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ABSTRACT: Objectives were to document effects 
of the Texel myostatin mutation (MSTN) on growth 
and carcass traits and also test whether or not inter-
actions with the callipyge mutation (CLPG) could 
be detected. Twelve rams heterozygous at both loci 
on the two different chromosomes were mated to 
215 terminal-sire type composite crossbred ewes 
genotyped as non-carriers for both loci. A total of 
365 lambs were born, 362 of those were genotyped 
and 236 lambs contributed carcass data to estimate 
effects and interactions among the four genotype 
combinations produced. The four genotype com-
binations were defined as follows: ++/++ for wild-
type at both loci; ++/C+ for wild-type at MSTN 
and heterozygous at CLPG; M+/++ for heterozy-
gous at MSTN and wild-type at CLPG; and M+/
C+ for heterozygous at both loci. The two independ-
ently segregating sire-derived alleles represent differ-
ent breed-of-origin contrasts at each locus (Texel vs. 
composite origin for MSTN and Dorset vs. Texel 
origin for CLPG). Birth weight was recorded on all 
lambs, and subsequent body weights were adjusted 
to 56 (weaning), 70, and 140 d of age. Within 
sire-sex-genotype subgroups, naturally reared lambs 
were assigned to one of eight slaughter groups 

accounting for variation in birth date. Lambs were 
serially slaughtered at weekly intervals, 30 lambs 
per group, from roughly 26 to 33 wk of age. In add-
ition to standard carcass traits, subjective leg scores 
were assigned and widths of carcasses were meas-
ured at the widest points of the shoulder and rump. 
Differences in birth weight were detected (P < 0.01) 
for the combination of the two loci and birth type, 
with single-born differences among genotypes 
exceeding differences among twin born progeny. 
Those interaction differences among genotypes were 
not as important at weaning (P = 0.36). Impact on 
growth rate differences among the genotypes during 
the post-weaning period were variable and depend-
ent on sex of the lamb (P < 0.01). A synergistic inter-
action between MSTN and CLPG was observed for 
leg muscling scores (P < 0.05) but no other meas-
ures of carcass shape were affected. One copy of 
MSTN had a more modest impact on fat deposition 
and muscle conformation than did CLPG and did 
not interact (all values P  >  0.20). Although some 
non-additive interactions that vary by trait and sex 
were detected, in general the data are consistent with 
the two mutations acting on muscle growth through 
independent pathways.
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INTRODUCTION

The callipyge mutation (CLPG) on ovine 
chromosome 18 (Freking et  al., 2002; Smit 
et  al., 2003) and myostatin (MSTN) on ovine 

chromosome 2 (Clop et al., 2006) are two known 
functional mutations that affect muscle develop-
ment in sheep via two distinct signaling pathways. 
CLPG acts by altering the expression of delta-like 
homolog 1 (DLK1), a member of the EGF-like 
family of homeotic proteins involved with cell–cell 
communication. DLK1 has known roles in adi-
pocyte differentiation and muscle development, 
interacting with the notch signaling pathway, and 
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the influence of CLPG leads to hypertrophic growth 
of specific fiber types, with inheritance following a 
pattern of paternal over-dominance (White et  al, 
2008; Bidwell et al., 2014). In contrast, MSTN acts 
additively by reducing translation of myostatin 
protein (Clop et al., 2006), a member of the trans-
forming growth factor-β super family of growth 
and differentiation factors acting through the 
SMAD signaling pathway. Myostatin functions as 
a negative regulator of muscle growth, and reduced 
protein levels lead to increased muscle growth pri-
marily reflected in increased fiber number, in add-
ition to fiber hypertrophy.

CLPG beneficial impacts on carcass compos-
ition have not been exploited by the sheep industry 
due to severe adverse effects on tenderness of lamb 
(Koohmaraie et  al., 1995; Freking et  al., 1999). 
MSTN effects on tenderness of lamb has been stud-
ied to a lesser degree (Johnson et al., 2005; Hope 
et al., 2013) with some muscles showing improved 
tenderness, whereas myostatin mutations generally 
improve beef tenderness (Arthur, 1995; Wheeler 
et al., 1996; Wheeler et al., 2001). It is not known 
if  CLPG and MSTN genotypes interact with each 
other, generating epistatic effects for either mus-
cle development or meat quality. We report the 
first results of an experiment designed to estimate 
MSTN effects on growth, carcass, and meat quality 
traits and to test for additivity or interactions of 
MSTN and CLPG in sheep.

MATERIALS AND METHODS

General Experimental Design

This study was conducted using standard pro-
duction and experimental practices that were in 
accordance with the Guide for the Care and Use of 
Agricultural Animals in Agricultural Research and 
Teaching (FASS, 2010) and were approved by the 
U.S. Meat Animal Research Center (USMARC) 
Animal Care and Use committee. The design is a 
simple factorial arrangement of genotype com-
binations from two loci, with each lamb having 0 
or 1 copies of MSTN and 0 or 1 copies of CLPG. 
Genotypes were defined as follows: ++/++ for wild-
type at both loci; ++/C+ for wild-type at MSTN 
and heterozygous at CLPG; M+/++ for heterozy-
gous at MSTN and wild-type at CLPG; and M+/
C+ for heterozygous at both loci. The two inde-
pendently segregating sire-derived alleles represent 
different breed-of-origin contrasts at each locus 
(Texel vs. composite origin for MSTN and Dorset 
vs. Texel origin for CLPG).

To be able to produce large contemporary 
groups of progeny to fulfill this design, crossbred 
sires were first produced that were heterozygous at 
both loci. Three Texel rams at USMARC were avail-
able for breeding in October of 2006. Two rams were 
homozygous for the MSTN mutation and the third 
ram was a heterozygote. These rams were mated to 
ewes from the CLPG line of composite sheep cre-
ated at USMARC. This composite was created by 
multiple generations of introgression of the Dorset 
callipyge allele into a terminal sire composite popu-
lation (Leymaster, 1991) that was composed of 1/2 
Columbia, 1/4 Suffolk, and 1/4 Hampshire breeds. 
These composite ewes were all genotyped ++/CC 
for the two loci involved. Resulting ram lambs born 
in 2007 were bled via jugular venipuncture and gen-
otyped at both MSTN and CLPG loci. Twelve ram 
lambs (4 from each Texel sire) heterozygous at both 
loci were then used in a single sire mating season 
of 35 d starting on October 29, 2007 with a group 
of non-carrier ewes (n  =  215). These non-carrier 
ewes (++/++ genotypes) were born in the fall of 
2006 and the breed composition was 1/2 Composite 
(Leymaster, 1991), 1/4 Romanov with the remain-
ing 1/4 consisting of one of four breeds (Dorper, 
Dorset, Katahdin, or Rambouillet). Lambs for this 
experiment (n = 365; 186 female, 179 male) segre-
gating at both loci in approximately equal frequen-
cies from the matings of the carrier rams and the 
non-carrier ewes were born in March to April of 
2008.

Management of Lambs

Ewes were limited to rearing 1 or 2 lambs (no 
grafting) to address uniformity issues of  maternal 
environment. Additional lambs were artificially 
reared in the nursery (n = 23) without regard to 
sex of  lamb, but carcass and meat quality data 
were not collected on artificially reared lambs. 
Ram lambs were castrated and tails were docked 
on all lambs when processed within 2 d of  birth. 
Wether and ewe lambs were penned together by 
contemporary groups according to birth dates. 
Lambs were provided ad libitum access to a total 
mixed diet (18% crude protein) from creep to 
about 23 kg body weight (BW) and then fed ad 
libitum a total mixed diet (2.96 Mcal of  metabo-
lizable energy/kg of  dry matter with 14.5% crude 
protein) during the finishing period. Lamb BW 
was recorded at 0 (birth), 8 (weaning), 10, and 
20 wk of  age. Lambs were bled after 10 wk of  age 
to determine MSTN and CLPG genotypes. Each 
lamb was manually restrained and a whole blood 



456 Freking et al.

sample (3  mL) was taken via jugular venipunc-
ture using a 16 or 18 gauge needle with 4% ethyl-
enediaminetetraacetate. Ear tissue was collected 
from lambs that died prior to the sample time for 
blood collection.

Collection of Carcass Data

Within sire-sex-genotype subgroups, natu-
rally reared lambs were assigned to eight slaugh-
ter groups accounting for variation in birth date. 
Lambs (n  =  236) were serially slaughtered at 
weekly intervals, ~30 lambs per group, ranging 
from roughly 26 (week of 29 September 2008)  to 
33 (week of 17 November 2008)  weeks of age. 
Live BW was recorded in the sheep area on the 
day prior to slaughter. Kidney-pelvic fat and hot 
carcass weights were recorded. Following a 24-h 
chill, subjective leg scores were assigned and widths 
of carcasses measured at the widest points of the 
shoulder and rump were obtained by calipers. 
Subjective leg scores that appeared to exceed the 
prime plus category (score  =  15) were developed 
to represent data recorded. Carcasses were ordered 
on the rail according to subjective leg score appear-
ance and categories were added from 16 to 20 to 
reflect visually noticeable differences in conform-
ation that were observed. At 48  h postmortem, 
chilled carcass weight was recorded, carcasses were 
split along the midline, and the right-side weights 
recorded. Carcass length was measured from the 
anterior edge of the first rib to the anterior edge of 
the aitch bone. The right side was split between the 
12th and 13th ribs to measure longissimus area and 
12th rib fat-depth.

DNA Isolation and Genotyping

Genomic DNA was extracted from blood sam-
ples using Gentra Generation Capture kits (Gentra 
Systems Inc., Minneapolis, MN). Alternatively, 
when a blood sample was not available, genomic 
DNA was extracted from ear tissue samples using 
the Wizard SV Genomic DNA Purification kit 
(Promega, Madison, WI). Genotypes were gener-
ated using the Sequenom MASSARRAY® system 
(Sequenom, San Diego, CA) using a duplex design 
created from massarray® Assay Design software. 
Amplification primers, amplicon lengths, and exten-
sion products are listed in Table 1. Approximately 
75 ng of DNA was subjected to duplex PCR reac-
tions and hME chemistry as suggested by the man-
ufacturer (Sequenom, San Diego, CA).

Statistical Analysis

Data were analyzed with the mixed-model ana-
lysis of variance procedure of SAS (SAS Inst., Inc., 
Cary, NC). Preliminary models tested for the effects 
of variation in genetic background of the non-car-
rier ewes with 1/4 of the breed composition of those 
ewes varying among Dorper, Dorset, Katahdin, or 
Rambouillet which contributed to 1/8 of the varia-
tion in the lambs used in this study. No significant 
effects of this ewe breed variability were detected for 
any trait and were thus not considered in any further 
analyses. A general model in common for all traits 
included fixed effects of sex (ewes, wethers), copies 
of CLPG alleles (0, 1), copies of MSTN alleles (0, 
1) and all possible two-way interactions. Sire (n = 12 
sires) of the lamb was included as a random effect. 

Table 1. Oligo primers and analytes for the duplex mass spec genotyping assay with A/C terminator mix

Locus Oligo primer (5ʹ–3ʹ) Function Mass Allele represented

CLPGa ACGTTGGATGGTGTCCTGGTCTATTTTCGG 5ʹ Capture 
Primer

ACGTTGGATGAGCTGGGGAAAGGATCTGAC 3ʹ Capture 
primer

AAGGATCTGACAGGTGG Extend primer 5299.5 Da

AAGGATCTGACAGGTGGC Analyte G 5572.6 Da CLPG

AAGGATCTGACAGGTGGTC Analyte A 5876.8 Da +

MSTNb ACGTTGGATGGTTAAATCATTTTGGTTTGC 5ʹ Capture 
primer

ACGTTGGATGCGTGATGGCTGTATAATGTG 3ʹ Capture 
primer

GTCATTGTATTCAAATCTCAAC Extend primer 6668.4 Da

GTCATTGTATTCAAATCTCAACA Analyte A 6965.6 Da +

GTCATTGTATTCAAATCTCAACGTTC Analyte G 7879.2 Da MSTN

aCLPG PCR amplicon is 116 bp in length.
bMSTN PCR amplicon is 137 bp in length.
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The Kenward–Roger option was used to approxi-
mate denominator degrees of freedom associated 
with the random effect of sire. Compared to this 
general model the following additional effects were 
added specific to the trait(s) analyzed. The model 
for birth weight also fitted a fixed effect for birth 
type (single, twin) and all possible two- and three-
way interactions. Similarly, the model for weaning 
weight and post-weaning growth traits included fit-
ting a fixed effect for type of rearing (single, twin) 
and all possible two- and three-way interactions. 
Carcass traits did not include fixed effects for birth 
or rearing type but did include a linear covariate 
of chilled carcass weight fitted within each sex and 
genotype subclass and the additional random effect 
of slaughter date. Chilled carcass weight was ana-
lyzed using slaughter age as the linear covariate. 
Linear contrasts were made among the main effect 
means when the F-tests for the interactions were 
not significant and the main effect was significant 
at the P < 0.05 level.

RESULTS AND DISCUSSION

General Results

Number of observations represented in each 
genotypic combination are presented in Table  2. 
There were 365 lambs born but 362 lambs with 
DNA samples to be genotyped. Triplet birth types 
(n  =  11) were deemed too infrequent to estimate 
with any precision within genotypes and were 
excluded from all analyses due to interaction of 

birth type with other fixed effects. Animals success-
fully reared in the nursery were also excluded from 
the analysis for weaning and carcass traits. A total 
of 236 lambs contributed carcass data to estimate 
effects and interactions among the four genotype 
combinations produced.

Results are presented for different traits by 
sources of variation in Tables 3 to 5. Levels of sig-
nificance and least squares means are reported for 
effects of the three-way interaction of genotype 
combinations with birth type (Table  3), with sex 
of lamb (Table 4), or in the case of carcass traits 
adjusted to a constant chilled carcass weight, just 
the two-way locus interaction (Table  5). As indi-
cated previously, the two independently segregating 
sire-derived alleles represent different breed-of-or-
igin contrasts at each locus (Texel vs. compos-
ite origin for MSTN and Dorset vs. Texel origin 
for CLPG).

Body Weight and Growth Traits

Genotype combinations influenced weight of 
lambs at birth while interacting with birth type 
(P = 0.01; Table 3). Twin-born lambs were similar 
across all four genotype combinations, while sin-
gle-born lambs differed. Differences between single- 
and twin-born progeny were larger in the M+/++ 
genotype, intermediate in the ++/C+ and M+/C+ 
genotype classes and much smaller in the ++/++ 
genotype class. This is a somewhat surprising re-
sult given previous data comparing Texel, Suffolk, 
and the terminal composite breed used in this study 

Table 2. Observations present by genotype combination at different endpoints

Genotype combinations for MSTN/CLPG

Endpoint Age ++/++ M+/++ ++/C+ M+/C+

Birth d 0 92 90 101 79
Weaning d 56 78 76 86 64

Carcass wk 26 to 33 66 61 62 47

Table 3. Least squares means and average standard errors of growth traits for the interaction effect of 
CLPG by MSTN genotypes by type of birth or rearing

Trait

Least squares means for genotypes

Average SEM Level of significance++/++ M+/++ ++/C+ M+/C+

Birth wt., kg 0.01
  Single 4.37a 5.98c 5.59b 5.23b .31

  Twin 4.32 4.43 4.39 4.40 .11

Adjusted 56 d wt, kg 0.36

  Single 18.3 20.3 19.5 22.1 .89

  Twin 14.6 15.2 15.3 15.3 .45

a,b,cValues with different superscripts within a row are significantly different (P < 0.05).
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did not detect differences in birth weight associated 
with Texel genetics (Leymaster and Jenkins, 1993; 
Freking et al., 2000; Leeds et al., 2012). Differences 
between CLPG genotypes also were not previously 
detected at birth (Freking et al., 1998). There were 
far fewer single-born lambs (n  =  34) than twin 
lambs (n = 298) in the current experiment, so a few 
relatively large single lambs perhaps influenced this 
interaction to a greater extent. This three-way inter-
action was not apparent at adjusted 56-d BW taken 
at weaning (P = 0.36; Table 3).

Genotype combinations interacted with sex of 
lamb for most measures of growth from weaning 
and throughout the post-weaning period to final 
weights when sacrificed for slaughter (Table  4). 

At weaning, changes in both rank and magnitude 
of differences contributed to the significant three-
way interaction effect for d-56 BW (P = 0.04). The 
largest difference between sexes was for the M+/++ 
class while the largest numeric values were for the 
M+/C+ class that also switched ranks with ewes 
weighing heavier than wethers for this combination. 
Following weaning, this three-way interaction was 
not detected for d-70 BW (P = 0.25). Growth rate 
during the period from 10 wk to 20 wk of age again 
showed a significant effect for the three-way interac-
tion (P = 0.03). Effects of this interaction were due 
to differences in magnitude of growth rate differ-
ences between the sexes rather than any changes in 
rank across the four genotypes. All ewes grew more 

Table 4. Least squares means and average standard errors of growth traits for the interaction effect of 
CLPG by MSTN genotypes by sex of lamb

Trait

Least squares means for genotypes

Average SEM Level of significance++/++ M+/++ ++/C+ M+/C+

Adjusted 56 d wt, kg 0.04
  Ewe 16.7a 16.9a 17.4a 19.4b 0.66

  Wether 16.4a 18.7a,b 17.6a,b 18.6b 0.72

Adjusted 70 d wt, kg 0.25

  Ewe 21.2 21.7 21.7 23.9 0.87

  Wether 20.9 23.4 22.2 23.9 0.94

Adjusted 140 d wt, kg 0.01

  Ewe 43.4a,b 42.6a,b 40.7a 45.0b 1.48

  Wether 43.5 44.9 46.0 43.6 1.59

Post-weaning ADG, g/d 0.03

  Ewe 304b 283a 273a 277a 11

  Wether 307a,b 317b 316b 290a 13

Chilled Carcass wt, kg < 0.01

  Ewe 28.4a 28.0a 28.2a 30.9b 0.83

  Wether 29.3a 29.8a 32.1b 28.7a 0.87

a,bValues with different superscripts within a row are significantly different (P < 0.05).

Table 5. Least squares means and average standard errors of carcass traits adjusted to a constant chilled 
carcass weight for the interaction effect of CLPG by MSTN genotypes

Trait

Least squares means for genotypes

Average SEM Level of significance++/++ M+/++ ++/C+ M+/C+

Live wt at slaughter, kg 58.0 57.9 54.6 54.2 .46 0.63
Hot carcass wt, kg 30.3 30.3 30.3 30.3 .05 0.90

Kidney-Pelvic fat, kg 1.22 1.06 .79 .71 .05 0.25

4th sacral vertebra fat, mm 18.8 17.8 14.0 12.5 .88 0.64

12th rib fat, mm 6.7 5.8 3.9 3.1 .38 0.79

Shoulder width, cm 21.6 21.9 22.4 22.6 .15 0.85

Rump width, cm 23.5 23.6 24.8 25.2 .11 0.31

Leg scorea 12.3b 12.5b 16.3c 17.1d .22 0.04

Longissimus muscle area, cm2 16.5 16.9 22.3 23.5 .47 0.20

Carcass length, cm 64.7 64.0 62.1 61.4 .28 0.91

aAverage choice = 11, average prime = 14.
b,c,dValues with different superscripts within a row are significantly different (P < 0.05).
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slowly than did their wether counterparts. The larg-
est difference between the sexes occurred with the 
M+/++ and ++/C+ genotype classes compared to 
the other two classes. Similar reasons were respon-
sible for the interaction observed (P = 0.01) at BW 
to d-140. The final growth measurement to exhibit 
this three-way interaction (P < 0.01) was for chilled 
carcass weight, which was adjusted to a constant 
age at slaughter. Interaction observed in this case 
was primarily due to the change in rank of the M+/
C+ genotype class relative to the other three combi-
nations. For this genotype class the ewes produced 
heavier carcasses than wethers at the same average 
age-constant endpoint compared to the other three 
combinations. Previous experiments with CLPG 
did not detect differences between genotypes or 
interaction with sexes in growth rates to any slaugh-
ter endpoint (Freking et al. 1998). Likewise, most 
studies consistently show Texel genetics to grow at a 
slower rate but with enhanced muscling and less fat 
(reviewed by Tellam et al., 2012). Kijas et al. (2007) 
found that under Australian conditions, MSTN 
had significant effects on slaughter measurements 
of muscling and fatness, but only minor impact on 
live weight and growth.

Carcass Traits on a Constant Chilled  
Carcass Weight Basis

While traits adjusted to an age-constant basis 
typically showed interactions with sex of lamb, 
traits evaluated at a constant carcass weight did not. 

Least squares means are presented in Table 5 for the 
effect of the two-way interaction between CLPG 
and MSTN genotype combinations. The only trait 
that we detected a significant two-way interaction 
was for subjective leg conformation score (Table 5; 
Figure  1). Subjective score of 11 is equivalent 
to average choice and 14 is equivalent to average 
prime. The initial standard scale had a maximum of 
15 = prime plus. Over the course of experiment it 
was apparent that there were examples of carcasses 
that exceeded that scale and those are represented 
by the pictures in Figure 1. Genotype combinations 
++/++ and M+/++ both averaged between 12 and 
13; which is between choice plus and low prime. The 
impact of a single copy of MSTN had less impact 
on leg conformation than did the CLPG mutation. 
Genotype combination ++/C+ averaged between 
16 and 17, while genotype M+/C+ averaged over 
17. The extreme carcasses observed in the M+/C+ 
are quite similar in appearance to those reported 
by Boman et  al. (2010) where they evaluated the 
combined effects of two different mutations within 
MSTN. The Texel-derived g+6723G>A is the same 
mutation evaluated in our study.

Additional quantitative measurements asso-
ciated with carcass shape (shoulder width, rump 
width, longissimus muscle area, and carcass length) 
did not detect significant differences for the two 
locus interaction. In each of these cases, numerical 
values for the M+/C+ genotype combination were 
the most extreme values but did not differ statisti-
cally from the ++/C+ group.

Figure 1. Synergistic interaction effect of CLPG and MSTN genotypes for subjective leg score. Subjective score of 11 is equivalent to average 
choice and 14 is equivalent to average prime. The initial standard scale had a maximum of 15 = prime plus. There were examples of carcasses that 
exceeded that scale and are represented by the pictures. Genotype combinations ++/++ and M+/++ both averaged between 12 and 13; which is 
between choice plus and low prime. Genotype combination ++/C+ averaged between 16 and 17, while genotype M+/C+ averaged over 17.
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Relative to the ++/++ genotype group, the 
overall net effect of a single copy of MSTN on car-
cass shape was 0.2 leg score units, 0.4 cm2 longissi-
mus area, 0.3 cm in shoulder width, 0.3 cm in rump 
width, and −0.7 cm carcass length. Corresponding 
values for a single copy of CLPG were 4.0, 5.8, 0.8, 
0.7, and −2.6, respectively.

Measures of carcass fatness followed a similar 
pattern to carcass shape measurements. While there 
were no significant two-way interactions detected, 
the most extreme genotype combination was always 
the M+/C+ group for fat depot measurements but 
did not differ (P > 0.05) statistically from the ++/
C+ group. Relative to the ++/++ genotype group, 
the overall net effect of a single copy of MSTN 
on carcass fatness was −0.16 kg kidney-pelvic fat, 
−0.9  mm fat at the 12th rib, and −1.0  mm fat at 
the 4th sacral vertebrae. Corresponding values for 
a single copy of CLPG were −0.43, −2.8, and −4.8 
respectively.

Others have sufficiently reviewed the inde-
pendent impacts of CLPG or MSTN genotypes 
on growth and carcass composition (Tellam et al., 
2012). We report here for the first time the combined 
effects of a synergistic interaction between the two 
loci that influence at least some subjective measures 
of carcass shape although the magnitude of that 
interaction is variable depending on the trait con-
sidered. Improved estimates for the two loci were 
obtained in this experiment because we only used 
sires that were heterozygous for both mutations and 
produced them in one large contemporary group. 
Impact of a single copy of MSTN was relatively 
modest for carcass shape and fatness relative to 
CLPG. It is important to take these results in con-
text; it is not intended to promote use of CLPG by 
the U.S. sheep industry to improve carcass compos-
ition without consideration of meat quality effects.
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