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ABSTRACT: The availability of genetic tests to de-
tect different mutations in the myostatin gene allows
the identification of heterozygous animals and would
warrant the superiority of these animals for slaughter
performance if this superiority is confirmed. Thus, 2
mutations of this gene, Q204X and nt821, were studied
in 3 French beef breeds in the program Qualvigene.
This work was done with 1,114 Charolais, 1,254 Lim-
ousin, and 981 Blonde d’Aquitaine young bulls from,
respectively, 48, 36, and 30 sires and slaughtered from
2004 to 2006. In addition to the usual carcass traits
recorded at slaughter (e.g., carcass yield, muscle score),
carcass composition was estimated by weighing internal
fat and dissecting the 6th rib. The muscle characteristic
traits analyzed were lipid and collagen contents, muscle
fiber section area, and pH. Regarding meat quality,
sensory qualities of meat samples were evaluated by a
taste panel, and Warner-Bratzler shear force was mea-
sured. Deoxyribonucleic acid was extracted from the
blood samples of all calves, the blood samples of 78%
of the dams, and the blood or semen samples of all
the sires. Genotypes were determined for 2 disruptive

mutations, Q204X and nt821. Analyses were conducted
by breed. The superiority of carcass traits of calves car-
rying one copy of the mutated allele (Q204X or nt821)
over noncarrier animals was approximately +1 SD in
the Charolais and Limousin breeds but was not signifi-
cant in the Blonde d’Aquitaine. In the Charolais breed,
for which the frequency was the greatest (7%), young
bulls carrying the Q204X mutation presented a carcass
with less fat, less intramuscular fat and collagen con-
tents, and a clearer and more tender meat than those of
homozygous-normal cattle. The meat of these animals
also had slightly less flavor. Also in the Charolais breed,
13 of 48 sires were heterozygous. For each sire, the sub-
stitution effect of the wild allele by the mutant allele
was approximately +1 SD for carcass conformation and
yield, showing that the estimate of the substitution ef-
fect was independent of family structure, as it ought to
be for a causal mutation. These results illustrate the
challenge of using genetic tests to detect animals with
the genetic potential for greater grades of carcasses and
meat quality.
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INTRODUCTION

The GDFS§ gene has been identified as the gene re-
sponsible for the muscle hypertrophy (mh) phenotype,
or double-muscling, in cattle (Grobet et al., 1997;
McPherron and Lee, 1997). It has been mapped to the
centrometric end of chromosome 2 in cattle (Charlier
et al., 1995; Dunner et al., 1997; Smith et al., 1997).
The expression of the gene results in the production of
myostatin, a protein that suppresses both the prolifera-
tion and differentiation of myogenic cells (Grobet et
al., 1997). Several mutations in the gene (e.g., nt821,
Q204X, C313Y) were shown to be involved in the pro-
duction of a disrupted myostatin, which leads to an
increase in muscle mass in the animals carrying 2 cop-
ies of inactive alleles (Kambadur et al., 1997; Grobet
et al., 1998).

In addition to adverse effects on fitness (dystocia,
stress susceptibility, fertility), the beef value of ho-
mozygous double-muscled cattle is well documented: a
dramatic increase in saleable meat yield as a conse-
quence of improved dressing percentage (reduced diges-
tive tract), reduced carcass fatness, and fineness of the
limb bones (for reviews, see Ménissier, 1982b; Arthur,
1995). The beef value of the heterozygous cattle was
first estimated in experiments in which the homozygos-
ity of the parent genotypes was inferred from visual
phenotypes. However, it was often difficult to distin-
guish the heterozygote from the homozygote-normal
cattle, leading to the hypothesis that the mh gene was
partially recessive (Ménissier, 1982c). The availability
of molecular tests then enabled researchers to distin-
guish genotypes unequivocally.

In breeds in which myostatin mutated alleles are seg-
regating, there is a need to know the current frequency
of mh genotypes and the actual beef value superiority
of the heterozygous cattle over noncarrier cattle to help
breeders make rational decisions about the mh breed-
ing strategy. The objectives of this study were to take
advantage of an informative French testing design to
determine 1) the frequencies of the 204X and nt821
disruptive mutations in the Charolais, Limousin, and
Blonde d’Aquitaine breeds, and 2) the effect of 1 sin-
gle copy of the inactive allele on carcass traits, muscle
characteristics, and meat quality.

MATERIALS AND METHODS

Animals used in this study were slaughtered in ac-
credited slaughterhouses according to the protection of
animals rules defined in the French law (Code Rural,
articles R214-64 to R214-71, http://www.legifrance.
gouv.ir).

In a collaboration between Al enterprises, INRA, and
Institut de I’Elevage, a research program named Qual-
vigéne was implemented to study the genetic determin-
ism of beef and meat quality traits. This study was
fully integrated in the Qualvigene program.

Animals

The Qualvigéne program was based on 3 successive
years of progeny tests. Purebred young bulls, progeny of
48 Charolais, 36 Limousin, and 30 Blonde d’Aquitaine
sires, were randomly procreated in a large number of
herds from mostly unrelated dams. In each breed and
each year, calves were born within a restricted period of
17 wk. After weaning on the farm of origin, bull calves
entered the feedlots at 40, 37, or 24 wk of age on aver-
age (+3 wk) for the 3 respective breeds. The Charolais
bull calves were fattened in 2 locations and fed ad li-
bitum with whole-plant corn silage. The Limousin bull
calves were fattened in a single feedlot and fed ad libi-
tum with wet corn silage. The Blonde d’Aquitaine bull
calves were fattened in a single feedlot with a dried corn
diet. The young bulls were shipped to slaughterhouses
without mixing animals from different fattening lots
and in accordance with good animal transport prac-
tices. They were humanely slaughtered in commercial
slaughterhouses (a single slaughterhouse for each feed-
lot) when they reached 730 (+15) kg of BW on average
for the Charolais progeny and 479 (£3) or 417 (+4)
d on average for the Limousin or Blonde d’Aquitaine
progeny, respectively. After editing, the records of 10
animals were discarded from the database because of
sanitary problems, penalized growth during fattening,
or both, and 6 others were discarded for genotype in-
compatibility with the sire. A total of 1,114 Charolais,
1,254 Limousin, and 981 Blonde d’Aquitaine purebred
young bulls were eventually used in this study.

Traits Analyzed

The traits usually recorded in the progeny tests were
birth weight (kg), ADG during fattening (kg/d), age
(d), and BW (kg) at the end of fattening. At slaughter,
the HCW (kg), without trimming, was recorded and
carcass yield (%) was calculated. The next day, the
chilled carcass was graded by a technician from the
Institut de I’Elevage in accordance with the European
Union beef carcass classification system adapted from
the European Association for Animal Production refer-
ence methods defined by De Boer et al. (1974). Mus-
cularity was assessed across 6 classes (SEUROP clas-
sification, where S is the highest score and P the least),
and fatness across 5 classes (1 to 5). Each class was
subdivided into minus (—), equals (=), and plus (+)
subclasses. Scores were recoded to numeric variables:
muscle score (scale of 1 to 18, where 1 is poorly muscled
and 18 is heavily muscled); fatness score (scale of 1 to
15, where 1 is extremely lean and 15 is extremely fat).
Eventually, the length of the leg (cm) and the maxi-
mum width of the thigh (cm) were measured according
to the recommendations of De Boer et al. (1974).

In addition to these routinely recorded traits, other
measurements were specifically recorded for this study.
Internal (pelvic and kidney) fat was removed from the
warm carcass and weighed (kg). The decrease in tem-
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perature during chilling was monitored with captors
inserted in the carcass between the 10th and 11th rib
of 2 or 3 one-half carcasses per slaughter batch (13 to
26 young bulls slaughtered per batch on average for
the 3 breeds). The next day, a 4-rib section (approxi-
mately 20 cm from the 6th to 9th rib) was removed
from the right half carcass. The 6th rib was separated
and immediately frozen. The longissimus thoracis (LT)
muscle was excised from the 7th to 9th ribs, sliced into
3 steaks. The first one was divided into small samples
and immediately frozen for later analyses. The 2 others
were vacuum-packaged and kept at 4°C for 14 d for ag-
ing before to be frozen.

After thawing, the pH and the rib eye area (cm?)
were measured on the 6th rib. The rib was then dissect-
ed into muscle, fat, and bone. The rib fat content (%)
was calculated as the ratio of dissected fat (intermus-
cular + subcutaneous) to the weight of muscle + fat.
The lightness (L*) was measured on the freshly cut LT
muscle section using a Minolta spectrophotometer (CM
2002, Minolta France SA, Carrieres sur Seine, France).
Muscle characteristics were measured on the 7th-rib LT
steak. Intramuscular lipid content was measured by the
Soxhlet method using a Soxtherm apparatus (Gerhardt
France SARL, Les Essarts Le Roi, France). Insoluble
collagen content (%) was measured on a LT muscle
sample after 2 h of heat treatment in a buffer solution
at 90°C. This was estimated from the measurement of
hydroxyproline content (collagen = 7.5 x hydroxypro-
line) according to the method of Bergman and Loxley
(1963) modified by Bonnet and Kopp (1984). Muscle fi-
ber section mean area (pm?”) was determined on 10-pm-
thick sections cut perpendicularly to the muscle fibers
with a cryotome at —25°C. Between 100 and 200 fibers
of 2 samples per muscle were measured to calculate the
mean fiber section area by computerized image analysis.
The ratio of rib eye area to the mean fiber section area
was calculated as a rough and approximate estimate of
hyperplasia in LT muscle. The 8th-rib LT steaks were
thawed and then cooked over an electric grill to an
internal temperature of 55°C (rare cooking), using a
standardized cooking temperature, cooking time, and
cooking equipment. Cooked steaks were cooled to room
temperature before 10 parallelepiped core samples were
cut with the fiber orientation parallel to the long axis.
The Warner-Bratzler shear force (N/cm?”) was averaged
on the 10 core measures. The sensory quality attributes
were evaluated by 3 test panels (1 for each breed) com-
posed of 12 trained panelists. Within each panel, most
of the panelists remained over the 3 yr. The same cook-
ing procedure as above was applied on the 9th-rib LT
steaks, and the cooked steaks were immediately served
to panelists. The Limousin and Blonde d’Aquitaine
test panels had to evaluate 12 samples in each session,
and the Charolais test panel had to evaluate 15 sam-
ples. Panelists scored tenderness, juiciness, and flavor
on nonstructured 100-point scales: from 1 (extremely
tough, dry or weak) to 100 (extremely tender, juicy or

intense). The scores were averaged over the scores of
each panelist for each animal.

SNP Genotyping

Deoxyribonucleic acid was extracted from blood sam-
ples (1 mL) for all calves, blood samples (1 mL) for
78% of the dams, and blood (1 mL) or semen samples
(0.22 to 0.25 mL) for all the sires. Genotypes were de-
termined for 2 disruptive mutations (Q204X and nt821)
of the GDF§ gene, which is located on the centrometric
end of the bovine chromosome 2. The first mutation,
Q204X, is a C—T substitution at nucleotide position
610 in the second exon, generating a premature stop
codon in the N-terminal latency-associated peptide at
AA position 204. The second mutation, nt821, is a de-
letion of 11 bp at nucleotide position 821 in the third
exon, producing a premature stop codon (Grobet et
al., 1998). The Q204X genotyping was performed using
TagMan SNP genotyping assays designed by Applied
Biosystems (Courtaboeuf, France; forward primer:
5-GGAATCCGATCTCTGAAACTTGACA-3 re-
verse primer: 5-GCTCTGCAACACTGTCTTCAC-3';
discriminantly labeled probes: CAATGCTCTGCCA-
AATA and ATCAATGCTCTACCAAATA) with an
ABI 7900HT Real-Time PCR, System (Applied Biosys-
tems). The nt821 deletion was genotyped by amplicon
size determination on an ABI 3100 genetic analyzer
(Applied Biosystems); PCR products were obtained
using a labeled forward primer (5-TCTTCTTTC-
CTTTCCATACA-3') and an unlabeled reverse primer
(5'-ACATCTTTGTAGGAGTACAGC-3').

Statistical Analysis

Analyses were conducted by breed. Data were ana-
lyzed by a mixed-model ANOVA with the MIXED pro-
cedure (SAS Inst., Inc., Cary, NC). The first analyti-
cal model was Yy = p + C; + Gy + S + ey, where
Y are phenotypic observations, p is the overall mean,
C; is the fixed effect of contemporary group (i.e., the
cattle from the same fattening lot and slaughtered the
same day) or the date of taste panel for the sensory
quality traits, G; is the fixed effect of genotypes, Sy is
the random effect of sire, and e; is random error. In
this model, the substitution effect was estimated at the
population level directly by the contrast between the
effects of the genotypes (mh/+) and (4/4) and the
associated probability value (DIFF option of the least
squares means procedures of SAS).

To estimate the substitution effect between the mu-
tated and normal allele within heterozygous sires, a
second model was fitted: Yiyg = p + C; + S + A(S)y +
e, where Yy, p, G, Sy, and ej5q have the same defini-
tion as in the first model. The effect A(S)y; refers to the
effect of the transmitted allele A; within sire S,. This
model could be used only in the Charolais breed, for
which the within-sire substitution effects were estimat-
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Table 1. Number of sire, dam, and progeny genotypes in the 3 breeds and the corre-
sponding frequency within each category of animals and breed

Genotype Charolais Limousin Blonde d’Aquitaine
Sire
+/+ 35 (73%) 35 (97%) 30 (100%)
+/Q204X 13 (27%) 0 (0%) 0 (0%)
+/nt821 0 (0%) 1(2.8%) 0 (0%)
Dam
+/+ 748 (87%) 919 (94%) 616 (97%)
+/Q204X 115 (13%) 14 (1.4%) 8 (1.3%)
+/nt821 1 (0.1%) 43 (4.4%) 8 (1.3%)
Progeny
+/+ 901 (82%) 1,208 (97%) 949 (99%)
+/Q204X 191 (17%) 8 (0.6%) 5 (0.5%)
+/nt821 1(0.1%) 34 (2.7%) 5 (0.5%)

ed as the contrasts between performances of progeny
that unequivocally received the mutated allele from the
sire and performances of normal homozygous progeny
from this sire.

RESULTS
Genotypic and Allelic Frequencies

The frequencies in each breed of heterozygous ani-
mals for the Q204X and nt821 mutations are reported
in Table 1. No animal carrying 2 copies of inactive al-
leles of the myostatin gene could be found in any geno-
typed cattle in this study. Even in the Charolais breed,
mutated homozygous animals were absent although
the apparent allele frequency of the Q204X mutation
would be compatible with a frequency 0.5% of mh
homozygous animals (i.e., approximately 5 homozy-
gous calves). The reasons for this absence were that 1)
the Al enterprises never progeny test double-muscled
sires for pure breeding; 2) the AT enterprises never use
double-muscled dams as support for procreating test
progeny; and 3) even if a double-muscled progeny were
born by chance from 2 heterozygous parents, it would
never enter the fattening station because it would be
considered too extreme and too fragile. An unbiased
estimate of the mutated allele frequency (p) in the 3
breeds could, however, be calculated from the observed
frequency (h) of heterozygous dams, given that dams
were a representative sample of each breed, except that
there was no double-muscled female (homozygous mh/
mh) in this sample: p = h/(2 — h).

The Q204X mutation was present predominantly in
the Charolais breed, with h = 13% of the dams being
heterozygous. Less than h = 2% of the dams in the 2
other breeds were heterozygous. Consequently, the fre-
quency of the Q204X allele could be estimated as p =
7% in the Charolais breed and p = less than 1% in the
Limousin and Blonde d’Aquitaine breeds. The nt821
mutation was almost absent in the Charolais breed. In
the Limousin breed, there were h = 4.4% heterozygous
dams, corresponding to a frequency of the nt821 allele
of p = 2%. In the Blonde d’Aquitaine breed, the fre-

quency of the inactive nt821 allele was as small as the
frequency of the inactive Q204X allele.

In each breed, sires are selected by Al enterprises
according to their own selection objectives; therefore,
they cannot be representative of the whole population.
The proportion of heterozygous sires in the Charolais
sample (27%) appeared to be greater than the propor-
tion of heterozygous dams, leading to a marked fre-
quency of heterozygous calves (17%) among the test
progeny. Only 1 calf was observed carrying a copy of
the nt821 allele in this breed. No heterozygous Blonde
d’Aquitaine sire could be found, and a single heterozy-
gous sire was found in the Limousin breed. The num-
bers of heterozygous progeny were very small in these 2
breeds, 1 and 3%, respectively.

Substitution Effect of Inactive Alleles
of the Myostatin Gene on Carcass Yield
and Muscle Score in the 3 Breeds

Given that the frequencies of the inactive alleles were
very small in the Limousin and Blonde d’Aquitaine
breeds, the 2 inactive Q204X and nt821 alleles were
pooled in the same class, mh. The means and residual
SD (RSD) of carcass yield and carcass muscle score
are reported in Table 2 for the 3 breeds. The substi-
tution effect of the normal allele by the mh allele at
the population level was calculated as the contrast be-
tween heterozygous and normal homozygous cattle [a =
(mh/4) — (4+/4)] and the contrast divided by the RSD
(Table 2) with the first model. In the Charolais and
Limousin breeds, the young heterozygous bulls were
1 SD over homozygous animals for both carcass yield
and conformation score (P < 0.001). In the Blonde
d’Aquitaine breed, the superiority of the heterozygous
over homozygous animals was only approximately 0.5
RSD and was not significant for both traits.

Effect of the Mutation Q204X
in the Charolais Breed

The effect of a single copy of a mutated allele on all
the recorded traits with the first model was estimated
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Table 2. Number of young bulls, means, and muscle hypertrophy (mh) allele effects
[a = (mh/4) — (+/4+)], with SE, and divided by the phenotypic SD (residual SD') for
carcass yield and carcass muscle score in the 3 breeds, with the corresponding P-value

Breed and trait No. Mean a + SE a/RSD P-value
Charolais
Carcass yield, % 1,113 57.70 1.93 £ 0.13 1.17 <0.001
Carcass conformation score’ 1,114 9.96 1.47 + 0.12 1.01 <0.001
Limousin
Carcass yield, % 1,254 61.96 1.68 £+ 0.20 1.30 <0.001
Carcass conformation score’ 1,254 10.94 1.38 £ 0.24 0.90 <0.001
Blonde d’Aquitaine
Carcass yield, % 981 64.98 0.72 + 0.46 0.51 0.11
Carcass conformation score’ 981 10.90 0.83 £+ 0.43 0.60 0.06

'"RSD = root mean square error of the basic model that includes only the fixed effect of the contemporary

groups.

“Scale of 1 to 18, where 1 is poorly muscled and 18 is heavily muscled.

only in the Charolais breed, in which the increased
frequency of heterozygous animals allowed very accu-
rate estimations. In this Charolais population, only the
Q204X mutation was studied because there was only 1
heterozygous animal for the nt821 mutation. This ani-
mal was discarded from analysis. The substitution ef-
fects at the population level of the normal allele by the
inactive Q204X allele on all recorded traits are reported
in Table 3. Heterozygous bull calves were slightly (+0.17
RSD), but significantly (P < 0.04), heavier at birth
than homozygous-normal calves and they showed more
difficulty at birth (4+0.37 RSD, P < 0.001). Postwean-
ing growth in the feedlot (daily BW gain, slaughter age

and BW) was not affected by the presence of the inac-
tive myostatin allele.

Similarly to carcass yield and muscle score, the car-
casses of heterozygous animals were markedly heavier
(40.98 RSD), the thighs were thicker (+0.84 RSD) and
the rib eye areas were larger (4+0.65 RSD) than those
of young homozygous bulls. On the contrary, their legs
were significantly shorter (—0.32 RSD). The carcass
composition was very different between heterozygous
and homozygous-normal cattle. The heterozygous ani-
mals were markedly leaner, with less internal fat (—0.57
RSD) and less fat on the 6th rib (—0. 84 RSD). Sig-
nificant differences in muscle characteristics were also

Table 3. Number of young bulls, means, and muscle hypertrophy (mh) allele effects [a = (mh/+) — (4/+)], with
SE, and divided by the phenotypic SD (residual SD') for growth, carcass, muscle, and meat quality traits in the

Charolais breed, with the corresponding P-value

Trait No. Mean a =+ SE a/RSD P-value
Birth weight, kg 1,111 48.73 0.98 £ 0.48 0.17 0.04
Calving difficulty score” 1,108 1.43 0.24 £ 0.05 0.37 <0.001
ADG, kg/d 1,113 1.65 12.18 + 14.85 0.07 0.41
Slaughter age, d 1,114 500.50 2.45 £ 2.05 0.10 0.23
Slaughter weight, kg 1,113 729.99 —0.77 £ 1.06 —0.06 0.46
HCW, kg 1,114 421.47 13.17 £ 1.12 0.98 <0.001
Thigh width, cm 1,114 32.86 8.17 £ 0.83 0.84 <0.001
LM area, cm? 1,114 53.38 548.98 £+ 72.55 0.65 <0.001
Leg length, cm 1,114 87.31 —5.95 £ 1.63 —0.32 <0.001
Fatness score® 1,114 8.65 —0.20 + 0.12 —0.14 0.11
Internal fat, kg 1,107 8.74 —1.21 £ 0.18 —0.57 <0.001
Rib fat, % 1,113 20.41 —3.06 £ 0.30 —0.84 <0.001
Intramuscular lipids, % 1,114 1.53 —0.47 + 0.07 —0.56 <0.001
Insoluble collagen, % 1,114 0.30 —0.02 £ 0.004 —0.48 <0.001
Muscle fiber section mean area, pm” 1,101 2,920.51 —183.93 £+ 67.46 —0.24 <0.01
LM area/muscle fiber area, x10° 1,101 1,958.74 357.60 + 49.79 0.62 <0.001
pH 1,114 5.61 —0.004 + 0.006 —0.05 0.52
Muscle lightness, L* 1,114 34.75 2.05 £ 0.30 0.57 <0.001
Shear force, N/cm® 1,114 38.09 —0.73 £ 0.64 —0.10 0.25
Tenderness score* 1,113 62.42 2.13 + 0.69 0.27 <0.01
Juiciness score* 1,113 59.96 0.49 + 0.45 0.09 0.28
Flavor score® 1,113 55.33 —0.96 + 0.21 —0.21 0.02

'RSD = root mean square error of the basic model that includes only the fixed effect of the contemporary groups.
Scale of 0 to 4, where 1 is no difficulty, 2 is easy pull, 3 is hard pull, and 4 is caesarian section.

3Scale of 1 to 15, where 1 is extremely lean and 15 is extremely fat.

“Scale of 1 to 100, where 1 is extremely tough, dry, or weak and 100 is extremely tender, juicy, or intense.
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Table 4. Substitution effect of the normal allele by the Q204X myostatin allele in each
of the 13 families of heterozygous Charolais sires for carcass yield and muscle score,
with SE, divided by the phenotypic SD (residual SD') and the corresponding P-value

Carcass yield

Muscle score

Sire a + SE a/RSD P-value a + SE a/RSD P-value
1 1.04 £+ 0.86 0.63 0.23 1.63 = 0.81 1.13 0.04
2 1.21 £+ 1.00 0.73 0.23 2.85 £ 0.94 1.97 <0.01
3 1.23 £ 0.79 0.75 0.12 2.59 £ 0.74 1.79 <0.001
4 1.26 + 0.75 0.77 0.09 0.38 £ 0.70 0.27 0.58
5 1.43 + 0.64 0.87 0.03 1.91 + 0.60 1.31 <0.01
6 1.83 £ 0.76 1.11 0.02 0.91 £ 0.71 0.63 0.20
7 1.93 £+ 0.69 1.17 <0.01 0.75 £ 0.65 0.52 0.24
8 1.95 + 0.79 1.18 0.01 2.30 £ 0.74 1.59 <0.01
9 2.51 £ 0.77 1.52 <0.01 2.92 £ 0.71 2.01 <0.01
10 2.56 £ 0.79 1.55 <0.01 1.66 + 0.74 1.14 0.03
11 2.62 £ 0.75 1.59 <0.001 0.99 £ 0.70 0.68 0.16
12 2.76 £ 0.64 1.68 <0.001 1.89 + 0.60 1.30 <0.001
13 2.92 £ 0.77 1.77 <0.001 1.19 + 0.72 0.82 0.10

'"RSD = root mean square error of the basic model that includes only the fixed effect of the contemporary

groups.

observed. The LT muscle of young heterozygous bulls
contained less intramuscular lipid (—0.56 RSD) and
less insoluble collagen (—0.48 RSD). All these carcass
and muscle characteristics were different (P < 0.001).
Significant differences in histology were also observed
(P < 0.01). The heterozygotes had thinner muscle fi-
bers (—0.24 RSD) and a greater ratio of rib eye area to
fiber area (40.62 RSD).

No meat quality information was discarded, first
because no pH above 6.0 was found (a clue that ani-
mals were slaughtered without stress), in accordance
with care transport and slaughter conditions (Mounier
et al., 2006), and second because the monitored de-
cline in temperature always followed a normal curve
compatible with the absence of cold shortening. The
pH in the LT muscle of heterozygotes was not differ-
ent from homozygous-normal animals. The LT muscle
was markedly lighter (+0.57 RSD), however. Although
no difference in meat texture was observed when stud-
ied via Warner-Bratzler shear force (—0.10 RSD, P =
0.25), moderate differences in sensory tenderness could
be detected by the test panel in favor of heterozygotes
(+0.27 RSD, P < 0.01). The panelists also detected a
slightly lower flavor in heterozygotes (—0.21 RSD, P =
0.02), and no differences in juiciness.

Within-Sire Substitution Effects

of the Inactive Q204X Allele on the Carcass
Yield and Muscle Score of Charolais

Young Bulls

In each of the 13 families of heterozygous Charolais
sires, the parent origin of the Q204X allele could be
determined unequivocally in 75% of the heterozygous
calves because most of the dams were genotyped. For
carcass yield and muscle score, the substitution effects
within sire families (estimated with the second model)

were significant (P < 0.001). The heterozygous calves
that received the inactive allele from their sires had
consistently greater carcass yields (+0.6 to +1.8 RSD)
and muscle scores (+0.2 to +2.0 RSD) than their half
sibs that received the normal allele (Table 4). The with-
in-sire substitution effects averaged 1.17 RSD for both
traits.

DISCUSSION

The study of allelic frequencies showed that Q204X
and nt821 occurred at a very small frequency in the
Limousin and Blonde d’Aquitaine breeds. Previous
studies of the myostatin polymorphism in the Limousin
breed showed that this breed is characterized by an
increased frequency of the F94L allele (Grobet et al.,
1998; Dunner et al., 2003). This F94L mutation was
not investigated in the present study, first because this
mutation was thought to be almost fixed in the Limou-
sin breed and absent in the 2 other breeds, and second
because Grobet et al. (1998) predicted that the F94L
mutation did not interfere drastically with the activity
of the myostatin protein. However, this latter assump-
tion was negated by the results of Esmailizadeh et al.
(2008), Lines et al. (2009), and Alexander et al. (2009),
who showed a significant effect of the F94L mutation.
In the present study, even if the association between
the beef value of the Limousin cattle and the F94L
genotypes could not be studied, the presence of 1 copy
of a disruptive mysotatin allele (Q204X or nt821) was
shown to increase the beef value of these animals dras-
tically, despite the small frequency of the allele. The 2
mutations, Q204X and nt821, certainly appeared in this
breed as a consequence of the extension of the breed
by absorbing local populations. Because of the adverse
effects on fitness and maternal traits, the French Lim-
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ousin breed association decided to eradicate both mu-
tations (Marc Gambarotto, France Limousin Selection,
Boisseuil, France, personal communication).

The situation in the Blonde d’Aquitaine breed is dif-
ferent because Grobet et al. (1998) and Dunner et al.
(2003) found that the majority of animals had no muta-
tion in the myostatin gene. In the present study, the ef-
fect of a single copy of the Q204X and nt821 disruptive
mutations appeared to be less in this breed as compared
with the Charolais and Limousin breeds. The power to
detect effects in Blonde d’Aquitaine was small because
of the low mutated allele frequency, so the number of
animals may be too small to accurately estimate an ef-
fect as small as 0.5 RSD. To detect a difference of 0.5
phenotypic SD between normal homozygous and young
heterozygous bulls with f (frequency of the mutated
allele) = 1%, a power of 90%, and a P-value of 5%, we
should have more than fourfold the number of Blonde
d’Aquitaine animals genotyped in our program (Whit-
ley and Ball, 2002); hence, we cannot draw conclusions
on the actual effect of the mutated allele in the Blonde
d’Aquitaine breed.

Because of the increased frequency of the mutation
of the myostatin gene in the Charolais breed, we stud-
ied the effect of the inactive allele, Q204X, more thor-
oughly in this breed. Our results showed that young
heterozygous bulls had more muscled (+1.17 RSD for
carcass yield, +1.01 RSD for muscle score, and +0.65
RSD for rib eye area) and leaner (—0.57 RSD for in-
ternal fat and —0.84 RSD for rib fat) carcasses than
homozygous animals. The same results were obtained
within sire families for carcass yield and muscle score
(1.1 RSD on average), although the limited sample size
led to less precise estimates (from 0.27 to 2.01 RSD).
These within-family results showed that the effect of
the myostatin mutated allele did not depend on the
family structure, as it ought to for a causal mutation.
These results follow the pattern that was reported pre-
viously (Casas et al., 1998) with the Belgian Blue and
Piedmontese inactive alleles in heterozygous animals. In
that study, the mutated allele inherited from presumed
heterozygous sires was followed by a set of 5 microsat-
ellites. The authors showed that a single copy of the
mh allele (mh = mutated myostatin allele) increased
the retail product yield and the rib eye area (+1.60
and +1.35 RSD, respectively) and decreased the yield
grade, fat thickness, and estimated percentage of KPH
(—1.42, —0.84, and —0.86 RSD, respectively). Casas et
al. (2004) studied the effect of the inactive nt821 al-
lele in a crossed Belgian Blue-British breed (Angus and
Hereford) population. They reported that the effects of
2 copies of the mutated allele were generally threefold
the effects of a single copy. The individuals inheriting
1 copy of the inactive allele had a greater HCW, retail
product yield, and LM area (between 1/3 and 2 RSD)
and had decreased fat yield and fat weight (approxi-
mately —1 RSD) compared with the homozygous-nor-
mal animals. Wiener et al. (2002) reported significant
effects of a single nt821 allele on the muscle score and

fat depth of heterozygous animals in the South Devon
breed. These effects were one-third of the effect of 2
copies. They were less but were consistent with most
of the previous studies (between 1/7 and 1/3 RSD). In
the same way, the effects of nt821 on carcass conforma-
tion, found by Gill et al. (2008) in a Aberdeen Angus-
cross population, were small (approximately +1/2 RSD
of the conformation class grade, LM area, and carcass
weight). Moreover, they found no difference between
heterozygous and homozygous-normal animals for fat
traits, but the small frequency of the nt821 allele clear-
ly suggests that the effects were difficult to estimate in
this population.

Concerning muscle composition, we estimated a
large difference in intramuscular fat content between
heterozygous and normal calves (—1 RSD), similarly to
other studies for the marbling score (Casas et al., 1998,
2004). Heterozygous animals had less collagen content
than normal homozygous animals (—0.48 RSD). This
finding is consistent with the results of Uytterhaegen
et al. (1994). They showed that intramuscular collagen
content of LT muscle was significantly reduced by 40%
in double-muscled Belgian Blue-White bulls compared
with normal-muscled animals. Ngapo et al. (2002) had
the same result in the semitendinosus and the gluteobi-
ceps muscles, but they found no significant difference in
intramuscular collagen between normal and heterozy-
gous Belgian Blue bulls. We also showed a greater num-
ber of LT muscle fibers (+0.62 RSD) in heterozygous
animals. In the study by Wegner et al. (2000), the au-
thors reported that the muscle fiber number of semiten-
dinosus muscle from doubled-muscled young bulls was
on average approximately twice that of semitendinosus
muscle from German Angus, Galloway, and Holstein-
Friesian bulls.

Regarding meat quality, this study indicated that the
LT of young heterozygous bulls was more tender than
that of homozygous animals according to the trained
panelists (+0.27 RSD). This better tenderness can be a
consequence of a reduced collagen content and a small-
er mean area of the muscle fiber section (—0.24 RSD)
because both characteristics have been shown to be re-
lated to muscle tenderness (Renand et al., 2001). The
mh allele had no significant effect on Warner-Bratzler
shear force but the effect was negative (—0.10 RSD),
which is consistent with a more tender meat. The re-
sults for tenderness in other studies are divergent. Bai-
ley et al. (1982) reported a more tender meat (LT) in
double-muscled Charolais young bulls compared with
non-double-muscled animals, as determined by a taste
panel with confirmation by a measure of compression
force. Wheeler et al. (2001b) measured the tenderness
of 4 muscles as determined by a sensory panel and a
measure of the ease of myofibrillar fragmentation in a
population of Piedmontese crossbred steers and heifers.
For the 2 traits, they found that all muscles were more
tender in mh/+ than +/+ (between 1/5 and 1 RSD),
and they estimated no difference between the tender-
ness of mh/+ and mh/mh except in the biceps femoris.
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Several studies reported no effect of the myostatin gene
on meat tenderness. Ménissier (1982a) did not find a
difference in Warner-Bratzler shear force of LT between
progeny of double-muscled Charolais sires and progeny
of non-doubled-muscled Charolais sires. Similarly, Ca-
sas et al. (1998) concluded that a single copy of the mh
allele had no effect on LM Warner-Bratzler shear force
in crossbred animals. In the same way, the results of Gill
et al. (2008) did not support a difference in meat ten-
derness (measured by a tenderometer) between normal
homozygous and heterozygous Angus-cross animals for
the nt821 mutation. Short et al. (2002) had the same
conclusion after comparing Warner-Bratzler shear force
of meat from +/+, mh/+4, and mh/mh Piedmontese
calves. Uytterhaegen et al. (1994) found the opposite
result; they showed that the meat (LT muscle) of nor-
mal-muscled Belgian Blue-White bulls was more ten-
der than that of doubled-muscled Belgian Blue-White
bulls by a measure of Warner-Bratzler shear force.

Regarding meat flavor and juiciness, we reported in
this study that the meat of heterozygous animals had
less flavor and the same juiciness compared with the
meat of young homozygous-normal bulls. In light of the
previous results, this decreased meat flavor could be a
consequence of the reduced intramuscular lipid content.
The results of Wheeler et al. (2001b) showed less flavor
intensity for the mh/mh genotype than for the +/+
genotype (—1/4 RSD), but they did not report a dif-
ference between the mh/+4 and +/+ genotypes in the
Piedmontese breed. According to the same reference,
juiciness ratings were less for the mh/+4 genotype than
for the +/4 genotype (except in biceps femoris) and
were less for the mh/mh genotype than for the mh/+
or +/+ genotype. However, Wheeler et al. (1996) found
that the LM of F; mh/+ Piedmontese had less flavor
intensity than that of Hereford x Angus. In addition,
Wheeler et al. (2001a) reported that the LM of F,
mh/+ Belgian Blue and F; mh/+ Piedmontese had less
juiciness than that of Hereford x Angus, but there was
no difference in flavor intensity ratings.

We also showed in this paper that heterozygous ani-
mals were slightly heavier at birth than homozygous-nor-
mal calves, which is consistent with the results reported
in other studies (Casas et al., 1998, 1999, 2004; Short
et al., 2002; Wiener et al., 2009) in which heterozygous
calves were heavier at birth than homozygous-normal
calves (+1/4 RSD on average). As a consequence of
the increase in birth weight, calving difficulties also in-
creased significantly, as observed by Casas et al. (1999),
Short et al. (2002), and Wiener et al. (2009). However,
Short et al. (2002) pointed out that calving difficulty
was increased in Piedmontese heifers as 1 and 2 copies
of the inactive allele were added in the calf, but they
found no effect with cows. Therefore, knowledge of the
mh genotype of the mating bulls is required to avoid
procreating heterozygous calves when mating heifers.

In conclusion, because of adverse effects on dystocia
and fitness, double-muscled animals are not desired by
producers despite their greater beef value. On the ba-

sis of our findings, producing young bulls with 1 copy
of the inactive myostatin allele can improve carcass
yield and muscle score in the Charolais and Limousin
breeds. Moreover, in the Charolais breed, we showed
that heterozygous animals had better carcass and meat
qualities without a marked increase in birth weight.
This slight increase in the birth weight of the calf could
have a prejudicial effect on calving ease if the dam is a
heifer. Consequently, controlling the inheritance of the
myostatin allele by genetic tests could be a solution to
have better beef performance if the appropriate mating
strategy is applied to adult cows.
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