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Summary

Myostatin is a negative regulator of muscle growth and mutations in its gene lead to muscular
hypertrophy and reduced fat. In cattle, this is seen in ‘double muscled’ breeds. We have used
marker-assisted introgression to introduce a murine myostatin mutation, Mstn<"?=414b¢ [Compact
(Q)], into an inbred line of mice (DUHi) that had been selected on body weight and had exceptional
growth. Compared with homozygous wild-type mice, homozygous (C/C) mice of this line were
~4-5% lighter, had ~7-8% shorter tails, substantially increased muscle weights (e.g. quadriceps
muscle in males was 59 % heavier) and an increased ‘dressing percentage’ (~49 % vs 39 %), an
indicator of overall muscularity. The weights of several organs (e.g. liver, kidney, heart and digestive
tract) were significantly reduced, by 12-20 %. Myostatin deficiency also resulted in drastic
reductions of total body fat and of various fat depots, total body fat proportion falling from
~17-5% in wild-type animals of both sexes to 9:5% and 11:6 % in homozygous (C/C) females and
males, respectively. Males with a deficiency in myostatin had higher gains in muscle traits than
females. Additionally, there was a strong distortion of the segregation ratio on the DUHi
background. Of 838 genotyped pups from inter se matings 29 %, 63 % and 8 % were homozygous
wild type (+/4), heterozygous (C/+) and homozygous (C/C), respectively, showing that
Mstn©mri-dliAbe hag lower fitness on this background. This line, when congenic, will be a useful
resource in gene expression studies and for finding modifying genes.

1. Introduction with some muscles in homozygotes two to three times
the weight of those of their littermates. Because the
gene encoding GDFS affects skeletal muscle develop-
ment, it was named myostatin (McPherron et al.,
1997). In addition to the evidence from the original
mouse knockout studies that myostatin regulates
muscle development, further studies have implicated

. . . . myostatin in cell survival (Rios et al., 2002) and
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Mutations in the gene encoding growth and differen-
tiation factor 8§ (GDF8) have been identified in mice as
a cause of hypermuscularity. Mice in which production
of GDF8 was ablated showed excessive muscularity,
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mass (Grobet et al., 1997; Kambadur et al., 1997,
McPherron & Lee, 1997; Schuelke et al., 2004). The
myostatin gene is expressed predominantly in skeletal
muscle and, to a lesser extent, fat cells (McPherron &
Lee, 2002), and acts as a negative regulator of muscle
growth. It is a member of the transforming-growth-
factor B superfamily, which is a large family of
secreted growth and differentiation factors that are
essential regulators of tissue development and homeo-
stasis. Mutations in the signalling pathway of several
family members cause severe diseases.

(i) Mstn©mpPt-dlIAdS oy ation and its modifiers in the
Compact mouse

In 1997, the mode of inheritance was reported of
a newly identified hypermuscular mouse mutation
termed Compact (Varga et al., 1997). In a line of mice
(here denoted BEH for Berlin high; Biinger, 2001 @)
selected for high protein amount at the Technical
University of Berlin (Germany) (Weniger et al., 1974
Valle Zarate et al., 1994), individuals with a ‘com-
pact’ appearance were noted and a highly muscled
line of mice named Compact was developed by selec-
tion using a muscularity score by visual inspection.
Linkage mapping using a Hungarian subpopulation
of this line revealed a single locus with a strong
association with the Compact phenotype on mouse
chromosome 1 (denoted Cmpt) within an 8-2 cM re-
gion (Varga et al., 1997). The myostatin gene became
a strong candidate gene for Cmpt. Sequencing myo-
statin from Compact individuals revealed a 12 bp
deletion in the propeptide region of the gene, denoted
MstnCmpt-dlidbe (Szabo et al., 1998). The structure of
the biologically active growth factor domain is un-
affected. The propeptide region, by analogy with
other transforming-growth-factors 5, might play a
role in the proper folding, efficient secretion and
regulation of the mature domain of myostatin (Szabo
et al., 1998). Recent studies have shown that the pro-
peptide is an important inhibitory binding protein for
myostatin (Lee & McPherron, 2001 ; Hill ez al., 2002).
The deleted region in Compact mice is highly con-
served in all known vertebrate myostatin genes
(McPherron & Lee, 1997), indicative of its functional
importance. It is likely that some activity of mature
myostatin remains in homozygous Compact mice,
such that modifier genes might have a significant in-
fluence on the phenotypic expression (Szabo et al.,
1998). A recent study, using a cross between the
Comp9 inbred line developed from the Hungarian
Compact subpopulation and CAST/Ei, an inbred line
generated from Mus musculus castaneus, revealed
significant associations with modifiers affecting
hypermuscularity of the homozygous MsmCri-dilAbe
mutant mice for markers on six chromosomes (Varga
et al., 2003).
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(i) Double muscling and the myostatin gene in cattle

Exceptional muscle development, commonly referred
to as being ‘double-muscled’ (DM), has been seen in
several cattle breeds. Cattle showing the syndrome
have greater lean meat yield, particularly in the
expensive cuts of meat, and low levels of carcass fat
(Hanset, 1982; Arthur, 1995; Casas & Cundiff, 2003).
There is also some evidence that these cattle are more
feed efficient, the meat is generally much lower in fat
and what fat remains is higher in polyunsaturated
fatty acids (reviewed by Arnold et al., 2001). Thus the
DM phenotype is popular in some parts of continen-
tal Europe, but it is less popular in others because of
associated welfare problems, particularly calving dif-
ficulties. Sequencing of the myostatin gene in cattle
showed that an 11 bp deletion that truncates the
mature protein is associated with the DM phenotype
in the Belgian Blue (Grobet et al., 1997; Kambadur
et al., 1997; McPherron & Lee, 1997), the Spanish
Austurian breeds (Dunner et al., 1997) and four
British beef breeds (Smith ez al., 2000; J. L. Williams,
unpublished). The phenotype associated with this
allele is found to be highly variable in, for example,
South Devon cattle homozygous for the deletion
(Wiener et al., 2002). A different point mutation
affecting a single amino acid is associated with the
DM phenotype in Piedmontese cattle (Kambadur
et al., 1997; McPherron & Lee, 1997). Subsequent
studies have shown a myostatin allelic series, with
loss-of-function mutations associated with DM in
different breeds (Grobet et al., 1998).

There are reports of negative side effects of the
DM phenotype on several traits in cattle, including
reproductive traits (e.g. dystocia), physical fitness
(e.g. cardiovascular disadvantages), conformational
abnormalities and undesired shifts in muscle-fibre-
type distribution (Holmes & Ashmore, 1972; Arthur,
1995; Wegner et al., 2000; Arnold et al., 2001;
Coopman et al., 2003). There is also evidence that the
degree to which some of these phenotypes are dis-
played also depends on the genetic background
(Wiener et al., 2002). As all the evidence for negative
side effects was obtained from cattle the question arises
if there are similar effects in a multiparous species.

(iii) Potential use of myostatin in other species

To date, mutations in the myostatin gene of farm ani-
mals have been described only in cattle, but breeding
companies in other meat species are believed to be
screening for mutations in this gene with the hope of
finding variants associated with increased muscularity
and/or leanness. Research in myostatin-blocking
agents is also of interest for the control of, for
example, obesity and muscular dystrophy in humans
(McPherron & Lee, 2002; Whittemore et al., 2003),
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for the reduction of muscle wastage in HIV patients
(Gonzalez-Cadavid et al., 1998), the maintenance of
muscle strength in older age (Seibert et al., 2001) and
the reaction to strength training (Ivey et al., 2000).
Given the unpredictability of the phenotype and
potential negative side effects, it is important that the
impact of variation in this gene on a wide range of
welfare, fitness and production traits is fully explored
before it becomes a focus of selection for breeders of
meat-producing livestock.

(iv) This work

Here, we describe the marker-assisted introgression of
MstnCmpt-dliAbe into a line of mice [Dummerstorf high,
inbred (DUHi); Biinger et al., 2001a] that had been
selected for growth and so serves as a model for highly
selected breeds of meat-producing livestock. This
introgression line is being developed into a congenic
line and, during its establishment, inter se matings
were made to examine the effects of the myostatin
mutation on the DUHi background. A phenotypic
screen, including detailed carcass dissection, was
developed and carried out to quantify the muscular
phenotype to extend earlier studies that based the
measurement of muscularity on a classification of the
phenotype on a visual inspection using a five-grade
scale (Varga et al., 2003).

The objectives were to evaluate the marker
assisted introgression, to estimate the effects of the
MsmCmpr-diidbe mytation in both heterozygotes and
homozygotes on the muscularity and body compo-
sition of an extreme high growth line, and to facilitate
future investigations of the side effects of the mutation
on reproduction and welfare traits in this model
multiparous species.

2. Materials and methods

(1) Origins and derivation of the two growth
selected lines

Two of the long-term high-body-weight selected lines,
DUHIi and BEHi (Berlin high, inbred), imported into
our lab and subsequently inbred (Biinger et al.,
2001 @) were used in this marker-assisted introgression
study. The DUH strain (from which DUHi was
derived by inbreeding in Edinburgh) was originally
developed in Dummerstorf, Germany, by selection
for high body weight at 42 d (days) (Biinger et al.,
1983, 2001 a). It is the heaviest known inbred mouse
line, with male body weights of over 80 g at 70 d,
about twice those of its unselected control and five
times that of the smallest available inbred line
(Biinger et al., 2001 5). BEHi1 was derived from a line
(BEH) founded from mice bought from various pet
shops. It was initially selected on protein mass
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(Weniger et al., 1974; Barkemeyer et al., 1989;
Barkemeyer & Horst, 1990), then for high weight
combined with low fat (Valle Zarate et al., 1994) and
finally on body weight. With male weights of ~60 g at
70 d, the BEHi line is also much heavier than its cor-
responding low line BELi (21 g), but is lighter and
substantially leaner than DUHi. The ‘ Compact’ line
in Berlin was derived from the first mice seen in early
generations of the BEH line that showed this pheno-
type. It has been shown to be homozygous for Cmpt,
presumably through the selection for body weight,
because its control line (in Berlin) was still segregating
for this mutation. Animals of the Berlin Compact line
were used as the founders for the Hungarian Compact
line, and there was no further exchange of genectic
material between the laboratories in Berlin and
Hungary. Animals imported to our laboratory in
Edinburgh came from generation 64 of the BEH line
from Germany. Because both the Hungarian (Varga
et al., 1997; Szabo et al., 1998) and the Edinburgh
subpopulations were derived from the Compact and
the high-growth line, respectively, with the same
origin in Berlin, these subpopulations might have
been homozygous for the Msm"Pt-dl14b¢ mytation
from their foundation.

Cmpt-dl1Abc

(i1) Introgression of the Mstn mutation

Animals were derived from a single litter of an F1
cross between a female of BEHi (generation 13 in our
lab) homozygous for the MsmCmrt-di4be mytation
and a wild-type DUHIi male (generation 8 in our lab).
This was followed by five generations of recurrent
marker-assisted backcrossing to the DUHi line, using
both sexes as the recurrent parent, to produce a
backcross line (denoted DUHI®) segregating for the
MstnCmp-diidbe mytation. Heterozygous animals of
this line were mated inter se in generations 5 (i.e. the
fourth backcross) and 6 (denoted gen5 and gen6, with
expected proportions of 93-8% and 96-9 %, respect-
ively, of the DUHi genotype) to give wild-type,
heterozygous and homozygous animals, which were
used for the detailed dissection. The DUHiC line was
subsequently maintained by infer se matings using
heterozygous parents until gen10. At each generation,
a few matings were also made between homozygous
C/C mice but, because of fertility problems, no stable
homozygous line has yet been developed.

(a) Genotyping for Mstn©mpt-dilAbe

All genotyping for Mstn<"Ptdli4b¢ for the marker-
assisted introgression (up to gen10) were carried out in
the Hungarian lab, as described earlier (Szabo et al.,
1998). In view of the apparent distortion in viability of
the different genotypes, in contrast to data obtained on


https://doi.org/10.1017/S0016672304007165

L. Biinger et al. 164

Table 1. Body, organ and tissue weights, and anatomical dimensions in mice homozygous (C/C), heterozygous
(C/+) and wild type (+/+) for MstnCmpt-dilAbe

Females Males
All
c/C C/+ +/+ c/C C/+ +/+
n 8 67 35 12 74 56 SD SXG
Body weight and dimensions
Body weight (g) 59-7¢ 65-4¢ 62-0° 76-8¢ 85-22 81-0° 7-28 S—G
Body length (cm) 11-64 1202 11-9® 11-7b4 11-85¢ 11-64 0313 —XG
Tail length (cm) 10-5¢ 11-0® 11-32 10-36° 10-95° 11-32 0592 ——-G
Max width lumbar region (cm) 4-48bcd 4-882 4912 4-294 4-52¢ 4-68° 0341  S—G
Width shoulder® (cm) 3-71%b 3-39¢d 3-334 3912 3-57b¢ 3-434 0-388 S—-G
Width neck® (cm) 1-35b 1-29° 1-26° 1-552 1-39b 1-33b 0304 S-G
Height neck® (cm) 1-165¢ 1-04¢ 1-02¢ 1-322 1-25%0 1-18°¢ 0-176 S—G
Width upper rear leg (cm) 1-90%° 1-76%4 1-69° 2:012 1-80b¢ 1-74% 0168 S—G
Width lower rear leg (cm) 1-092 0-98><¢ 0-91¢ 1-152 1-01° 0-95¢ 0-:086 S—G
Width upper foreleg (cm) 1-07°¢ 0-99¢ 0-95¢ 1-242 1-09° 1-04¢ 0-106 S—G
Width lower foreleg (cm) 0-654°< 0-637¢ 0-610¢ 0-7352 0-672° 0-636%¢  0:075 S—-G
Organ and tissue weights
Heart (g) 0-265¢ 0-319° 0-311° 0-318° 0-3622 0-3732 0-073 S—-G
Kidney (g) 0-740¢ 0-795¢4 0-841°¢ 0-902° 1-070% 1-091# 0-144 S—-G
Liver (g) 3-94¢ 4-442b 4-56* 3-554 4-04° 4-33b 0-500 S—-G
Lung (g) 1-032 1-04% 1-022 09152 0-9812 0-975% 0281 ———
Spleen (g) 0-2792-b 0-263° 0-2872 0-163¢4 0-198¢ 0-203¢° 0-067 S——
Stomach, intestines (g) 10-21° 11-732 12-16% 9-25¢ 10-90° 11-60% 1-43 S—G
Head, feet, tail (g) 7-34¢ 7-61°¢ 7-60°¢ 817* 8-:032 7-81° 0-588 SX—
Fur (g) 6-74%¢ 6-53¢ 6-824 7-42¢ 8-57° 9-022 0-815  SXG
Traits marked ® were measured only in gen5; corresponding sample sizes (n) were 3, 12, 18, 15, 18, 26.
Body weight was fitted as a covariate for all traits except body weight.
Means sharing a common character in their superscript are not significantly different (P> 0-05).
sp: standard deviation pooled over all groups.
SXG: traits that are significant (P <0-05) are sex, sex-by-genotype interaction and genotype effects; —, effect not significant.

other genetic backgrounds, the genotypes of animals
in genl0 (80 animals: 28+4/4, 45 C/+ and seven
C/C) were confirmed by genotyping at the Roslin
Institute using a different primer set designed from the
mouse mstn sequence (Genbank accession U84005)
flanking the site of the 12 bp deletion in the Compact
gene (forward, 5-GTATTGATGTGAAGACAGT-
GTTGC-3’; reverse, 5-GGAAGGTTACAGCAAG-
ATCATCG-3’, with predicted fragment sizes of
112 bp for + and 100 bp for C).

(ii1) Management of animals
(a) General management

Mice were fed a standard expanded breeding diet [Rat
and Mouse No. 3, Special Diet Services, Witham, UK ;
digestible crude oil, 3-9%; digestible crude protein,
20-9%; starches, 27-3%; sugars, 11:2%; digestible
energy, 12-1 MJ kg~!] from weaning onwards and
maintained with controlled lighting (12 h light) at
2141 °C. Animals were usually housed after weaning
at 21d in full-sib groups (between three and eight
individuals) except when litters were small, when
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age-matched offspring of the same sex of two dams
were weaned into one cage. After weaning, mice were
caged in plastic cages (MBI, North Kent Plastics,
Rochester, UK). Litters of more than 12 pups were
usually reduced to 12 in the first 3 days after birth,
except when animals were in short supply.

(b) Body weights and dissection

Body weights were taken routinely at 42 d and 70 d,
and litter sizes (number born alive) at birth and at 21 d
(weaning and tissue harvest for genotyping) were
recorded in all generations. Nearly all animals in gen5
and gen6, except for some heterozygotes required for
breeding, were subjected to detailed dissection at 70 d
after continued exposure to CO, and the traits listed
in Tables 1 and 2 were measured. A digital image of
each mouse was taken (Fig. 1) before the dissection
continued. Initially (gen5), body dimension traits
were measured using a calliper, which turned out to be
too time consuming during the dissection. Therefore,
some actual measurements [e.g. height of neck region
(Table 1)] were discontinued after gen5 and values
(gen5 and gen6) were predicted from the images
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Table 2. Muscling and fatness traits in mice homozygous (C/C), heterozygous (C/+) and wild type (+/+) for
MstnCmpt-dllAbc

Females Males
All
c/C Cl/+ +/+ c/C Cl/+ +/+ -
n 8 67 35 12 74 56 SD SXG

Muscling traits
Carcass weight (g) 33:2° 29-74 28-1°¢ 3592 30-7¢ 28-4¢ 1-87  SXG
Carcass (%) 49-12 41-9b 39-84 48-7* 41-1¢ 38-7¢ 2:18  S—-G
Left leg (g) 4-92° 4214 3-89¢ 5:552 4-58¢ 4104 0458 SXG
M. quadriceps (right) (g) 0-629° 0-4934 0-434°  0-744% 0-554¢ 04684 0071 SXG
Fatness traits
Total body fat (g) 10-3%4 12:9b 14-22 8-064 9-754 1165 369 S§—G
Total body fat (%) 9-47° 16-22 17-52 11-6° 15-6* 17-4* 476 ——G
Posterior subcutaneous fat (g) 1-13b¢ 1-672 1-792 0-79¢ 1-08¢ 127 0449 S—G
Epididymal fat (g) 1-62¢4 2:59® 2-88* 1-01°¢ 1-454 1-81°¢ 0753 S—-G
Perirenal and retroperitoneal fat (g) 1-17b¢ 1-812 1-822 0-54¢ 0-98°¢ 1-23% 0435 SXG
Interscapular brown fat® (g) 024154 0-2912> 03128 0-238%4  0-261>° 03128 0085 ——G
Interscapular white fat® (g) 0-538%>  0-680% 0-714*  0-383° 0-487° 0-620* 0277 S—-G

Traits marked ® were measured only in gen6; corresponding sample sizes (n) were 5, 55, 17, 9, 59, 30.

Body weight was fitted as a covariate for all traits except Carcass % and Total body fat %.

Means sharing a common character in their superscript are not significantly different (P> 0-05).

sp: standard deviation pooled over all groups.

SXG: traits that are significant (P <0-05) are sex, sex-by-genotype interaction and genotype effects; —, effect not significant.

P1-P2  body length

P2-P3 tail length

P4-P5  width lumbar region max
P6-P7  width shoulder

P8-P9  width neck

P10-P11 width upper rear leg
P12-P13 width lower rear leg
P14-P15 width upper fore leg
P16-P17 width lower fore leg
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Fig. 1. Landmarks (P1 to P17) used to quantify body dimensions (Table 1).
using ‘Digitize 2b” (Y. Danon, http://www.rpi.edu/  measurements and high repeatability coefficients

~danony/softwae.htm). This approach had high (0-935-0-999 or higher) between three repeats of values
correlation coefficients (0-896—0-999) with the calliper derived from image analysis (G. Ott, unpublished).
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After removing and weighing all organs and tissues
given in Tables 1 and 2, the empty carcass was
weighed. After harvesting three muscles [left and right
M. quadriceps femoris (a muscle group consisting of
four muscles: Mm. rectus femoris, vastus lateralis,
vastus intermedius and vastus medialis) and the Pars
lumbalis segment of the M. longissimus dorsi] for
subsequent histological assays (C. Rehfeldt et al.,
unpublished), dry-matter weight (DM) of the whole
body (carcass, organs and tissues, but without the
three muscles) was determined by freeze drying the
prepared carcass and the fat percentage predicted
from DM percentage by linear regression (Hastings &
Hill, 1989).

(iv) Statistical methods

Least-square means (Y) were calculated using the
following model,

Y=M+G+R+S+F(R)
+ (all interactions between G, R, S)+e¢

where M is the overall mean, G is a genotype effect, R
is a generation (=replicate) effect, S is a sex effect,
F(R) is a family effect nested within generation and e
is the residual error. All effects were fitted as fixed
except F and e, which were fitted as random. For
analysis of organ and tissue weights except for fat
percentage and carcass percentage, body weight was
fitted as a covariate. ANOVA was undertaken with
GLM using the SAS System for Windows Release
6.08 (SAS Institute, Cary, NC, USA). The additive
genetic effect (a) was estimated as one-half of the
contrast between the two homozygous groups C/C
and + /4. To estimate the dominance effect (d), a
model was fitted in which G was replaced by two
effects — H, with two classes, homozygotes and het-
erozygotes, and G(H), a nested effect distinguishing
the two homozygous classes. Then, d was estimated as
the contrast between the two H classes, which has the
consequence that the unweighted means of the two
homozygous groups were used, although the sample
sizes were very different (Tables 1, 2). An additional
parameter, h=0-5(d+ a)/a was also computed directly
from the estimates of d and «a; for example, / takes
values of 0, 0-5 and 1-0 if C/C is, respectively, fully
recessive, additive or completely dominant, with
intermediate values reflecting partial dominance.
Values of & provide helpful information but must be
looked at with caution when «a is very small or non-
significant. Least-squares means were estimated for
each sex for all traits, but additive and dominance
effects were estimated for both sexes only when the
generation X sex interaction was significant.
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3. Results
(1) Genotype frequencies
(a) Parental lines

The founder BEHi female was not genotyped but all
11 offspring turned out to be C/+ and, additionally, a
random samples of 52 animals from the DUHi line
(inbred generation 12; founder male for DUHi® was
from inbred generation 5) were genotyped and all had
the expected +/+4 genotype. Finally, 41 animals from
inbred generation 13 from line BEHi were also geno-
typed and all were homozygous C/C.

(b) Backcross matings

In gen3 to gen6, a total of 294 pups resulted from
backcross matings, of which 257 were genotyped.
These two figures differed because of postnatal losses
(including those culled to reduce litter size to 12) and
because late litters were not genotyped. Of these
backcross animals, 45-5% (117) were heterozygote
(C/+) and 54:5% (140) homozygous wild type (+/+)
(Table 3). Although this suggests a heterozygote
disadvantage, the deviation from the expected 1:1
ratio was not significant (P>0-05) in any generation
or over all four generations [calculated ¥ (yc?) =2:06,
tabular y* (xr>; 1df, 0:05)=3:-84], and there was
homogeneity across generations [contingency table,
xct=0-242, ¥ (3df, 0-05)="7-81].

(c) Inter se matings

From inter se matings from gen4 to genl0 a total of
838 pups were genotyped (Table 3), of which 244
(29-1%) were homozygous wild type (+/+), 528
(63:0%) heterozygotes (C/+) and 66 (79 %) homo-
zygous for Compact (C/C). This is a highly significant
distortion of the expected segregation ratio (Table 3).
Although numbers in some individual generations
were small, the deviations from the expected 1:2:1
ratio were significant (P<0-05) in all generations
except gen5, which was just below the significance
threshold (yc®=5-8); also, there was (just) homogen-
eity across generations [contingency table, y*>=20-1,
x1° (12df, 0-05)=21-0], allowing summary over these
generations. With C/C excluded, the frequencies of
the two remaining genotypes (C/+, 68-4%; +/+,
31-6 %) did not depart significantly from the expected
2:1 ratio [yc?=1-04, x1* (1, 0-05)=3-84]. Indeed the
apparent small excess of +/+ over C/+ in backcross
matings was reversed here (Table 3).

(i1) Body weight and dimensions

Sex effects were significant for most of the traits in this
category apart from body and tail length, and could
not be accounted for by differences in body weight
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Table 3. Offspring numbers and tests of segregation ratios from backcross matings and inter se matings

Backcross matings

Inter se matings

Generation Cl+ +/+ Al xS daf  +/+ C/+ c/c Al xc? df
3 19 23 42 0-38 1
4 31 34 65 013 1 21 40 6 67 92 2
5 45 54 99 082 1 12 33 6 51 5-8 2
6 22 29 51 096 1 56 150 17 223 40-2 2
7 66 112 6 184 47-8 2
8 36 104 19 159 187 2
9 25 45 5 75 13-7 2

10 28 44 7 79 122 2

Total 117 140 257 206 1 244 528 66 838 132:3 2

Percentage 455 54-5 100 29-1 63-0 79 100

Genotype by generation 024 3 20-1 12

%% calculated y? values. Tabular x*: the values at P< 0-05 (df, y1?) are (1, 3-84), (2, 5:99), (3, 7-81) and (12, 21-0).

because it was fitted in the model as a covariate
(Table 1). Genotype had a significant effect on all of
the traits, but for only one (body length) was there a
significant S'x G interaction in which males and
females reacted differently to the MstnCmwi-diiAbe
mutation.

(a) Comparison of homozygotes

Homozygous Compact C/C animals of both sexes
were 4-5% lighter than their +/+ litter mates
(Table 1). Compact females were significantly shorter
than +/+ females, but the males were not. C/C ani-
mals of both sexes had significantly shorter tails
(7-8%). Taking body length and tail length together,
Compact animals were about 4% shorter than their
wild-type controls. The maximal width in the lumbar
region (‘belly width’) of Compact animals was less
than that of the wild type (by over 8 %), but their
shoulder region was about 12% wider, both differ-
ences being significant. The increased muscularity in
Compact animals of both sexes is also reflected in in-
creased neck measurements (height and width), which
were both increased by about 10%. Similarly, leg
measurements were also increased in Compact by
7-12% in females and by 15-21% in males. The
estimates of additive effects, a (Table 4), are based on
half the homozygous differences (C/C less +/+) and
are, of course, significant when the contrast is signifi-
cant. They varied in direction, with measurements of
muscularity being positive and tail length and ‘belly
width’ negative (Table 1).

(b) Dominance effects

Dominance was investigated by comparing hetero-
zygotes (C/+) and the unweighted means of the two
homozygotes. If  and d have the same sign, this implies
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that the Mstn©"-d14b¢ gllele is dominant over the
wild-type allele, completely dominant if d=a. Con-
versely, if they take opposite sign, the Compact allele
is (partially) recessive. For body weight, C/+ animals
of both sexes are significantly heavier than both
homozygotes, reflected in high, significant d values
and i< —1 (the sign of / being that of a) (Table 4).
This is also the case for body length, with hetero-
zygotes again superior, but there was a significant
S % G interaction. For most of the other dimensional
traits, & varied between 0-23 and 0-40, indicating that
MstnCmpt-diidbe i partially recessive (C/+ animals
closer in performance to +/+4 than C/C).

(iii) Organ and tissue weights

Although the effect of body weight was removed as a
covariate, the effects of sex were significant for the
weights of all of the organ and tissue traits except the
lung, and the effects of genotype were significant for
all but lung, spleen and ‘head, feet, tail’ weights
(Table 1). There were significant genotype X sex
interactions only for the weight of fur and of the
combined ‘feet/head/tail’, with larger effects seen in
males.

(a) Comparison of homozygotes

Heart, kidney and liver were reduced in homozygous
C/C animals by 12-18 % (Table 1). The spleen and the
combined stomach and intestine weight were reduced
by around 18 % in Compact animals, with a low, non-
significant reduction of the spleen in females. The
combined weight of the head, feet and tail was slightly
lower in C/C females and larger in C/C males than in
+/+ . Whereas the weight of the fur was little changed
in C/C females, it was significantly reduced in C/C
males by 18 %.
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Table 4. Genotypic values and degrees of dominance for body, organ and tissue weights and anatomical

dimensions
Both sexes Females Males
a se d se h a d a d
Body weight and dimensions
Body weight (g) —1-62 0-88 576 0-98 —1-28
Body length (cm) —0-055 0-031 0-167  0-037 —1-03 —0-15 019 0-04 015
Tail length (cm) —0-45 0-059 0-089  0:069 0-40
Max width lumbar region (cm) —0-21 0-034 0-11 0-040 0-23
Width shoulder® (cm) 0-21 0-034 —0-112  0-039 0-23
Width neck® (cm) 0-076  0-027 —0:038  0-031 0-25
Height neck® (cm) 0-071  0-016 —0-026  0-017 0-32
Width upper rear leg (cm) 0-122  0-017 —0:051 0020 0-29
Width lower rear leg (cm) 0-:094 0-009 —0-034 0-010 0-32
Width upper foreleg (cm) 0-083  0-011 —0-:038 0012 0-27
Width lower foreleg (cm) 0-:036  0-007 -0-005  0-009 0-44
Organ and tissue weights
Heart (g) —0:025 0:007 0-024  0-008 0-03
Kidney (g) —0-073 0014 0-040  0-017 0-23
Liver (g) —0-351  0:050 0-143  0-059 0-30
Lung (g) —0-013  0-028 0-026  0-033 —0-47
Spleen (g) —0-012  0:007 —0-001 0-008 0-55
Stomach, intestines (g) —1-07 0-14 0-52 0-17 0-26
Head, feet, tail (g) 0-026  0-059 0-084  0-070 2-14 —0-13 0033 0-18 014
Fur (g) —0-421 0-082 0-063  0-101 0-43 —0-04 0029 —0-80  0-098

a, additive effect of C=0-5[(C/C)—(+/+)]; d, dominance effect in C/+ =(C/+)—0-5[(C/C)+(+/+)]; if @ and d have the
same sign, Mstn©"P-d14b¢ is (partially) dominant and if it has the opposite sign then it is (partially) recessive; &, degree of
dominance =(d+a)/2a (for h<0, h=0, h<0-5, h=0-5, h>0-5, h=1, h>1, Mstn©"P-d14b¢ js underdominant, completely
recessive, partially recessive, additive, partially dominant, completely dominant or overdominant, respectively).

Values in bold are significant (P <0-05).

Traits marked ® were measured only in gen5; corresponding sample sizes (n) were 3, 12, 18, 15, 18, 26.

Body weight was fitted as a covariate for all traits except body weight.

se: standard error pooled over all groups.

(b) Dominance effects amounting to 18 % (in females) and 26 % (in males).
There were also substantial effects on the ratio of the
carcass to the total body weight: the relative carcass
weight increased from around 40% to 49 % in both
sexes. The weight of the whole leg (left) was 27% (in
females) and 35% (in males) higher in C/C than in

wild-type animals, and that of the M. quadriceps

Significant dominance effects were found for a few
organs: heart, liver and ‘stomach, intestines’ weights,
with the Compact allele tending to be partially
recessive (h1=0-03-0-30) (Table 4).

(iv) Muscling traits

The effects of sex were significant for all muscling
traits (Table 2). Males had higher ‘muscling weights’
than females, even though the effect of body weight
was accounted for. The proportion of the carcass to
the total body weight was higher in females than in
males. The genotype effects were significant for all
traits in this category. There were also significant
genotype x sex interactions for the weight of the
carcass, the leg and for M. quadriceps, with higher
Compact effects in males.

(a) Comparison of homozygotes

Homozygous C/C animals had much heavier
carcasses than +/+ individuals, the differences
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(right) increased by 45% in females and by 59% in
males (Table 2).

(b) Dominance effects

For all traits, there were significant negative domi-
nance effects (d) for the C allele, with slightly higher
values in females. Because ¢ and d differ in their sign
(Table 4) and the degrees of dominance (/) for the
muscling traits were between 0-24 and 0-31, the C
allele is partially recessive (Table 5).

(v) Fatness traits

Sex effects were significant for all fat traits except the
proportion of fat and the interscapular brown fat
depot, with higher fat amounts in females (Table 2).
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Table 5. Genotypic values and degrees of dominance for muscling and fatness traits

Both sexes Females Males

a se d se h a d a d
Muscling traits
Carcass weight (g) 316 0187 —122 0228 0-31 2:57 —1-40 375 —1-05
Carcass percentage (%) 484 0265 —253 0-288 0-24
Left leg (g) 062 0046 —0-222 0-055 0-32 0-514 —0-276 073  —0-168
M. quadriceps (right) (g) 0-118 0007 —0-045 0-009 0-31 0-097 —0-053 0-138 —0-038
Fatness traits
Total body fat (g) —1-864 0-369 0-30 043 0-50
Total body fat (%) —3:469 0-578 0-63 0-46
Posterior subcutaneous fat (g) —0-283 0-045 0-127 0053 —291
Epididymal fat (g) —0-516 0-075 0-177 0-089 0-38
Perirenal and retroperitoneal fat (g) —0-337 0-044 0-200 0-051 024 —0-329 0-315 —0-344 0-084
Interscapular brown fat® (g) —0-036 0-010 0-001 0012 —2-24
Interscapular white fat® (g) —0-103 0032 0022 0-039 0-50

a, additive effect of C=0-5[(C/C)—(+/+)]; d, dominance effect in C/+ =(C/+)—0-5[(C/C)+(+/+)]; if @ and d have the

same Sign, MslnCmpt—dllAb('

is (partially) dominant and if it has the opposite sign then it is (partially) recessive; h, degree of

dominance = (d+a)/2a (for h<0, h=0, h<0-5, h=0-5, h>0-5, h=1, h>1, Mstm"P=-4145¢ is ynderdominant, completely
recessive, partially recessive, additive, partially dominant, completely dominant or overdominant, respectively).

Values in bold are significant (P <0-05).

Traits marked ¢ were measured only in gen6; corresponding sample sizes (n) were 5, 55, 17, 9, 59, 30.
Body weight was fitted as a covariate for all traits except Carcass % and Total body fat %.
Means sharing a common character in their superscript are not significantly different (P> 0-05).

se: standard error pooled over all groups.

The genotype effects were significant for all fatness
traits, but the sex x genotype interaction was signifi-
cant for only one fat depot (Table 2).

(a) Comparison of homozygotes

Homozygous C/C animals of both sexes had signifi-
cantly less total body fat: 27% less in females and
31 % less in males, corresponding to a C/C vs +/+
difference in proportion fat of 8-0% (in females) and
5-8% (in males). Similarly all individual fat depots
measured were reduced, by 23-44 % in females, with
the highest reductions in epididymal fat, and by
24-56 % in males, with the highest reduction in peri-
renal and retroperitoneal fat (Table 2).

(b) Dominance effects

There were significant dominance effects (d) for four
of the seven fat traits. The degrees of dominance (/)
were mostly between 0-24 and 0-50, apart from two
unrealistic values for the posterior subcutaneous fat
and the interscapular brown fat. This indicates again
that the C allele is partially recessive (Table 5).

4. Discussion
(1) Genotype frequencies

The analysis of the genotyped pups available from
inter se matings of the backcross line showed 29 %
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+/+, 63% C/+ and only 8% C/C. As the ratios of
C/+ to +/+ in both backcross and inter se matings
were as expected, only homozygote individuals seem
to be affected. This very strong distortion of the seg-
regation ratio shows that C/C individuals have either
a lower fertilization rate or a lower subsequent sur-
vival rate. Although there is a recent report of an ap-
parent loss of homozygous embryos in superovulated
cows carrying the 11-bp deletion associated with
double muscling in cattle that were bred with hetero-
zygous bulls (Potts ez al., 2003) this distortion was
unexpected, because earlier mouse crosses involving
the Mstn<ri-dllabe and other backgrounds (under-
taken by L. Varga, unpublished) did not show any
significant deviation from the 1:2:1 ratio. For ex-
ample, in a large F2 population from crosses of
Mstnempr-dilabe) ppggpempt-dilabe animals of the Comp9
strain and inbred CAST/Ei founders, genotype fre-
quencies agreed well with the expected ratio (Varga
et al., 2003). There was, however, indication of a dis-
torted segregation in the experiment of McPherron
et al. (1997) in which the GDF-8-encoding gene
(i.e. myostatin) was disrupted by homologous gene
targeting. Of 678 offspring from crosses of F1 hetero-
zygotes, 25% were +/+, 56% +/— and 19% —/—,
showing a significant but less strong departure from
the expected ratio than in our experiment. Our results
suggest that the deleterious effect of C/C results
from an interaction with other genes in the DUHi
background. Because the line DUHi® was not fully
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Table 6. Litter size at birth (LS0) and at weaning (LS21) resulting from inter se matings in lines DUHI¢

and DUHi

Generation 6 7 8 9 10 6-10 Diff se
DUHi® n 27 25 17 9 9 n Mean SD

LSO 95 86 10-5 11-0 94 87 9:6 37 —0-40 063

LS21 85 7-4 9-5 84 89 87 84 29 —0-37 0-49
DUHi n 16 12 10 13 13

LSO 77 10-7 10-7 10-2 11-5 64 10-0 39

LS21 7-3 9-8 85 80 10-6 64 3-8 3-0

Diff, difference between DUHi and DUHi for LSO and LS21 with its standard error (se).

congenic at the time of this study, the possibility can
not be ruled out that remaining alleles from the BEHi
background other than at the Compact locus might
have caused this distortion, but the probability of this
seems low. This would imply an interaction between
such linked introgressed genes and the DUHi back-
ground, for this distortion of the segregation ratio is
not seen in BEH and, in view of the large phenotypic
effects of the Compact locus, it seems a much more
likely candidate for generating the interaction found.

This experiment was not designed to analyse the
deficiency of the C/C animals and therefore the time
at which the losses occurred was not recorded.
Because tissues for genotyping were not collected be-
fore weaning, losses could have occurred at any point
from fertilization until weaning. In order to estimate
whether losses were pre-, peri- or postnatal and to
check whether a reduction in litter size from inter se
matings was associated with the C/C shortage, we
compared the average size of litters at birth and at
weaning from generations 6—10 (excluding previous
generations when litter size in DUHIC is affected by
heterozygosity in the first generations after the F1) in
the recombinant line DUHI (from inter se matings)
with that of the contemporaneous generations of the
parent line DUHi (Table 6). Because there were, on
average, only 8% C/C animals in line DUHI", a re-
duction in litter size of ~17% would be expected,
corresponding at this litter size to a reduction of
about 1-5-2 pups. This seems not to be the case
(Table 6). Litter size at birth in line DUHi® is similar
to that of the recurrent backcross partner line DUHI,
which would be expected if there was no loss of C/C
embryos. Because genotyping was undertaken on
weaned animals, there could, however, still be a dif-
ference in postnatal or preweaning losses of homo-
zygous pups. The litter size at weaning is influenced
by management procedures (reduction of larger litters
to 12), but this would affect both lines (DUHi and
DUHiI®) in a similar way. However, both lines had
similar litter sizes at weaning as well (Table 6), sug-
gesting that differences might have occurred at ferti-
lization, with a lower success of a combination of
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gametes carrying the C allele, with no substantial
effects on the total number of fertilized ova. We
hope to investigate this hypothesis further in future
studies.

(i1) Body weight and dimensions

Compact had a significant effect on most traits
measured. Animals carrying two copies of the C allele
were slightly lighter and shorter (especially in the tail),
with decreased maximal width in the lumbar region
and increased measurements reflecting muscularity,
like shoulder width, neck width and height, and upper
leg and lower leg widths.

At first sight, our results regarding the effects of
Compact on body weight seem to be in contradiction
to observations of transgenic mice with a disrupted
myostatin gene. Over an age range of 2-5 months,
animals of both sexes with the myostatin gene
knocked out were ~20-30% heavier than wild-type
litter mates (McPherron et al., 1997), whereas our
Compact animals on the DUHi background were
slightly lighter. There are two major differences
between these studies, however: the mutation and the
genetic background. The Compact mutation is in the
propeptide and does not affect the mature protein,
whereas the knockout construct of McPherron et al.
replaced the myostatin coding region with a reporter
gene. It is known that the propeptide interacts with
the mature protein, so it is possible that, in mice with
the C allele, there might be an aberrant myostatin
function, whereas, in the knockout, there is no
myostatin protein produced. The genetic background
for the knockout was C57BL/6, a line with body
weights of about 30 g at 2-3 months of age in males
and 23 g in females. By contrast, DUHi® animals are
two or three times heavier at a similar age, males
weighing about 80 g and females over 60 g. On this
genetically high-growth DUHIi® background, the
myostatin deficiency caused by the murine mutation
MstnCmpt-dlidbe qoes not result in additional body
growth, whereas it does on the less extreme
BEHi background. One explanation might be that
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growth is already near a maximum and the C/C ani-
mals prioritize muscle protein over other tissues like
fat, some other organs and possibly bone. The latter
seems to be supported by the finding of decreased
body and tail lengths.

The reduced belly width seems mainly to reflect a
reduced fatness and a hypertrophied skeletal muscu-
lature, leading to a change in the abdominal shape.
The effect on traits mainly determined by the amount
of muscle tissue (shoulder, neck and leg measures) is
not as extreme (~7-21%) (Table 1) as observed in
mice with myostatin deficiencies created by transgenic
methods, in which the weight of individual muscles
was found to be increased by a factor of two or three
(McPherron et al., 1997; Hamrick et al., 2000). Our
measures in Table 1 are linear dimensions, however,
such that a 10% change in the linear dimensions
corresponds to an increase of over 30% in volume
and, assuming a similar tissue density, in weight.
However, the weight of M. quadriceps, which was
increased by 45% in females and 59 % in males, also
showed that the Compact effects are less extreme in
this high-growth background.

The body weight of heterozygous animals in this
study is significantly higher than that of both homo-
zygotes in both sexes. Such superiority of hetero-
zygotes over either corresponding homozygote is not
unique [e.g. Lipsitch et al. (2003) termed it ‘allele-
specific overdominance’, observing a higher disease
resistance in heterozygous individuals] but needs fur-
ther investigation and seems to contrast with results
obtained in transgenic mice with a disrupted myosta-
tin function on a ‘normal growth’ background
(C57BL/6), in which the weights of the heterozygotes
were between those of the two homozygotes
(McPherron et al., 1997). However the C/+ vs +/+
difference (~ 5 %) is similar in our study, and the low
body weight of the C/C animals in our study seems to
be the reason for this C/+ superiority.

(iii) Organ and tissue weights

The Compact mutation is associated with 12-20%
reduced weights of essential organs such as heart,
kidney, liver and gut in both sexes (Table 1).
Reductions of internal organs have also been seen in
double-muscled cattle when compared with those of
wild-type controls (Ansay & Hanset, 1979). These re-
ductions in organ size might be a partial explanation
for the reduced stress resistance found in double
muscled cattle (e.g. Arthur, 1995; Arnold et al., 2001).
The reduced heart size seems especially of note:
although it consists mainly of (cardiac) muscle it is
not hypertrophied like the skeletal muscles, indicating
that effects of myostatin on the regulation of these
muscles differs. The cause of the substantially reduced
fur weights in males but not in females is unclear.
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(iv) Muscling traits

Because the carcass defined here consists mainly of
muscle and bone (see also Grobet et al., 2003), the
significant increases in carcass weights seen in
Compact animals of 18% (in females) and 26 % (in
males) are not surprising (Table 2). It is of note that
the absolute carcass weights of males increased sig-
nificantly more than those of females, but the pro-
portion of the carcass to total body weight increased
similarly in both sexes, from ~40% to ~49%.
Carcass weight might be superior to scoring a single
muscle, which would not take account of changes of
the ratios between different muscles owing to selec-
tion. Measuring the carcass would provide a more
objective measure but can not yet be undertaken
in vivo in mice; however, computer-aided tom-
ography (CT) scanning might provide a possible route
for live mice as for larger animals (e.g. Jones et al.,
2002).

(v) Fatness traits

The DUH line is very heavy but not extremely obese,
although males have 17-22 % body fat compared with
~10% in an unselected control (Biinger et al., 1998).
Because myostatin deficiency has substantial anti-
obesity effects in mice (Lin et al., 2002 ; McPherron &
Lee, 2002) it was important to estimate the effects of
the Compact mutation on fatness in the DUHiC line.
Homozygous (C/C) animals of both sexes have sig-
nificantly less total body fat and corresponding
reductions in fat percentage from 17-5% to 9-5% (in
females) and from 17-4% to 11-:6% (in males).
Similar fat proportion ranges were reported for males
(6-10%) and females (9—10-5%) for the Hungarian
Compact line, which weighs up to 36 g (in males) and
31 g (in females) at ~70 d (Fekete et al., 1996). The
reduction in total body fat in our study was ac-
companied by a reduction in all measured individual
fat depots by 23-56% (Table 2). All fat traits were
significantly affected by genotype and sex, with the
exception of total body fat proportion and the brown
portion of the interscapular fat depots, in which no
sex difference were found. Generally, there were sig-
nificant genotype X sex interactions.

(vi) Myostatin effects in heterozygotes and
dominance effects

Homozygotes for one of the double-muscling alleles
in cattle and the Mstn©"P-d14b¢ 3]lele in mice seem
to have several negative side effects, so a breeding
scheme based on a homozygous terminal sire line and
wild-type female line might be a viable alternative
breeding strategy in farm animals. Its utility depends
inter alia on the performance of heterozygotes. In this
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study, heterozygotes were substantially heavier than
both homozygotes in both sexes. Overall, for the
muscle and fat traits, about one-quarter to one-third
of the total difference between the two homozygotes is
present in the C/+ vs +/+ difference (i.e. C was par-
tially recessive for these traits) (see / values, Tables 4,
5). Similar effects, increased muscling and decreased
fat, to those reported here for heterozygous animals
have been seen in heterozygous South Devon cattle,
while increased calving problems occurred only in
homozygotes (Wiener et al., 2002).

This experiment has clearly shown that Mstn<""
dli4be has substantial negative effects on fat deposition
and positive effects on muscle mass, even though the
mouse line into which it was introgressed might be
close to an upper body weight limit (Biinger et al.,
2001b). MstnCmpt-diidbe s associated with a similar,
possibly less extreme, phenotype to that of mice with
ablated myostatin expression created using trans-
genic technology (McPherron et al., 1997). Thus,
MsmCmp-diidbe can be regarded as another allele
affecting myostatin activity (Szabo et al., 1998) and,
like deletions, knockouts and substitutions, results
in hypermuscularity. Although the precise molecular
mechanisms might differ between these different
mutations, the impact on the phenotype of perturbing
myostatin expression is similar.

Mstn€mpi-diidbe ig therefore a valuable model for
other mammalian species and will help to inform on
the consequences of the widespread use of such natu-
ral or induced mutations if they become available in
animal breeding. Variation in the magnitude of the
muscular phenotype observed in genetically divergent
cattle and mice carrying the same mutation in the
mstn gene suggests that myostatin interacts with other
genes in the control of normal muscular and adipose
development. Myostatin also appears to affect other
production and welfare traits negatively, and it is
likely that these will also vary in magnitude with
dependence on the genetic background (Nadeau,
2001). It would therefore be important to introgress
Compact onto different genetic backgrounds and to
investigate its effects on a wide spectrum of traits.
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