
198812900. The resulting 441 contigs generated 400,989
overlapping bases of quality sequence (Phred score >20) in
198812900 for a total of 215-Kb coverage of the region. Indi-
viduals comprising the remainder of the panel contributed
between 244,020 and 311,866 bp each of similar quality se-
quence. Comparison to the previously published sheep ge-
nomic sequence of the region (AF354168) suggested that over
97.5% of this candidate interval has been examined for varia-
tion in the inbred animal. A total of 5466 bases of the refer-
ence sequence was not covered specifically with 198812900,
although only 3,335 of these bases are within the new telo-
meric exclusion boundary (see section below on Further Ge-
netic Recombination Exclusion). Three small regions (total
1693 bp) generated amplicons that differed from the reference
sequence in the middle of the amplicon, while matching one
or both sides.

Mutation Discovery

In total, 616 polymorphisms were discovered, 1 SNP for every
340-bp unique sequence. Over two-thirds (67.7%) of the iden-
tified polymorphisms were purine-purine (A/G) or pyrimi-
dine-pyrimidine (C/T) transition polymorphisms. Purine-
pyrimidine transversions (A/T 3.7%; C/G 8.0%; A/C or G/T
12.8%) accounted for 24.5%, and small insertion-deletion
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Figure 2 Ram 198812900 exhibits an inbreeding path with the sire
(5318167) of Solid Gold contributing on both maternal and paternal
sides of the pedigree. We hypothesized that this inbreeding path has
allowed the region to be identical-by-descent, except for the CLPG
mutation, which we propose occurred in the gamete that produced
Solid Gold. The C identifies the mutated allele, and individuals with
the muscle hypertrophy phenotype are identified as solid black sheep;
those with normal phenotype are identified as gray sheep. Wild-type
chromosomes are represented as gray chromatids. A recombination
event is depicted to have occurred on the maternal side of the pedi-
gree; however, the event could have occurred on either or both sides
to generate marker informativeness in the centromeric region of chro-
mosome 18.

events accounted for 7.6% of the total polymorphisms iden-
tified. No inversions or major deletions were observed from
animals in our discovery panel.

Data presented in Table 1 summarize the SNP informa-
tion by animal. Heterozygosity for individuals varied widely
over this region, as expected. The overall rate of heterozygos-
ity per bp sequenced ranged from 0.0 to 0.0011738. Four of
the Dorset rams (not inbred in the region), the two Romanov
ewes, and the two F1 rams produced all of the heterozygous
positions discovered. The remaining four individuals allowed
us to exclude polymorphisms that were not causative for
CLPG. As anticipated given the recency of the mutation, the
two CC animals did not exhibit polymorphism over the entire
sequenced interval. A single common haplotype was observed
in phase with the C allele for the two CC rams and the two
inbred CN rams. In this region, all eight chromosomes from
these four animals were identical-by-descent to a gamete that
resulted in the sire of Solid Gold, except at CLPG. Two hap-
lotypes were observed for the entire region in the inbred het-
erozygous rams, differing only by a single A/G polymorphism
located at position 103,894 of AF354168 and position 267 of
the GenBank STS AF401294 (Fig. 3A,B). This polymorphism
was the only position heterozygous for all CN rams in the
discovery panel and homozygous at alternative alleles for the
Romanov ewes (NN) and the composite rams (CC). It there-
fore met our established criterion for the polymorphism
screen. Homozygous genotypic data from the remaining 615
polymorphic positions give direct evidence that 198812900
and 19912900, in addition to the two CC animals, are homo-
zygous by descent for this entire interval.
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Table 1. SNP Information Obtained From Our Discovery Panel

Callipyge Total number Unique Heterozygous
Breed genotype® Animal SNP genotypes© positions positions Het?
Dorset(D) CN 198812900 1045 600 1 0.0000048
Dorset CN 199112900 1020 606 1 0.0000048
che CcC 200023844 926 575 0 0.0
@l cc 200023886 898 564 0 0.0
Romanov(R) NN 199214022 815 517 86 0.0004103
Romanov NN 199214305 899 574 246 0.0011738
Dorset CN 199012500 1006 596 145 0.0006919
Dorset CN 199212042 886 561 236 0.0011261
Dorset CN 199212092 850 540 232 0.0011070
Dorset CN 199212900 951 573 81 0.0003865
F1DxR CN 199360105 887 559 231 0.0011022
F1DxR CN 199360365 822 521 184 0.0008779

2ClIl population contains introgressed CLPG allele from Dorset into terminal sire composite population (1/2 Columbia;
1/4 Suffolk; 1/4 Hampshire). The new composite population is on average 1/16 Dorset germplasm.
®Genotype at CLPG locus with C representing the mutant allele, N the normal allele; the paternally-derived allele is

listed first.

“Multiple sequence reads contributed data for each animal-SNP combination.
9Heterozygosity per base pair over the covered region of 209,580.

Further Interval Exclusion

Using Genetic Recombination
Several polymorphisms were developed into MALDI-TOF
mass spectrometry assays (Table 2) and genotyped on a set of
animals from a study designed to evaluate all 16 mating com-
binations of CLPG genotypes (K. Leymaster, unpubl.). Two
individual animals had definitive phenotypic carcass data and
recombinant marker genotypes within the region. These two
individuals had evidence of recombination on an informative
CLPG chromosome between genetic markers CSSM18 (posi-
tion 84.9 cM) and haplotype for OY3 / OY15 / OYS (position
88.6 cM), and were genotyped along with parental and grand-
parental DNAs for the new SNP markers.

Individual 199860459, produced by mating a CC ram to
a CN dam, did not provide definitive phase information on
the maternal gamete for the new markers. These markers gen-
erated only like-heterozygote genotypes or were noninforma-
tive. Individual 199860287 exhibited the extreme muscle hy-
pertrophy phenotype and was produced by mating two NC
parents. A recombination event on the paternally derived ga-
mete showed CSSM18 to be in phase with the inherited C
allele, while OY3 was not. Phase information on the paternal
gamete at the MEG3.9 SNP locus was definitive and also not in
phase with the C allele. This genotypic and phenotypic infor-
mation dictates that CLPG is centromeric from the MEG3.9
position in the genome (base 158520 on AF354168) and the
observed recombination event on this gamete is between
markers CSSM18 and MEG3.9. Using a defined recombinant
break point, we definitively identified the new telomeric
boundary for the callipyge locus to be MEG3.9. The causative
SNP remains within this newly defined genetic boundary.

Frequency of Causative SNP Allele

in Diverse Populations

The causative SNP would be expected only in descendants of
Solid Gold, whereas a closely linked polymorphism would
likely exist among unrelated sheep. To provide further evi-
dence that the SNP identified by the sequencing screen rep-
resents the causative mutation, a genetically diverse panel of
breeds widely used in commercial sheep production was con-

structed (see MARC SheepDP v1.1 in Methods below). The
objective was to estimate the frequency of alleles for polymor-
phisms that passed the initial screens in the discovery panel.
A mass spectrometry assay for the causal SNP (9571-268.2 in
Table 2) generated genotypes for 90 individuals across the
nine breeds. Frequency of the normal allele (nucleotide A at
position 267 on AF401294) was 100% for 180 alleles in this
panel. Of particular interest was a sample of ten Dorset rams
with normal muscle phenotype, as this was the breed of the
progenitor animal. None of the 20 chromosomes in this
sample had the causative G for A mutation. This information
adds to the preponderance of evidence that this mutation
represents CLPG.

Preliminary Functional Evaluation of Mutated Region
The mutation is not within the boundary of any previously
identified transcript (Fig. 3). Therefore the mechanism by
which this mutation causes the muscle hypertrophy pheno-
type is not obvious. Using a 144-bp sequence from the ovine
genome centered on the identified SNP, corresponding re-
gions of the cattle, human, and mouse genomes were identi-
fied between the DLK1 and MEG3 genes. Alignment of sheep,
cattle, human, and mouse genomic sequences indicated a
high degree of conservation in the region (Fig. 4). Complete
conservation of sequence across these four species was ob-
served for >74% of nucleotides. This indicates that this region
has biological significance.

Various GenBank databases were searched via BLASTN
analysis to identify corresponding transcripts, including
dbEST for human, mouse, and other species, using the ge-
nomic region sequence for each species as reference. No sig-
nificant similarity to EST sequence in the database was iden-
tified that corresponded to the genomic sequence. Using the
Mapviewer tool at the National Center for Biological Infor-
mation (NCBI; www.ncbi.nlm.nih.gov/cgi-bin/Entrez/
hum_srch), a predicted gene was identified in humans (Lo-
cusLink ID 123090; gene prediction method GenomeScan)
that spans the area homologous to the CLPG mutation. The
sequence containing the SNP lies within the 23,416-bp intron
6 of the predicted transcript, suggesting that it does not form
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241 ceaggogaadg gqgoccgagy gotggg [A/G] cca cotgteoagat cothtoococa getgaaggea
301 gyggtgtgggt gatccoaggge cggaaaaagt caaggocace tocaagoctt coaattttag
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Figure 3 |dentification of the causal base change (SNP) for CLPG. (A) Position of the identified SNP
relative to previously identified candidate genes (DLK1, DAT, MEG3, and PEG1T). Microsatellite marker
OY3 was the previously defined telomeric boundary. Scale is set to 1 = 1000 bp of the sheep genomic
sequence in GenBank accession AF354168. The SNP is at position 267 of the sheep STS sequence in
accession AF401294. (B) Sequence traces representing the different genotypes present at the noted
SNP. A Romanov ewe (NN at CLPG) displays the homozygous adenine residue, while the progeny-
tested composite ram (CC at CLPG) displays the homozygous guanine residue. The inbred ram
198812900 (CN at CLPG) exhibits both residues at this position. (C) Results from a MALDI-TOF mass
spectrometry genotyping assay for this SNP. The two alleles are represented as different mass extension
products from a probe primer with the 3’ end adjacent to the SNP (Table 2). Probe extension in the
presence of a specific di-deoxy termination mix creates the different analyte masses for each allele.

a part of this putative human gene. Moreover, no significant
open reading frame (ORF) containing the mutation is con-
served among the genomic segments of the four species.

To determine whether the region containing this muta-
tion might be involved in gene regulation, it was examined
using the Transcription Element Search System (TESS; www-
.cbil.upenn.edu). A number of motifs were identified near the
SNP that were consistent with binding of muscle-related tran-
scription control factors (data not shown). Specifically, the
SNP alters a sequence motif with homology to a muscle regu-
latory factor (MRF) binding site (Fig. 4). To determine whether
this site can be recognized by MRFs, and whether the muta-
tion affects this putative binding, oligonucleotides corre-
sponding to the C and N alleles were synthesized and used in
electrophoretic mobility shift assays (EMSAs) with MyoD pro-
tein in the presence of the E47 partner protein (Fig. SA). Re-
sults demonstrated that both sequences bind the MyoD com-
plex, with similar affinities. Thus, the mutation does not act
through altered affinity for this muscle transcription factor
complex. However, it is possible that binding affinity may be
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& affected by epigenetic processes, as
& g this region of the genome contains
‘?ﬁ imprinted genes and CpG-rich im-
printing regulatory elements that
are methylated in a parent of ori-
200 gin-dependent manner (Wylie et al.
2000; Charlier et al. 2001b).
Differential methylation of
CpG regions is a key component of
regulation of imprinting. One of
the potential models for polar over-
dominance would involve a rever-
sal of the imprint from one parental
origin to the other. Although the
mutation does not affect a site for
methylation, it could potentially
have cis-acting effects on local
methylation patterns or efficiency.
Epigenetic modifications to the im-
mediate region surrounding the
SNP were therefore evaluated using
bisulphite sequencing. Eleven CpG
sites near the mutation were evalu-
ated for methylation status in all
four CLPG genotypes from fetal
(n = 8 animals) and adult stages
(n = 8 animals). Fetal-stage DNA
samples exhibited a consistent
methylation pattern that did not
2okt differ between the genotypes. In
adults, overall methylation levels
were increased relative to the fetal
samples. Furthermore, NN geno-
types exhibited the highest degree
of methylation, CN and NC geno-
types an intermediate level, and CC
genotypes the lowest level of meth-
ylation. However, the methylation
exhibited in this region is not par-
ent of origin-dependent, and phe-
notypic status does not correlate
with the degree of methylation.
This indicated that altered methyl-
ation in the vicinity of the SNP is
not the mechanism by which this mutation affects the muscle
hypertrophy phenotype.
To investigate the possibility that the sequence is part of
a previously unrecognized expressed transcript, fetal sheep
longissimus muscle RNA was reverse transcribed with random
primers, and the resulting cDNA was amplified with primers
(21911-21912) designed to amplify a 115-bp segment con-
taining the mutation. This primer pair successfully produced
a reverse transcriptase-dependent product with the correct se-
quence (data not shown), indicating that the sequence carry-
ing the mutation represents a portion of an expressed tran-
script (Fig. 5B). Two additional reverse primers (22051 and
22052) were synthesized and also produced the appropriate
products via RT-PCR in combination with primer 21911. To
determine the direction of the transcript, cDNA synthesis was
primed with either 21911 or 22051 prior to PCR with primers
21911-22052. Specific amplification was observed only from
the cDNA produced with the 22051 primer, indicating that
the transcript is produced in the direction heading from
MEGS3 to DLK1 (Fig. 5B). To obtain further sequence, cDNA
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Primer 21911
Sheep tgtcctggtctatittc
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PRatret BRRRRED R0 LR LEbEI e i 1 411

Primer 21912
Sheep gtcagatcctttcoccagetgaagge tgt

|1 FLAEREE T8 rEel

Figure 4 Alignment of 144 bp of sheep genomic sequence flanking the identified SNP with ho-
mologous cattle, human, and mouse genomic sequence. The SNP is identified with the arrow. Per-
centage homology with the sheep sequence ranged from 99.3% identical (cattle) to 78.4% identical
(mouse). The 10-bp motif for a MyoD recognition site is underlined. Primers used for RT-PCR experi-

ments are double underlined.

produced using the 21911 primer was used for 5’ rapid am-
plification of cDNA ends (RACE) using a procedure dependent
on the cap structure to identify the 5’ extent of the RNA (see
Methods). The RACE product (accession number AF533009)
included 547 bp of sequence identical to the sheep genomic
sequence surrounding the mutation, and presumably defines
the 5’ end of the transcript and a portion of the first exon. We
will refer to the transcript in this direction as CLPG1.

The use of a modified poly(T) primer to perform 3' RACE
to obtain downstream sequence was unsuccessful despite
multiple attempts on various RNA preparations from fetal
longissimus muscle of various CLPG genotypes, and using
various combinations of amplification primers. This suggests
the possibility that the 3’ end of the transcript is very distant
from the 5’ end, or that the sequence between the partial first
exon and the polyadenylation site is recalcitrant to reverse
transcription or PCR amplification. We attempted to establish
the molecular weight of the RNA transcript by Northern blot-
ting to address these possibilities. A blot was generated using
10-30 pg of RNA from several sheep tissues including fetal
muscle, with the RT-PCR product as probe. An ovine GAPDH
probe served as a positive control for RNA loading and exhib-
ited hybridization signal for all samples. We failed to detect
specific hybridization signals for the probe containing the
CLPG mutation, indicating that the transcript is a very-high-
molecular-weight transcript and/or present in low copy num-
ber (data not shown).

DISCUSSION

Discovery of the CLPG mutation offers potential for new in-
sights into basic biology of imprinting regulation in this re-
gion of the genome. In addition, a better understanding of
mammalian protein and adipose accretion as well as postmor-
tem tenderization of muscle tissue would evolve. We previ-
ously refined the CLPG region to a small (3-cM interval) ge-
netic interval containing a conserved orthologous compara-
tive segment with bovine and human genomes (Fahrenkrug
et al. 2000). Others completed a further refinement of physi-
cal and genetic maps (Berghmans et al. 2001) and generated a
contig of the sheep genomic sequence (Charlier et al. 2001b)
encompassing the interval. We describe the discovery of an
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SNP whose genome location and al-
lelic concordance are consistent
with it being the causative CLPG
mutation that generates muscle hy-
pertrophy and is expressed as a
novel polar overdominance form of
imprinting regulation. Although
this finding ends a nearly ten-year
effort to identify the CLPG muta-
tion, it marks the starting point for
determining the mechanism by
which it leads to these marked phe-
notypic alterations.

A key element in our discovery
effort was recognizing the value of
two inbred animals that were het-
erozygous at CLPG. An efficient
screening process was developed
that allowed us to exclude over 600
SNP positions as candidates for the
causal mutation. This panel sub-
jected to comparative sequencing
included two progeny-tested rams
heterozygous for CLPG that were homozygous for all markers
developed over the telomeric one-third of chromosome 18.
Detection of a single common polymorphism in these two
animals revealed the CLPG mutation. Phase of the mutation
with respect to corresponding SNP alleles was determined in
animals of the alternative homozygous genotypes. We devel-
oped a genotyping assay to validate this polymorphism and
observed complete concordance in segregating populations of
this SNP allele in phase with the mutant CLPG allele. Testing
additional animals within and outside of the original breed
confirmed the specificity of the SNP and supported the con-
clusion that it represents the causative CLPG mutation.

Except for the inbred CN rams and the two CC animals
of the SNP discovery panel, nucleotide sequence variation was
discovered at an expected rate in this region of the sheep
genome. For example, base differences were observed on av-
erage every 184 bp in divergent crossbred pigs (Fahrenkrug et
al. 2002), every 96 bp in a cattle diversity panel (Heaton et al.
2002), and every 90 bp in other regions of the sheep genome
in a Sheep Diversity Panel (MARC SheepDP v1.1). Thus, there
is no evidence that this is a hypermutable area of the sheep
genome. Indeed, the existence of over 600 additional SNP-
based genetic markers with observed homozygosity in the two
inbred rams lends strong support to the contention that these
chromosomes were identical-by-descent. The evidence pre-
sented here supports the hypothesis that the SNP identified
occurred in the gamete that created Solid Gold. The possibil-
ity that an undiscovered mutation simultaneously occurred
on the same gamete in this small region is highly unlikely.

Discovery of the CLPG mutation in a region of the ge-
nome absent of previously known expressed genes led us to
question how this solitary SNP produces the unique geno-
type-phenotype interactions of this syndrome. Several tran-
scripts, including several noncoding RNAs, in this chromo-
somal region exhibit preferential expression in skeletal
muscle (Charlier et al. 2001b), indicating potential common
regulatory mechanisms in the region. An initial hypothesis to
explain the polar overdominance gene action of the muscle
hypertrophy phenotype was that a mutation alters the polar-
ity of imprinting for the entire region. All of the previously
reported transcripts in this region have been observed to be
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Cont MyoNE4? G HMyoliE47

2

Probe: CLPG MNormal

Figure 5 Functional analysis of the region that encompasses the
CLPG mutation. (A) An electrophoretic mobility shift assay using
MyoD/E47 proteins and radiolabeled oligonucleotide probes repre-
senting the CLPG region. Probes were incubated either with no pro-
tein (Cont), 1 pL in vitro translated MyoD/E47, or 5 uL MyoD/E47,
and the resulting complexes (B) were separated from free probe (F) by
electrophoresis. MyoD/E47 forms two complexes with target DNA
elements: the upper complex contains full-length proteins, and the
lower complex contains a smaller translation product of E47 (Lemer-
cier et al. 1998). (B) Expression of a transcript containing the CLPG
mutation. RNA from fetal longissimus muscle was reverse transcribed
with primer 21911 (primer sequence in Fig. 4) (lane T) or 22051 5'-
GCAAGGGTCTGTTTGGTCCTAA - 3’ (lane 2). Resulting cDNA was
amplified with primer 21911 and a nested reverse primer, 22052 5'-
GCTGGAGACGTGCAGCTCTAA - 3'. Control PCR with these primers
utilized RNA from a mock reverse transcription to rule out DNA con-
tamination (lane 3), no template negative control (lane 4), or ovine
genomic DNA (lane 5).

imprinted; however, no polarity shift has been documented
among the transcripts evaluated in sheep for different CLPG
genotypes (Charlier et al. 2001a).

The degree of conservation of the sequence adjacent to
the CLPG mutation across species indicates that this region
has an important biological function. Sequence motifs asso-
ciated with muscle regulatory factor binding were identified
in this specific region; however, the mutation did not alter in
vitro binding of MyoD. Epigenetic modifications observed by
differentially methylated CpG sites are present in this region
of the genome, but once again do not appear to be altered by
CLPG genotypic status. Evidence has been generated, how-
ever, that demonstrated the region is expressed as an RNA
transcript (CLPG1) in sheep muscle tissue. The 547-bp tran-
script identified in sheep contains an ORF predicting 123
amino acids in which the CLPG mutation would alter a serine

codon to a proline, but this ORF is not conserved in human
and mouse genomic sequence, and the likelihood that it pro-
duces the corresponding peptide is unknown. Moreover, the
conservation of sequence between species, outside of the 144-
bp region shown in Figure 4, is substantially lower. Current
work is aimed at determining the full length of this novel
CLPG1 transcript and establishing its functional role.

Retarded growth development and accelerated adiposity
were recently observed in a knockout mouse for the DLKI
gene (Moon et al. 2002). This evidence would be consistent
with a lean muscular phenotype in response to the constitu-
tive overexpression of DLK1 for sheep with the CLPG muscle
hypertrophy phenotype as observed by Charlier et al. (2001a).
It is possible that the identified mutation within this new
transcript could alter its function as an RNA effector molecule
to regulate gene expression of DLK1 differently in animals
heterozygous for the mutation on the paternal allele.

Associations of phenotypes with specific genes, and the
subsequent identification of the causal variation, have previ-
ously relied upon the presence of known gene(s) in the region
linked with nearby genetic markers. This facilitates interroga-
tion of the sequence of coding regions of positional candidate
genes to identify causative mutations (e.g., Kambadur et al.
1997; Cockett et al. 1999; Galloway et al. 2000; and Mulsant
et al. 2001). To our knowledge, this is the first time that a
novel transcript has been identified in livestock subsequent to
discovery of a causal mutation associated with a phenotype.
The discovery of this mutation and a new transcript encom-
passing the mutation will focus new investigations on both
genetic and epigenetic aspects of this important genomic re-
gion.

METHODS
Bovine BAC Clones

Genomic sequence for this area of the sheep genome was
unavailable at the start of this project, and sheep BAC clones
containing the region had not been identified.

Two bovine BAC clones clones (486B7 and 540H9) were
isolated from the RPCI-42 library (Warren et al. 2000) and
were positive for both DLKI and MEG3 genes. To generate
initial genomic sequence for primer design, a total of 5 pg of
DNA from a pool of these two BAC clones was partially di-
gested (18 min at 37°C) with 0.5 U of the enzyme Cvi/1. The
nearly random distribution of fragments was separated on a
1% agarose gel, and the fraction between 1000 and 1200 bp
was isolated using a commercial kit (Novagen). Size-selected
fractions were cloned into dephosphorylated pBLUESCRIPT
vector (Stratagene) prepared by EcoRV digestion. Eight 384-
well plates of genomic subclones were picked and sequenced
as described (Smith et al. 2000). Chromatograms were ex-
ported into the MARC relational database, bases called with
Phred (Ewing and Green 1998; Ewing et al. 1998), and se-
quences assembled into contigs with Phrap (P. Green, un-
publ.). Bovine contig consensus sequences were tentatively
ordered relative to matching human genomic sequence ob-
tained from two BAC clones AL132711 and AL117190 using
pairwise BLAST (Tatusova and Madden 1999). Public release
of the sheep genomic sequence (AF354168) of this region dur-
ing the project redirected our primer design efforts to the
ovine-specific sequence data.

Primer Design

Amplification primers were designed using Primer3 (Rozen
and Skaletsky 2000) from either the available bovine or ovine
genomic sequence data. Amplicons were designed as overlap-
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ping genomic segments of approximately 1000 bp each span-
ning 220,000 bp of the sheep genomic region from the pub-
lished sequence (AF354168). Primers were ordered from a
commercial vendor (Integrated DNA Technologies). Primer
sequences that generated data during this project are available
from the GenBank dbSTS accessions (see below).

SNP Detection

Sequencing of PCR products from sheep genomic DNA was
conducted and analyzed as described (Fahrenkrug et al. 2001)
using Phred, Phrap, Polyphred, and Consed software (Ewing
et al. 1998; Ewing and Green 1998; Nickerson et al. 1997;
Gordon et al. 1998; P. Green, unpubl.). Position and compo-
sition of each accepted polymorphism, animal genotypes,
and contig sequences were parsed to the MARC database.
Consensus sequences with denoted SNP positions contained
within as IUB codes were submitted to dbSTS in GenBank
(Accession numbers: G74891 to G75331).

SNP Discovery Panel

A panel of twelve sheep was utilized to identify SNPs by se-
quencing. This panel contained six Dorset rams (198812900,
199012500, 199112900, 199212042, 199212092, and
199212900). All of these animals are heterozygous for CLPG,
tracing back to the presumed progenitor animal (Solid Gold)
within three generations. Two Romanov ewes (199214022,
199214305) which do not contain the mutated allele, two
heterozygous F1 Dorset X Romanov rams (199360105,
199360365), and two rams homozygous for the mutated allele
comprised the rest of the panel. All individuals in the panel
were progeny-tested for CLPG genotypic status. The two rams
homozygous for CLPG (200023844, 200023886) are members
of a separate composite population created by introgressing
and fixing the mutated allele from Dorset rams by traditional
backcrossing into a different genetic background. The key in-
dividual in our panel was a Dorset ram (198812900) chosen as
the primary screen for the causative CLPG polymorphism. He
was chosen because of the high degree of homozygosity for
genetic markers from the telomeric one-third of the linkage
group, and the pedigree information which indicated an in-
breeding path to the sire (5318167) of Solid Gold (5354432)
(Fig. 2). S318167 is both the paternal and maternal great
grandsire of 198812900. This inbred individual (198812900)
is identical-by-descent for the telomeric one-third of ovine
chromosome 18 with the exception of the specific CLPG mu-
tation that likely occurred on the sperm cell that produced
Solid Gold. These characteristics make 198812900 the ideal
screen for the causative polymorphism. Alternatively, se-
quencing of Solid Gold and his parents would also have re-
vealed the mutation. Genomic DNA from the parents of Solid
Gold is not available.

Sheep Diversity Panel (MARC SheepDP vl.I)

To evaluate the frequency of the candidate polymorphism, a
panel of sheep breeds was developed. Ninety DNA samples
were collected from nine genetically diverse breeds of sheep.
Ten rams each, with no rams produced by a common sire,
were sampled from the following breeds: Composite III (Ley-
master 1991), Dorper, Dorset, Finnsheep, Katahdin, Suffolk,
Texel, Rambouillet, and Romanov. These breeds represent
wide ranges of performance for numerous economically im-
portant traits and all functions in crossbreeding systems. They
represent a wide segment of the commercial sheep popula-
tions used in the U.S. The objective of using this panel was to
evaluate the frequency of alleles for the polymorphism that
passed the initial screen in the discovery panel.

1504 Genome Research
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Assays for automated genotype scoring by matrix-assisted la-
ser desorption-ionization time-of-flight mass spectrometry
(MALDI-TOF MS) were developed based on the Sequenom (Se-
quenom) genotyping technology. The MALDI-TOF MS system
uses primer oligonucleotide base extension, nanoliter dis-
pensing of extension products onto silicon chips (Little et al.
1997), and fully automated mass spectrometric analysis. In-
dividual genotyping assays constructed are presented in Table
2. All assays were designed as a three-primer PCR amplicon
with one of the gene-specific primers containing a universal
tail primer sequence at the 5’ end to allow incorporation of a
biotin-labeled universal primer as described in Stone et al.
(2002).

Genotypes were captured at SNP marker loci for two
groups of animals. A set of animals from a study designed to
evaluate all 16 mating combinations at CLPG (K. Leymaster,
unpubl.) was genotyped to evaluate two additional animals
with definitive phenotypic carcass data and recombinant
marker genotypes within the candidate interval. The second
set of animals was the diverse breed panel described above
(MARC SheepDP v1.1).

Linkage Analysis

Marker genotypes from the MALDI-TOF assays were put into
a relational database (Keele et al. 1994). Genotypic data from
the resource population were used to construct a linkage map
of the region as described by Kappes et al. (1997) with Cri-
Map version 2.4 (Green et al. 1990). The CHROMPIC option
was used to evaluate location of phase changes of the recom-
binant animals in our panel given the known physical marker
orders.

Methylation Analysis

Bisulphite treatment of genomic DNA was performed based
on an adapted protocol from Grunau et al. (2001). Briefly, one
pg of genomic DNA was denatured with 3M NaOH for 20 min
at 42°C, followed by deamination in saturated sodium bisul-
phite/10mM hydroquinone solution, pH 5.0 for 4 h at 55°C.
The DNA was desalted using the Wizard DNA Clean-up Sys-
tem (Promega), then desulfonated in 3M NaOH (20 min at
37°C) and ethanol precipitated. The samples were resus-
pended in 20 pL Tris-Cl, pH 8.0 and stored at 4°C. One pL of
the bisulphite-treated DNA was used as template for PCR am-
plification. Amplification products were purified from agarose
gels using GenFlute spin columns (Sigma) and cloned into a
pGEM T-Easy vector (Promega); individual clones were se-
quenced using radiolabeled terminator cycle sequencing
(USB).

MyoD Binding Assay

Mouse MyoD and E47 proteins were synthesized in a single
reaction in vitro using TNT Quick coupled rabbit reticulocyte
lysate reagents (Promega). Substrate DNAs were 1 pg of
PcDNA3-E47 and pcDNA3-E47 cDNA plasmids (Lemercier et
al. 1998; generous gifts from Dr. S. Konieczny, Purdue Uni-
versity). Parallel reactions containing *°S-methionine (Amer-
sham Pharmacia) were performed, and the radiolabeled pro-
teins were analyzed by fluorography as previously described
(Sloop et al. 2000; data not shown).

Electrophoretic mobility shift assays (EMSA) were per-
formed as described (Sloop et al. 2000) using equivalent
amounts of in vitro translated MyoD/E47. Negative control
reactions contained either unprogrammed lysate or no pro-
tein. 32P-labeled DNAs representing the SNP region were gen-
erated from the following oligonucleotides: CLPG site, 5’ GG-
GAAAGGATCTGACAGGTGGCCCCAGCCCTCGG-3', and
normal site, 5" GGGAAAGGATCTGACAGGTGGTCCCAGC-
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CCTCGG-3'. The appropriate complementary sequences were
used to generate the double-stranded targets.

RT-PCR and Northern Analysis

The highly conserved portion of the sheep genomic sequence
surrounding the causative mutation was used to design prim-
ers 21911 and 21912 (Fig. 4) to amplify a 115-bp product from
genomic DNA. Random hexamers, primer 21911, or primer
22051 (Fig. 5B) were used to prime cDNA synthesis from 1 pg
of total RNA purified from sheep fetal longissimus muscle of
all four CLPG genotypes (NN, CC, NC, and CN). Reverse tran-
scription was performed with Avian Moloney Virus reverse
transcriptase as recommended by the manufacturer (Invitro-
gen), in 25 pL total reaction volume. The cDNA product (1 or
5 puL ) was used as template for PCR using the 21911-21912 or
21911-22051 primer pairs, in 10 pL total reaction volume.
The 5'RACE and 3'RACE reactions were performed using a
GeneRacer™ kit (Invitrogen) as recommended by the manu-
facturer. Primer 21911 was used to prime cDNA synthesis for
5'RACE, followed by amplification employing 21911 -
“S'RACE” primers in 10 pL reaction volume. One pL of this
PCR product was used as template for a second round of am-
plification with a nested primer 22055 (5'-GGCTGGGGC-
CACCTGTCAGAT-3’) and the "5'RACE nested” primer. The
amplification product from this reaction was separated on
agarose gel, eluted from the gel, and cloned using a TOPO
TA™ kit (Invitrogen) prior to sequencing.

Standard Northern blot analysis was performed using 10
or 30 ug of total RNA separated on 1% agarose containing
formaldehyde as described (Sambrook et al. 1989). RNA was
transferred to Zetaprobe membrane (BioRad) via capillary
transfer. Probe was prepared using a commercial kit (Super-
script kit; Invitrogen) from either full-length bovine GAPDH
or a clone containing the RT-PCR product from the 21911~
22051 primer pair. Blots were exposed to a phosphorimaging
screen for 24-72 h before images were collected.
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