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A deletion in the bovine myostatin gene causes the
double-muscled phenotype in cattle

Luc Grobet!, Luis José Royo Martin?, Dominique Poncelet!, Dimitri Pirottin!, Benoit Brouwers!,
Juliette Riquet!, Andreina Schoeberlein!, Susana Dunner?, Francois Ménissier?, Julio Massabanda?,

Ruedi Fries*, Roger Hanset! & Michel Georges!

An exceptional muscle development commonly referred to as
‘double-muscled’ (Fig. 1) has been seen in several cattle breeds
and has attracted considerable attention from beef producers.
Double-muscled animals are characterized by an increase in
muscle mass of about 20%, due to general skeletal-muscle
hyperplasia—that is, an increase in the number of muscle fibers
rather than in their individual diameter!. Although the hereditary
nature of the double-muscled condition was recognized early on,
the precise mode of inheritance has remained controversial;
monogenic (dominant and recessive), oligogenic and polygenic
models have been proposed?. In the Beigian Blue cattle breed
(BBCB)*, segregation analysis performed both in experimental
crosses? and in the outbred population suggested an autosomal
recessive inheritance. This was confirmed when the muscular
hypertrophy (mh) locus was mapped 3.1 cM from microsatellite
TGLAA44 on the centromeric end of bovine chromosome 2 (ref. 5).
We used a positional candidate approach to demonstrate that a
mutation in bovine MSTN, which encodes myostatin, a member
of the TGFB superfamily, is responsible for the double-muscled
phenotype. We report an 11-bp deletion in the coding sequence
for the bioactive carboxy-terminal domain of the protein causing
the muscular hypertrophy observed in Belgian Blue cattle.

Previous work has shown that the pro-a(III) collagen gene
(Col3Al) is located in the same chromosomal region as the mh locus.
Col3AI has been mapped to BTA2q12-22 by in situ hybridization®,
while a Col3AI RFLP marker was shown to be closely linked to
TGLA44 (8=2%)’. This identifies the region flanking Col3AI on
the human map—HSA2q31-33—as the likely orthologous human
chromosome segment, which is compatible with Zoo-FISH data®
and mapping of type-I markers on somatic cell hybrids®.

To refine the correspondence between the HSA2q31-33 and
BTA2q12-22 maps, we developed comparative anchored tagged
sequences (CATS)—primer pairs that would amplify an STS from
the orthologous gene in different species’—for a series of genes
flanking Col3A1 on the human map and for which sequence infor-
mation was available in more

Fig. 1 Double-muscled Belgian Blue animal homozygous for the nt827del(11)
deletion in the myostatin gene.

YAC library (A. Schoeberlein, manuscript in preparation). We
explored potential overlap between YACs obtained with this panel
of STSs on the basis of common STS content, as well as cross-
hybridization between individual SINE-PCR product. This analy-
sis revealed three independent YAC contigs in the region of interest
(Fig. 2): 1) contig A, containing microsatellites TGLA44, BM81124
and INPPI; ii) contig B, containing Col3AI and Col5A2; and iii)
contig C, containing microsatellite markers BM3627, ILSTS(026,
INRA40 and TFPI We isolated new polymorphic microsatellite
markers from contig B (BULGE20), as well as contig A
(BULGEZ23), in order to increase the local information content.
We genotyped a previously described experimental backcross pop-
ulation®!®, and used all available genotypes to construct a link-
age map with the ILINK program. We obtained the following most
likely order and sex-averaged recombination rates between adja-

than one mammal. In addition
to Col3AI, CATS were obtained

Table 1 ¢ Distribution of nt821(del/11) mutation in different cattle breeds

for Col5A2, INPP1, TFPI, TTN,

CHN, GADI, CTLA4 and CD28. Breed Phenotype Genotype
We used these CATS, as well as e Hnt821(del11)  nt821(del11)/nt821(del11)
all microsatellite markers avail-
able for proximal BTA2— Belgian Blue DM - - 104
TGLA44, BM81124, BM3627, Asturiana DM - - 52
ILSTS026, INRA40 and , ane-Anjou DM 42 - -

026, an Holstein-Friesian Normal 100 - -
TGLA431 (ref. 10)—to screen a Jersey Normal 96 - -

six-genome equivalent bovine —
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tified a tentative human consensus
(THC) cluster in the Unigene database
representing three ¢cDNA clones

Lodscore
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(221299, 300367, 308202) and six EST
sequences (H92027, H92028, N80248,
N95327, W07375, W24782). The cor-
responding THC covered 1,296 bp of
human ¢DNA, showing a homology
of 78.1% with murine myostatin when
averaged over the entire sequence and
91.1% when only the translated parts
of the human and murine genes
(566 bp) were considered. This THC

|27 therefore clearly corresponded to the

human orthologue of the murine
myostatin gene. We designed primers
to amplify a 272-bp fragment from the
second exon of the human myostatin

gene (MSTN) and to genotype the
Genebridge-4 radiation hybrid
panel!2, We placed MSTN on the
Whitehead/MIT framework radiation
hybrid map, at position 948.7 cR of the
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HSA2 map with an associated lod
score greater than 3. Closer examina-
tion of the MSTN segregation vector
and comparison with the vectors from
all markers located in that region
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showed it to be identical to EST
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SGC38239, placed on the White-
head/MIT radiation hybrid map®® at
position 946.8 cR of HSA2. This places
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MSTN in the interval between Col3AI
(EST WI16343-942.5 cR) and INPP!

Fig. 2 Summary of genetic, physical and comparative mapping data around the

jod-score curve obtained for the mh locus with respect to the microsateitite marker map is shown. Markers that
were not informative in our pedigree are shown between brackets; their map position is inferred from pub-
lished mapping data. Markers and the YACs from which they were isolated are connected by arrows. The RH

map of the relevant section of human HSA2 is shown, with the relative position

work. Stippled lines connect microsatellite and type | markers with their respective positive YACs. YACs showing

cross-hybridizing SINE-PCR products are connected by the red boxes.

(EST L08488-950.2-951.2 cR; Fig. 2),
making bovine MSTV a very strong
positional candidate for the mh gene.

To test whether myostatin is associ-
ated with the double-muscled pheno-
type in cattle, we designed primer
pairs based on the available mouse and
human sequences, aiming for RT-PCR
amplification of the entire coding
sequence from bovine cDNA. We
identified two primer pairs that jointly
amplified the entire coding sequence

bovine mh locus. A muitipoint

in cR of the ESTs used in this

cent markers: [TGLA44-(0%)-BULGE23]-(6,1%)-BULGE20-
(1,6%)-ILSTS026-(2.3%)-INRA40-7,1%)-TGLA431. The posi-
tion of BULGE20 between TGLA44 and ILSTS026 confirmed the
order of the three contigs, which had been predicted from available
human mapping data (Fig. 2).

The mh locus was placed on this new marker map by multipoint
linkage analysis, yielding a lod-score curve (Fig. 2) and position-
ing the mh locus in the TGLA44-BULGE20 interval, with an asso-
ciated maximum lod score of 26.4. Given the relative position of
these microsatellite markers with respect to INPPI and Col3A], as
deduced from the integration of the human and bovine map, these
results indicated that the #h gene was likely to be located in a chro-
mosome segment bounded by INPPI and Col3AL

Recently, McPherron et al.!! demonstrated that mice homozy-
gous for a knockout deletion of Mstn (formerly called Gdf8), encod-
ing myostatin, were characterized by a general increase in
skeletal-muscle mass, similar to the bovine double-muscled phe-
notype. Using the published murine Mstn cDNA sequence, we iden-
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as well as 76 bp and 83 bp of 5" and 3’
untranslated sequence, respectively, in two overlapping DNA frag-
ments of 753 (primers GDF8.27-GDF8.12) and 724 bp (primers
GDF8.11-GDF8.21) long. We successfully amplified the expected
DNA products from cDNA generated from skeletal muscle of both
a wild-type (homozygous +/+) and a double-muscled (homozy-
gous mh/mh) animal, and sequenced them on both strands.

The nucleotide sequence of the wild-type allele shows 89.1%
identity with the mouse Mstn coding sequence over a 1,128-bp
overlap. The predicted protein shows 92.5% identity in a 375-
amino-acid overlap with mouse myostatin. As expected for a
member of the TGFB superfamily, the bovine myostatin gene is
characterized by a proteolytic processing site thought to mediate
cleavage of the bioactive carboxy-terminal domain from the longer
N-terminal fragment, and by nine cysteine residues separated by
a characteristic spacing and believed to be involved in intra- and
inter-molecular disulphide bridges'*.

The nucleotide sequence obtained from the mh allele was identi-
cal to the wild-type allele, except for an 11-bp deletion in nucleotides
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Table 2 ¢ Primer pairs for PCR amplification

5'-GGGTCACTGAAGAAAACGTCCTG-3"
5-AGTTCAGGATGGCAGAATTTCAG-3’

5 -TTSTTCCTGGGCTTTTATTGAGAC-3"
5~-TGCCMAGGCAHCCRCCRTACTTGAA-3"
5-GGTTGACATTGTCAAGAACAAG-3’
5-TGYTCRTTTTCTTTCAGAGTTGC-3"
5-ACATTGTCVGTTCCAAAGCCAAG-3"
5°-TGGRTACATGAGYTCCACCTTGC-3"

5 -GTYCCRTTGCTCYTCTCRTTGYC-3’

5-CACACCTTAGCGACTAAACCACCA-3"
5-AGTGTTCTTGCCTAGAGAATCCCAG-3”
5-TAAGTCACCATTACATCCTTAGAAC-3'
5-CCTGATACATGCTAAGGTTAAAAAC-3’
5-CAGAGGAGCCTAGCAGGCTACCGTC-3
5-AGTGGTAGCATTCACAGGTAGCCAG-3’

5 -TCCGTTAGTACTGGCTAATTGC-3"
5-AAACAGAAGTCCAGGGCTGC-3"
5 -CTCTGCCCTGGGGATGATTG-3"

5'-CAATGCCTAAGTTGGATTCAGGTTG-3"

CATS
INPP1 5'-CAGCAAAGTCCTTAATGGTAACAAGC-3"
COL3A1 5'~CCCCATATTATGGAGATGAACCG-3’
COL5A2 5-GCAAACTGGGYGGRAGCAAGACC-3’
TFPI 5 -AAGCCWGATTTCTGCTTYTTGGAAG-3’
TN 5 -GGTCGTCCTACACCAGAAG-3”
CHN 5 -TCTCMAAAGTCGTCTGTGACAATC-3”
GADT S —RCTGGTCCTCTTCACCTCAGAAC-3”
CTLA4 5-AGGTYCGGGTGACDGTGCTKC-3"
CcD28 5- AGCTGCARGTATWCCTACAAYCT-3"
Microsatellite markers
TGLA44 5 -AACTGTATATTGAGAGCCTACCATG-3"
BULGE27 5~ CTACCTAACAGAATGATTTTGTAAG-3"
BULGE23 5-ACATTCTCTCACCAATATGACATAC- 3"
BM81124 5-GCTGTAAGAATCITCATTAAGCACT-3’
BULGE28 5 -AGGCATACATCTGGAGAGAAACATG-3’
BULGE20 5 -CAGCAGGTCTGTTGAAGTGTATCAG-3’
BM3627 5-CAGTCCATGGCACCATAAAG-3’
ILSTS026 5-CTGAATTGGCTCCAAAGGCC-3"
INRA40 5- TCAGTCTCCAGGAGAGAAAAC-3"
Bovine myostatin primers
MSTN 5 - TTTCACTTGGCATTACTCAAAAG-3"
MSTN 5 -ACAGTGTTTGTGCAAATCCTGAGAC-3’

5 -ATACTCWAGGCCTAYAGCCTGTGGT-3"

821-831 (counting from the initiation codon). This frameshifting
deletion, occurring after the first cysteine residue of the carboxy-
terminal domain, drastically disrupts the downstream amino-acid
sequence and reveals a premature stop-codon at codon 14 after the
deletion (Fig. 3). This mutation virtually eliminates the bioactive
part of the molecule and is therefore likely to be the cause of the
recessive double-muscled phenotype. Following conventional
nomenclature, this mutation will be referred to as n:821(dell1).
To support our theory that this mutation causes the double-mus-
cled condition, we designed primer pairs flanking the deletion
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(Fig. 3), and genotyped our experimental backcross population®.
Correspondence between phenotype and genotype was perfect for
the entire pedigree. All ten BBCB double-muscled sires were
homozygous for the nt821(del11) mutation and all 41 F1 females
were heterozygous, while the deletion segregated in the backcross
generation as predicted from the phenotypes of the backcross ani-
mals: all 53 double-muscled offspring were homozygous for the
mutation, and the remaining 55 normal animals were heterozygous.

To examine the distribution of the nt821(dell1) mutation in dif-
ferent populations, we genotyped a cohort of 196 normal animals
representing two dairy breeds
(Holstein-Friesian and Jersey)
and a cohort of 198 double-
muscled animals representing
three beef breeds: BBCB, Asturi-
ana and Maine-Anjou (Table 1).
The role of the mh locus in

Fig. 3 a, Electropherograms obtained
by cycle sequencing of the myostatin
cDNA sequence from a double-mus-
cled and a normal animal, showing
the nt821del(11) deletion in the dou-
ble-muscled animal. The primers used
to amplify the fragment encompass-
ing the deletion from genomic DNA
are shown in green. b, Amino-acid
sequence of the murine
(green), bovine normal
(black) and bovine
nt821del(11) (blue)
allele. The bovine nor-
mal allele is chosen as
master sequence; iden-
tity with the master
sequence in the murine
and bovine nt8271del(11)
allele is indicated by
dashes. The putative site
of proteolytic process-
ing is boxed in red,
while the nine con-
served cysteines in the
carboxy-terminal region
are boxed in black.
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BBCB® and Asturiana!® was reported previously. Linkage analysis,
performed in Maine-Anjou pedigrees segregating for the double-
muscled phenotype, yielded a maximum lod score of 5.2 at 6.4%
recombination from TGLA44, clearly involving the same chromo-
somal region and probably the mh gene in this breed as well. All
196 dairy animals were homozygous for the wild-type allele. In
BBCB and Asturiana, all double-muscled animals were homozy-
gous for the nt821(del11) deletion, demonstrating allelic homo-
geneity in these two breeds. In contrast, all double-muscled
Maine-Anjou were homozygous for the wild-type allele and did
not carry the nt821(del11) deletion. The most likely explanation
for this finding would be allelic heterogeneity of the bovine myo-
statin gene. If confirmed, this would force re-evaluation of the pop-
ular hypothesis that a unique mutation was disseminated across
Europe with the once popular Shorthorn breed at the beginning
of the 19th century?. Allelic heterogeneity in the bovine myostatin
gene might also account for the conflicting genetic models pro-
posed for the inheritance of the trait in different breeds. As mem-
bers of the TGF[ superfamily are known to act as dimers, dominant
negative mutations could account for the dominant inheritance
observed for the double-muscled condition in some breeds.

The identification of MSTN as the gene causing the double-
muscled phenotype will allow for the development of diagnostic
tests that will facilitate the selection for or against this trait in cat-
tle. It also paves the way towards manipulation of muscle devel-
opment in livestock by means of various approaches, including
immunomodulation and transgenesis. It would be interesting to
determine whether inactivation of MSTN after birth, using a Cre-
loxP system or related approach, might still lead to increased mus-
cle development. Moreover, the identification of the myostatin
gene as a key regulator of muscle development will permit study of
upstream and downstream factors (such as the myostatin receptor)
that might lead to the identification of other genes underlying
genetic variation for muscle development in livestock.

Methods

Genetic mapping. Genetic mapping was performed in a previously
described (Holstein-Friesian x Belgian Blue) x Belgian Blue experimental
backeross population with 108 informative offspring’. The pedigree mate-
rial available in Maine-Anjou was composed of five paternal half-sib pedi-
grees comprising a total of 42 double-muscled offspring from five conven-
tional sires. Microsatellite genotyping was performed according to stan-
dard procedures'é, using the primer sequences reported in Table 2.
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Linkage analyses were performed with the MLINK, ILINK and LINKMAP
programs of LINKAGE (version 5.1; ref. 17) and FASTLINK (2.3P version,
June 1995; ref. 18) packages. Linkage analysis of the mh locus was per-
formed under a simple recessive model assuming full penetrance for
mh/mh individuals and zero penetrance for the two other genotypes.

Screening of the YAC library. The yeast artificial chromosome library was
screened by PCR a three-dimensional pooling scheme as previously
described!®. The primer pairs corresponding to the CATS used to screen the
library are reported in Table 2. Cross-hybridization between SINE-PCR
products of individual YACs was performed as described (using primers
reported in ref. 21)%°. Microsatellites were isolated from YACs as described??.

Mapping of the human myostatin gene. DNA from the Genebridge-4
panel'? was purchased from Research Genetics (Huntsville, AL) and geno-
typed by PCR according to standard procedures and the following primer
pair corresponding to the human myostatin gene sequence: 5-GGCC-
CAACTATGGATATATTTG-3" and 5-GGTCCTGGGAAGGTTAC-
AGCA-3". Mapping was performed with the WWW server of the
Whitehead Institute/MIT Center for Genome Research and their RH-map-
per program (Slonim, D., Stein, L., Kruglyak, L. & Lander, E., unpublished
data) to position the markers with respect to the framework map.
Segregation vectors of the query markers were compared with the vectors
from all markers in the region of interest in the complete Data Release 11.9
(May 1997) to obtain a more precise position.

RT-PCR. Total RNA was extracted from skeletal muscle (triceps brachialis)
as described?®, RT-PCR was performed with the Gene-Amp RNA PCR Kit
(Perkin Elmer) and the primers reported in Table 2. The PCR products
were purified with QiaQuick PCR Purification kit (Qiagen) and sequenced
with Dye terminator Cycle Sequencing Ready Reaction (Perkin Elmer) and
an ABI373 automatic sequencer, using the primers reported in Table 2.
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