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Abstract. Myostatin (GDF-8) is a member of the transforming
growth factor-b superfamily and plays a role in muscle growth and
development. Mice having targeted disruption of this gene display
marked increases in muscle mass, a phenotype similar to the mus-
cular hypertrophy (mh) in several cattle breeds. Physical mapping
data developed from YAC clones indicate the bovine myostatin
gene lies close to the centromere of bovine Chromosome (Chr) 2
(BTA2) at 2q11, indistinguishable from the cytogenetic location of
themh locus. In addition, a polymorphism in the second intron of
the gene was used to show that myostatin maps within the interval
previously shown to containmh. These data suggest myostatin
may be the gene causing muscular hypertrophy in cattle.

Introduction

Muscular hypertrophy (mh), also known as ‘‘double-muscling’’ in
cattle, has been recognized as a heritable physiological phenotype
for decades (reviewed in Arthur 1995) and is present in Belgian
Blue, Piedmontese, and Asturiana de los Valles breeds. Affected
animals of the Belgian Blue breed, which have been intensively
selected for the trait, display enlarged muscles with a distoproxi-
mal and anterioposterior gradient such that the degree of hypotro-
phy is greatest in the proximal hindquarters. The hypertrophy re-
sults primarily from cellular hyperplasia. Other significant effects
of the syndrome include a diminished size of internal organs as
well as a decrease in the size of external genitalia. Previous genetic
studies in a Belgian Blue × Holstein backcross population and
Asturiana pedigrees demonstrated that double muscling segregates
as a monogenic trait and maps to the centromeric end of the BTA2
linkage group (Charlier et al. 1995; Dunner et al. 1997). Another
recent mapping study utilized more markers in this region and
genotyped two large half-sib families by use of F1 Belgian Blue
and Piedmontese sires (Casas et al. submitted). This study high-
lighted the partial recessive character of the trait, as the effect of
mhon muscle mass of heterozygousmh/+ animals was observed to
be 1.6 standard deviations higher than +/+ animals. In conjunction
with a comparative mapping approach (Fisher et al. 1997; Sonste-
gard et al. 1997), this analysis narrowed the location ofmh to an
approximately 5-cM interval distal to the Protein C (PROC) gene
in the vicinity of the alpha collagen type III (COL3A1) gene.

A recent study involving the production of mice with homo-
zygous deletions of genes of the TGF-b family has suggested the
possibility that myostatin may be a candidate gene for themhlocus
(McPherron et al. 1997). This family of genes encodes secreted
growth factors that are important for the maintenance of tissue
homeostasis in the adult animal, as well as playing crucial roles in
embryonic development (reviewed in McPherron and Lee 1996).
Myostatin is of particular interest because of the phenotype of the
knockout mice, which exhibit a severe cellular hyperplasia that

results in muscles two to three times the size of wild-type animals.
In order to evaluate myostatin as a candidate gene formh,we have
mapped bovine myostatin with physical and genetic markers for
comparison with the known position ofmh.

Materials and methods

Primers were developed from the reported sequence (GENBANK acces-
sion [U84005) of exon 3 of the mouse cDNA for myostatin (primers
mg898 and mg1234; numbers refer to the corresponding nucleotide posi-
tion in the mouse sequence; see below). Optimal conditions for use of these
primers were determined with bovine genomic DNA, and the PCR product
was cloned and sequenced to verify that the correct locus had been targeted
before these primers were used to screen the YAC library. A bovine-
specific reverse primer (bg1001) was then developed from the sequence of
the PCR product and used in conjunction with a primer designed from the
mouse exon 2 sequence (primer mg743) to amplify across intron 2 of the
bovine gene from genomic or YAC DNA.

Primer sequences were:
mg898-CCGGAGAGACTTTGGGCTTGACTG
mg1234-TCATGAGCACCCACAGCGGTC
mg743-CAAAATTGGCTCAAACAGCCTGAATC
bg1001-TAATCCAATCCCATCCAAAAGC

Polymerase chain reaction (PCR) was performed in 10ml total volumes
with 100mM each of all four deoxynucleotides, 0.1% Triton X-100, 50 mM

KCl, 10 mM Tris-HCl pH 9.0, 1.5 or 2.5 mM MgCl2, and 5–15 ng/ml of
DNA depending upon whether the template was bovine genomic or YAC
pool DNA, respectively. Thermocyling parameters were 94°C for 4 min,
followed by 30–35 cycles of 94°C 1 min, 58°C 1 min, 72°C 1 min (YAC
screening) or 2 min (exon 2 amplification), followed by a 4-min elongation
step at 72°C. The PCR products were electrophoresed on 1.5% (intron 2
and digestion products) or 3% (exon 3 YAC screening) agarose gels and
visualized by staining with ethidium bromide. AXcmI PCR vector (T.
Sonstegard, unpublished) was used for cloning of PCR products to be
sequenced.

YAC screening was performed as described (Smith et al. 1996) with the
mg898 and mg1234 primers. Fluorescence in situ hybridization (FISH) of
the BY261D9 YAC and intestinal alkaline phosphatase (ALPI) cosmid was
performed as described (Smith et al. 1996; Lopez-Corrales et al. 1997).
Restriction fragment length polymorphism (RFLP) of the intron 2 PCR
product was performed by addition of a reaction mix containing 0.5ml (3
units) ofHaeIII enzyme (Promega), 2.5ml of 10× reaction buffer (supplied
with the enzyme), and 12ml of H2O directly to the completed PCR reac-
tion. Digestion was allowed to continue for 2 h at37°C before the gel was
loaded. PCR-RFLP genotypes were scored and analyzed as described
(Bishop et al. 1994; Kappes et al. 1997).

Results

The goal of these experiments was to determine whether myostatin
represents a possible positional candidate gene formh. Initially, a
series of primers were developed from the reported sequence of the
mouse cDNA in the portion of exon 3 coding for a series of
cysteine residues that is a consensus part of the TGF-b gene family
(McPherron et al. 1997). One set of primers, mg898 and mg1234,
produced a 337-bp product in human, sheep, porcine, and bovineCorrespondence to:T.P.L. Smith

Mammalian Genome 8, 742–744 (1997).

© Springer-Verlag New York Inc. 1997



DNA. The product from bovine DNA was cloned, sequenced, and
found to have 88.7% identity (excluding the primer sequence) with
the mouse sequence and 93.5% identity with the product from
human DNA, demonstrating that the primers amplified the desired
bovine target sequence.

Previous physical assignments of markers shown to be closely
linked to themh locus predict that it lies at BTA2q11 (Sonstegard
et al., In press). Our next goal, therefore, was to obtain large insert
clones to determine the cytogenetic location of myostatin. The
mg898 and mg1234 primers were used to screen the MARC bo-
vine YAC library, and five individual clones were identified.
These clones were verified to carry the bovine myostatin gene by
amplification with two other sets of primers developed from the
mouse sequence (data not shown). Three clones were chosen on
the basis of size and used for FISH analysis. Two of the YACs
appeared to be chimeric, because they gave more than one hybrid-
ization signal (specifically, they gave faint hybridization signals at
the telomeres of multiple chromosomes; data not shown). How-
ever, all three YACs produced more intense hybridization signals
at the centromere of BTA2, and one YAC (BY261D9; approxi-
mately 380 kilobases in size) consistently gave only a BTA2 cen-
tromeric signal (Fig. 1a). To verify that myostatin is localized
close to the BTA2 centromere, the BY261D9 YAC was co-
hybridized with a cosmid carrying theALPI gene (Fig. 1b) that had
previously been mapped to BTA2q44 (Sonstegard et al. in press).
These results support the conclusion that bovine myostatin lies at
BTA2q11, the predicted position of themh locus (Charlier et al.
1995; Sonstegard et al. in press; Casas et al. submitted).

The FISH analysis suggested that myostatin may be a posi-
tional candidate gene formh. In order to increase the resolution
and provide further support for this hypothesis, we developed a
PCR-RFLP marker, using primers that amplify across intron 2 of
the gene. A forward primer (mg743) was developed from exon 2
sequence of the mouse gene, and a reverse primer (bg1001) was
developed from the bovine exon 3 sequence (see Materials and
methods). These primers produce an approximately 2200-bp prod-
uct from bovine genomic DNA that includes 250 bp of exon se-
quence. A polymorphism in the MARC reference population
(Bishop et al. 1994; Kappes et al. 1997) revealed by the enzyme
HaeIII was used to identify 91 informative meioses and provide
the basis for linkage mapping of myostatin.

The TWOPOINT option of the CRIMAP program version 2.4
(Green et al. 1990) resulted in significant two-point linkage of the
myostatin PCR-RFLP only with markers in the BTA2 linkage
group. The maximum LOD score for any BTA2 marker and myo-

statin was 24.40 with markerBM81124,which lies near the cen-
tromeric end of the BTA2 linkage group (Kappes et al. 1997;
Sonstegard et al. 1997). LOD scores greater than 5 were also found
for myostatin and eight other markers from the centromeric end of
BTA2. The CRIMAP program was then used to position the
marker within the linkage group. The FLIPS3 and FLIPS4 options
indicated four marker orders that result in scores differing by less
than 3 LOD, but all of these possible orders place the myostatin
gene between the centromere and theCOL3A1gene. The order
with the highest LOD score wasPROC–(0.8)–BM81124–(0.0)–
BY5–(0.0)–TGLA44–(1.9)–myostatin–(2.0)–COL3A1–(1.0)–
BM3627 (numbers in parentheses indicate cM distance between
markers).

Discussion

The FISH data in combination with the PCR-RFLP linkage analy-
sis show that the location of the myostatin gene is indistinguish-
able from that of themh locus at the resolution of the mapping
study (approximately 3–5 cM). Thus, the bovine myostatin gene
represents a positional candidate for the gene causing the muscular
hypertrophy observed in Belgian Blue cattle. Previous to the dis-
covery of this gene, a comparative mapping study of BTA2 with
human Chr 2 had suggested other possible positional candidates
known to have effects on muscle development (Sonstegard et al.
1997). These include Gli2, a zinc finger protein of the kruppel
family for which other members are known to affect limb devel-
opment (Matsumoto et al. 1996); Bin1, a myc-interacting protein
containing an SH3 domain whose expression is linked to devel-
opment of myotubes from myoblasts (Negorev et al. 1996); Grb14,
a member of a family of genes that are targets for PDGF-regulated
serine kinases, of which one (Grb2) is known to bind activated
growth factor receptors and couple the receptor to the RAS path-
way (Baker et al. 1996); and En1 (engrailed), a homeobox gene
involved in segmentation/pattern formation in insects (summarized
in Patel et al. 1989). All four of these genes lie in the vicinity of
the PROC gene on the human map, although their position on the
bovine map has yet to be verified. In addition, there are a signifi-
cant number of expressed sequence tags (ESTs) that lie in this
vicinity on the human map, including some derived from skeletal
muscle, that also represent positional candidate genes.

Although all these genes represent formal candidates for the
mh locus, the similarity of the phenotype of the knockout mice to
the homozygousmh/mhcattle makes myostatin the most attractive

Fig. 1. Physical location of the bovine myostatin
gene revealed by FISH of YAC clones. (a.) Total
DNA from bovine YAC clone BY261D9 was
labeled and hybridized to bovine metaphase
spreads. Arrows indicate the hybridization signals
at 2q11. (b.) Verification of the chromosomal
identification is provided by cohybridization of the
BY261D9 probe with a cosmid probe carrying the
ALPI gene, which has previously been assigned to
2q44. Arrows indicate the BY261D9 signals and
arrowheads indicate the ALPI hybridization signal.
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candidate. The fact that it acts as a negative regulator of muscle
growth, as evidenced by the increased muscle in mice lacking the
gene, is highly suggestive that simple deletion or point mutation
that decreases the activity or expression of the gene would suffice
to create the observed phenotype. Other members of this family of
genes act by formation of active dimers capable of interacting with
signal-transducing ligands, and indeed it appears that myostatin
exists as a dimer (McPherron et al. 1997). This mechanism sug-
gests that a mutation either in the promoter region, affecting ex-
pression timing or levels, or in the coding region affecting dimer-
ization, receptor binding, or signal transduction, may underlie the
mh phenotype.

Interestingly, the mouse study found little difference between
wild-type (+/+) mice and heterozygous (−/+) animals in muscle
weights. This sharply contrasts with the situation in cattle, which
show significant effects of a single copy of themhallele (Casas et
al. submitted). A possible explanation for this difference could be
that themhmutation in cattle results in normal levels of a defective
protein, which leads to the formation of defective dimers with the
protein from the normal copy. The formation of all three classes of
mh/mh, mh/+, and +/+ dimers could lead to the intermediate phe-
notype observed inmh/+ cattle through competitive inhibition by
the nonfunctional dimers. In contrast, the heterozygous knockout
mice have only functional dimers made from the single, uninter-
rupted wild-type allele.

Clearly further examination of the timing and level of expres-
sion, as well as the amino acid sequence of the protein in normal
and mh animals, will help to resolve these issues and determine
whether myostatin is themhgene. Studies are currently under way
to sequence the genes of normal and heavy-muscled cattle breeds
to find any underlying mutations. In addition, studies of other
breeds will be conducted to determine whether there is allelic
variation affecting muscling with less severe effects than themh
allele. It is an exciting possibility that the discovery of the myo-
statin gene may eventually lead to treatments that increase muscle
growth in meat animals with normal myostatin genes, or delay the
expression of hypertrophy in heavy-muscled breeds to avoid the
problems of dystocia normally associated with Belgian Blue ani-
mals.
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