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SUMMARY  

 
Retail beef yield (RBY) refers to the amount of saleable meat from an animal, and is an 

economically important trait for the beef industry.  The gross components that 

determine RBY are skeletal muscle, bone and fat content:  Skeletal muscle is the most 

abundant tissue and has high economic value.  The propensity to develop muscle mass 

is heritable and it is controlled by many genes.  Genetic variation within these genes can 

influence differences in muscle mass. 

The studies within this thesis, further investigated the effect of genetic variation in 

the myostatin (MSTN) gene on muscle mass in cattle.  MSTN was selected as a 

candidate for further investigation because of its important role in muscle development.  

Previous studies have found loss-of-function mutations in MSTN that are responsible for 

extreme increases in muscle mass, known as double muscling, and a high level of 

genetic variability.  The primary objective of this thesis was to determine if MSTN 

polymorphisms which have not been implicated in double muscling, are also 

contributing to variation in muscularity. 

Genetic variation in bovine MSTN was examined in a sub-population of Angus cattle.  

Eighteen polymorphisms were identified and the haplotype diversity was inferred.  

From the phased haplotypes the extent of linkage disequilibrium between the 

polymorphisms was determined, which provided a tag SNP genotyping strategy using 

six MSTN polymorphisms. 

 Large cattle populations (Herds A to E) were genotyped at each of the tag SNP sites.  

Haplotypes were inferred from the genotypic data, and were then used to test 

associations with quantitative indices for muscularity.  The results from Herd A used as 

the discovery population showed that haplotypes 2 and 7 had a moderate effect on eye 

muscle area relative to double muscling heterozygotes and haplotypes 8 and 9 had a 

small effect.  Similar trends were observed for these haplotypes in the validation 

population compromising Herds B to E. 

 The effect of the MSTN haplotypes was also examined for other carcass, meat quality 

and feed efficiency traits.  Significant associations were found for almost all traits 

examined, but their effects could not be proven as casual and requires further validation.

 Differences in gene expression between the MSTN haplotypes were also investigated 

to provide biological support for the quantitative associations.   The data from this study  
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did not provide convincing support for the quantitative associations, which may have 

been biased by measurements between assays, differences in splicing or because the 

differences in eye muscle area are not due to MSTN.  The effect of the MSTN splice 

variant warrants further investigation since a favourable role has been demonstrated 

previously in sheep  

A historical perspective on recent selection pressure for double mutations has also 

been provided.  The time to the most recent common ancestor was investigated for 

multiple MSTN mutations responsible for double muscling.  The long regions of 

haplotype homozygosity that were found associated with the double muscling mutations 

indicate the time to the most recent common ancestor occurred is consistent with the 

first reports of double muscling approximately 200 years ago  . 

The studies within this thesis have further contributed to the elucidation of the 

biology of muscling.  It has been demonstrated that other MSTN polymorphisms, not 

implicated in double muscling, are also contributing to variation in muscle mass.  This 

knowledge will add value to current methods for estimating the genetic merit of beef 

cattle and may offer more practical genomic selection alternative to improve muscling 

in beef cattle. 
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CHAPTER 1 

 

1 Introduction 

The beef cattle industry is a major component of Australian agriculture.  In 2007-2008, 

Australian beef production exceeded 2 million tonnes carcass weight equivalent, 

compared with approximately 1.3 million tonnes in 1984-1985 (ABS 2008).  This 

increase in production has been reliant on continued growth of export demands because 

of a gradual decline in beef consumption by Australian consumers (ABARE 2009). 

  There are increasing pressures on individual Australian beef producers to achieve 

market specifications despite extreme fluctuations in climate (ABARE 2009).  The 

rapid advances in livestock genomics have the potential to alleviate these pressures by 

identification and selection of genetically superior animals.  This could allow producers 

to maintain profitability from smaller herds and/or improve consistency in achieving 

specifications of their target markets.  

Most traits of significance in livestock production are genetically complex (Goddard 

and Hayes 2009b).  This is because many genes and environmental factors influence the 

expression of the trait, and most contribute a small effect (Hayes and Goddard 2001).  

Selection for some of these traits is further complicated by the lack of meaningful 

quantitative measures and/or the cost involved for phenotypic evaluation.  The 

application of genomics offers most value for these difficult to measure and new traits, 

which include disease resistance, marbling, meat quality, feed efficiency and retail beef 

yield. 

 

1.1 Retail beef yield 

Retail beef yield (RBY) refers to the amount of saleable meat from an animal, and is an 

economically important trait for the beef industry.  The gross components that 

determine RBY are skeletal muscle, bone and fat content (Charles 1977).  In beef 

production, traditional methods for improving RBY include selection of cattle by 

subjective assessment of muscularity or body conformation in breeding stock; selection 

of cattle with larger eye muscle area as determined by ultrasound or carcass 

measurements; crossbreeding of high muscle breeds with average muscle breeds and the 
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use of growth promotants (Buttery and Dawson 1990; Gregory et al. 1994; Bass et al. 

1999; Sillence 2004).  These practices remain commonplace today, but with the 

advancement of genomics research, more precise selection tools are expected. 

Improved RBY can be achieved by an increase in skeletal muscle mass and/or a 

decrease in fat and bone.  Skeletal muscle constitutes a large proportion of carcass 

muscle, is the most abundant tissue, and has high economic value (Sudre et al. 2005).  

Further importance on enhancing skeletal muscle in livestock has evolved because of 

health concerns with the consumption of dietary fat (Aldai et al. 2006), and because of 

inefficiencies and high economic cost of producing excess fat that is trimmed from the 

carcass (Greenwood and Dunshea 2009).  Therefore, the contribution of muscle growth 

to RBY has received considerable attention.  

 

1.2 Skeletal muscle 

Skeletal muscle, the predominant organ of the muscular system, is striated muscle 

attached to the skeleton.  Skeletal muscle functions to maintain body stature and 

locomotion, creating voluntary movements in the limbs through contractive forces 

(Rehfeldt et al. 2004).  Actin and myosin are proteins involved in the contraction of 

muscles and these forces are transmitted through the connective tissue in muscle 

(Harper 1999).  Connective tissue accounts for 2-6% of the dry weight of muscle 

(Harper 1999), consisting primarily of collagen proteins (McCormick 1999).  In skeletal 

muscle collagen proteins are connected initially by reducible crosslinks, which are 

replaced during growth by non-reducible crosslinks.  However, higher collagen content 

and more non-reducible crosslinks impacts on the tenderness of the muscle (McCormick 

1999).      

 The basic units of skeletal muscle are muscle fibres.  Muscle fibres are a 

heterogeneous population of multinucleated myotubes that can be classified as either 

type I or type II fibres (Reggiani and Mascarello 2004).  Type I fibres are oxidative and 

contract slowly, and are more prominent in the muscles required for posture.  Type II 

fibres are sub-classified based on expression of the myosin heavy chain (MHC) 

isoforms, and are more common in muscles used for locomotion (Berchtold et al. 2000; 

Reggiani and Mascarello 2004). Type IIB and IIX fibres are predominantly glycolytic 

and contract rapidly.  Type IIA fibres are intermediate in their contraction speed and 
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have oxidative and glycolytic capacity (Berchtold et al. 2000; Wang et al. 2004; 

Greenwood et al. 2009). 

 

1.2.1 Muscle development 

Skeletal muscle mass is primarily determined by the number and size of muscle fibres 

(Rehfeldt et al. 2004).  The development of muscle fibres, known as myogenesis, is an 

event which occurs prenatally (Figure 1.1).  Myoblasts are formed from the myogenic 

progenitor cells originating from the paraxial mesoderm, which then proliferate and 

divide to create a collection of myoblasts (Rehfeldt et al. 2000; Shi and Garry 2006).  

The myoblasts stop dividing and exit the cell cycle, and commence differentiation and 

fusion into multinucleated primary myotubes then secondary and tertiary myofibres 

forming muscle (Rehfeldt et al. 2004).   

However, not all myoblasts differentiate to form muscle fibres.  Some myoblasts 

remain mitotically quiescent, a finding first discovered in adult frogs (Mauro 1961). 

Mauro (1961) named these myoblasts, satellite cells because of their proximal location 

alongside the muscle fibre and containment within the same basal lamina as the fibre.  

Satellite cells provide postnatal muscle tissue with the capacity for maintenance and 

regeneration, and hence muscle fibre number is maintained but not increased (Shi and 

Garry 2006; Sinanan et al. 2006).    Therefore,  increase  in  muscle  mass  after  birth  is 

 

 

 

Figure 1.1 Basic events of myogenesis (Rehfeldt et al. 2000).  During embryogenesis 

myoblasts are formed from myogenic precursor cells.  The myoblast pool is generated 

by proliferation of the precursor cells.  Myoblasts then exit the cell cycle and undergo 

terminal differentiation.  Up-regulation of skeletal muscle specific proteins facilitates 

fusion of the myoblast to form multinucleated muscle fibres.   
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mainly caused by muscle fibre enlargement rather than multiplication of fibre number 

(Harper 1999; Rehfeldt et al. 2000). 

A number of regulatory factors are involved in myogenesis.  The paired box proteins 

Pax3 and Pax7 are essential for skeletal myogenesis in the embryo (Relaix 2006; Péault 

et al. 2007).  In the absence of both proteins, muscle cells, including satellite cells, 

cannot undergo myogenesis, and therefore, skeletal muscle is not formed (Relaix et al. 

2005). 

Determination of muscle precursor cells for the myogenic programme has been 

shown to involve the myogenic regulatory factors Myf5 and MyoD (Rudnicki et al. 

1993).  Mrf4 and myogenin, are involved in myoblast differentiation (Parker et al. 

2003), but a study involving Myf5:MyoD double knockout mice demonstrated that Mrf4 

was also involved in determining the identity of muscle precursor cells (Kassar-

Duchossoy et al. 2004).  Each of these myogenic regulatory factors and other 

proteins/hormones including the insulin-like growth factors, calcineurin and desmin 

promote muscle development and growth.  In contrast, TNF-alpha and Myostatin have 

been linked to muscle atrophy (Stewart and Rittweger 2006).  Moreover, gene 

expression profiling has revealed other loci associated with muscle hypertrophy and 

atrophy (Carlson et al. 1999; Jagoe et al. 2002; Wittwer et al. 2002; Maltin and Plastow 

2004). 

  

1.2.2 Variation in muscling 

Muscle mass differs between individuals of a species.  Factors including nutrition, 

thermal environment and gender affect skeletal muscle development and growth.  

Supplementation with hormones and growth promotants, has been widely practised to 

improve muscle mass in livestock and counteract environmental influences (Sillence 

2004; Dunshea et al. 2005).  However, an individual’s propensity to develop muscle is 

also heritable, which has facilitated selection of genetically superior livestock since 

domestication.  This artificial selection process has resulted in a higher prevalence of 

phenotypes with increased muscle mass.  Although muscling is a complex trait, a few 

individual genes that have a moderate to large effect have been discovered. 

In sheep, the callipyge and Carwell phenotypes are associated with substantial 

increases in muscularity (Cockett et al. 1994; Cockett et al. 2005).  The callipyge 

mutation, a G>A transition, has been mapped to ovine chromosome 18 within the 
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DLK1-GTL2 imprinted gene cluster (Freking et al. 2002).  Sheep expressing the 

callipyge phenotype can have up to 30% increase in muscle mass and about an 8% 

reduction in fat (Cockett et al. 1996).  However, this advantage is at the expense of meat 

quality, which has limited the adoption of this phenotype (Koohmaraie et al. 1995; 

Cockett et al. 2005).  Similar studies are in progress to investigate the effect of 

polymorphisms in the porcine homologue of the callipyge locus (Li et al. 2007). 

The exact location of the Carwell locus, or rib-eye muscling locus, has not been 

determined, but it has been mapped to ovine chromosome 18 and is proximal to the 

callipyge mutation (Nicoll et al. 1998; Walling et al. 2004).  A 10% increase in eye-

muscle area is linked with the Carwell phenotype and the effect is less detrimental on 

meat quality compared to the callipyge phenotype (Nicoll et al. 1998; Warner et al. 

2010).     

A mutation in the ryanodine receptor gene was associated with higher carcass yields 

in pigs, but the meat quality was severely affected (Houde et al. 2001).  The mutation 

was also causative of malignant hypothermia or porcine stress syndrome, and 

consequently an industry wide objective to eradicate the deleterious allele was 

established (Fujii and Otsuka 1991). 

 The double muscling phenotype in cattle is associated with large increases in muscle 

mass and is discussed in more detail in the remaining sections of this Chapter.  

 

1.3 Double muscling 

1.3.1 History 

George Culley, a British farmer first documented double muscling in cattle (Culley 

1807).  Culley’s observations were critical of the double muscled condition:  

 

“…some other persons of less knowledge going over, brought home some bulls, that in all probability 

introduced along that coast the disagreeable kind of cattle, well known to the breeders adjoining the river 

Tees, by appellation of the lyery, or double-lyered; that is, black-fleshed; for, notwithstanding one of 

these creatures will feed to a vast weight, and though fed ever so long, yet will not have one pound of fat 

about it, neither within nor without, and the flesh (for it does not deserve to be called beef) is as black and 

coarse-grained as horse flesh.  However, by the pains and attention of breeders, this useless disagreeable 

variety is now pretty well out of the country; no man will buy one of this kind, if he knows anything of 

the matter;…”. 
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Double muscling has been referred to as culard, agroppa dopia, double-rumped, bottle 

thighed, greyhound belly, doppellender, Yorkshire, Teeswater and muscular 

hypertrophy (Arthur 1995; Bellinge et al. 2005).  Despite Culley’s criticisms, double 

muscling has become prevalent in some European cattle breeds and has been used 

effectively in intensive farming systems.  However, in extensive farming systems the 

double muscled phenotype is less practical and is still regarded as a “disagreeable kind 

of cattle”. 

 

1.3.2 Physical characteristics 

Double muscled cattle offer exceptional retail beef yield qualities because of significant 

reductions in bone and fat content and a large increase in muscle mass (Butterfield 

1966; Shahin and Berg 1985b; Hanset 1991).  In the Belgian Blue cattle breed, which is 

famous for double muscling, up to 20% increase in muscle mass has been reported 

(Hanset 1991; Grobet et al. 1997), but phenotypic expression can vary because of breed, 

sex, environmental and other genetic influences (Shahin and Berg 1985a; Shahin 1995; 

Smith et al. 2000; Casas et al. 2001). 

The enlargement of muscles is not uniform in double muscled cattle. The increased 

muscle follows an anterioposterior gradient, with minimum enlargement located around 

the neck, and increased muscling in the hindlimbs relative to the forelimbs (Vissac and 

Perreau 1968; Johnson 1981; Shahin and Berg 1985a).  Ménissier (1982) described the 

characteristic appearance of double muscled cattle as protruding muscles with clearly 

visible boundaries and intermuscular grooves (Figure 1.2). 

 The effects of double muscling on growth and carcass characteristics have been 

studied extensively (Arthur, 1995).  Birth weight of double muscled calves can increase 

by 10-30%, which can be explained partially by a longer gestation period in 

combination with the additional muscle mass (Ménissier 1982).  During the postnatal 

period until weaning, studies have demonstrated that double muscled calves have a 

higher growth rate, but this trend is reversed after weaning where a lower average adult 

weight has been observed compared to normal cattle (Vissac and Perreau 1968; Vissac 

et al. 1973; Nott and Rollins 1979).  The effect on post-weaning weight does not 

compromise the superior carcass attributes of double muscled cattle which have 

increased  dressing  percentage, less subcutaneous fat, less bone and more muscle with a 
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Figure 1.2 Belgian Blue bull with the characteristic double muscled phenotype.  

The double muscled phenotype was described by Ménissier (1982) as protruding 

muscles with clearly visible boundaries and intermuscular grooves. 

 
greater proportion of ‘expensive cuts’ (Johnson 1981; Shahin and Berg 1985a; Hanset 

1991).  

 

1.3.3 Physiology 

The increase in muscle is characterised mainly by muscle fibre hyperplasia and to a 

lesser extent muscle fibre hypertrophy (Swatland and Kieffer 1974; Hanset 1982).  

Double muscled cattle contain nearly twice the number of muscle fibres compared to 

normal cattle (Swatland and Kieffer 1974; Gerrard et al. 1991), but not twice the 

number of muscles as the name suggests.  Investigation into the hyperplasticity of 

double muscled cattle has revealed differences in myofibre composition compared to 

normal cattle (Holmes and Ashmore 1972; Ashmore 1974; Martyn et al. 2004).  Double 

muscled cattle have increased proportions of the type II (fast) muscle fibres, in 

particular type IIX (previously classified in ruminants as type IIB), and less slow 

oxidative, type I myofibres.   

A reduction in collagen and connective tissue content has been reported for double 

muscled cattle (Boccard 1982; Hanset 1991; Uytterhaegen et al. 1994).  In some 

muscles a 20-30% reduction in hydroxproline, indicative of collagen content, has been 

observed (Hanset 1982).  Additional physiological features diagnostic of double 
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muscled cattle in comparison to normal cattle include a reduction in creatine and an 

increase in creatinine (Hanset and Michaux 1982; Masoero 1982; Hanset 1991); half the 

lipid content (Hanset 1982); increased growth hormone and reduced insulin 

concentrations (Michaux et al. 1982; Arthur et al. 1990); and increased erythrocyte 

fragility (Basarab et al. 1980). 

 

1.3.4 Meat quality 

Several studies have investigated the effects of double muscling on meat quality and in 

particular tenderness.  Meat tenderness is influenced by connective tissue content and 

the effect of myofibrillar degradation (Shackelford et al. 1994). The relative 

contribution of myofibrillar degradation to the increased tenderness of meat from cattle 

exhibiting double muscling is not known. In addition to the lower collagen (connective 

tissue) content in double muscled cattle (Section 1.3.3) they also have a lower 

proportion of stable non-reducible crosslinks, resulting in more tender meat (Bailey et 

al. 1982).  Not all studies have found an association between double muscling and 

increased tenderness (e.g. Uytterhaegen et al. 1994).  Contributing factors to this 

inconsistency in the literature include population size and differences in carcass 

processing after slaughter (Arthur 1995).  Moreover, animals used in studies prior to the 

establishment of loci implicated in double muscling may have been incorrectly assigned 

to genotype groups. 

Other meat quality attributes of consumer importance include colour stability, 

flavour, juiciness and water holding capacity (Dingboom and Weijs 2004).  Meat 

quality studies involving double muscled animals have found no adverse effects on 

these attributes, except for the paleness of the meat (Bailey et al. 1982).  The colour 

differences are attributed to the reduced myoglobin content; a consequence of the 

increase in fast glycolytic (type IIX) muscle fibres (Section 1.3.3; Bailey et al. 1982; 

Boccard 1982). 

 

1.3.5 Effects on fitness 

Despite the advantages described above, a wide variety of production problems are 

associated with the double muscling phenotype (Arthur, 1995).  These production 
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problems have limited the economic value of this extreme phenotype, particularly in 

extensive farming systems such as in Australia.   

 Vissac et al. (1973) described the ‘foeto-maternal morphological imbalance’ at 

calving, to be responsible for the high incidence of dystocia in double muscled cattle.  

The imbalance arises because double muscled cows have a narrowing of the pelvic 

opening, and in the calf, there is enlargement of the muscles, especially at the 

trochanters, thus increasing the width of the calf.  The lower average weight of the 

double muscled cow and the increase weight of the double muscled calf (Section 1.3.2) 

creates a further imbalance contributing to calving difficulty (Vissac et al. 1973; 

Ménissier 1982).  Reproductive fitness is also compromised in male and females 

because of delays in sexual maturity, genital infantilism and reduced fertility (Ménissier 

1982). 

 Double muscled cattle are more susceptible to stress and heat, and are less adaptable 

to dietary changes because of their reduced ability to mobilise fat reserves (Holmes and 

Robinson 1970; Holmes et al. 1972; Holmes et al. 1973; Ménissier 1982).  Holmes et 

al. (1973) also observed that double muscled cattle responded poorly to exercise, with a 

faster onset of fatigue and higher metabolic acidosis.  The increased lactic acid levels 

which results from glycogen breakdown under these conditions meant the cattle were 

later prone to ‘dark cutting’ due to high muscle pH; a likely result of the reduced 

oxidative capacity of the myofibres during exercise (Section 1.3.3). 

 

1.3.6 Genetic basis 

Since the first reports by Culley in 1807, researchers have agreed that double muscling 

is an inherited condition.  However, the genetic basis of double muscling created 

controversy in earlier research.  Initial reports suggested a single genetic determinant 

(Wriedt 1929), which was later challenged with multifactorial proposals (Kronacher 

1934; Sõpena Quesada and Blanco Cachafeiro 1971).  As research into double muscling 

intensified the evidence from breeding studies strongly suggested that double muscling 

was monogenic and autosomal (Charlier et al. 1995), but the observation of this 

condition in several cattle breeds fuelled uncertainty about the homogeneity of the 

double muscling locus (Dunner et al. 1997).   

Similar debate arose about the mode of inheritance in early literature.  Studies have 

consistently showed that heterozygosity for the double muscling condition produces an 
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‘intermediate’ phenotype with superior carcass compositional attributes compared to 

normal cattle, but inferior to their double muscled counterparts (Bouton et al. 1978; 

Novakofski et al. 1981; Arthur et al. 1988; Arthur et al. 1989a; 1989b; Casas et al. 

1998; O'Rourke et al. 2009a).  However, cattle heterozygous for the double muscling 

condition have some attributes that do not differ, or more closely resemble expression 

of the trait in normal animals (Charlier et al. 1995), particularly with respect to female 

reproduction (Arthur et al. 1989a; Arthur 1995; Casas et al. 1999; Casas et al. 2004).  

Therefore, the most appropriate classification for the mode of inheritance is partially 

recessive (Hanset and Michaux 1985a; 1985b). 

 Double muscling is recognised as an abnormality, but the potential agricultural 

benefits of utilising and managing this phenotype were identified early, and therefore it 

was important that accurate diagnostics were available (Basarab et al. 1980; Novakofski 

and Kauffman 1981; Novakofski et al. 1981; Arthur 1995).  Early diagnostics were 

based on visual assessment and biochemical measures, which were adequate for the 

extreme phenotypes, but were not accurate for heterozygote detection.  Ultimately, 

identification of the genetic determinant(s) causing double muscling was the ideal 

solution. 

 Charlier et al. (1995) using linkage analysis, mapped the double muscling locus in 

Belgian Blue cattle to the centromeric end of bovine autosome (BTA) 2.  Their findings 

provided the first approach to use marker assisted selection for or against the double 

muscling locus.  Soon after, Dunner and colleagues (1997) demonstrated that the same 

locus on BTA2 was responsible for double muscling in the Asturiana breed.  This 

refinement of the genomic region containing the double muscling locus provided the 

impetus for the subsequent identification of 6 mutations in the myostatin (MSTN) gene 

that were responsible for double muscling in cattle (Figure 1.3; Grobet et al. 1997; 

Kambadur et al. 1997; McPherron and Lee 1997; Cappuccio et al. 1998; Grobet et al. 

1998).  Each of the implicated mutations were localised in coding regions and disrupted 

the normal function of the Myostatin (MSTN) protein.  MSTN, a potent negative 

regulator of skeletal muscle mass (discussed in detail in Section 1.4; McPherron et al. 

1997), had only been reported months prior to the first paper describing the double 

muscling locus in cattle (Grobet et al. 1997). 

Of the 6 double muscling mutations, 2 are frameshift mutations that lead to 

premature truncation of the MSTN message (Grobet et al. 1997; Kambadur et al. 1997; 

McPherron and Lee 1997; Grobet et al. 1998).  The first, an indel (deletion of 7 
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Figure 1.3 MSTN structure and locations of double muscling mutations.  The structure of MSTN spanning the genomic region 

BTA2:6531089..6539265 is represented (nucleotide scale below).  The promoter region (yellow), each UTR (light blue), each exon (red) 

and each intron (dark blue) are shown.  Three double muscling sites are located in each of exons 2 and exon 3.  The F94L mutation, 

associated with an intermediate increase in muscle mass, is located in exon 1.  Approximate positions for the double muscling mutations 

are shown. 
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nucleotides and an insertion of 10 nucleotides), is located in exon 2 at nucleotide 419 of 

the full length coding sequence (nt419: del7ins10).  The premature truncation of the 

transcript occurs in the propeptide region of MSTN (see Figure 1.5 below for MSTN 

structure).  This mutation was first reported in Maine-Anjou cattle and has been found 

in low frequency in other European cattle breeds (Grobet et al. 1998; Dunner et al. 

2003).   

The second, an 11-bp deletion at nucleotide 821 (821 del11) of the coding sequence 

is located in exon 3.  The premature truncation of this transcript eliminates the critical 

carboxy terminus of MSTN.  This mutation is historically associated with double 

muscling in Belgian Blue cattle, but is the most common of the double muscling 

mutations, having been reported in several breeds with moderate to high frequency 

(Grobet et al. 1997; Smith et al. 2000; Dunner et al. 2003; Gill et al. 2008; O'Rourke et 

al. 2009a), and in additional breeds in this thesis (see Chapters 4 and 6).  

Three of the mutations responsible for double muscling are nonsense mutations.  The 

Q204X and E226X mutations are located in exon 2 at nucleotides 610 and 676 of the 

MSTN coding sequence, and truncate the transcript in the MSTN propeptide region.  

The Q204X mutation is predominantly associated with Charolais cattle, but has been 

identified in other breeds (Grobet et al. 1998; Antoniou and Grosz 1999; Dunner et al. 

2003; Levéziel et al. 2006).  The E226X mutation has been detected in Maine-Anjou 

and Parthenaise cattle (Dunner et al. 2003).  The third nonsense mutation (E291X) is 

located in exon 3 at nucleotide 874 and truncates the C-terminal region.  This mutation 

has only been reported in Marchigiana cattle (Cappuccio et al. 1998; Dunner et al. 

2003).   

 The other mutation causing double muscling in cattle is a missense mutation at 

nucleotide 938 in exon 3 that leads to an amino acid substitution (C313Y); deleting a 

critical cysteine residue in the C-terminus.  It has been reported in Piedmontese, 

Gasconne and Limousin cattle (Kambadur et al. 1997; Grobet et al. 1998; Dunner et al. 

2003).   

Another MSTN missense mutation, F94L in exon 1 (Figure 1.3) has recently been 

identified as a cause of increased muscling in Limousin cattle (Sellick et al. 2007).  

Studies have shown that Limousin cattle homozygous for the F94L variant express an 

intermediate phenotype and not extreme muscling, suggesting that MSTN retains some 

function despite the amino acid substitution (Sellick et al. 2007; Esmailizadeh et al. 

2008; Abe et al. 2009; Lines et al. 2009). 
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 Discovery of these causal mutations confirmed the condition was monogenic, but 

allelic heterogeneity existed.  The findings in cattle prompted global investigations in 

the MSTN homologue of other species that were renowned for increased muscling.  

Increased muscling in Texel sheep (Figure 1.4) is caused by a polymorphism in the 3’ 

untranslated region of MSTN that creates an illegitimate microRNA site (Clop et al. 

2006).  This mutation inhibits translation of the MSTN transcript, resulting in a lack of 

functional MSTN.  More recently a frameshift mutation affecting carcass conformation 

and fatness was found in MSTN of Norwegian White sheep (Boman et al. 2009), and 

carcass traits in Romney sheep were associated with MSTN polymorphisms (Hickford et 

al. 2010). 

 In whippet dogs (Figure 1.4), double muscling is caused by a 2 bp deletion in the 

MSTN  coding  region  (Mosher et al. 2007).   Homozygotes express the double muscled 

phenotype, whereas heterozygotes have been shown to have an advantage in speed 

compared to normal animals (Lee 2007; Mosher et al. 2007).   

 A child diagnosed with extraordinary muscularity (Figure 1.4) was found to have a 

non-coding region polymorphism that resulted in alternative splicing of the MSTN 

transcript (Schuelke et al. 2004).  The clinical presentation of the child, similar to that 

observed in cattle sheep and dogs, provides evidence for a common biological role of 

MSTN in mammalian species. 

 Belgian Pietrain pigs are renowned for their superior muscling.  Four week old 

piglets, heterozygous for a polymorphism in the MSTN promoter were found to have 

lower MSTN mRNA abundance compared to piglets homozygous for the wild-type 

allele (Stinckens et al. 2008).  The authors selected the 4 week age group because it 

corresponded with differentiation of the tertiary myofibres, and their findings although 

requiring further research, appears to implicate MSTN as the cause of increased 

muscling in this breed of pigs. 

 

1.4 Myostatin 

Myostatin (MSTN), also known as Growth and Differentiation Factor 8 (GDF8), is a 

member of the transforming growth factor-β superfamily (TGF-β): a family comprising 

many extracellular growth and differentiation factors involved in the regulation of 

embryonic development and maintenance of adult tissue homeostasis (McPherron et al. 

1997; Chang et al. 2002).  MSTN was first discovered in a search for new growth and
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Figure 1.4 Double muscling in other species.  A, an illegitimate microRNA site 

caused by a polymorphism in the 3’UTR of MSTN prevents translation of MSTN and 

causes muscular hypertrophy in the Texel sheep (Clop et al. 2006); B,  a frameshift 

mutation in the MSTN coding region is responsible for the double muscled phenotype in 

whippet dogs (Mosher et al. 2007); C, a splice site variant causing alternate splicing of 

the MSTN transcript in a child with extreme muscularity (Schuelke et al. 2004). 

 

A B 
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differentiation factors (McPherron et al. 1997). McPherron and colleagues (1997) 

classified MSTN as a member of the TGF-β superfamily because it contained 

characteristic features including an N-terminal signal sequence, a dibasic proteolytic 

processing site, and a C-terminal domain comprising a conserved pattern of 9 cysteine 

residues.   

 

1.4.1 Function 

MSTN functions as a potent negative regulator of skeletal muscle development and 

growth (McPherron et al. 1997).  It acts as a chalone by negatively regulating the tissue 

in which it is expressed (McPherron et al. 1997; Gamer et al. 2003).  Evidence for 

MSTN function was first demonstrated in mice carrying a deletion of the region 

encoding the C-terminal domain (McPherron et al. 1997). Large and widespread 

increases in skeletal muscle mass were observed in the absence of functional MSTN.  

The naturally occurring mutations causing double muscling in cattle, sheep, dogs and 

humans (Section 1.3.6) is further evidence of the major role MSTN exerts on muscle 

development and growth.  Moreover, muscle atrophy in HIV patients was linked to an 

increase in serum and intramuscular concentrations of MSTN (Gonzalez-Cadavid et al. 

1998), and MSTN has been implicated in other instances of muscle wasting that 

manifests because of disease or environmental influences (Lalani et al. 2000; McFarlane 

et al. 2008). 

MSTN is synthesised as a biologically inactive precursor molecule comprising 3 

domains (Figure 1.5); the signal peptide and the propeptide (N-terminus), and the C-

terminal  domain  (McPherron et al. 1997).  The active MSTN species, a disulphide 

linked homodimer complex of the C-terminal domain, is formed following proteolytic 

processing of the precursor molecule, folding and dimerisation (Lee 2004).  However, 

MSTN is secreted and circulates in the blood as a latent complex.  In this latent complex 

the N-terminal propeptide remains non-covalently bound to the C-terminal dimer and is 

biologically inactive until dissociation of the propeptide (Hill et al. 2002).  The role of 

the propeptide as an antagonist and in the correct folding of the active species, is 

common with other members of the TGF-β superfamily (Gleizes et al. 1997).   

In vivo studies using human and mouse serum have found two other MSTN 

antagonists; growth and differentiation factor-associated serum protein 1 and follistatin-

related gene (Hill et al. 2002; Hill et al. 2003).  Both proteins and the MSTN propeptide 
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Figure 1.5 MSTN protein structure (Dominique and Gerard 2006).  MSTN is 

synthesised as a 376 amino acid precursor molecule.  The signal peptide (SP), 

highlighted in blue, extends from amino acid 1 to 24; the propeptide region (grey 

shading) encompasses amino acids 25-267 and the active C-terminal domain (green) is 

from amino acids 268 to 376.  Active MSTN is obtained following 2 separate cleavage 

events; first the signal peptide is removed from the N-terminus and second, the 

propeptide region is cleaved from the C-terminal domain at the Arg-Ser-Arg-Arg 

(RSRR) recognition sequence.   

 
are able to bind MSTN and maintain latency suggesting they are involved in regulation 

of MSTN.  In skeletal muscle, MSTN is more highly expressed in type II muscle fibres 

(Carlson et al. 1999; Jeanplong et al. 2001; Oldham et al. 2001; Shibata et al. 2003).  

The MSTN antagonists human small glutamine-rich tetratricopeptide repeat-containing 

protein, titin-cap and follistatin have been shown to complex with various forms of 

MSTN in skeletal muscle and prevent activation and/or function (Nicholas et al. 2002; 

Wang et al. 2003; Amthor et al. 2004).  More recently, a MSTN splice variant has been 

identified that is also an antagonist of MSTN function (Jeanplong and McMahon 2007; 

McMahon et al. 2008).  

MSTN signalling operates through a serine/threonine kinase receptor complex 

(Walsh and Celeste 2005).  The heterogeneous complex is composed of homodimers of 

the type I and type II receptors (Rebbapragada et al. 2003).  Rebbapragada et al. (2003) 

demonstrated that MSTN activates a receptor complex containing the activin type IIB 

receptor with either the activin-like kinase 4 or activin-like kinase 5 type I receptors.  

The activated receptor complex is then involved in phosphorylation of Smad2 and 

Smad3 proteins.  The phosphorylated proteins complex with Smad4 forming the 

primary intracellular mediators of MSTN signalling (Carnac et al. 2006).  The Smad 

complex is translocated into the cell nucleus which regulates the expression of 

responsive genes (Rebbapragada et al. 2003; Carnac et al. 2006). 

In vitro studies have shown that MSTN inhibits myoblast proliferation and 

differentiation providing further evidence for its role as a negative regulator of skeletal 

muscle development and growth (Thomas et al. 2000; Rios et al. 2001; 2002).  MSTN 
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signalling results in the up-regulation of CKI p21, a cyclin-dependant kinase inhibitor 

(Thomas et al. 2000; Rios et al. 2001), which is involved in the arrest at the G1 phase of 

the cell cycle (Dulic et al. 1998; Parker et al. 2003).  MSTN signalling and the up-

regulation of CKI p21 causes down-regulation of the cyclin-dependant kinase 2 and 

phosphorylated retinoblastoma proteins, which assist progression through the mitotic 

cell cycle (Dulic et al. 1998; Thomas et al. 2000; Rios et al. 2001; Langley et al. 2004).  

MSTN signalling exerts control of muscle fibre hyperplasia by preventing progression 

from the G1 to S phase of the cell cycle, which arrests myoblast proliferation. 

 

1.4.2 Structure 

The  myostatin  gene (MSTN) is highly conserved among vertebrate species suggesting a 

common biological role (McPherron and Lee 1997; Tellgren et al. 2004; Kerr et al. 

2005; Pie and Alvares 2006).  In cattle, MSTN is located at the distal end of Bos taurus 

autosome 2 (BTA2) and spans the region BTA2:6531089..6539265 on the current (Btau 

4.0) Bos taurus genome assembly (Figure 1.3). 

The MSTN coding sequence is 1,128 bp in length and comprises 3 exons (Grobet et 

al. 1997; McPherron and Lee 1997).  Exon 1 is 506 bp which includes a 133 bp 5’ 

untranslated region, and the second exon is 374 bp in length (Jeanplong et al. 2001).  

Jeanplong et al. (2001) identified three putative polyadenlyation sites creating variable 

lengths for the third exon of 1701 bp, 1812 bp and 1887 bp.  In the genomic sequence, 

exons 1 and 2 and exons 2 and 3 are separated by an intron of 1840 bp and 2033 bp 

respectively.  Reporter gene assays in murine myoblasts cells were used to determine 

the critical elements in the MSTN promoter (Spiller et al. 2002).  Their findings showed 

that the promoter elements required to drive expression of the reporter gene were 

contained within a 1549 bp region upstream of MSTN, which incorporates the 5’ UTR. 

 

1.4.3 MSTN genetic diversity 

Analysis of the bovine MSTN sequence prompted by the genetically heterogeneous 

nature of double muscling, has uncovered a series of non-disruptive polymorphisms  

(Grobet et al. 1998; Crisa et al. 2003; Dunner et al. 2003; Abe et al. 2009; Grisolia et 

al. 2009; O'Rourke et al. 2009a).  These studies and those defining the double muscling 

loci, indicate a high level of genetic variability in bovine MSTN.  High levels of genetic 
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diversity have also been reported in the ovine (Clop et al. 2006; Kijas et al. 2007; 

Boman et al. 2009; Boman et al. 2010; Hickford et al. 2010), human (Schuelke et al. 

2004; Saunders et al. 2006) and porcine (Jiang et al. 2001; Jiang et al. 2002; Li et al. 

2002; Stinckens et al. 2005; Guimaraes et al. 2007; Stinckens et al. 2008) homologues.  

These polymorphisms have no obvious effect on MSTN function or muscularity, but 

few have been tested.  They represent the primary targets in this study. 

 

 

1.5 Objectives of the research 

The potential benefits of double muscling to agriculture had been recognised for many 

 years (Vissac 1982).  Vissac (1982) remarked about the dramatic increase in 

publications on double muscling since the 1960’s.  The discovery of MSTN as the 

double muscling locus, and the causal mutations in many species has seen the global 

interest intensify further.  This is demonstrated by the extensive volume of publications 

and the increasing number of patents, particularly with respect to therapeutic 

applications for the treatment of muscular dystrophies and atrophies.   

In this thesis, the effect of genetic variation in the MSTN gene on muscle mass in 

cattle was further investigated.  The primary objective was to determine if MSTN 

polymorphisms which have not been implicated in double muscling, are also 

contributing to variation in muscularity.  This thesis comprises 5 experimental Chapters 

(Figure 1.6).  The foundation experiment (Chapter 3) was designed to determine the 

extent of genetic variability in MSTN.  In a small cattle population the haplotype 

diversity was inferred and the linkage disequilibrium between the MSTN markers were 

assessed.  From this initial study, a refined approach was adopted which used MSTN 

markers that were representative of the haplotype diversity.  The effects of these 

representative or tag markers on indices for muscularity were then tested in larger cattle 

populations.  In Chapter 5, the discovery phase of the association studies, the effect of 

the tag MSTN markers were tested in the presence and absence of a double muscling 

mutation.  In the validation phase (Chapter 6) the same MSTN markers were tested in 

independent  cattle populations to determine if their effects persisted across populations.   

The effect of the tag MSTN markers on other traits of importance to industry were 

also examined in cattle populations that had additional measurements recorded.  

Haplotype expression imbalances (Chapter 7) were then investigated to provide
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Figure 1.6 Project outline.  The flowchart summarises the experimental Chapters 

designed to achieve the primary objective of the research (Section 1.5).  The key 

components to each Chapter are listed.  Chapters 3 and 5-7 were aligned specifically 

with the research objective, and Chapter 4 a by-product of Chapter 3, adds a historical 

perspective to the evolution and selection of double muscling. 

 
 
 
 

Chapter 3 - Genetic variation 
� 1 cattle sub-group 
� MSTN genetic variation 
� MSTN haplotype diversity 
� Linkage disequilibrium and tag 

SNP selection 
 

Chapter 4 – Ancestor age 
� 6 mutations 
� Haplotype homozygosity 
� Recent common ancestor 
 Chapter 5 – Associations 

(discovery) 
� 3 cattle populations 
� MSTN tag SNP genotyping 
� MSTN haplotype diversity 
� Associations with muscling 
� Associations with other traits 

Chapter 6 – Associations 
(validation) 

� 3 cattle populations 
� MSTN tag SNP genotyping 
� MSTN haplotype diversity 
� Associations with muscling 
� Associations with other traits 

Chapter 7 – Gene expression  
� 95 cattle 
� 3 muscle tissues 
� qRT-PCR  
� Associations with gene 

expression 
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biological support for differences in muscularity found from the quantitative 

associations. 

Chapter 4 was a by-product of the foundation experiment.  A conserved double 

muscling haplotype in different cattle breeds prompted an investigation to estimate the 

time to the most recent common ancestor.  This was conducted for multiple double 

muscling mutations. 
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CHAPTER 2 

 

2 General materials and methods 

 

2.1 Animals 

Primarily, samples and data from 5 cattle populations were used in this study.  

Measurements and samples collected from the cattle were approved by the relevant 

organisational Animal Ethics Committee.  All animals were managed according to the 

current Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes (NHMRC 1990; 1997; 2004). 

  

2.1.1 Herd A:  Industry & Investment NSW muscling herd 

2.1.1.1 Background 

Data and samples from 1,121 cattle from Herd A were used.  This herd was established 

for research purposes in 1998 and comprised 2 selection lines divergent in muscling 

(Figure 2.1).  Selection was based on muscle score; a visual assessment of muscle mass 

relative to skeletal size and with compensation for subcutaneous fat depth (McKiernan 

1990; Perry et al. 1993).   The selection lines were established from 140 first generation 

Angus x Hereford cows from a population of 250 female progeny produced before 1998 

(McKiernan and Robards 1997).  Seventy females sired by a high muscle score bull 

were assigned to the high selection line and 70 females sired by a low muscle score bull 

for the low selection line.   

Since 1998, the selection lines were maintained by the use of high and low muscle 

score Angus sires, sourced from industry, which were mated with females from the 

corresponding selection line. Each sire was used for two years with two sires used per 

muscle group per year ensuring a crossover of sires occurred between years.  

Replacement females were selected from the muscle score extreme for each selection 

line.   

Twenty-seven sires were represented by the samples and data used for Herd A.  Five 

of these sires were sourced from Herd B (Section 2.1.2). 
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Figure 2.1 Establishment of Herd A and the muscle score selection lines 

(McKiernan 1990; Perry et al. 1993; McKiernan and Robards 1997).  The selection 

lines were generated by mating 70 high muscle score cows with a high muscle score 

bull and similarly for the low muscle score selection line. 

 

2.1.1.2 Environment   

From 1998 until March 2004, Herd A was located at the Elizabeth Macarthur 

Agricultural Institute (EMAI; Menangle, NSW, Australia; latitude 150°44′S, longitude 

34°07′E; altitude 151 m).  At EMAI the cattle grazed upon coastal pastures generally 

with low organic matter digestibility and low crude protein content.  Summer grasses 

couch (Cynodon dactylon), kikuyu (Pennisetum clandestinum) and paspalum (Paspalum 

dilatatum) were the dominant pasture species.  

Between March and November 2004 the herd was re-located to the I&I NSW 

Grafton Agricultural Research and Advisory Station (Grafton, NSW, Australia; latitude 

29°39′S, longitude 152°55′E; altitude 20 m).  Similar to EMAI, the coastal pastures at 

Grafton had low quality and yield (Cafe et al. 2006).  Pastures consisted of carpet grass 

(Axonopus follicipeda), blady grass (Imperata cylyndrica) and Bahia grass (Paspalum 

notatum).   

In November 2004 the herd was transferred to the I&I NSW Centre for Perennial 

Grazing Systems at Glen Innes, NSW, Australia (latitude 29°44′S, longitude 151°42′E; 

altitude 1057 m).  The breeding herd grazed improved temperate perennial pastures all 

year round.  Dominant pasture species were introduced cool season perennials (Ayres et 

al. 2001); tall fescue (Festuca arundinacea), phalaris (Phalaris aquatica), cocksfoot 

(Dactylis glomerata), perennial ryegrass (Lolium perenne), white clover (Trifolium 

repens) and red clover (Trifolium pratense).   

High muscle foundation females (n = 70) 
Average muscle score = 6.7 pts (C-) 

F1 Females (pre-1998) 
260 Angus x Hereford cows 

 

Mate to low muscle Angus bull 
 

Mate to high muscle Angus bull 
 

Low muscle foundation females (n = 70) 
Average muscle score = 4.2 pts (D-) 
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2.1.1.3 Phenotypic measurements 

At weaning and yearling age all cattle were assessed for muscle score (McKiernan 

1990; Perry et al. 1993), and ultrasound scanned to determine eye muscle area (EMA) 

and subcutaneous fat depth between the 12/13th rib and at the P8 rump site.  Since the 

establishment of the herd, muscle score assessment had been conducted by one assessor 

(W.A. McKiernan), who did not have prior knowledge of MSTN genotype.  Ultrasound 

measurements were taken by experienced and/or accredited technicians using real-time 

ultrasound (3.5 MHz/180-mm linear array animal science probe; Esoate Pie Medical, 

Maastricht Netherlands).  For natural (disease, death) and commercial (sale, slaughter) 

reasons, yearling age measurements were not recorded for every animal that was 

weaned. 

Carcass, yield and meat quality data were also available from the slaughter of 45 

steers from Herd A.  O'Rourke et al. (2009a) provides details on the data collection 

methods for this sub-group of Herd A. 

 

2.1.2 Herd B:  Commercial herd 

2.1.2.1 Background 

Herd B was a commercial beef enterprise in the Upper Hunter Valley, NSW, (latitude 

32°07′S, longitude 151°04′E; altitude 318 m). This herd contained 446 cattle comprising 

405 females and 41 males.  366 cattle were purebred Angus and 80 were of Charolais 

origin.  The herd had 41 bulls (35 Angus and 6 Charolais), 250 cows and 155 yearling 

heifers.  Improved muscling was a major objective with this herd and it had formed part 

of a previous study (O'Rourke et al. 2009a). 

 

2.1.2.2 Environment   

Herd B grazed improved native pastures all year round.  Summer species were dominant 

and included couch (Cynodon dactylon) and red (Bothriochloa macra) grasses, as well 

as sub clover (Trifolium subterraneum). 

 

2.1.2.3 Phenotypic measurements 

Muscle  score  and  ultrasound  measurements for EMA and rib and rump fat depth were  
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available for Herd B.  Data were collected concurrently for the entire herd over a 4 day 

period (O'Rourke et al. 2009a).  At the time of assessment the age range was from 247 

days to 12 years (1606 ± 1146 days; mean ± s.d.).   

Samples for genotyping were collected at an earlier date.  For natural and 

commercial reasons, not all animals that were genotyped had phenotype measurements 

recorded.    

 

2.1.3 Herd C:  Beef CRCII Research herd 

2.1.3.1 Background 

Herd C comprised 208 Piedmontese x Hereford cattle and 5 Piedmontese sires.  These 

animals were a sub-group of cattle from a research herd established by the Cooperative 

Research Centre for Cattle and Beef Quality (Beef CRCII).  The herd was used 

originally to investigate the effects of prenatal growth and pre-weaning growth on a 

variety of commercially important traits (Cafe et al. 2006; Greenwood et al. 2006).  

Divergence in nutrition quality before (prenatal) and after (pre-weaning) birth were 

imposed on the herd (Figure 2.2).  The crossbred progeny were produced from matings 

between 9 Piedmontese sires and Hereford cows from 2000 to 2002.     

 

2.1.3.2 Environment 

Consistent with the objectives of the original project (Cafe et al. 2006), pregnant cows 

grazed high or low nutrition pastures at the  I&I NSW Grafton Agricultural Research 

and Advisory Station (Grafton, NSW, Australia; latitude 29°39′S, longitude 152°55′E; 

altitude 20 m).   

The high prenatal nutrition group grazed medium to high quality pastures from 

February to May each year and again from October to the following May.  Dominant 

pasture species included various grasses (Pennisetum clandestinium, Chloris gayana, 

Axonopus follicipeda and Paspalum notatum) and to a lesser extent white clover 

(Trifolium repens).  From May to October, the high prenatal nutrition group grazed high 

quality  pastures  consisting  primarily of short-rotation ryegrass (Lolium multiforum).  

The low prenatal nutrition group grazed the coastal pastures with low quality and yield 

described previously (Section 2.1.1.2; Cafe et al. 2006). 

Following parturition cow and calf either continued on the same nutritional treatment 
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Figure 2.2 Establishment and management of Herd C (Cafe et al. 2006; Greenwood 

et al. 2006).  Piedmontese sires were mated with Hereford cows.  Pregnant cows grazed 

either high or low quality pastures.  Post-calving, cow and calf remained in the same 

nutrition group or changed to the opposite nutrition group.  A sub-group of the 

population were prepared for entry to the feedlot and then slaughter.   

 

or changed to the opposite nutritional treatment until weaning at approximately 7 

months of age; creating 4 prenatal-preweaning nutritional groups (high-high, high-low, 

low-high and low-low). 

Post-weaning 80 calves from the cohort born in 2001 and 40 from 2002 were 

selected (Greenwood et al. 2006).  The cattle were transported to the I&I NSW Centre 

for Perennial Grazing Systems at Glen Innes, NSW, Australia (Section 2.1.1.2) for 

backgrounding until approximately 26 months of age.  The 2001 sub-group comprised 

21 calves from the high-high nutritional group (11 female; 10 male), 19 from the high-

low group (9 female; 10 male), and 20 each from the low-high and low-low groups (10 

of each sex).  For the 2004-born sub-group 10 males from each nutrition group were

PRE-NATAL NUTRITION  
HIGH 

(Grafton, NSW) 

PRE-WEAN NUTRITION  
HIGH (HH and LH) 

(Grafton, NSW) 
 

MATING 
(Grafton, NSW)  

Piedmontese x Hereford 

PRE-NATAL NUTRITION  
LOW 

(Grafton, NSW) 

BACKGROUNDING  
(Glen Innes, NSW) 

           

PRE-WEAN NUTRITION  
LOW (LL and HL)  

(Grafton, NSW) 
 

SLAUGHTER  
(Warwick, Qld) 

           

FEEDLOT 
(‘Tullimba’, NSW) 
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selected.  

Following backgrounding, the cattle were transferred to the Cooperative Research 

Centre for Cattle and Beef Quality’s ‘Tullimba’ feedlot in Kingston, NSW, Australia 

(latitude 30°30′S, longitude 151°06′E; altitude 560 m).  At the feedlot cattle were grain 

fed until approximately 30 months of age and then transported to the John Dee Pty Ltd 

abattoir (Warwick, Qld, Australia; latitude 28°13′S, longitude 152°02′E; altitude 462 m) 

for slaughter (Greenwood et al. 2006).   

 

2.1.3.3 Phenotypic measurements 

Ultrasound scans for EMA and rib and rump fat were conducted as described for Herd 

A (Section 2.1.1.3).  195 cattle were measured initially at weaning, and a reduced 

population of 150 cattle had measurements recorded at yearling age.  Measurements for 

carcass, yield and meat quality characteristics were recorded for 120 cattle (Greenwood 

et al. 2006).     

 

2.1.4 Herd D:  Progeny Test Steers Research herd 

2.1.4.1 Background 

The cattle from Herd D used in this study included 414 progeny and 37 sires of Angus 

origin.  This herd was established in 2001 as a structured progeny testing program to 

evaluate the performance of Australian Angus sires for a suite of economically 

important traits (Arthur and Herd 2007).  Progeny for performance evaluation were born 

from 2002-2004 (Figure 2.3).  Cows in the breeding herd had been sourced from a 

previous research herd established to investigate the genetic basis of residual feed intake 

and efficiency in beef cattle (Arthur et al. 2001).  Thirty-nine sires in total had been 

used, 38 were from industry and 1 from the previous residual feed intake herd.  Each 

year 10 sires were used by artificial insemination and 3 by natural matings.  The male 

progeny used for performance testing of sires were castrated at approximately 3 months 

of age (Arthur and Herd 2007).  

 

2.1.4.2 Environment  

Herd D was established at the I&I NSW Agricultural Research Centre in Trangie, NSW,
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Figure 2.3 Establishment and management of Herd D.  Each year 13 different Angus sires were mated with Angus cows.  Steer progeny 

each year cohort were backgrounded (BG) at various locations before entering the feedlot and were then slaughtered.     

BG 
(Rutherglen, Vic) 

 n = 59 

MATING  
(Trangie, NSW) 

2001: 13 sires x 430 cows 
2002: 13 sires x 430 cows  
2003: 13 sires x 430 cows 

HEIFERS  
(Trangie, NSW) 

 

FEEDLOT 
(‘Tullimba’, NSW) 

n = 335 
 

FEEDLOT 
(Rutherglen, Vic) 

n = 59 
 

BORN 2002 
n = 139 

 

BG 
(Grafton/Glen Innes, NSW) 

 n = 136 

BORN 2003 
n = 139 

 

BORN 2004 
n = 136 

 

STEERS  
(Trangie, NSW) 

n = 414 
 

SLAUGHTER 
(Warwick, Qld) 

n = 394 
 

BG 
(Glen Innes, NSW) 

 n = 80 

BG 
(Rutherglen, Vic) 
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BG 
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 n = 75 
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Australia (latitude 32°01′S, longitude 47°58′E; altitude 159 m).  Cows grazed pasture all 

year round and pasture quality and yield was affected by rainfall (Arthur et al. 2005).  

Perennial grasses included windmill (Chloris truncate), spear (Stipa spp.) and wallaby 

(Danthonia sp.).  Pastures also contained annual species: barley grass (Hordeum 

leporinum), rats-tail fescue (Vulpia myuros), burr-medic (Medicargo spp.) and 

crowsfoot (Erodium sp.).  The average annual rainfall at the Research station is 480 

mm.  However, the rainfall from 2002-2004 was below average and drought had been 

officially declared on 2 separate occasions (June 2002-August 2003 and February-

March 2004).  Feed supplementation (hay and grains) was provided to ease the effect of 

drought (Arthur et al. 2005). 

Each year, cow and calves remained at the Trangie Research Station until weaning 

(approximately 225 days of age).  Steers were backgrounded at different locations and 

the female calves remained at Trangie.  Eighty of the steers born in 2002 and then 75 

from 2003 were backgrounded at the I&I NSW Centre for Perennial Grazing Systems at 

Glen Innes (Section 2.1.1.2).  The remaining steers from the 2002 and then the 2003 

born cohorts were backgrounded at the Victorian Department of Primary Industries 

Research Station, Rutherglen, Vic, Australia (latitude 36°03′S, longitude 146°27′E; 

altitude 178 m).  The 136 steers born in 2004 commenced backgrounding at the I&I 

NSW Grafton Agricultural Research and Advisory Station (Section 2.1.3.2) before 

transfer to the I&I NSW Centre for Perennial Grazing Systems at Glen Innes (Section 

2.1.1.2).   

The steers from each cohort entered the feedlot after backgrounding.  Steers born in 

2002 that had been backgrounded at the Victorian Department of Primary Industries 

Research Station at Rutherglen remained on site at the Rutherglen feedlot.  The 

remaining 2004-born steers were transported from Glen Innes to the ‘Tullimba’ feedlot 

(Section 2.1.3.2).  All steers born in 2003 and 2004 were transported from their 

backgrounding location to the ‘Tullimba’ feedlot.  At the feedlot, steers were finished 

on grain and then all steers were slaughtered at the John Dee Pty Ltd Abattoir in 

Warwick, Qld, Australia (Section 2.1.3.2) in at least 2 contemporary groups per year.  

 

2.1.4.3 Phenotypic measurements 

Ultrasound scanning for rib and rump fat depth were performed, as described for Herd 

A (Section 2.1.1.3), on all steers at weaning.  A second scan was performed for the 
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2002- and 2004-born cohorts.  EMA and fat depth were measured when the 2002-born 

cohort entered the feedlot, and for the 2004-born steers during backgrounding.  Arthur 

et al. (2001) desribes the methods used to measure indices of feed efficiency.  Carcass 

and meat quality measurements were recorded for 394 steers at slaughter using similar 

methods described by Greenwood et al. (2006). 

 

2.1.5 Herd E:  Beef CRCI Research herd 

2.1.5.1 Background 

Herd E comprised 856 cattle.  These cattle were selected from the 7622 animals used by 

the Cooperative Research Centre for Cattle and Beef Quality (Beef CRCI) to 

characterise animal, carcass and meat traits (Bindon 2001; Upton et al. 2001; Johnston 

et al. 2003).  The Herd E cattle originally selected for analyses were from the 

straightbreeding programme representing 7 cattle breeds of taurine or indicine origin 

(Upton et al. 2001).  The cattle had data from routine ultrasound measurements 

(Johnston et al. 2003), as well as measurements for other economically important traits.  

This herd was chosen as a ‘gold standard’ to assess the effects of MSTN polymorphisms 

on a range of traits and their persistence across diverse cattle breeds.  However, 

ambiguous labelling of DNA extracts resulted in the incorrect DNA samples being 

provided.  The error was realised after each animal had been genotyped, and the inferred 

haplotype phase was inconsistent among half-sib families.  Time and budget constraints 

prevented genotyping of the original animals that were selected.  

Hence, the Herd E cattle used in this study were from the straight and crossbreeding 

programmes (Upton et al. 2001), comprising cattle of multiple breeds (Table 2.1).  Data 

were not available for all of these Herd E cattle.  Cattle without trait data were excluded 

from the association analyses. 

 

2.1.5.2 Environment 

The cattle from Herd E originated from a larger population in Beef CRCI.  A complex  

design was used to establish the Beef CRCI population (Upton et al. 2001; Johnston et 

al. 2003).  Cattle from the straightbreeding programme were generated 34 commercial 

herds throughout the tropical and temperate regions of Eastern Australia.  The crossbred  

cattle originated from either of 2 herds in the programme.     
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Table 2.1 Breed diversity in Herd E   

Breed Breeding programmeA Number of cattle 

Angus Purebred 151 

Angus x Brahman Crossbred 6 

Brahman Purebred 132 

Brahman x Brahman Crossbred 6 

Belmont Red Purebred 112 

Belmont Red x Brahman Crossbred 23 

Charbray x Brahman Crossbred 8 

Charolais x Brahman Crossbred 12 

Hereford Purebred 139 

Hereford x Brahman Crossbred 8 

Limousin x Brahman Crossbred 12 

Murray Grey Purebred 38 

Santa Gertrudis Purebred 75 

Santa Gertrudis x Brahman Crossbred 4 

Shorthorn Purebred 45 

Shorthorn x Brahman Crossbred 7 

UnknownB - 78 

Total  856 
A Refer to Figure 2.4 for design and breeding programmes for Herd E 
B Unknown, breed information was not recorded or available 
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Figure 2.4 Design and management of the Beef CRCI cattle population (Upton et 

al. 2001).  The cattle in Herd E originated from the larger Beef CRCI cattle population.  

A complex design was used for the Beef CRCI population. 

 
 

After weaning the cattle were transferred to various research stations for growing and 

finishing according to specifications for their cohort (Figure 2.4).  Cattle were either 

pasture or grain finished before slaughter. 

 

2.1.5.3 Phenotypic measurements 

Ultrasound and slaughter data were recorded for many animals in Herd E (Johnston et 

al. 2003), however, few animals had ultrasound measurements recorded at each stage 

described by Johnston et al. (2003).  The finishing measurement had the highest number 

of observations for the Herd E cattle.  
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2.2 DNA extraction 

2.2.1 DNA extraction from unclotted blood  

Whole blood was collected from the coccygeal vein in the animal’s tail in a 10 mL 

Vacutainer® (Becton Dickinson, NJ, USA) coated with 15 mg of K2EDTA.  DNA 

extraction was performed using a saturated salt method adapted from Miller et al. 

(1988).   

The entire blood sample (5-10 mL) was transferred from the Vacutainer® to a 50 mL 

centrifuge tube (Sarstedt, Nümbrech, Germany).  The Vacutainer® was rinsed with 10 

mL of 0.9% (w/v) NaCl and decanted into the 50 mL tube.  Red blood cells were lysed 

by addition of 20 mL dH2O, mixed by rapid inversion, and then incubated at room 

temperature for 30 s.  Five mL of 4.5% (w/v) NaCl was then added to restore isotonic 

conditions before centrifugation at 335 g for 5 min (Allegra X-15R, Beckman Coulter, 

CA, USA), to pellet the leukocyte fraction.  The supernatant was discarded and the 

pellet resuspended by vortexing in 10 mL of 100 mmol/L NH4Cl.  Leukocytes were 

pelleted at 335 g for 5 min and the supernatant was discarded.  A second wash was 

performed in 0.9% (w/v) NaCl to remove residual contaminants.  The leukocytes were 

resuspended in 10 mL of TEN solution (10 mmol/L Tris pH 7.4, 2 mmol/L EDTA pH 

8.0, 400 mmol/L NaCl) containing 0.6% (v/v) sodium dodecyl sulphate and 1.1 mg (45 

U) of Proteinase K (Roche, Basel, Switzerland), and lysed for 12-18 h at 50°C with 

gentle inversion.  3 mL of saturated salt solution (maintained at 37°C to saturate) was 

added to the lysate and mixed vigorously for 5 min and then incubated at room 

temperature for 10 min.  Cell debris was pelleted at 1455 g for 15 min (Allegra X-15R, 

Beckman Coulter, CA, USA) and the supernatant transferred to a new 50 mL centrifuge 

tube containing 20 mL of cold (stored at -20°C) absolute ethanol (Ajax Finechem Pty 

Ltd, Taren Point, Australia).  The tube was inverted gently several times to precipitate 

the DNA.  The DNA was transferred to a 1.5 mL centrifuge tube (Eppendorf, Hamburg, 

Germany) containing 1 mL of 70% (v/v) ethanol and washed by centrifugation at 

10,000 g for 10 min (Biofuge Pico, Heraeus, Kendro Laboratory Products, NC, USA).  

The supernatant was removed and the DNA pellet dried at 37°C for 5 min and then 

resuspended in 200-1000 µL of TE pH 8.0 buffer (10 mmol/L Tris pH 7.4, 1 mmol/L 

EDTA pH 8.0).  The DNA was incubated for 24 h at 37°C, before storage at -20°C. 
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2.2.2 DNA extraction from bovine semen 

DNA was extracted from semen samples sourced from artificial insemination service 

providers using a modified phenol/chloroform procedure (Dennis and Healy 2001).  100 

µL of semen was pelleted at 10,000 g for 2 min (Biofuge Pico, Heraeus, Kendro 

Laboratory Products, NC, USA).  The supernatant was discarded and the cell pellet was 

resuspended in 350 µL of semen lysis buffer (10 mmol/L Tris pH 7.4, 10 mmol/L 

EDTA pH 8.0, 100 mmol/L NaCl).  Fifty µL of 39 mmol/L dithiothreitol, 100 µL of 

10% (w/v) sodium dodecyl sulphate and 30 µg of Proteinase K (Roche, Basel, 

Switzerland) was added to the suspension and incubated at 37°C for 12-18 h.  400 µL of 

phenol: chloroform: isoamyl alcohol (25:24:1) was added and the sample inverted 

rapidly to mix before centrifugation at 10,000 g for 5 min at 4°C (Biofuge Fresco, 

Heraeus, Kendro Laboratory Products, NC, USA).  A second phenol/chloroform 

passage was performed and the supernatant transferred to 1 mL of 100% ethanol.  The 

DNA was precipitated by gentle inversion and pelleted at 10,000 g for 5 min at 4°C, 

then washed with 70% ethanol and air-dried briefly.  The DNA pellet was resuspended 

in 100 µL of TE pH 8.0. 

 

2.2.3 DNA extraction from bovine tail hairs 

Coarse hairs from the switch of the tail were used (Healy et al. 1995; Dennis and Healy 

2001).  Bulbous roots (5-10) at the proximal end of the hair shaft were removed and 

added to 50 µL of Hair Digest buffer consisting of 10mmol/L Tris-HCl pH 8.3, 

50mmol/L KCl, 1.5mmol/L MgCl2, 100 µg/mL of Proteinase K (Roche, Basel, 

Switzerland) and 0.5% (v/v) Tween 20 (Sigma, MO, USA).  The hair roots were pulsed 

briefly by centrifugation to ensure they were submerged in the buffer and then 

incubated for 30 min at 60°C before inactivation of the enzyme for 10 min at 100°C. 

 

2.3 Nucleic acid quantification 

2.3.1 Spectrophotometry 

1.5 µL of DNA or RNA extract was used to determine concentration with the Nanodrop 

ND-1000 (Nanodrop Technologies, DE, USA).  Samples with an absorbance reading 

above 1.0 at 260 nm were diluted and re-measured.   
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2.3.2 Fluorometry 

The POLArstar OPTIMA flouromoter (BMG Lab Technologies, GmbH, Germany) was 

also used to determine DNA concentration.  DNA extracts from whole blood (Section 

2.2.1) were diluted 1 in 2000 with TE buffer in a final volume of 100 µL.  DNA extracts 

from semen (Section 2.2.2) and tails hairs (Section 2.2.3) were diluted 1 in 1000.  The 

diluted sample was transferred to a microtitre plate containing 100 µL of a 2 x 

SYBR®Safe (Invitrogen, CA, USA) diluted in TE buffer and mixed by pipetting 3 

times.  Lambda DNA standards (Roche, Basel, Switzerland) of known concentration 

were prepared as described for the DNA samples.  Fluorescence was analysed using the 

Fluostar Optima Version 1.32 software (BMG Lab Technologies, GmbH, Germany) and 

the DNA concentration was calculated from the standard curve.    

     

2.3.3 Agarose gel estimation 

PCR product and plasmid concentration was estimated by agarose gel electrophoresis 

(Section 2.7).  Two µL of PCR product was prepared and loaded onto a 2% (w/v) 

agarose gel.  For plasmid samples, 1 µL was prepared and loaded onto a 1% (w/v) 

agarose gel.  One well per row on the gel was loaded with 1.5 µL of MWMVIII (Roche, 

Basel, Switzerland) containing DNA fragments of known quantity (Figure 2.5).  

Concentration for each sample was estimated by comparison to a MWMVIII fragment 

of known concentration that had a similar intensity.   

 

 

 

 
 
Figure 2.5 DNA fragment sizes and 

concentrations for MWMVIII .  The image was 

reproduced from the kit insert supplied with the 

DNA marker (Roche, Basel, Switzerland). 
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2.4 PCR primers  

All primers used in this study, were synthesised by a commercial service provider 

(Sigma, Castle Hill, NSW, Australia).  Detailed information on primer sequences and 

their location within the Bos taurus genome assembly (Btau 4.0) is shown in Appendix 

1 (Table A1.1).  

Primers used for conventional PCR were designed using Primer3 version 0.4.0 

(Rozen and Skaletsky 2000).  Primers generally conformed to a length between 18-27 

bp; melt temperature range of 57-63°C and a total percentage of guanine (G) and 

cytosine (C) nucleotides (GC content) between 40-65%.  All primers used for 

conventional PCR were prepared in a in a desalted format by the service provider.   

 Primers used for RT-PCR were designed using Primer Express® 3.0 (Applied 

Biosystems, CA, USA) with the assistance of specialists at the Australian branches of 

Applied Biosystems.  RT-PCR primers generally had a melt temperature of 58-60°C, 

were approximately 20 bp in length and amplified a region spanning between 50-150 

bp.  Desalted primer preparations were adequate for all RT-PCR.    

For primer extension applications, the 3’ end of the interrogation primer was required 

to be positioned at the n-1 nucleotide, upstream of the SNP on the sense strand or 

downstream of the SNP on antisense strand.  Length of the interrogation primer was 

varied to improve GC content and melt temperatures, which were calculated using 

Primer3.  All interrogation primers were purified by HPLC by the service provider.  

Before primer synthesis, a BLAST (Altschul et al. 1997) search was conducted on 

primers to ensure specificity for the target region.  In the nucleotide-BLAST program, 

similarity searches were performed in the Nucleotide Collection Database against the 

current version of the Bos taurus assembled genome using the default parameters of the 

program.  This 2 step process has since been combined into a single function named 

Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi).      

  

2.5 Polymerase Chain Reaction (PCR) 

Various PCR protocols were used.  Detailed protocols are provided in the Materials and 

Methods section of the relevant Chapter.  Conventional PCR was performed using a 

Mastercycler® (Eppendorf, Hamburg, Germany); genotyping by RT-PCR was 

conducted in an ABI7500 Fast Real-Time PCR System (Applied Biosystems, CA, 
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USA) and qRT-PCRs were performed using an ABI PRISM® 7900HT Fast Real-Time 

PCR System (Applied Biosystems, CA, USA).  

 

2.6 Genotyping 

2.6.1 PCR/RFLP 

Routine genotyping by PCR/RFLP was performed for the promoter polymorphisms 

BTA2:6531966(C>G) and BTA2:6532400(T>A), and the sites BTA2:6537959(A>C) 

and BTA2:6538799(C>A) located in the 3’ untranslated region (UTR).  

Amplification reactions were performed using a Mastercycler® (Eppendorf, 

Hamburg, Germany) in 10 µL volumes consisting of 10 mmol/L Tris-HCl pH 8.3, 50 

mmol/L KCl, 1.5 mmol/L MgCl2, 0.1 M dNTP, 0.5 µM of each primer (Table 2.2), 0.5 

U of Taq polymerase (Roche, Switzerland), and 25-50 ng of target DNA. Amplification 

commenced with an initial denaturation step at 94°C for 3 min, followed by 35 cycles 

comprising denaturation for 10 s at 94°C, annealing (Table 2.2) for 15 s and extension 

(Table 2.1) at 72°C, finishing with a single step at 72°C for 2 min. 

Each PCR product was digested with a discriminating restriction endonuclease 

(Table 2.2) in a final volume of 15 µL according to the manufacturer’s 

recommendations (New England Biolabs, MA, USA).  The entire digestion reaction 

was loaded onto a 3.2% (w/v) agarose gel (Section 2.7).  Genotypes were determined 

for each sample by comparison to the RFLP pattern from control samples of known 

genotype (Figure 2.6) and/or DNA fragments of known size in the O’GeneRuler Low 

Range DNA ladder (MBI Fermentas, Ontario Canada; Figure 2.6).   

The amplicon containing the BTA2:6531966(C>G) site incorporates 2 native SpeI 

recognition sequences in the wild-type sequence producing fragments of approximately 

351 bp, 157 bp and 47 bp in samples with the C/C genotype (Figure 2.6: Panel A).  The 

BTA2:6531966 G allele deletes one SpeI site and profiles with 2 fragments at 351 bp 

and 204 bp in samples homozygous for the G allele.  All fragments are present in the 

C/G heterozygotes.   

For the BTA2:6532400(T>A) site, the amplicon for each genotype contains a native 

DraI site.  The RFLP profile for animals homozygous for the T allele contains 2 

fragments at 310 bp and 82 bp (Figure 2.6: Panel B).  The BTA2:6532400 A allele 

creates an additional DraI recognition sequence producing fragments of 249 bp, 82 bp
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Table 2.2 Amplification and restriction endonuclease digestion parameters 
 
  PrimersA  PCR  RFLP 

Tag SNP    Annealing (°°°°C) Extension (s)  Enzyme UB Recognition sequenceC 

BTA2:6531966 C>G   562/559  56 25  SpeI 2 A↓CTAG↑T 

BTA2:6532400 T>A  604/605  60 20  DraI 2.5 TTT↓AAA 

BTA2:6537959 A>C  577/578  60 20  HpyCH4IV 2 A↓CG↑T 

BTA2:6538799 C>A  579/580  60 20  HindIII 2 A↓AGCT↑T 
A Primer sequences and locations detailed in Appendix 1 (Table A1.1) 
B Enzyme units  
C Enzyme cleavage sites are indicated by arrows.  1 arrow indicates blunt end cleavage and 2 arrows indicates an overhang cleavage; ↓ 

indicates cleavage site on sense strand; ↑ indicates cleavage position on antisense strand. 
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Figure 2.6 Expected RFLP profiles for MSTN tag SNP.  A, RFLP profile for 

genotypes at the BTA2:6531966(C>G) site using SpeI for discrimination; B, RFLP 

profile for genotypes at the BTA2:6532400(T>A) site using DraI for discrimination; C, 

RFLP profile for genotypes at the BTA2:6537959(A>C) site using HpyCH4IV  for 

discrimination; D, RFLP profile for genotypes at the BTA2:6538799(C>A) site using 

HindIII  for discrimination.  For A-D: Lane 1, homozygous wild-type profile; Lane 2: 

heterozygote profile; Lane 3; homozygous mutant profile; Lane 4: negative control; 

Lane 5: O’GeneRuler Low Range DNA ladder (MBI Fermentas, Ontario Canada). 

A B 

D C 
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and 61 bp.  

The 206 bp amplicon containing the BTA2:6537959A allele is not cleaved by 

HpyCH4IV, producing a single fragment for the RFLP profile of A/A homozygotes 

(Figure 2.6: Panel C).  An HpyCH4IV recognition sequence is created by the 

BTA2:6537959C allele cutting the amplicon into fragments of approximately 107 bp 

and 99 bp. 

The wild-type amplicon incorporating the BTA2:6538799C allele contains a native 

HindIII recognition sequence.  The amplicon for the C/C genotype is cleaved into 2 

fragments of approximately 71 bp and 56 bp (Figure 2.6: Panel D).  The HindIII 

recognition sequence is deleted by the BTA2:6538799A allele and the 127 bp amplicon 

remains uncut.   

The PCR/RFLP used to genotype the BTA2:6537959(A>C) and 

BTA2:6538799(C>A) tag SNP were at increased risk of erroneous genotypes because 

of incomplete digestion.  This risk could be minimised in future by incorporating a 

second recognition site for the discriminating enzyme; either native or manufactured 

(O'Rourke et al. 2006).  

 

2.6.2 Real-time PCR (RT-PCR) 

Allelic discrimination RT-PCR assays were developed for genotyping at the site of the 

BTA2:6537448(del11) mutation in exon 3 (adapted from O’Rourke et al. 2009a) and 

for both promoter polymorphisms BTA2:6531966(C>G) and BTA2:6532400(T>A).  

Each reaction contained 1 x TaqMan® Genotyping Master Mix (Applied Biosystems, 

CA, USA) and 20 ng of target DNA in a final volume of 20 µL.  Specific to the 

BTA2:6537448(del11) assay, 600 nmol/L of primers 500 and 501 (Appendix 1; Table 

A1.1), and 100 nmol/L of probes P9 and P10 (Appendix 1; Table A1.2) was added.  For 

the BTA2:6531966(C>G) and BTA2:6532400(T>A) sites, each reaction contained 900 

nmol/L of both primers (655/656 and 657/658 respectively; (Appendix 1; Table A1.1) 

and 250 nmol/L of each allele specific probe (P26/P27 and P28/P29 respectively; 

(Appendix 1; Table A1.2)    

Each reaction commenced with initial denaturation at 95°C for 10 min, followed by 

45 cycles of denaturation at 95°C for 15 s and annealing/extension for 60 s at 62°C for 

the BTA2:6537448(del11) site and 60°C for both promoter polymorphisms.  Genotypes 
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were analysed using either the 7500 Software version 2.0.1 or the Sequence Detection 

Software version 1.4 (Applied Biosystems, CA, USA). 

   

2.6.3 Primer extension 

For each primer extension method used in this study the region flanking the target SNP 

was amplified by conventional PCR.  Details of this reaction are provided in the 

Materials and Methods section of the relevant Chapter.   

 Following amplification, PCR products were treated with 0.36 U of Shrimp Alkaline 

Phosphatase (Promega, WI, USA) and 3.6 U of Exonuclease I (New England Biolabs, 

USA) in a combined reaction containing 1.5 mmol/L Tris-HCl pH 7.5, 1.5 mmol/L 

MgCl2 and 15 mg/mL BSA.  Reactions were incubated at 37°C for 60 min followed by 

inactivation of the enzymes at 80°C for 20 min.   

Primer extension reactions were performed in a final reaction volume of 10 µL, 

comprising 0.5 µL of treated PCR template, 200 nmol/L interrogation primer and 1 µL 

of SNPStart master mix (Beckman Coulter, CA, USA).  Cycling was performed on a 

Mastercycler® (Eppendorf, Hamburg, Germany) with an initial denaturation step at 

90°C for 1 min and 45 cycles of denaturation for 10 s at 90°C, annealing for 20 s at 

49°C and extension for 30 s at 72°C.  Primer extension samples were treated directly 

with 2 U of Shrimp Alkaline Phosphatase (Promega, WI, USA) at 37°C for 60 min 

before inactivation at 80°C for 20 min.  0.5 µL of treated primer extension sample was 

added to 39 µL of deionised formamide (J.T. Baker, USA) and 0.5 µL of size standard 

80 (Beckman Coulter, CA, USA) and overlaid with mineral oil before analysis on the 

CEQ 8000 Genetic Analyser (Beckman Coulter, CA, USA) using the SNP-1 run 

method.  Raw data were analysed with the CEQ 8000 Genetic Analysis System 

software version 8.0.52 (Beckman Coulter, CA, USA), using the Fragment Analysis 

module and the SNP ver. 2 Dye mobility calibration.  

  

2.7 Agarose gel electrophoresis 

Agarose gel electrophoresis was employed to visualise DNA fragments (Sambrook et 

al. 1982).  Common to all applications, sample was mixed with 2 µL of DNA gel 

loading buffer (0.25% (w/v) bromophenol blue and 40% (w/v) sucrose).  Agarose 
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quantity varied for each application and was dissolved in Tris Borate EDTA (TBE) 

buffer (89 mmol/L Tris, 89 mmol/L Borate, 2 mmol/L EDTA).  45 µg of ethidium 

bromide (Sigma, MO, USA) was added to the dissolved agarose prior to casting.  

Electrophoresis was performed at 100 V for 1 h and PCR products were visualised on a 

GelDoc (Bio-Rad, CA, USA) transilluminator using the Quantity One version 4.6.3 

software (Bio-Rad, CA, USA).   

 

2.8 DNA sequencing 

All DNA sequencing was performed on purified templates and concentration was 

estimated by agarose gel electrophoresis (Section 2.3.3).  The DNA sequencing 

reactions were outsourced to a commercial service provider.   

The requirements for outsourcing to Newcastle DNA (Callghan, NSW, Australia), 

was to prepare template and primers separately.  Sequencing was performed on an ABI 

377 Gel Sequencer (Applied Biosystems, CA, USA) using the Big Dye Terminator 

Cycle Sequencer kit (Applied Biosystems, CA, USA). 

 For samples sent to the Australian Genome Research Facility (St Lucia, Qld, 

Australia), 20 ng of purified PCR product was mixed with 0.8 pmol/µL of primer in a 

final volume of 12 µL.  Sequencing was performed on an AB3730xl DNA Analyzer 

(Applied Biosystems, CA, USA).     

 All DNA sequences were aligned and analysed using Sequencher versions 4.7 - 4.9 

(Gene Codes, MI, USA). 

 

2.9 Polymorphism nomenclature   

The nomenclature used to describe the location of each polymorphic site is consistent 

with it’s position in the current version of the Bos taurus genome assembly (Btau 4.0) 

released in October 2007 (Liu et al. 2009).  The nomenclature indicates which Bos 

taurus autosome (BTA) the polymorphism is located, and then is followed by its 

nucleotide position on the autosome (i.e. BTA2: nucleotide position).  A single 

nucleotide position is provided for all polymorphisms.  This approach provides a unique 

position within a single bovine reference sequence.  The wild-type allele at each 

polymorphic site was defined as the allele at the corresponding position in the Bos 

taurus genome assembly (Btau 4.0).  The alternate allele was designated the mutated 
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allele.  

 The 11 bp deletion at BTA2:6537448 (Grobet et al. 1997; McPherron and Lee 1997) 

has been classified as a tag SNP for the association studies in this thesis.  It is 

acknowledged that this mutation is not a single nucleotide polymorphism, but is 

included in the collective tag SNP term to facilitate a single description. 
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CHAPTER 3 

 

3 Genetic variation at the myostatin locus 

 

3.1 Introduction 

Allelic heterogeneity in MSTN has been described for loss-of-function mutations 

causing double muscling in cattle (Grobet et al. 1997; Kambadur et al. 1997; 

McPherron and Lee 1997; Cappuccio et al. 1998; Grobet et al. 1998; Sellick et al. 

2007).  Discovery of these double muscling mutations and quantifying their effects has 

been the focal point of past research because of the potential applications for agriculture 

and human therapeutics. 

These and subsequent studies have also identified a series of non-disruptive MSTN 

polymorphisms, most with no obvious or tested association with muscularity (Grobet et 

al. 1998; Crisa et al. 2003; Dunner et al. 2003; Abe et al. 2009; O'Rourke et al. 2009a).  

These studies have revealed high genetic diversity in a gene encoding a potent negative 

regulator of skeletal muscle mass (McPherron et al. 1997).  High genetic variability has 

also been reported in the ovine, porcine and human homologues (Section 1.4.3).  The 

contribution of these non-disruptive polymorphisms to differences in muscle mass 

remains uncertain. 

 In this first experiment, the extent of genetic variability in the MSTN gene was 

examined in a small cohort of Angus cattle.  Haploid allele combinations were inferred 

for a population comprising Angus and Belgian Blue cattle to determine the haplotype 

diversity.  The phased haplotypes were used to examine the level of linkage 

disequilibrium between polymorphisms. MSTN occupies a short genomic region 

(Grobet et al. 1997; Jeanplong et al. 2001; Spiller et al. 2002), and previous studies 

have shown that linkage disequilibrium between DNA markers can extend for much 

greater distances (Abecasis et al. 2001; Goddard et al. 2006; de Roos et al. 2008).  The 

extent of linkage disequilibrium between polymorphic sites enabled the identification of 

tag SNPs, a common approach to genotyping larger populations at multiple 

polymorphic sites (Johnson et al. 2001).  These components in this initial study were 

critical to consolidate the direction of the overall project. 
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3.2 Materials and Methods 

3.2.1 Animals and samples 

Forty-six Angus cattle from Herd A (Section 2.1.1) and 10 Belgian Blue animals were 

used in this study.  The cattle from Herd A comprised 30 animals from the high muscle 

selection line and 16 from the low muscle line.  This group included 6 family trios (4 

high muscle and 2 low muscle) to assist with haplotype inference.  For the Angus sub-

group, blood samples were collected for DNA extraction using a saturated salt method 

(Section 2.2.1). 

Semen straws (0.2 mL) from 10 Belgian Blue sires were purchased from an artificial 

insemination service provider (Agri-Gene Pty Ltd, Wangaratta, Vic, Australia).  

Pedigree information were available for 8 of the Belgian Blue sires.  For these animals 

there was no evidence of relatedness in the 3 most recent generations.  The semen 

samples were transported at ambient temperature to the laboratory for DNA extraction 

using a phenol/chloroform method (Section 2.2.2). 

 

3.2.2 Polymorphism detection 

Five animals from the Angus sub-group were selected for DNA sequencing to identify 

polymorphic sites.  This group comprised 3 animals from the high muscle selection line 

and 2 from the low muscle selection line.  Each animal was lacking the 11 bp deletion 

BTA2:6537448..6537458 (821del11) in MSTN responsible for double muscling (Grobet 

et al. 1997; McPherron and Lee 1997), which is known to segregate within the high 

muscle selection line of this herd (O'Rourke et al. 2009a). 

Primers 522 and 523 (Appendix 1; Table A1.1) were designed (Section 2.4) to 

amplify the 5’UTR and partial promoter region (Spiller et al. 2002).  Exons 1-3 and 

flanking sequence (Grobet et al. 1997) were amplified with primer pairs 481/482, 

483/484 and 485/486 (Appendix 1; Table A1.1) respectively (O'Rourke et al. 2009a).  

Three primer pairs, 526/527, 528/529 and 530/531 (Appendix 1; Table A1.1) were used 

to amplify the entire 3’ UTR (Jeanplong et al. 2001).  The MSTN regions sequenced and 

the primer positions are shown in Figure 3.1. 

A total of 160 µL of PCR product was obtained for each primer set for each animal.  

Individual reactions (Section 2.5) were performed in 20 µL volumes consisting of 10 

mmol/L Tris-HCl pH 8.3, 50 mmol/L KCl, 1.5 mmol/L MgCl2, 0.1 M dNTP, 0.5 
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Figure 3.1 MSTN regions targeted to identify polymorphisms in 5 Angus cattle.  The structure of MSTN spanning the genomic region 

BTA2: 6531089..6539265 is represented (nucleotide scale below).  The promoter region (yellow), each UTR (light blue), each exon (red) 

and each intron (dark blue) is shown.  The location of each primer (Appendix 1; Table A1.1) used for PCR/sequencing is provided: sense 

primers are denoted by purple arrowheads and antisense primers are italicised with green arrowheads. 
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µmol/L of each primer, 0.5 U of Taq polymerase (Roche, Switzerland), and 25-50 ng of 

target DNA.  For reactions containing the primer pairs 522/523, 525/526, 527/528 and 

529/530, amplification commenced with initial denaturation for 5 min at 94°C, followed 

by 35 cycles comprising denaturation for 30 s at 94°C, annealing for 30 s at 56°C, 56°C, 

56°C and 55°C respectively, and extension for 2 min at 72°C, before finishing with a 

single step at 72°C for 5 min.  Each of the 3 exons were amplified using an initial 

denaturation step at 94°C for 3 min, followed by 35 cycles of denaturation for 10 s at 

94°C, annealing for 15 s at 59°C, extension for 20 s at 72°C and a final step at 72°C for 

2 min (O'Rourke et al. 2009a). 

PCR product was purified and concentrated using the QIAquick® PCR Purification 

Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions.  DNA 

sequencing of the purified PCR product was conducted in both directions with each 

PCR primer by Newcastle DNA (Section 2.8).   A large fragment was generated with 

PCR primers 522/523, and therefore 2 additional sequencing primers 524 and 525 

(Appendix 1; Table A1.1) were designed for coverage of the entire amplicon.  DNA 

sequences were aligned using Sequencher 4.7 (Gene Codes, MI, USA) and compared 

to the Bos taurus genome assembly (Btau 4.0). 

 

3.2.3 Genotyping 

Genotypes at each polymorphic site were determined for the remaining 41 Angus cattle 

and 10 Belgian Blue sires.  The promoter polymorphisms BTA2:6531966(C>G) and 

BTA2:6532400(T>A) were genotyped by PCR/RFLP (Section 2.6.1).  The polymorphic 

sites in intron 1, BTA2:6534886(insA), BTA2:6534918(C>T), BTA2:6534922(C>T), 

BTA2:6534923(G>A) and BTA2:6534956(insT) and in exon 2 (BTA2:6535012(C>T) 

were amplified with primers 483/484 (Appendix 1; Table A1.1) using the reaction 

conditions described above (Section 3.2.2).  PCR product was purified using the 

PerfectPrep® PCR Product Purification Kit (Eppendorf, Hamburg, Germany) according 

to the manufacturer’s recommendations.  DNA sequencing was performed by 

Newcastle DNA (Section 2.8).  Similarly, genotypes for the 8 polymorphic sites in the 

3’UTR between BTA2:6537909(A>C) and BTA2:6538100(C>T) inclusive were 

determined by DNA sequencing of PCR products amplified using primers 526/527 

(Table A1.1) and the reaction conditions described above (Section 3.2.2). 
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 A primer extension method was used to genotype each animal at the 6538799 (C>A) 

SNP in the 3’ UTR.  Primer extension methods were also developed for the intron 1 

sites BTA2:6534918(C>T), BTA2:6534922(C>T), BTA2:6534923(G>A), and were 

only used for genotyping animals that were heterozygous for the flanking insertion at 

BTA2:6534886(insA) and/or BTA2:6534956(insT) in intron 1.  This was because of 

overlapping sequence peaks created by the additional nucleotide on one strand using 

DNA sequencing. 

Each primer extension method commenced with amplification of the region 

incorporating the target SNP.  The 6538799 (C>A) site was amplified with primers 

579/580 (Table A1.1).  Each of the intron 1 polymorphisms was amplified with primers 

575/576 (Table A1.1).  Both regions were amplified from 20ng of DNA (Section 2.3.1) 

in a 10 µL final volume consisting of 10 mmol/L Tris-HCl pH 8.3, 50 mmol/L KCl, 1.5 

mmol/L MgCl2, 0.1 M dNTP, 0.5 µM of each primer and 0.5 U of Taq polymerase 

(Roche, Switzerland).  Amplification started with an initial denaturation step at 94°C for 

3 min, followed by 35 cycles comprising denaturation at 94°C for 10 s, annealing at 

60°C for 15 s and extension at 72°C for 20 s, finishing with a single step at 72°C for 2 

min.  The PCR products were then treated and the primer extension reaction performed 

and analysed (Section 2.6.3).  The interrogation primer used for the 

BTA2:6538799(C>A), BTA2:6534918(C>T), BTA2:6534922(C>T) and 

BTA2:6534923(G>A) sites were 607, 581, 582 and 583 (Table A1.1). 

Genotypes at site of the BTA2:6537448(del11) double muscling mutation were 

determined by RT-PCR (Section 2.6.2). 

 

3.2.4 Haplotype and linkage disequilibrium analyses 

Haplotypes were inferred for each Angus and Belgian Blue animal from the genotypic 

information at the 17 polymorphic sites found in this study and at the site of the 

BTA2:6537448(del11) double muscling mutation.  Haplotypes were inferred using the 

computational program PHASE v2.1.1 (Stephens et al. 2001; Stephens and Scheet 

2005).  Ambiguous or missing genotypes were also inferred by PHASE.  Phased 

haplotypes were analysed in Haploview 3.32 (Barrett et al. 2005) to assess linkage 

disequilibrium and identify tag SNPs.  All 18 polymorphisms were considered for tag 

SNP selection.  Selection was performed using the ‘aggressive tagging’ option and a 

threshold of r2 = 0.8. 
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3.3 Results 

In 5 Angus cattle, 17 MSTN polymorphisms were identified by DNA sequencing (Table 

3.1).  Many of these sites have been reported previously using different nomenclatures 

(Table 3.1).  A C>G and a T>A transversion were identified in the MSTN promoter at 

BTA2:6531966 and BTA2:6532400 respectively.  Five polymorphisms were found in 

the intron 1 region flanking the start of exon 2; an adenine insertion at BTA2:6534886 

and a thymine insertion at BTA2:6534956; a C>T transversion at BTA2:6534918 and 

BTA2:6534922, and an A>G transition at BTA2:6534923.  In exon 2 there was a 

synonymous C>T transversion at BTA2:6535012.  Nine polymorphisms were identified 

in the 3’ UTR; BTA2:6537909(A>C), BTA2:6537917(A>T), BTA2:6537938(C>A), 

BTA2:6537959(A>C), BTA2:6538012(G>C), BTA2:6538021(T>C), 

BTA2:6538031(G>A), BTA2:6538100(C>T) and BTA2:6538799(C>A). 

 The 5 Angus animals also differed from the reference sequence at position 

BTA2:6531725, 6531799 and 6532410 in the promoter region and at BTA2:6538245, 

6538261, 6538268, 6538375, 6538469, 6538717 and 6539178 in the 3’UTR, but were 

monomorphic in the Angus cattle analysed.  These sites were not investigated further, 

but cannot be discounted as polymorphic due to the small sample size. 

Genotypes at each of the 17 polymorphic sites and the site of the 

BTA2:6537448(del11) mutation were used to infer haplotypes.  Nine haplotypes were 

inferred among the 56 cattle assessed (Table 3.2).  Each haplotype was represented in 

the Angus sub-group, with haplotype 1 the most frequent.  Each of the Belgian Blue 

cattle were homozygous for haplotype 6, which contains the BTA2:6537448(del11) 

mutation (Grobet et al. 1997).  In the Angus sub-group, haplotype 6 with the 

BTA2:6537448(del11) mutation and haplotypes 4 and 7 without a known double 

muscling mutation, were confined to animals from the high muscle selection line.  The 

other haplotypes were not exclusive to either selection line. 

The phased haplotypes for each of the 46 Angus and 10 Belgian Blue cattle were 

used to determine the level of linkage disequilibrium between the 18 polymorphisms 

(Figure 3.2).  The high linkage disequilibrium observed between many sites, allowed 

classification of the polymorphisms into 6 panels.  The polymorphisms in each panel 

were in perfect linkage disequilibrium with one another (R2 = 1.0).  Panel 1 consists of 

the intron 1 sites BTA2:6534886(insA), BTA2:6534923(A>G), BTA2:6534956(insT), 

the BTA2:6535012(C>T) SNP in exon 2 and the BTA2:6538012(G>C) and
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Table 3.1 Polymorphic sites found in MSTN of the Angus cattle from Herd A 
SiteA 
 

  MSTN location   Alternative 
nomenclatureB 

  ReferenceC 

BTA2:6531966(C>G)  Promoter  nt1 -805C>G  (Crisa et al. 2003) 
BTA2:6532400(T>A)  Promoter  nt1 -371T>A  (Crisa et al. 2003) 
BTA2:6534886(insA)  Intron 1  nt374 -81insA  (Dunner et al. 1997; O'Rourke et al. 2009a) 
BTA2:6534918(C>T)  Intron 1  nt374 -54C>T  (Dunner et al. 1997; O'Rourke et al. 2009a) 
BTA2:6534922(C>T)  Intron 1  nt374 -50C>T  (O'Rourke et al. 2009a) 
BTA2:6534923(G>A)  Intron 1  nt374 -49G>A  (Dunner et al. 1997; O'Rourke et al. 2009a) 
BTA2:6534956(insT)  Intron 1  nt374 -16insT  (Dunner et al. 1997; O'Rourke et al. 2009a) 
BTA2:6535012(C>T)  Exon 2  nt414 C>T  (Dunner et al. 1997; O'Rourke et al. 2009a) 
BTA2:6537448(del11)  Exon 3  821del11  (Grobet et al. 1997; McPherron and Lee 1997) 
BTA2:6537909(A>C)  3’ UTR  -  (Abe et al. 2009) 
BTA2:6537917(A>T)  3’ UTR  -  (Abe et al. 2009) 
BTA2:6537938(C>A)  3’ UTR  -  - 
BTA2:6537959(A>C)  3’ UTR  -  (Abe et al. 2009) 
BTA2:6538012(G>C)  3’ UTR  -  - 
BTA2:6538021(T>C)  3’ UTR  -  (Abe et al. 2009) 
BTA2:6538031(G>A)  3’ UTR  -  - 
BTA2:6538100(C>T)  3’ UTR  -  - 
BTA2:6538799(C>A)   3’ UTR   -   (Abe et al. 2009) 
A Nomenclature for polymorphic site that incorporates its chromosomal position in the current bovine genome assembly (Section 2.9) 
B Nomenclature used in previous studies to describe the same polymorphism; nt, nucleotide 
C Polymorphisms without a reference (-) have not been described elsewhere 
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Table 3.2 Haplotype diversity in MSTN for 46 Angus and 10 Belgian Blue cattle 
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1 +  + +   +    + + + + +  +   25 16  0 
2 +  +    +   +    +  + + +  2 1  0 
3 +     +  +            4 6  0 
4 + + + +   +    + + + + +  +   1 0  0 
5 + + +    +   +    +  + + +  4 2  0 
6 + + +  +  +  + +    +   +   32 0  20 
7   + +   +    + + + + +  +   4 0  0 
8   +    +   +    +  + + +  1 1  0 
9      +  +            7 5  0 

+ indicates the presence of the mutant allele (Section 2.9)  
A NH, number of haplotype observations 
B H and L, high and low muscle selection lines in Herd A (Section 2.1.1) 
C BB, Belgian Blue cattle 
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BTA2:6538100(C>T) sites in the 3’UTR; Panel 2 contains the intron 1 site at 

BTA2:6534918(C>T) and the 3’UTR positions BTA2:6537917(A>T), 

BTA2:6537938(C>A), BTA2:6537959(A>C) and BTA2:6538021(T>C).  From Panels 

1 and 2, the BTA2:6534923G allele and the BTA2:6537959A allele were in perfect 

linkage disequilibrium with the BTA2:6537909(A>C) site in the 3’UTR. Panel 3 

contains the site of the BTA2:6537448(del11) mutation in exon 3 and the 

BTA2:6534922(C>T) site in intron 1.  The BTA2:6538031(G>A) and 

BTA2:6538799(C>A) variants were in Panel 4.  Low linkage disequilibrium were 

observed for both the BTA2:6531966(C>G) and BTA2:6532400(T>A) promoter 

polymorphisms, and therefore, both were grouped on their own into separate panels 

(Panels 5 and 6).  However, moderate linkage disequilibrium were observed between 

the BTA2:6532400(T>A) promoter site and the polymorphisms in Panel 3 (R2 = 0.57), 

but because the BTA2:6532400A allele exists in the absence of the 

BTA2:6537448(del11) mutation and the intron 1 BTA2:6534922T allele (haplotypes 4 

and 5), complete linkage disequilibrium was not found.  Similarly, a moderate 

correlation was observed between the BTA2:6532400(T>A) promoter site and the 

BTA2:6537909(A>C) SNP in the 3’UTR (R2 = 0.67). 

For a tag SNP genotyping approach, a minimum of 6 sites are required to extract all 

the genotypic information from the 9 MSTN haplotypes, capturing all alleles.  Selection 

of tag SNPs must comprise both promoter polymorphisms in Panels 5 and 6.  Any 

single representative could be selected from Panels 1-4 because of the perfect linkage 

disequilibrium within each panel. 

 

3.4 Discussion 

In this study, 17 polymorphic sites were identified within the regulatory and coding 

regions of MSTN in a sub-group of Angus cattle.  These sites were in addition to the 

double muscling BTA2:6537448(del11) allele known to segregate within this herd 

(O'Rourke et al. 2009a), and further highlights the genetic variability within bovine 

MSTN, despite incomplete analysis of both introns. 

The 2 polymorphisms identified in the promoter region have been reported 

previously in Marchigiana cattle (Crisa et al. 2003), and the BTA2:6532400(T>A) 

promoter polymorphism has also been found in pigs (Stratil and Kopecny 1999; Jiang et 

al. 2002).  Crisa and colleagues (2003), found the T/T genotype at BTA2:6532400 was
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Figure 3.2 Extent of linkage disequilibrium between MSTN polymorphisms.  Plot 

was generated in Haploview 3.32 (Barrett et al. 2005).  R2 values are shown in each 

square; no entry (black squares) indicates the 2 sites are in perfect linkage 

disequilibrium (R2 = 1.0). 

 

associated with an increase in muscularity index in Marchigiana cattle that were 

heterozygous for a double muscling mutation (E291X).   Jiang et al. (2002) found the 

BTA2:6532400A allele was favourable for higher average daily weight gain from 60-

100kg in pigs.  These reports suggest the alleles at the BTA2:6532400 site may have a 

regulatory effect on MSTN across species. 

Each of the intron 1 and exon 2 polymorphic sites described in this study have been 

documented previously in cattle (Grobet et al. 1998; Smith et al. 2000; Dunner et al. 

2003; O'Rourke et al. 2009a).  These previous studies did not find an association 

between the intron polymorphisms and phenotype, except that the BTA2:6534922T 

allele in intron 1 was in linkage disequilibrium with the double muscling 

BTA2:6537448(del11) mutation.  Similarly, a phenotype association has not been 

reported for the synonymous mutation in exon 2, although we found that the 

BTA2:6537448(del11)  mutation  was  always linked with the BTA2:6535012C allele; a 
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conserved finding in other cattle breeds (Smith et al. 2000; Dunner et al. 2003). 

 Abe et al. (2009) identified 8 polymorphisms in the 3’UTR of Japanese Black and 

Limousin cattle.  Five of these sites were also polymorphic in the Angus cattle.  Genetic 

variation in the 3’UTR of bovine MSTN has not been reported previously. 

Polymorphisms in the 3’UTR have come under intense investigation since the discovery 

of micro RNAs and their role in regulating gene expression (Ambros 2001).  SNPs in 

the 3’ UTR have been implicated in the creation or deletion of micro RNA recognition 

sequences that effect gene expression, and more specifically, an illegitimate site in the 

3’ UTR of ovine MSTN has been identified as the cause of the increased muscling in 

Texel sheep (Clop et al. 2006).  The Texel site was screened in this study, but was not 

polymorphic in the Angus cattle. 

An association between the polymorphisms described in this study and muscularity 

cannot be eliminated, but preliminary investigation found no allele was exclusive to 

either the high or low muscling selection lines, except for the previously reported 

BTA2:6534922T allele which is in linkage disequilibrium with the 

BTA2:6537448(del11) mutation (O'Rourke et al. 2009a).  However, individual analysis 

of polymorphisms may compromise predictive ability, but collective assessment of 

polymorphisms (haplotypes) provides greater power to find associations with phenotype 

(Drysdale et al. 2000; Schaid 2006).  Haplotype associations may offer a more practical 

approach for complex traits where many markers of small effect and few with large 

effect  may  be linked to phenotypic variation (Hayes and Goddard 2001).  Furthermore, 

differentiation of markers with small effect from neutral markers are difficult when 

assessed individually (Hayes and Goddard 2001; Andersson and Georges 2004).  Nine 

haplotypes were inferred for the Angus and Belgian Blue cattle genotyped in this study.  

Haplotypes 4, 6 and 7 were exclusive to the high muscling selection line, but this 

observation is compromised by the small number of animals investigated and needs to 

be tested in a larger population.  Interestingly, the BTA2:6537448(del11) mutation was 

confined to haplotype 6.  The presence of the BTA2:6537448(del11) mutation in both 

breeds suggests a common ancestor, but because haplotype 6 was conserved between 

the Angus and Belgian Blue cattle, it implies that the BTA2:6537448(del11) mutation 

has evolved recently.  The extent of the homology in haplotype 6 between both breeds 

could be further examined by genotyping additional markers with decreasing proximity 

to MSTN on BTA2 to determine the haplotype homozygosity (Dunner et al. 1997; 

Hayes et al. 2003).  Knowledge of the haplotype homozygosity would allow the age of 
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the most recent common ancestor of the BTA2:6537448(del11) mutation to be 

approximated.  This would provide an interesting historical perspective about the origin 

and selection pressures applied to the BTA2:6537448(del11) mutation. 

A high level of haplotype diversity was observed for the Angus cattle in this study 

compared to the Belgian Blue animals.  In a larger Angus population, Dunner et al. 

(2003) found less haplotype diversity, but the majority of polymorphisms assessed 

across several cattle breeds were monomorphic in their Angus group.  The common 

sites genotyped in both studies suggest the previously reported Angus haplotypes 

correspond to haplotypes 1 or 2 and 3 or 9 from this study.  Dunner et al. (2003) 

predicted the haplotype analogous to haplotypes 1 or 2 were the ancestral haplotype 

based on frequency in several cattle breeds.  Haplotype 1 had the highest frequency in 

this study.  The lack of genetic diversity in the Belgian Blue animals indicates that 

MSTN and in particular the BTA2:6537448(del11) mutation, is a primary signature of 

selection in this breed. 

 Haplotype phase was inferred from the diploid genotypes not only to compare 

haplotypes between the Angus and Belgian Blue cattle, but also to determine if there 

was linkage disequilibrium between markers and identify potential tag SNPs.  The 

extent of linkage disequilibrium in Angus cattle has been examined, and moderate to 

high levels of linkage disequilibrium were observed for markers within 10 kb (Goddard 

et al. 2006; de Roos et al. 2008).  Since bovine MSTN spans less than 8.5 kb, and the 

sites evaluated in this study are in even closer proximity, high levels of linkage 

disequilibrium between the 18 sites were expected and observed.  This is consistent 

with previous reports of multiple MSTN polymorphisms in various species (Dunner et 

al. 1997; Dunner et al. 2003; Clop et al. 2006; Saunders et al. 2006; Guimaraes et al. 

2007; Zhang et al. 2008).  The high linkage disequilibrium allowed the18 

polymorphisms to be classified into 6 panels.  In each panel perfect linkage 

disequilibrium was observed, but this may be confounded by the small number of cattle 

investigated.  Nonetheless, the high linkage disequilibrium between many sites means 

that a minimum of 6 tag SNPs can be selected to extract all the genotypic information 

from the 18 polymorphic sites.  This analysis provides a more efficient method to 

genotype a larger cattle population and test the hypothesis that the cumulative effect of 

alleles in these haplotypes are associated with quantitative trait variation, relevant to 

muscularity. 
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CHAPTER 4 

 

4 Inferring the recent ancestry of double muscling 

alleles from the haplotype homozygosity 

 

4.1 Introduction 

Double muscling is an inherited condition characterised by large increases in muscle 

mass (Arthur, 1995; Section 1.3). The condition was first documented in cattle more 

than 200 years ago (Culley 1807).  The extensive research following this first report has 

led to the recent discovery of the genetic determinants responsible for double muscling 

in cattle.  Six mutations in the myostatin (MSTN) gene have been identified (Grobet et 

al. 1997; Kambadur et al. 1997; McPherron and Lee 1997; Cappuccio et al. 1998; 

Grobet et al. 1998; Section 1.3.6) that cause loss of function of the MSTN protein; a 

potent negative regulator of skeletal muscle mass (McPherron et al. 1997; Section 1.4). 

Most of the double muscling mutations have been found in multiple breeds (Dunner 

et al. 2003).  In particular, the BTA2:6537448(del11) mutation (hereafter referred to as 

821del11 in this Chapter) has been reported with moderate to high frequency in several 

cattle breeds, which casues an identical phenotype (Grobet et al. 1997; Smith et al. 

2000; Dunner et al. 2003; Gill et al. 2008; O'Rourke et al. 2009a).  This mutation is an 

11 bp deletion at nucleotide 821 in exon 3 of the MSTN coding sequence, and it is 

unlikely that it has arisen de novo in each cattle breed.  This suggests that the 821del11 

allele is identical by descent from a common ancestor. 

Genetic variability at closely linked DNA markers have been used to identify 

signatures of selection or to make inferences about the history of disease-causing 

mutations (Risch et al. 1995; Moisio et al. 1996; Broman and Weber 1999; Sabeti et al. 

2002; Genin et al. 2004; Zhang et al. 2006).  The precision of these estimates is 

improving because of the increasing number of polymorphic markers available for 

many mammalian species (Hayes et al. 2003; Zhang et al. 2006). 

 Different approaches have been used to infer population history from neighbouring 

polymorphisms including allele frequency and intra-allelic variability (Slatkin and 

Rannala 2000; Rannala and Bertorelle 2001) and linkage disequilibrium (Hayes et al. 
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2003).  In this study, we examined the extent of conserved alleles co-segregating with a 

double muscling mutation (haplotype homozygosity) to estimate the time to the most 

recent common ancestor (MRCA). 

Genetic variability surrounding the 821del11 mutation has been examined 

previously.  Dunner et al. (1997) studied relationships between proximal microsatellite 

markers to fine map the double muscling locus in Belgian Blue and Asturiana cattle 

breeds and found long regions of homozygosity in these double muscled breeds.  

Wiener et al. (2003), using a similar approach, found evidence of selection for double 

muscling mutations based on genetic diversity adjacent to MSTN.  Evidence of selection 

was verified in a study by Wiener and Gutiérrez-Gil (2009), who also predicted that the 

821del11 allele had been introduced more recently into the Asturiana and South Devon 

cattle breeds compared to Belgian Blue cattle. 

In Chapter 3, the 821del11 mutation was confined to a single haplotype, which was 

conserved between the Angus and Belgian Blue cattle.  This finding implies that a 

recent common ancestor is responsible for dissemination of the allele in both these 

breeds.  However, the region assessed in Chapter 3 was contained within MSTN 

spanning < 7kb.  This region is too short to estimate the time that has elapsed since the 

MRCA.  Therefore, we examined the extent of the haplotype homozygosity (HH) to 

estimate the time to the MRCA in different cattle breeds harbouring the 821del11 

double muscling mutation.  The scope of the study was expanded to include cattle that 

had either the Q204X, E226X, E291X or C313Y double muscling mutation (Section 

1.3.6), and also for the F94L mutation, which is responsible for an intermediate increase 

in muscle mass (Sellick et al. 2007). 

 

4.2 Materials and Methods 

4.2.1 Animals  

Thirty cattle were used in this study, which were classified into 7 groups based on 

double muscling alleles (mh; Table 4.1).  Group 1 contained 17 cattle with the 821del11 

double muscling mutation.   Eleven were homozygotes (mh/mh); comprising 3 Angus, 3 

Belgian Blue, 2 Santa Gertrudis (composite breed: Brahman/Shorthorn), 2  Braford  

(composite  breed:  Brahman/Hereford) and 1 Square Meater (composite 
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Table 4.1 Double muscling groups and animal details 

Group Mutation    MSTN location  BTA2 nucleotide positionA  Breed  NB  Double muscling genotypeC 
1 821del11  Exon 3  6537448..6537458  Angus  3  mh/mh 
       Belgian Blue  3  mh/mh 
       Santa Gertrudis  2  mh/mh 
       Braford  2  mh/mh 
       Square Meater  1  mh/mh 
       Santa Gertrudis  5  mh/+ 
       Murray Grey  1  mh/+ 
2 C313Y  Exon 3  6537568  Piedmontese  3  mh/mh 
3 E226X  Exon 2  6535274  Maine-Anjou  2  mh/mh 
4 Q204X  Exon 2  6535208  Charolais  1  mh/mh 
5 E291X  Exon 3  6537504  Marchigiana  1  mh/mh 
6 F94L  Exon 1  6533052  Limousin  3  mh/mh 
7 -  -  -  Angus  3  +/+ 

A BTA2, Bos taurus autosome 2; nucleotide position on the Bos taurus genome assembly build Btau_4.0 (released October 2007) is 

provided  
B N, number of cattle 
C mh, muscular hypertrophy/double muscling allele; +, wild-type allele at the double muscling site 
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breed: Angus/Shorthorn).  The remaining cattle were 821del11 heterozygotes (mh/+); 5 

of Santa Gertrudis origin and 1 Murray Grey.  Group 2 contained three Piedmontese 

cattle which were homozygous (mh/mh) for the C313Y double muscling mutation.  

Group 3 comprised two Maine-Anjou cattle homozygous (mh/mh) for the E226X 

double muscling mutation.  Group 4 contained a single Charolais animal homozygous 

(mh/mh) for the Q204X double muscling mutation.  Group 5 contained 1 Marchigiana 

animal homozygous (mh/mh) for the E291X double muscling mutation.  Three 

Limousin cattle in Group 6 were also included in the study.  Each was homozygous for 

the F94L mutation, which is responsible for an intermediate effect on muscle mass 

(Sellick et al. 2007), and have also been assigned the mh/mh genotype code in this 

chapter.  In Group 7, three Angus cattle were included as controls, which were 

homozygous wild-type (+/+) at each of the known double muscling sites and at the 

F94L site. 

 At least 3 generations of pedigree data were available for the Angus, Belgian Blue 

and Braford animals used in this study, and no relationship was observed.  Sibling 

relationships were not evident for the Santa Gertrudis (mh/+) and Limousin cattle.  Two 

of the Piedmontese cattle were full-sibs and the other was unrelated in at least the first 

generation.  Pedigree data were not available for the remaining animals or was not 

requested for single representatives of a cattle breed. 

 

4.2.2 DNA extraction  

DNA was extracted from 10 mL whole blood for each of the Angus animals (Section 

2.2.1).  DNA for each of the Belgian Blue cattle and 2 Piedmontese animals was 

extracted from semen (Section 2.2.2).  DNA was extracted from tail hairs (Section 

2.2.3) for the other Piedmontese animal, and for the Santa Gertrudis (mh/mh), Braford 

and Square Meater cattle.  DNA extracts were provided by other laboratories for the 

Santa Gertrudis (mh/+), Murray Grey, Limousin, Maine-Anjou, Marchigiana and 

Charolais cattle. 

 

4.2.3 Double muscling genotypes 

Genotypes at the 821del11 site in exon 3 were determined by RT-PCR (Section 2.6.2; 

O'Rourke et al. 2009a).  Genotypes at the other mh sites were determined by DNA 
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sequencing (Section 2.8) of the PCR product generated from the reactions for exons 1-3 

(Section 3.2.2; O’Rourke et al. 2009a). 

 

4.2.4 Genotyping of SNPs in flanking loci 

Genotyping was performed by DNA sequencing.  Eight regions upstream and 

downstream of MSTN were targeted to estimate the extent of the haplotype 

homozygosity in the presence or absence of a double muscling allele (Table 4.2; Figure 

4.1).  PCR primers were designed as described in Section 2.4.  The primers flanked 

regions containing at least 1 SNP annotated in either the BCM Bovine Genome 

Assembly SNPs or the BCM Interbreed SNPs databases (Table 4.2; Figure 4.1) to 

increase the likelihood of identifying changes in the HH. 

Amplification reactions consisted of 10 mmol/L Tris-HCl pH 8.3, 50 mmol/L KCl, 

1.5 mmol/L MgCl2, 0.1 M dNTP, 0.5 µmol/L of each primer, 0.5 U of Taq polymerase 

(Roche, Switzerland), 1 x Q-Solution (QIAGEN, Germany) and 10-50 ng of genomic 

DNA in a 20 µL final volume.  Amplification was performed in a Mastercycler 

(Eppendorf, Hamburg, Germany).  For regions 1-5 and 7-9 (Table 4.2; Figure 4.1) a 

conventional cycling protocol was employed comprising initial denaturation at 94°C for 

3 min, followed by 35 cycles of 94°C for 15 s, 65°C for 20 s and 72°C for 45 s.  A 

touchdown PCR protocol was used to amplify the remaining regions.  Touchdown 

cycling comprised an initial step at 94°C for 3 min, followed by 9 cycles of 94°C for 15 

s, 68-60°C for 20 s decreasing by 1°C each cycle and 72°C for 45 s.  Amplification 

continued with 26 cycles of 94°C for 15 s, 60°C for 20 s and 72°C for 45 s.  A final 

extension step at 72°C for 2 min was used for all reactions. 

 For each target region, a minimum of 2 amplification reactions were performed for 

each sample.  These multiple reactions were combined for PCR product purification.  

PCR products were purified using either of 2 methods depending on batch size.  Small 

batches (<50) were purified using the GenElute™ PCR Clean-Up Kit (Sigma, MO, 

USA) according  to  the  manufacturer’s instructions.  Large batches (>50) were purified 

using   the   MagMAX™   96   Viral   RNA Isolation Kit (Ambion, CA, USA).  The 

manufacturer’s procedure was adapted for PCR product purification.  Pooled PCR 

product was added to 50 µL of Lysis Binding Solution supplied with the kit in a Deep 

Well 96 well plate (Thermo Scientific, Vantaa, Finland).  The lysis binding solution was
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Table 4.2 Regions upstream and downstream of MSTN used to determine the extent of homozygosity  

Region   Primers A   
Amplicon size 

(bp)   Genomic location (BTA2)B   Incorporated SNPC 
1   670/671*   621   4027100..4027720   BTB-01076675 - BTB-01076676 
2  672*/673  697  4527168..4527864  BTB-00077984 - BTB-00077985 
3  674*/675  698  5015262..5015959  BTB-00079061 - BTB-00079062 
4  676/677*  668  5596834..5597501  BTB-00077602 - BTB-00077603 
5  678/679*  603  5799653..5800255  BTA-47420 - BTA-47424 
6  680/681*  686  6050650..6051335  BTB-00078524 - BTB-00078525 
7  682*/683  678  6266245..6266923  BTB-00079578 
8  684*/685  607  6480493..6481099  BTB-01391593 - BTB-01391594 

MSTN    -  6532638..6539265  - 
9  686*/687  603  6614801..6615403  BTB-01391592; BTA87786 - BTA87787 
10  688/689*  670  6834655..6835324  BTB-01923604 - BTB-01923605 
11  690/691*  581  7110408..7110968  BTB-01046029 
12  692*/693  653  7309408..7310038  BTB-01843518 - BTB-01843519 
13  694/695*  684  7469851..7470515  BTB-00078542 - BTB-00078543 
14  696/697*  580  7966409..7966966  BTB-00078703 - BTB-00078704 
15  698*/699  602  8553093..8553675  BTB-01111224 - BTB-01111225 
16   700*/701   698   9022298..9022973   BTB-00079203 - BTB-00079204 

A Primer details are shown in Appendix 1 (Table A1.1); * denotes PCR primer used for sequencing  
B All regions are located on Bos taurus autosome 2 (BTA2); nucleotide position on the Bos taurus genome assembly build Btau_4.0 

(released October 2007) is provided 
C BTB, SNP incorporated from the BCM Bovine Genome Assembly database; BTA, SNP incorporated from the BCM Interbreed SNPs 

database 
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Figure 4.1 Target regions and annotated SNP on BTA2.  MSTN location (green box) indicated by dotted line; regions 1-8 upstream of 
MSTN are in purple-framed boxes and regions 9-16 downstream of MSTN are in blue-framed boxes.  Nucleotide scale is shown (light blue 
strip at bottom); arrowheads indicate approximate locations of the annotated SNP. 
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prepared according to the manufacturers recommendations except that carrier RNA was 

not added.  20 µL of bead mixture comprising 10 µL beads and 10 µL of Lysis Binding 

Enhancer (supplied) was added.  The extraction process was automated using the 

Kingfisher 96 (Thermo Scientific, Vantaa, Finland). 

 Extraction commenced with a lysis/binding step for 5 min using the slow speed 

setting for agitation.  The DNA was captured and transferred to a new plate containing 

150 µL of Wash Buffer 1 (supplied) and washed for 90 s on slow speed.  The wash step 

was repeated in a fresh plate of Wash Buffer 1, before transferring the captured DNA to 

a plate containing 150 µL of Wash Buffer 2 (supplied).  The samples were washed for 2 

min 30 s on slow speed and then a second wash was performed.  The captured sample 

was dried for 1 min with slow shaking at room temperature and then eluted in 30 µL of 

Elution Buffer (supplied) for 4 min on slow speed at 65°C. 

PCR product concentration was estimated by agarose gel electrophoresis (Section 

2.3.3).  Migration differences in the agarose gel were observed for the alternate PCR 

product purification methods.  PCR product purified using the MagMAX™ Kit became 

denatured and its migration distance did not correspond to the MWMVIII fragment of 

similar size, but it did not impact on concentration estimates.  PCR product purified 

using the GenElute™ PCR Clean-Up Kit remained double stranded and migrated the 

expected distance corresponding to the MWMVIII fragments. 

 DNA sequencing was outsourced to AGRF (Section 2.8).  Sequence data were 

analysed using Sequencher™ version 4.9 (Gene Codes, MI, USA) and aligned with the 

BTA2 region 3532638..9539265 from the Bos taurus genome assembly (Btau 4.0). 

  

4.2.5 Haplotype homozygosity 

Haplotypes were inferred from the genotypic data (Section 3.2.4).  Unrelated 

individuals were preferred in this study, and therefore the haplotype phase was deduced 

only for the segment bounded by changes in HH between most animals in the double 

muscling group.  Continued breakdown of the homozygosity was informative, but the 

accuracy of the inferred haplotype beyond this region could not be confirmed without 

related individuals.  Furthermore, not all 16 target regions were sequenced for each 

animal.  The regions in close proximity to MSTN were analysed first, followed by more 

distant regions until there were evidence of changes in the HH. 
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4.2.6 Estimation of time (years) to the most recent common ancestor 

The number of generations to the most recent common ancestor was determined using 

Equation 4.1.  The formula is derived in Appendix 2 (Equation A2.1). Minimum and 

maximum generations were calculated if the HH were different within a double 

muscling group.  Generations were converted to years assuming a generation time of 5 

years. 

 

Equation 4.1 Estimation of the number of generations to the MRCA 

x
g

1=  

where g is the number of generations and x is the chromosomal distance (in Morgans) of 

the observed HH; assuming 1cM = 1 Mb (Moisio et al. 1996; Gautier et al. 2007).  The 

formula is derived in Appendix 2 (Equation A2.1). 

 

4.3 Results 

4.3.1 Genotyping 

The 16 target regions incorporated 34 SNP annotated on the bovine genome assembly 

(Table 4.2; Figure 4.1).  An additional 28 polymorphic sites were identified in these 

BTA2 regions.  Genotypes were recorded at a total of 68 sites on BTA2, which included 

the 6 MSTN sites (Appendix 2: Table A2.1).  Genotype was fixed for 16 sites from the 

BCM Bovine Genome Assembly SNPs database in this study.  All cattle were 

heterozygous for an indel at BTA2:6050843 in region 6, at BTA2:6480982 in region 8 

and at BTA2:7469939 in region 13.  It is suspected that this consistent heterozygosity is 

a ‘slippage’ effect during the DNA sequencing process rather than a real polymorphism 

or duplicated region.  Each indel was located in a region comprising more than 10 

mononucleotide repeats.  Polymerases used for DNA sequencing are prone to ‘slippage’ 

at regions containing long mono- or di-nucleotide repeats (Keith et al. 2004). 

Genotype was fixed at all sites in regions 6 and 13, and only one genotype difference 

was observed between the sites in region 7 (Appendix 2: Table A2.1).  Genotype was 

also fixed at the sites in region 1, but only 2 animals were assessed (Appendix 2: Table 

A2.1).  At least 1 polymorphic site was observed in the other target regions. 
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4.3.2 Haplotype homozygosity  

Twenty-two haplotypes were inferred (Table 4.3).  The inferred haplotype combination 

for each animal is shown in Appendix 2 (Appendix 2: Table A2.2). 

The 821del11 allele was contained within haplotypes 1-7 for the animals in Group 1 

(Table 4.3).  Upstream of MSTN, differences in the haplotype homozygosity (HH) 

between the animals in Group 1 were first observed at the BTA2:5800179(C>G) 

polymorphism in region 5.  Downstream of MSTN, the maximum HH in the Group 1 

animals was defined by the BTA2:7966491(T>A) polymorphism in region 14 

(haplotypes 3, 4, 6 and 7).  The HH for haplotypes 3, 4, 6 and 7 was 2.17 Mb in length 

(Figure 4.2).  The shortest HH, spanning 1.31 Mb was observed for haplotype 5 

containing the BTA2:7110674G allele in region 11, and the HH for haplotypes 1 and 2 

(1.51 Mb) ended in region 12 at the BTA2:7309658(A>C) and BTA2:7309683(indelA) 

sites, respectively. 

In the Angus cohort from Group 1, two cattle were homozygous for haplotype 7 and 

the other was heterozygous for haplotypes 4 and 7.  Each of the Belgian Blue animals 

were heterozygous for haplotypes 3 and 4; one Braford animal was heterozygous for 

haplotypes 2 and 5 and the other homozygous for haplotype 3; the mh/mh Santa 

Gertrudis cattle were both homozygous for haplotype 1, and the Square Meater animal 

was homozygous for haplotype 4.  It was deduced for the double muscling 

heterozygotes (mh/+), that the 821del11 allele was segregating in haplotype 3 for two of 

the Santa Gertrudis cattle and the Murray Grey animal; haplotype 6 for two other Santa 

Gertrudis cattle, and haplotype 7 for the other. 

Three haplotypes (8-10) were associated with the C313Y double muscling mutation 

for the 3 Piedmontese cattle in Group 2 (Table 4.3).  A difference in HH between these 

haplotypes were observed at the BTA2:5597283(T>A) polymorphism in region 4 

upstream of MSTN.  Downstream, the BTA2:6834967T allele in region 10 defined 

haplotype 9 (2.31 Mb), and the HH associated with haplotypes 8 and 10 were 

differentiated by the BTA2:7110674(A/G) site in region 11 (2.58 Mb; Figure 4.2).  The 

2 full-sib Piedmontese cattle were both heterozygous for haplotypes 8 and 10 and the 

unrelated animal was heterozygous for haplotypes 9 and 10. 

Haplotypes 11 and 12 were associated with the E226X double muscling mutation in the 

Maine-Anjou cattle from Group 3 (Table 4.3).  The HH associated with this double 

muscling allele was  bounded by the BTA2:5597287(C>G) site in region 4 and the 
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Table 4.3 Haplotype diversity associated with double muscling mutations  

A Nucleotide positions on Bos taurus autosome 2 (BTA2) are shown; mh mutation sites are emboldened 
B  NH, number of haplotype observations 
+, denotes mutant allele (Section 2.9); conserved segments associated with each mh allele are colour coded; 821del11, yellow; C313Y, green; F94L, dark blue; E226X, 

magenta; Q204X, red; E291X, light blue; wild-type, grey; alleles in shaded regions are not shown because of uncertainty about correct allele phase
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Figure 4.2 Haplotype homozygosity associated with double muscling mutations on 

BTA2.  The most common HH region is shown for each mh group.  The HH was not 

defined for the Q204X and E291X mutations.  The location of MSTN on BTA2 is shown. 

 

BTA2:9022417(G>A) site in region 16, spanning 3.43 Mb (Figure 4.2).  One animal 

was homozygous for haplotype 11 and the other was heterozygous for both E226X 

haplotypes. 

The HH for the Q204X homozygote from Group 4 and the E291X homozygote in 

Group 5 was not defined in this study (Table 4.3).  In the Q204X homozygote, 

heterozygosity was observed upstream of MSTN at the BTA2:5015605(T>C) site, but 

not at any downstream sites.  Heterozygosity was not observed at any sites for the 

E291X homozygote (Table 4.3).  In Group 6, haplotypes 16-18 were associated with the 

F94L mutation (Table 4.3).  Upstream of MSTN, differences in homozygosity between 

the F94L haplotypes were found at the BTA2:4527399(C>T) site in region 2.  

Haplotype 17 had the shortest HH of the F94L haplotypes, ending in region 10 with the 

BTA2:6834967C allele (2.31 Mb).  Haplotypes 16 and 18 were differentiated at the 

BTA2:8553267(C>G) site in region 14 spanning 4.03 Mb (Figure 4.2). 

 Haplotypes 19-22 represent the homozygous segment observed in the absence of a 

mh allele for the control Angus (+/+) in Group 7 and the predicted non-double muscling 
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haplotype from the mh/+ cattle in Group 1 (Table 4.3).  The HH in this group ended at 

the first polymorphic marker either side of MSTN in regions 8 and 9 spanning 130 kb 

(Figure 4.2).  One of the control Angus was homozygous for haplotype 20, and the 

other 2 Angus controls were heterozygous for haplotypes 19, 20 and 20, 22 

respectively.  Haplotype 21 was common to 3 of the Santa Gertrudis mh/+ cattle from 

Group 1.  Two others had haplotype 20 and the Murray Grey animal had haplotype 19. 

Using the haplotypes representing the largest and smallest HH the number of 

generations (Equation 4.1) to the MRCA was estimated (Table 4.4).  The MRCA for the 

821del11 mutation was estimated to be between 46-76 generations, which equates to 

231-382 years ago for the cattle used in this study.  Longer HH were associated with the 

other double muscling mutations corresponding to less generations and a shorter time to 

the MRCA. 

 

Table 4.4 Estimation of time to the most recent common ancestor for double 

muscling mutations 

Double muscling 
mutationA 

HH length 
(Mb)B 

HH distance 
(Morgans)C 

Ng
D 

range 
Common ancestor 

(years)E 
821del11 1.31-2.17 0.01-0.02 46-76 231-382 

F94L 2.31-4.03 0.02-0.04 25-43 124-216 
C313Y 2.31-2.58 0.02-0.03 39-43 194-216 
E226X 3.43 0.03 29 146 
Q204X not defined - - - 
E291X not defined - - - 

A 821del11 mutation corresponds to the BTA2:6537448(del11) allele 
B Minimum and maximum HH calculated for double muscling alleles represented by 

more than 2 haplotypes; HH was not defined for the Q204X and E291X mutations 
C Distance was calculated assuming 1 Mb = 1 cM (Moisio et al. 1996; Gautier et al. 

2007) 
D Ng, Number of generations; calculated using Equation 4.1 
E 1 generation = 5 years 
 

4.4 Discussion 

In this study, the time to the MRCA was estimated from the length of the homozygous 

segment for haplotypes harbouring a mh allele.  The extent of HH was determined by 

genetic variation at neighbouring polymorphisms for 5 double muscling mutations and 

the F94L mutation in MSTN.  Regions encompassing annotated SNP from the bovine 

genome assembly (Btau 4.0) were amplified and genotypes were determined by DNA 
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sequencing.  Previous studies have found a low density of polymorphic markers 

adjacent to MSTN, and have relied on more distant microsatellite markers (Charlier et 

al. 1995; Dunner et al. 1997; Wiener et al. 2003; Wiener and Gutiérrez-Gil 2009).  The 

discovery of tens of thousands of SNP since the sequencing of the bovine genome 

(Hayes et al. 2009), offered an alternative approach to examine genetic variation in 

closer proximity to MSTN.  However, almost half of the annotated SNP targeted in this 

study were uninformative, which was similar to the findings by Wiener and Gutiérrez-

Gil (2009).  In contrast to the genotyping methods used by Wiener and Gutiérrez-Gil 

(2009), we employed DNA sequencing, which meant genotypes were not restricted to 

the annotated SNP.  At least one informative marker was found in most regions 

(Appendix 2: Table A2.1), allowing the homozygosity to be assessed closer to MSTN. 

In this study, the conserved haplotype segment encompassing the mh allele was 

longer compared to the homozygous region for the non-double muscling haplotypes.  

These findings are supported by previous studies (Charlier et al. 1995; Dunner et al. 

1997; Wiener et al. 2003; Wiener and Gutiérrez-Gil 2009).  The longer mh haplotype is 

also consistent with a signature of recent positive selection (Sabeti et al. 2002).  

Tellgren et al. (2004) proposed that positive selection on MSTN may have occurred 

since the divergence of Boviniae and Antilopinae about 23 million years ago.  This was 

challenged by Pie and Alvares (2006), but the results from this study and previously, 

show evidence of more recent positive selection.  Two MSTN missense mutations in the 

human homologue were associated with long homozygous segments implying recent 

positive selection (Saunders et al. 2006).  In Belgian Blue cattle, the positive selection 

for the 821del11 mutation in Belgian Blue cattle has resulted in the fixation of this 

double muscling mutation in this breed (Grobet et al. 1997; Fasquelle et al. 2009).  This 

mutation has also been reported to be in high or moderate frequency in other cattle 

breeds or populations (Dunner et al. 1997; Smith et al. 2000; Gill et al. 2008; O'Rourke 

et al. 2009a) demonstrating positive selection.  It is these genetic signatures that allow 

inferences to be made about selection pressures and the history of causal mutations 

(Broman and Weber 1999; Rannala and Bertorelle 2001; Sabeti et al. 2002). 

Time to the MRCA can be determined from the chromosome segment that has been 

inherited without recombination in the descendants (Goddard and Meuwissen 2005).  

This definition implies that the ancestral segment has been inherited identical by 

descent.  In this study, the identical by descent segment harbouring a mh allele is 
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assumed to be equivalent in length to the HH.  The time to the MRCA could be under-

estimated if the HH extends beyond the ancestral segment. 

The HH for the 821del11 allele was between 1.3-2.2 Mb.  Wiener and Gutiérrez-Gil 

(2009) found the average conserved segment for the 821del11 allele was 2.28 cM in 

Belgian Blue cattle, and that this same region was conserved in South Devon cattle.  

Dunner et al. (1997) predicted a 2-3 cM ancestral segment for Belgian Blue and 

Asturiana cattle.  These previous studies support our findings. 

The MRCA for the 821del11 allele was estimated to have existed between 231-382 

years ago.  The estimates for time to the MRCA in this study are calculated using the 

accepted approximation that 1 Mb in molecular distance is equivalent to 1 cM in genetic 

distance (Moisio et al. 1996; Gautier et al. 2007).  Departure from this genetic distance 

approximation in the molecular regions analysed will affect the estimates for time to the 

MRCA.  Morevover, the estimate for the 821del11 mutation may be affected by the low 

density of markers in regions 6-8 because the HH was disrupted at the first informative 

marker in region 5.  Similarly, genotype was fixed at all sites in region 13, and the HH 

for the 821del11 allele ended in region 14.  This means the conserved segment 

containing the 821del11 allele could be shorter, and the time to MRCA is under-

estimated.   

The HH for the other mh alleles investigated in this study were not affected by 

uninformative regions.  Larger conserved segments were observed for each, reducing 

the number of generations since the MRCA.  The MRCA estimate for the C313Y 

variant was similar to the 821del11 allele.  The C313Y allele is almost fixed in the 

Piedmontese breed (Wiener et al. 2003), and the findings from this study suggest that 

this is a result of strong selection pressure over the past 40 or so generations. 

 The conserved regions for the E226X and F94L variants were also defined.  The 

length of the HH were greater for both these mutations resulting in a shorter time since 

the MRCA.  The length of the HH for the Q204X and E291X mutations were not 

determined in this study.  There was only one individual in each group and therefore 

heterozygosity flanking both sides of MSTN was required to define the conserved 

segment.  This may suggest that the Q204X and E291X alleles have a longer HH than 

the other mh alleles, and therefore they have descended from a more recent common 

ancestor.  The HH endpoints for both these mutations need to be defined in a larger 

population to confirm this theory. 

The MRCA estimates in this study were calculated using the minimum HH overlap 
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between haplotypes harbouring the same mh allele.  The minimum overlap that was 

used, rather than random overlap is likely to under-estimate the length of the HH.  

Dunner et al., (1997) used a similar equation to estimate time to coalescence for the 

821del11 mutation, except their equation incorporated breed.  At the time of their study, 

the mh allele was unknown in the double muscle breeds they examined, and breed was 

included to account for allelic heterogeneity. 

Estimates for the MRCA in this study may not correspond to the age of each double 

muscling mutation.  Selection pressure on the double muscling phenotype prior to the 

MRCA cannot be predicted from our results or from the available literature.  Moreover, 

animals from multiple cattle breeds harbouring the 821del11 allele were included in this 

study.  Since cattle are not native to Australia (Caramelli 2006; The Bovine HapMap et 

al. 2009), and the estimate for the MRCA is recent, it is likely that this allele has been 

introduced across breeds during their establishment in Australia.  The 821del11 

mutation is the most common of the mh alleles found in multiple breeds.  Based on the 

similar findings in previous studies (Dunner et al. 1997; Wiener et al. 2003; Wiener and 

Gutiérrez-Gil 2009), we can further speculate that a recent common ancestor is 

responsible for the global dissemination of this allele. 

 In Chapter 3, the 821del11 allele was confined to a single haplotype that was 

conserved between the Angus and Belgian Blue animals, suggesting a common and 

recent ancestor.  The results from this study show that the conserved haplotype extends 

for a far greater distance on BTA2 than that occupied by MSTN, which provides 

evidence for a recent common ancestor in multiple cattle breeds.  This study also 

provides a historical perspective on recent selection for double muscling, and supports 

the hypothesis that mh alleles have been inherited identical by descent from recent 

common ancestors.  
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 CHAPTER 5 

 

5 Association between MSTN DNA markers and 

muscularity in cattle 

 

5.1 Introduction 

High genetic variability in bovine MSTN has been reported (Chapter 3; Grobet et al. 

1998; Crisa et al. 2003; Dunner et al. 2003; Abe et al. 2009; Grisolia et al. 2009; 

O'Rourke et al. 2009a).  The double muscling mutations in MSTN have attracted the 

most attention, but they do not account for all variation in muscularity.  In Chapter 3, it 

was determined from the linkage disequilibrium analysis, that the genetic variability 

found in MSTN could be captured by genotyping a minimum of 6 DNA markers, or tag 

SNP  (Johnson et al. 2001).  These findings provided the basis to test the null 

hypothesis that only MSTN markers implicated in double muscling are responsible for 

differences in muscularity. 

 Two approaches were used to test this hypothesis.  First, haplotypes were inferred 

from the genotype information and tested for their association with muscling traits.  

Haplotype studies test the cumulative effect of each linked marker rather than 

individually, which offers greater power to detect genetic variation that influences 

phenotype (Drysdale et al. 2000; Schaid 2006).  This approach can be applied to 

complex traits, such as muscling, where phenotypic variation can be influenced by 

many DNA markers of small effect, which are often difficult to distinguish from neutral 

markers (Hayes and Goddard 2001; Andersson and Georges 2004).   The second, 

more common approach, tested associations between muscling traits and the individual 

tag SNP.  This was employed to identify candidate DNA markers that may be causal of 

the phenotypic variation. 

 The 3 cattle populations used in this study were selected as ‘discovery populations’ 

for the MSTN haplotype and tag SNP association analyses.  The 3 cattle populations 

allowed the null hypothesis to be tested in cattle populations without a double muscling 

mutation, and also in cattle populations where a double muscling mutation was 

segregating. 
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5.2 Materials and Methods 

5.2.1 Animals 

A total of 676 animals from Herd A (Section 2.1.1), which contained the 46 Angus 

cattle from Chapter 3 (Section 3.2.1), were included in the analyses.  Twenty-one sires 

were represented in Herd A.  Four of these had been sourced from Herd B and were 

responsible for a combined total of 56 first generation progeny in Herd A.  Some 

females from this first generation had been used as replacements in the breeding herd.  

Therefore, a small proportion of Herd A were not independent from Herd B. 

From the total Herd B (Section 2.1.2) population, a sub-group were selected 

containing 115 cattle heterozygous and 3 homozygotes for the BTA2:6537448(del11) 

double muscling mutation.  Genotypes at the double muscling site had been determined 

previously for Herd B (O'Rourke et al. 2009a).  The entire Herd C (Section 2.1.3) 

population were used in this study. 

 

5.2.2 Sample preparation 

DNA was extracted from whole blood for each animal in Herd A (Section 2.2.1).  For 

the Herd B sub-group and Herd C cattle, DNA were extracted from tail hairs (Section 

2.2.3).  DNA concentration was measured using a fluorometer (Section 2.3.2), and the 

concentration for each sample was normalised to 20 ng/µL with nuclease free water 

(Invitrogen, CA, USA). 

 

5.2.3 Genotyping  

Six MSTN tag SNP were selected: BTA2:6531966(C>G) and BTA2:6532400(T>A) in 

the promoter; BTA2:6534923(G>A) in intron 1; the BTA2:6537448(del11) site in exon 

3 (classified as a tag SNP for this study; Section 2.9); and BTA2:6537959(A>C) and 

BTA2:6538799(C>A) sites in the 3’ untranslated region (Figure 5.1). 

Both promoter polymorphisms were genotyped by PCR/RFLP (Section 2.6.1) and 

the BTA2:6537448(del11) site was genotyped by real-time PCR (Section 2.6.2).  The 

intron and 3’UTR sites were genotyped in a multiplex primer extension method that 

also incorporated the C313Y double muscling site (Kambadur et al. 1997), a G>A 

transition at BTA2:6537568 (Figure 5.1). 
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Figure 5.1 MSTN tag SNP and additional  SNP locations genotyped for association studies.  MSTN spanning the genomic region 

BTA2: 6531089..6539265 is represented (nucleotide scale below).  The promoter region (yellow), each UTR (light blue), each exon (red) 

and each intron (dark blue) is shown.  The approximate location of each tag SNP is shown in green and the additional SNP included for 

genotyping are shaded grey. 

  

(F94L) (C313Y) 
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For the multiplex assay, the 4 polymorphic sites were amplified separately in a 10 µL 

volume consisting of 10 mmol/L Tris-HCl pH 8.3, 50 mmol/L KCl, 1.5 mmol/L MgCl2, 

0.1 M dNTP, 0.5 U of Taq polymerase (Roche, Switzerland) and 20 ng of genomic 

DNA.  For the BTA2:6534923(G>A) site, each reaction contained 0.5 µmol/L of 

primers 575 and 576.  Similarly, the 3’UTR SNP BTA2:6537959(A>C) and 

BTA2:6538799(C>A) were amplified with primer pairs 577/578 and 579/580 

respectively, and primers 465/466 were used to amplify the BTA2:6537568 (G>A) site 

(Appendix 1; Table A1.1).  All reactions commenced with an initial denaturation at 

94°C for 3 min, followed by 35 cycles of 94°C for 10 s, 60°C for 15 s and 72°C for 20 s 

and then a final step at 72°C for 2 min.  Following amplification, each PCR product was 

treated (Section 2.6.3), and prior to the primer extension reaction (Section 2.6.3), 20 µL 

of nuclease free water (Invitrogen, CA, USA) was added to the BTA2:6537568(G>A) 

and BTA2:6538799(C>A) reactions.  The interrogation primers 583, 607, 610 and 609 

(Appendix 1; Table A1.1) were used to determine genotypes at the 

BTA2:6534923(G>A), BTA2:6537568(G>A) BTA2:6537959(A>C) and 

BTA2:6538799(C>A) sites respectively (Section 2.6.3). 

 All animals used in this study were genotyped at an eighth polymorphic site (Figure 

5.1).  The F94L site (Grobet et al. 1998; Sellick et al. 2007) at position 

BTA2:6533052(C>A) was genotyped by PCR/RFLP.  The region incorporating this 

non-synonymous polymorphism was amplified with primers 481 and 482 (Appendix 1; 

Table A1.1), in a final volume of 10 µL using the conditions described for exon 1 in 

Chapter 3 (Section 3.2.2).  Genotypes were discriminated using TaqαI (New England 

Biolabs, MA, USA) in a 15 µL volume according to the manufacturer’s 

recommendations.  Digestion was performed at 65°C for 1.5-3 h and the entire reaction 

was loaded onto a 3.2% (w/v) agarose gel (Section 2.7).  Genotypes were determined 

for each sample by comparison to the RFLP pattern from control samples of known 

genotype and/or a commercial DNA marker containing fragments of known size (Figure 

5.2).  The BTA2:6533052C wild-type allele is located within a native TaqαI recognition 

sequence cleaving the 632 bp amplicon into 2 fragments of approximately 414 bp and 

218 bp in length.  The native TaqαI site is deleted by the BTA2:6533052A allele, and 

therefore the length of the mutant amplicon is not altered by the enzyme.   
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Figure 5.2 RFLP profile for genotypes at the F94L site (BTA2:6533052C>A).   

Lane 1, homozygous wild-type profile (C/C); Lane 2: heterozygote profile (C/A); Lane 

3; homozygous mutant profile (A/A); Lane 4: negative control; Lane 5: O’GeneRuler 

Low Range DNA ladder (MBI Fermentas, Ontario Canada). 

 

5.2.4  Haplotypes 

Haplotype phase was inferred from the genotypic data for each animal (Section 3.2.4).  

The probability of an alternative allele combination was assessed.  Where possible, the 

accuracy of the inferred haplotypes were scrutinised within family trios or half sib 

families.  The F94L site was omitted from haplotype inferencing because the site was 

not polymorphic in the animals tested.   

 The arbitrary numbering system for the haplotypes identified in this Chapter is 

consistent with Chapter 3.  Allele combinations corresponding to the 9 haplotypes in 

Chapter 3 (Table 3.2) were assigned the same haplotype number (1-9), and newly 

identified haplotypes commenced numbering at 10.  This was done for consistency 

throughout the thesis, but does differ from the system used in partial presentation of 

these results elsewhere (O'Rourke et al. 2009b).  

 

5.2.5 Statistical analysis 

Haplotypes or tag SNP were tested using multiple linear regression (SAS 9.1.3; SAS
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Institute).  Equation 5.1 is an example of the linear regression model used to test the 

association between haplotype and the response variables of EMA, rump and rib fat in 

Herds A-C and muscle score for Herds A and B.  A second set of analyses were 

conducted using Equation 5.1 (full model), but without the haplotype effect (reduced 

model).  A likelihood ratio test (Kendall and Stuart 1973) was conducted to compare the 

full model and the reduced model, to establish if the contribution of haplotype was 

significant (P<0.05) for a particular trait.  Where the contribution of haplotype was 

found to be non-significant (P>0.05), individual comparisons of the different haplotypes 

were not performed. 

 

Equation 5.1 Linear regression model for haplotype associations  

ijkkjijk eHbeffectsfixedy +++= ∑ 1µ  

where y is the trait measurement; fixed effects = the explanatory variables for each herd 

(Table 5.1); b1 = is the partial regression coefficient for each haplotype (H) represented 

in the herd, and e is the residual error. 

 

Table 5.1 Explanatory variables used in the association analyses for Herds A-C 

Fixed effectA 

Herd WeightB AgeB Sex 

Year 

born 

Selection 

line Origin  Breed 

Nutrition 

group SireC 

A � � � � � � � � � 

  BD � � � � � � � � � 

C � � � � � � � � � 

�, indicates fixed effect was included in the regression model; 
�, indicates the effect was not a design variable 
A Refer to Section 2.1 for each herd design 
B covariate 
C Random term 
D Refers to the BTA2:6537448(del11) heterozygotes from Herds A and B 
 

Haplotypes were coded 0 (no copies), 1 (1 copy) or 2 (2 copies) and fitted as 

continuous variables in Equation 5.1.  The extent of significant differences between the 

haplotypes in Herds A and C were examined by re-fitting the linear regression model 

using each represented haplotype as the baseline for comparison (b = 0).  Haplotypes 

with low frequency and high standard error (for example haplotypes 4 and 11 in Herd
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A) were omitted from the comparative analysis, but were still included in Equation 5.1. 

The same response variables described above were tested for their association with 

each tag SNP using Equation 5.2, and the same explanatory variables for each herd were 

included in the model (Table 5.1).  Unlike the haplotype analyses, the partial regression 

coefficients for each tag SNP were independent of each other.  Cattle that were 

homozygous wild-type at the tag SNP site were coded 0, heterozygotes were coded 1, 

and animals homozygous for the mutant allele were coded 2 (Section 2.9).  Genotype 

codes were fitted as continuous variables in the statistical model.  The 2 additional 

MSTN loci included in genotyping, BTA2:6533052(C>A) and BTA2:6537568(G>A), 

were not tested because genotype at these sites was fixed in each population analysed.  

Interaction effects were not fitted in the haplotype or tag SNP analyses due to low sub-

class observations. The significance threshold was set at P<0.05.  All results for the tag 

SNP associations are presented in Appendix 3. 

 

Equation 5.2 Linear regression model for tag SNP associations 

ijklmnopponmlkjijklmnop eTbTbTbTbTbTbeffectsfixedy ++++++++= 654321 654321µ  

where y is the trait measurement; fixed effects = the design variables for each herd 

(Table 5.1); b1 = partial regression coefficient of tag SNP BTA2:6531966(C>G)  (T1); 

b2 = partial regression coefficient of tag SNP BTA2:6532400(T>A) (T2); b3 = partial 

regression coefficient of tag SNP BTA2:6534923 (G>A) (T3); b4 = partial regression 

coefficient of tag SNP BTA2:6537448(del11) (T4); b5 = partial regression coefficient of 

tag SNP BTA2:6537959(A>C) (T5); b6 = partial regression coefficient of tag SNP 

BTA2:6538799(C>A) (T6), and e is the residual error. 

 

Not all animals genotyped were included in the statistical analysis (Appendix 3; 

Table A3.1, Table A3.2, Table A3.3).  Samples for genotyping were collected before 

trait measurements were conducted and therefore, for natural and commercial reasons, 

not all animals had phenotypic measurements recorded.  Trait measurements were also 

not available for sires.  Animals without pedigree information were excluded, and the 

BTA2:6537448(del11) homozygotes from Herds A and B were not included. 

In most herds, trait measurements had been recorded at different ages.  For each 

herd, the results from the age group with the largest number of observations are 

presented in this Chapter.  Associations were tested for the other age groups and are 
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presented in Appendix 3.  In the analyses of the Herd B sub-group, the 

BTA2:6537448(del11) heterozygotes from Herd A were included to increase the 

haplotype frequency.  Yearling age data were used for the Herd A cattle, and age at the 

time of measurement was used as a covariate. 

Carcass and meat quality data were available for 120 cattle from Herd C.  Haplotype 

associations were tested using Equation 5.1, and hot standard carcass weight (HSCW) 

was used as a covariate for the analysis of traits that were not expressed as a percentage 

of carcass weight.  Parallel analyses were performed with and without the covariate, and 

similar partial regression coefficients were observed.  The unadjusted values are not 

presented.  

 

5.3 Results 

5.3.1 Haplotype diversity 

Genotypes were recorded at 8 MSTN sites (Table 5.2).  Twelve haplotypes in total were 

inferred from the genotypic information (Table 5.3).  Familial links were not included in 

the inference of haplotypes using PHASE v 2.1.1 (Stephens et al. 2001; Stephens and 

Scheet 2005).  Manual correction of allele combinations were performed for some cattle 

with haplotypes 1 and 9, 2 and 9 and 1 and 8, which could be rearranged to form 

haplotypes 3 and 7, 3 and 8, and 2 and 7 respectively. 

Most haplotypes were represented in Herds A and B, but less diversity was found in 

Herd C (Table 5.3).  The BTA2:6537448(del11) double muscling mutation was 

confined to haplotypes 6 and 11 in Herd A and to haplotype 6 for Herd B.  Haplotype 

12, harbouring the BTA2:6537568A double muscling mutation (C313Y) was exclusive 

to Herd C.  The 5 Piedmontese sires from Herd C included in genotyping were 

homozygous for haplotype 12.   

The frequency of haplotype 1 in each herd was 0.46, 0.22 and 0.18 respectively, and 

it was the most common of the non-double muscling haplotypes.  Haplotype 4 was in 

low frequency particularly in Herd A (Table 5.3).  The allele combination of haplotype 

4 was confirmed by comparison of common paternal and maternal haplotypes, and with 

haplotypes from half sibs. 

Haplotype 11 was found in a single animal, but it was not observed in the animal’s 

sire or dam (Table 5.4).  Haplotype 11 contains the BTA2:6537448(del11) mutation, 
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Table 5.2 Genotype observations and allele frequencies for each cattle population 

 
A Genotype observations and allele frequencies for the 676 cattle genotyped from Herd A  
B Herd A sub-group comprising 70 cattle with 1 copy, and 3 cattle with 2 copies of the BTA2:6537448(del11) mutation 
C Number of cattle with genotype coded 0, 1 or 2; N0, homozygous wild-type; N1, heterozygotes; N2, homozygous mutant (Section 2.9). 
D fw, frequency of the wild-type allele (Section 2.9). 

 
 
 
 
 

N 0 N 1 N 2 N 0 N 1 N 2 N 0 N 1 N 2 N 0 N 1 N 2

BTA2:6531966(C>G) 46 242 388 0.25 0 14 59 0.10 0 42 76 0.18 0 53 160 0.12

BTA2:6532400(T>A) 557 108 11 0.90 1 63 9 0.45 0 106 12 0.45 212 10 0.99

BTA2:6533052(C>A) 676 0 0 1.00 73 0 0 1.00 118 0 0 1.00 213 0 0 1.00

BTA2:6534923 (G>A) 386 243 47 0.75 61 12 0 0.92 85 33 0 0.86 105108 0 0.75

BTA2:6537448(del11) 603 70 3 0.94 0 70 3 0.48 0 115 3 0.49 213 0 0 1.00

BTA2:6537568(G>A) 676 0 0 1.00 73 0 0 1.00 118 0 0 1.00 0 208 5 0.49

BTA2:6537959(A>C) 129 346 201 0.45 25 48 0 0.67 57 61 0 0.74 0 111 102 0.26

BTA2:6538799(C>A) 462 200 14 0.83 62 11 0 0.92 96 22 0 0.91 193 20 0 0.95

Locus

Herd B

GenotypeC

Herd C

GenotypeC

f w
D f w

D

Herd A

del11 subgroupBAll A

GenotypeC GenotypeC

f w
D f w

D
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Table 5.3 MSTN haplotype diversity in Herds A, B and C   

tag SNPB   NH
C 

H
ap

lo
ty

pe
A
 

65
31

96
6(

C
>

G
) 

65
32

40
0(

T
>

A
) 

65
34

92
3 

(G
>

A
) 

65
37

44
8(

de
l1

1)
 

65
37

56
8(

G
>

A
) 

65
37

95
9(

A
>

C
) 

65
38

79
9(

C
>

A
) 

  

Herd AD Herd B Herd C Total 
1 +     +   623 (41) 53 75 751 
2 +      +  80 (4) 2 3 85 
3 +  +      147 (4) 8 59 214 
4 + +    +   4 1 1 6 
5 + +     +  51 (6) 8 0 59 
6 + +  +     75 (75) 121 0 196 
7      +   84 (6) 6 4 94 
8       +  60 11 0 71 
9   +      190 (8) 25 49 264 
10 +     + +  37 (1) 1 17 55 
11 +   +     1 (1) 0 0 1 
12 +    + +   0 0 218 218 

Haplotypes       1352 (146) 236 426 2014 
Animals          676 (73) 118 213 1007 
+, indicates the presence of the mutant allele (Section 2.9).  
A Haplotype numbering corresponds to the haplotypes with common alleles from Chapter 3 (Table 3.2). 
B refers to 6 MSTN tag SNP selected for genotyping on BTA2, and the site of the double muscling mutation in Piedmontese cattle 

(Kambadur et al. 1997). 
C NH, number of haplotype observations 
D haplotype observations for the del11 sub-group (Table 5.2) are shown in parenthesis 
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Table 5.4 Predicted evolution of the recombinant haplotype 11  

tag SNP 
F

am
ily

A
 

H
ap

lo
ty

pe
 

65
31

96
6(

C
>

G
) 

65
32

40
0(

T
>

A
) 

65
34

92
3 

(G
>

A
) 

65
37

44
8(

de
l1

1)
 

65
37

56
8(

G
>

A
) 

65
37

95
9(

A
>

C
) 

65
38

79
9(

C
>

A
) 

P1 1 +     +  
P2 6 + +  +    
M1 1 +     +  
M2 9   +     
O1 9   +     
O2 11 +   +    

+, indicates the presence of the mutant allele (Section 2.9)  
A P, paternal haplotype; M, maternal haplotype; O, offspring haplotype; region shaded 

in blue shows the predicted formations of the recombinant haplotype 11 inherited by 

the offspring 

 

which was contained in haplotype 6 of the sire, but was absent in the dam.  Parentage 

for the animal with haplotype 11 was confirmed by DNA testing at the University of 

Queensland.  This implies that haplotype 11 has evolved by recombination of the 

paternal gamete harbouring haplotype 6. 

 

5.3.2 Haplotype associations 

In Herd A at weaning age, the overall effect of the MSTN haplotypes was significant 

for EMA (P<.0001) and muscle score (P<.0001).  Individual comparisons of the 

haplotypes showed haplotype 6, which contains the BTA2:6537448(del11) mutation, 

was associated with the largest EMA and muscle score (Table 5.5).  In the EMA 

analyses, each of the non-double muscling haplotypes were significantly different from 

at least one other haplotype.  The ranking of EMA partial regression coefficents from 

largest to smallest was haplotype 6, 2, 7, 10, 1, 3, 9, 8 and 5.   

Individual comparisons of the muscle score partial regression coefficients in Herd A 

(Table 5.5) revealed haplotype 7 had a higher muscle score (P<0.05) relative to the 

other non-double muscling haplotypes.  The effect of haplotype 7 on muscle score was 

significantly smaller relative to haplotype 6. 

In the BTA2:6537448(del11) heterozygote population, the overall effect of haplotype  
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was significant for the EMA and rump fat (P=0.01) analyses.  However, high standard 

error was observed for most partial regression coefficients, most likely due to low 

haplotype frequency, and therefore individual comparisons of the haplotypes were not 

performed (Table 5.6). 

For Herd C at weaning age (Table 5.7), the overall haplotype effect was significant 

for the EMA (P=0.001) analysis only.  The haplotypes included for comparison were 

ranked in a similar order to Herd A, with only the ranking of haplotype 10 differing 

between the 2 populations.  From largest to smallest the EMA ranking was haplotype 1, 

3, 9 and 10. 

Herd C carcass, yield and meat quality data were also tested (Table 5.8).  For the 

carcass traits, the overall effect of haplotype was significant for EMA (P<.0001), rib 

(P=0.002) and rump fat (P=.0005), MSA marbling score (P<.0001), ossification score 

(P<.0001) and carcass weight (P<.0001).  Comparisons of the individual partial 

regression coefficients for these traits showed differences between the haplotypes that 

were tested for EMA, MSA marbling score and ossification score.  The overall effect of 

haplotype was also significant for rib and rump fat and carcass weight.  However, due to 

low frequency of many haplotypes the individual comparisons of the haplotypes were 

not relaiable. 

For the yield traits (Table 5.8), the haplotype effect was significant for retail beef 

yield (P=0.02) and fat trim percentage (P=0.04), and for the meat quality traits, the 

effect of haplotype was significant for all traits, except the compression measurements 

for either muscle.  Comparisons of the haplotype regression coefficients for all these 

Herd C slaughter traits were restricted to 3 haplotypes.  This was because of the lower 

haplotype diversity in Herd C and because many of the observed haplotypes had a low 

frequency causing high standard error for their effect estimates. 

 

5.4 Discussion 

This study was developed to capture and test the effects of other less characterised 

MSTN alleles in the presence or absence of a double muscling mutation.  Six tag SNP 

were selected based on the haplotype diversity and linkage disequilibrium findings from 

Chapter 3.  This approach uses the tag SNP to predict the effects of a causal marker(s) 

(Long and Langley 1999), which was exploited further by testing the haplotype phase 

inferred from the tag SNP genotypes. 
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Table 5.5 Haplotype associationsA with ultrasound measurements and muscle score for Herd A at weaning age 

 EMA B  Muscle scoreC  Rump fatD  Rib fatD 

Haplotype NH
E b ± s.e.  NH

E b ± s.e.  NH
E b ± s.e.  NH

E b ± s.e. 

1 555 0.9 ± 0.5cd   580 0.1 ± 0.1c   580 -0.2 ± 0.2   580 -0.2 ± 0.1 

2 68 2.8 ± 0.9ab  69 -0.1 ± 0.2c  69 -0.4 ± 0.3  69 -0.1 ± 0.2 

3 136 0.7 ± 0.7cd  139 -0.1 ± 0.2c  139 -0.1 ± 0.2  139 0 ± 0.2 

4 2 0.1 ± 3.6*  3 0 ± 0.8*  3 0.8 ± 0.9  3 0.4 ± 0.7 

5 35 -1.5 ± 1.0e  45 -0.2 ± 0.3c  45 -0.3 ± 0.3  45 0 ± 0.2 

6 65 4.1 ± 0.9a  66 1.7 ± 0.3a  66 -0.7 ± 0.3  66 -0.6 ± 0.2 

7 75 2.0 ± 0.8bc  79 0.6 ± 0.2b  79 -0.1 ± 0.2  79 0.1 ± 0.2 

8 57 -1.1 ± 1.1de  57 -0.4 ± 0.3c  57 0.3 ± 0.3  57 0.1 ± 0.2 

9 162 0de  172 0c  172 0  172 0 

10 32 1.9 ± 1.0abcd  33 0.3 ± 0.3bc  33 -0.1 ± 0.3  33 -0.2 ± 0.2 

11 1 1.6 ± 5.1*   1 -0.1 ± 1.4*   1 -0.2 ± 1.5   1 -0.3 ± 1.2 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 9 
B Mean EMA for haplotype 9 = 43.9 ± 8.8 cm2 (mean ± s.d.) 
C Mean muscle score for haplotype 9 = 6.2 ± 2.3 (mean ± s.d.) 
D The overall effect of haplotype was not significant (P>0.05), b values are presented, but comparisons between haplotypes were not 

performed. 
E NH, number of haplotype observations  
abcde Within columns, partial regression coefficients with different letters are significantly different at P = 0.05 
# Significantly different at P = 0.1 
* Excluded from partial regression coefficient comparison because of low NH and high s.e. 
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Table 5.6 Haplotype associationsA with ultrasound measurements and muscle score for the BTA2:6537448(del11) heterozygotes 

from Herds A and B 

    Eye muscle areaB   Rump fatC   Rib fatD   Muscle scoreD 

HE  NH
 F b ± s.e.   NH

 F b ± s.e.   NH
 F b ± s.e.   NH

 F b ± s.e.  

1   78 (30) 0.5 ± 2.8   78 (30) -0.2 ± 0.6   78 (30) 0.2 ± 0.4   74 (26) -0.4 ± 0.4 

2  4 (2) 6.3 ± 6.2  4 (2) -0.3 ± 1.4  4 (2) -0.1 ± 1.0  5 (3) -0.3 ± 0.8 

3  7 (2) -2.1 ± 4.9  7 (2) -1.0 ± 1.1  7 (2) -0.3 ± 0.8  7 (2) -0.2 ± 0.7 

4  1 (0) -4.3 ± 11.6  1 (0) -2.3 ± 2.7  1 (0) -1.4 ± 1.8  1 (0) -0.9 ± 1.5 

5  9 (4) -4.0 ± 4.5  9 (4) -2.2 ± 1.0  9 (4) -0.9 ± 0.7  10 (5) -0.1 ± 0.6 

7  10 (5) -7.4 ± 4.6  10 (5) -0.6 ± 1.1  10 (5) 0.2 ± 0.7  11 (6) -0.4 ± 0.6 

8  8 (0) 6.8 ± 4.8  8 (0) -0.4 ± 1.1  8 (0) 0.3 ± 0.7  8 (0) 0.2 ± 0.6 

9  28 (6) 0  28 (6) 0  28 (6) 0  30 (6) 0 

10   2 (1) -5.4 ± 8.4   2 (1) 0.2 ± 1.9   2 (1) 0.5 ± 1.3   2 (1) -1.4 ± 1.1 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 9 
B Mean EMA for haplotype 9 = 56.5 ± 12.3 cm2 (mean ± s.d.) 
C Mean rump fat depth for haplotype 9 = 4.0 ± 3.5 mm (mean ± s.d.) 
D The overall effect of haplotype was not significant (P>0.05) 
E H, haplotype 
F NH, number of haplotype observations; haplotype observations from Herd A shown in parenthesis  
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Table 5.7 Haplotype associationsA with ultrasound measurements in Herd C at 

weaning age 

      Eye muscle areaB   Rump fatC   Rib fatC 
Haplotype   NH

E b ± s.e.   b ± s.e.   b ± s.e. 
1  71 1.3 ± 0.6b#  0.1 ± 0.1  0.1 ± 0.1 
2  3 0.3 ± 2.0*  0.7 ± 0.4  0.5 ± 0.3 
3  56 1.0 ± 0.7ab  0.0 ± 0.1  0.2 ± 0.1 
4  1 5.1 ± 3.4*  0.8 ± 0.7  0.0 ± 0.5 
7  4 3.5 ± 1.8*  0.0 ± 0.4  -0.1 ± 0.3 
9  46 0a  0  0 
10  14 -0.4 ± 1.0a#  0.4 ± 0.2  0.3 ± 0.2 

A Data are partial regression coefficients (b)±standard error (s.e.) relative to haplotype 9 
B Mean EMA for haplotype 9 = 37.7 ± 9.6 cm2 (mean ± s.d.) 
C The overall effect of haplotype was not significant (P>0.05), b values are presented, 

but comparisons between haplotypes were not performed 
D NH, number of haplotype observations  
ab Within columns, partial regression coefficients with different letters are significant at 

P = 0.05 
# Significantly different at P = 0.1 
* Excluded from partial regression coefficient comparison because of low NH and high 

s.e. 
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Table 5.8  Haplotype associationsA with slaughter traits in Herd C 

Haplotype    1   3   9 
   NH

 B  45  35  27 
       

    b ± s.e.   b ± s.e.   B ± s.e. 
Carcass        
   Carcass weight (kg)  -3.7 ± 7.2  -8.9 ± 7.8  0 
   Dressing percentageC  0.3 ± 0.3  -0.1 ± 0.3  0 
   Ossification score  -14.4 ± 6.4a  -14.1 ± 6.9a  0b 
   P8 rump fat (mm)  -1.7 ± 1.3  0.2 ± 1.4  0 
   Rib fat (mm)  -0.7 ± 0.6  -0.0 ± 0.7  0 
   Eye muscle area (cm2)  1.7 ± 2.1a  -2.2 ± 2.2b  0ab 
   AUS marbling score (0-6)C  0.3 ± 0.1  -0.1 ± 0.2  0 
   MSA marbling score (100-1100)  33 ± 16a  19 ± 17ab  0b 
   Intramuscular fat (%)C  0.1 ± 0.3  -0.0 ± 0.4  0 
Yield        
   Retail beef yield (% CCW)  -0.9 ± 0.4a  -0.4 ± 0.5ab  0b 
   Fat trim (% CCW)  0.6 ± 0.5  0.6 ± 0.5  0 
   Bone weight (% CCW)C   -0.0 ± 0.3   -0.2 ± 0.3   0 
Meat quality        
m. longissimus dorsi        
   Shear force (kg)  0.5 ± 0.2a#  0.2 ± 0.2ab#  0b 
   Compression (kg)C  0.1 ± 0.1  0.0 ± 0.1  0 
   Cooking loss %  1.2 ± 0.5a  0.6 ± 0.5ab  0b 
   Colour L*  -0.9 ± 0.6#  -1.1 ± 0.6#  0 
   Colour A*  -0.4 ± 0.5  -0.5 ± 0.5  0 
   Colour B*  -0.2 ± 0.3  -0.4 ± 0.3  0 
m. semitendinosus       
   Shear force (kg)  0.3 ± 0.1  0.2 ± 0.1  0 
   Compression (kg)C  -0.0 ± 0.1  0.1 ± 0.1  0 
   Cooking loss %   -0.4 ± 0.4   -0.2 ± 0.4   0 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 

9 
B NH, number of haplotype observations; data are not shown for haplotypes 2, 4 7 and 

10 because of low frequency 
C The overall effect of haplotype was not significant (P>0.05) 
ab Within columns, partial regression coefficients with different letters are significant at 

P = 0.05 
# Significantly different at P = 0.1 
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Greater MSTN haplotype diversity was found in the entire Herd A population used in 

this study compared to the sub-group of 46 cattle from Chapter 3.  These findings 

indicate that the sub-group used in Chapter 3 was not sufficient in size to determine the 

extent of haplotype diversity.  This means that the tag SNP do not represent 100% of the 

genetic variation, and full length haplotypes containing all 18 markers from Chapter 3 

cannot be extrapolated with the same accuracy.  Additional markers would be required 

to capture all the genetic variation from the phased haplotypes in this study, which is an 

important consideration for genomic selection (Goddard and Hayes 2009a).  

This study is among the first to use haplotype structure in MSTN to determine 

associations with muscling traits in cattle.  The results from Herd A show that many of 

the MSTN haplotypes are associated with variation for some of the traits that were 

tested.  This was particularly evident for the ultrasound analyses of EMA.  Each 

haplotype with moderate frequency showed significant EMA variation relative to at 

least one other haplotype.Ultrasound scanning for EMA is an industry accepted 

measurement for overall muscularity.  However, the eye muscle region comprises the m. 

longissimus muscle, which contains a relatively high proportion of type I muscle fibres 

(Jurie et al. 2007).  In double muscled cattle, the enlargement of muscles is not uniform 

and MSTN expression is higher in type II muscle fibres (Chapter 1).  It could therefore 

be speculated that the ultrasound measurement for EMA understates the effect of these 

MSTN haplotypes, which may have greater influence in muscles with a higher 

glycolytic capacity such as the m. semitendinosus. 

Haplotype 6, which contains the BTA2:6537448(del11) double muscling allele, was 

associated with the largest EMA and muscle score.  Closer examination of genotype 

associations at the BTA2:6537448 site (Appendix 3; Table A3.9) revealed that the 

BTA2:6537448(del11) allele in haplotype 6 is responsible for these effects; a frameshift 

mutation which eliminates the critical carboxy terminus of MSTN (Grobet et al. 1997).  

These results are supported by previous findings in both Herds A and B (O'Rourke et al. 

2009a), and previous studies investigating cattle heterozygous for a null MSTN allele 

(Casas et al. 1999; Wheeler et al. 2001; Wiener et al. 2002; Casas et al. 2004; Levéziel 

et al. 2006; Gill et al. 2008). 

Associations found for the haplotypes without a double muscling allele cannot be 

proven as causal from this study.  Haplotypes 2 and 7 were consistently associated with 

larger EMA in Herd A.  These haplotypes differ in alleles only at the tag SNP 

BTA2:6531966(C>G).  In Chapter 3, low levels of linkage disequilibrium were 
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observed between this site and each of the other MSTN markers.  Therefore, this site 

would remain the only difference between haplotypes 2 and 7 if the full length MSTN 

haplotype was reconstructed; albeit with reduced confidence about allele segregation.  It 

is therefore unlikely that this promoter polymorphism is contributing to differences in 

EMA.  The BTA2:6531966(C>G) polymorphism has been described previously in 

cattle, but was not tested for associations with muscling traits because genotype was 

almost fixed in the populations examined (Crisa et al. 2003). 

In the same study, Crisa et al. (2003) examined the association between genotypes of 

the other MSTN promoter polymorphism BTA2:6532400(T>A).  In a population of 

Marchigiana cattle that were also heterozygous for the E291X double muscling 

mutation, they found that cattle with the T/T genotype had a higher muscularity index.  

In this study, genotypes at this site were significantly associated with differences in 

EMA (Appendix 3; Table A3.9).  The association for this site was stronger in the 

absence of the BTA2:6537448(del11) heterozygotes, which eliminates concerns of 

confounding from the double muscling allele.  A polymorphism analogous to the 

BTA2:6532400(T>A) SNP was discovered in the porcine homologue of MSTN (Stratil 

and Kopecny 1999), and was associated with differences in average daily weight gain 

from 60-100kg in pigs (Jiang et al. 2002).  Combined, these findings suggest that alleles 

at this site are associated with a biological effect, which warrants further investigation. 

In Herd C at slaughter, the EMA variation between haplotypes 1 and 9, were consistent 

with the results for the ultrasound measurements, but were contradictory to the RBY 

findings.  This is most likely because the RBY measurement is an estimate, and 

therefore it is less reliable.  In contrast, the BTA2:6537448(del11) site in Herd A, 

showed a positive correlation between EMA and RBY. 

The results for muscle score in Herd A indicate that cattle with haplotype 6 or 7 are 

visually distinct from cattle with other MSTN haplotypes.  Both haplotypes are 

associated with a higher muscle score and larger EMA suggesting a strong correlation 

between these measures of muscularity, but neither would be recommended as an 

alternate diagnostic for MSTN haplotype.   

Fat thickness at subcutaneous depots, particularly at the 12th/13th rib site, is an 

accepted index for total fat (Cianzio et al. 1982).  In this study, the overall effect of 

haplotype was not significant for the rib and rump fat analyses in Herd A or Herd C at 

weaning age.  In contrast, at slaughter in Herd C, the contribution of MSTN haplotype 

was significant in both the rib and rump fat analyses.  Biologically, these findings 
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reflect the development of the fat depots in cattle, which are not uniform and can vary 

between breeds (Johnson et al. 1972).  During early stages of postnatal growth, muscle 

deposition is more prominent, whereas the proportion of subcutaneous fat increases 

with age (Robelin and Tulloh 1992).  Furthermore, fat loss is common in the early post-

weaning period due to dietary changes (Robelin and Tulloh 1992).  .MSTN has been 

implicated as an inhibitor of adipogenesis (Guo et al. 2008), and may have an active 

role in the formation of the intramuscular fat depots (Shibata et al. 2006), but its role 

remains under intense investigation.  The association with fatness traits at slaughter in 

this study provide support for a role in adipogenesis. 

Marbling in red meat is one aspect of meat quality with importance to the beef cattle 

industry.  Other variables influencing consumer perception include tenderness, flavour 

and meat colour, which are important eating quality attributes (Harper 1999; Burrow et 

al. 2001; Oddy et al. 2001; MLA 2006).  Each of these, like marbling are measured at 

slaughter, which adds considerable expense to the discovery of favourable DNA 

markers.  The results from this study show that genetic variation in MSTN is also linked 

to differences in these traits. 

The primary hypothesis for this study was that only double muscling mutations in 

MSTN affect muscularity.  The results show that other MSTN DNA markers, assessed as 

haplotypes or individually, are associated with variation in muscle mass.  The extended 

analyses of other traits of economic and consumer value, further implicate the genetic 

variation at the MSTN locus.  Additional Chapters in this thesis are dedicated to 

validating these findings and to exploration of the underlying biology. 
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CHAPTER 6 

 

6 Validation of MSTN DNA marker associations 

6.1 Introduction 

Since domestication, genetic selection has been practised to improve beef cattle 

performance.  Traditional selection methods involved mating cattle with observable 

characteristics that were considered favourable.  Selection has been advanced by the 

introduction of statistical methods to more accurately determine the genetic merit of an 

animal (Henderson 1975).  The accuracy of this approach is compromised if there are 

low numbers of animals with performance records for a trait, or when the performance 

of an individual is estimated from the records of a small number of its progeny.  This is 

often the case for difficult or expensive to measure traits. 

The sequencing of the bovine genome and discovery of tens of thousands of DNA 

markers offers greater potential for more rapid genetic gain using genomic selection 

(Hayes et al. 2009).  Animals inheriting DNA markers that cause or are linked to a 

favourable trait can be selected as early as birth, and the requirement for rigorous 

performance testing of progeny will be minimised using reliable genomic selection. 

 The incorporation of genomics as a selection tool has the potential to more rapidly 

improve the genetic merit of livestock (Andersson and Georges 2004).  However, there 

are recognisable limitations with this approach, which have emerged from DNA marker 

discoveries that are purported to influence phenotype.  The primary concern from an 

industry perspective is whether the DNA marker is beneficial in all cattle populations 

that are genetically and geographically diverse and exposed to different management 

systems; and whether other traits are affected by the marker (Barendse 2005).  This has 

highlighted the need for a stringent validation process to confirm DNA marker effects in 

independent populations (Van Eenennaam et al. 2007).  A validation study by Van 

Eenennaam et al. (2007) demonstrated that a commercially available DNA marker test 

for marbling in cattle was not associated with marble score in an independent cattle 

population.  In an earlier study, markers associated with marbling in Bos taurus cattle 

were not associated with the same effect in a Bos indicus population (Casas et al. 2005), 

indicating that the marker effects did not persist across all breeds, which is essential 

information for genomic selection. 
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In Chapter 5, many significant associations were found between the MSTN markers 

and the quantitative indices that were tested.  Primarily, these significant associations 

were confined to the eye muscle area (EMA) analyses for Herd A.  These EMA results 

showed that the haplotype harbouring the double muscling allele had the largest effect 

on muscle mass.  It was also demonstrated that haplotypes 2 and 7 were associated with 

more EMA relative to the other non-double muscling haplotypes, in particular, 

haplotypes 5, 8 and 9.  This present study was established to validate these key findings 

from Chapter 5 in an independent cattle population. 

Three Australian cattle populations with similar trait data compared to Herd A 

(Chapter 5) were selected for validation of MSTN markers.  These cattle populations 

were combined with Herd C (Chapter 5) to generate a single large cattle population for 

validation.  The combined population represented multiple cattle breeds from diverse 

locations throughout eastern Australia.  Preliminary investigations were also conducted 

to determine the effect of MSTN marker selection on other traits of industry value. 

 

6.2 Materials and Methods 

6.2.1 Animals and samples 

DNA samples and data from Herds B (454 cattle; Section 2.1.2), D (451 cattle; Section 

2.1.4) and E (856 cattle; Section 2.1.5) were used in this study.  DNA was extracted 

from whole blood (Section 2.2.1) for the animals in Herd D.  For Herd B, DNA was 

extracted from tail hairs (Section 2.2.3), and for Herd E, DNA extracts were obtained 

with permission from the Beef CRC (Armidale, NSW, Australia; refer to Section 2.1.5.1 

for comments about these extracts).  DNA concentration was measured using a 

spectrophotometer (Section 2.3.1), and the concentration for each sample was 

normalised to 20 ng/µL with nuclease free water (Invitrogen, CA, USA). 

 

6.2.2 Genotyping and haplotypes 

Each animal was genotyped at the MSTN tag SNP described in Chapter 5 (Section 

5.2.3).  The promoter and 3’UTR polymorphisms were genotyped by PCR-RFLP 

(Section 2.6.1), and genotypes at the site of the BTA2:6537448(del11) mutation were 

determined by real-time PCR (Section 2.6.2).  A primer extension method was used for
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the BTA2:6534923(G>A) site (Section 2.6.3 and 5.2.3). 

Haplotype phase was inferred as previously described (Section 3.2.4 and Section 

5.2.4). 

 

6.2.3 Data analysis 

6.2.3.1 Validation 

For the validation component of this study, multiple linear regression was used to test 

the associations between haplotype and the response variables of EMA, rump fat and rib 

fat (Chapter 5; Equation 5.1).  The overall effect of haplotype was tested for 

significance using the likelihood ratio test (Kendall and Stuart 1973) described in 

Chapter 5 (Section 5.2.5).  Simialrly, individual comparisons of the haplotype partial 

regression coefficients were performed for traits where the overall contribution of 

haplotype was found to be significant (P<0.05).   

A Spearman rank correlation (Equation 6.1) was performed for traits common 

between the validation herd and Herd A (Chapter 5).  Partial regression coefficients 

were ranked from highest to lowest from the Herd A analyses (Chapter 5; Table 5.5) 

and from the corresponding analyses in the present study.  The Spearman rank 

correlation was only performed for traits where the effect of haplotype was significant 

in both Herd A (Chapter 5) and the validation herd.   

The magnitude of effect for each haplotype was estimated using Equation 5.1.  For 

this analysis, data were combined from all herds used in this thesis (Herds A-E).  This 

was also only performed for traits where the overall effect of haplotype was significant 

in Herd A and in the validation herd, and only for haplotypes that were common to both 

cattle populations. 

 

Equation 6.1  Spearman rank correlation 

 

where di
 is the difference between the rankings in both herds, and n is the number of 

haplotypes. 
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For the haplotype associations, data from Herds B to E were combined to form a 

single large population.  The data were prepared according to Section 5.2.5 and 

normality was confirmed.  In the combined population, a preliminary analysis was 

performed and herd x haplotype or herd x tag SNP interactions were not evident 

(P>0.05), allowing the interaction term to be excluded from subsequent analyses.  All 

fixed effects relevant to the individual herds (Table 5.1 and Table 6.1) were combined 

into Equation 5.1 and herd was included as an additional term in the model.  For fixed 

effects unique to a herd, one variable was selected and assigned to each of the other 

herds where the design effect was not relevant (e.g. all cattle in Herds B, C and E were 

assigned to the Rutherglen background location (Section 2.1.4) for this effect which is 

specific to Herd D).  Inclusion of herd as a fixed effect accounted for these non-specific 

explanatory variables, but allowed the herds to be combined in a single analysis.  A 

complex design was used to establish Herd E, and the specific explanatory variables 

represent multiple design effects (Section 2.1.5; Upton et al. 2001; Johnston et al. 

2003).  The data were adjusted for weight, and sire was used as a random term.  

Summary statistics for Herds B, D and E are presented in Appendix 4 (Table A4.1) and 

in Appendix 3 for Herd C (Table A3.4). 

Estimates for the effect sizes of haplotypes were performed using the same approach 

(Equation 5.1), but also included data from Herd A (Chapter 5).  Herd x haplotype 

interactions were not observed, and the explanatory variables specific to Herd A were 

added to Equation 5.1. 

 

Table 6.1 Explanatory variables used in the association analyses for Herds B to E 

Fixed effectA 

Herd WtB Sex 

Year 

born Breed Nutrition  

Background 

location Group 

Market 

group SireC 

B � � � � � � � � � 

C � � � � � � � � � 

D � � � � � � � � � 

E � � � � � � � � � 

A Refer to Section 2.1 for each herd design; �, indicates fixed effect was included in the 
regression model; �, indicates the effect was not a design variable 

B Weight was used as a covariate 
C Random term 
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6.2.3.2 Effect on other traits of industry value 

The overall effect of haplotype was tested using the likelihood ratio test described in 

Section 5.2.5.  Associations between the MSTN haplotypes and other traits of industry 

importance were tested using Equation 5.1 (haplotypes) and Equation 5.2 (tag SNP).  

Residual feed intake (RFI) and daily feed intake (DFI) data were available for Herd D.  

No covariate was used in the analysis of these traits, and the fixed effect of background 

location (Table 6.1) was substituted for feed efficiency test group, which accounted for 

background and feedlot locations.  Carcass and meat quality measurements for Herds D 

and E were also tested using Equation 5.1 and Equation 5.2.  Hot carcass weight was 

used as a covariate for both herds, and feed efficiency test group was substituted for 

background location for Herd D. 

For all analyses in this Chapter, animals were excluded if pedigree was unknown, 

trait measurements were not recorded and/or the haplotype phase was ambiguous.  

Cattle with ambiguous haplotype phase were included in the tag SNP analyses.  The 

significance threshold was set at P<0.05. 

 

6.3 Results 

6.3.1 Haplotype diversity 

Eighteen MSTN haplotypes in total were inferred from the genotypic data for the cattle 

in Herds B, D and E that were unique to this study (Table 6.2).  The haplotype diversity 

for Herd C was presented previously (Chapter 5: Table 5.3).  Greater haplotype 

diversity was found for the total Herd B population compared with the 

BTA2:6537448(del11) sub-group used in Chapter 5 (Table 5.3).  Herd D had the least 

haplotype diversity and Herd E had the highest.  Haplotype 1 was present at the highest 

frequency in each individual herd. 

  

6.3.2 Haplotype associations in the validation herd (Herds B to E) 

The effect of haplotype was significant for the EMA (P<.0001) and rump fat (P=0.02) 

analyses in the validation herd.  Each of the non-double muscling haplotypes had 

significantly smaller EMA compared to haplotype 6 (Table 6.3).  Haplotype 3 had the 

largest EMA estimate for the non-double muscling haplotypes, followed by haplotypes
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Table 6.2 MSTN haplotype diversity in Herds B, D and E 

tag SNPB   NH
C 

HaplotypeA 65
31

96
6(

C
>

G
) 

65
32

40
0(

T
>

A
) 

65
34

92
3 

(G
>

A
) 

65
37

44
8(

de
l1

1)
 

65
37

95
9(

A
>

C
) 

65
38

79
9(

C
>

A
) 

  Herd B Herd D Herd ED 
1 +    +   389 482 361 
2 +     +  12 53 102 
3 +  +     74 24 295 
4 + +   +   1 0 12 
5 + +    +  31 9 24 
6 + +  +    116 0 8 
7     +   29 42 32 
8      +  91 105 18 
9   +     148 152 73 
10 +    + +  10 34 145 
11 +   +    0 0 1 
13   +  +   3 0 59 
14 +       1 0 4 
15 +  +  +   0 0 161 
16 +  +  + +  0 1 50 
17 + +      0 0 1 
18  +      3 0 0 

Haplotypes        908 902 1346 

Animals        454 451 673 
+, indicates the presence of the mutant allele (Section 2.9).  
A Haplotype numbering corresponds to the haplotypes with common alleles from 

Chapter 3 (Table 3.2) and Chapter 5 (Table 5.3). 
B refers to 6 MSTN tag SNP selected for genotyping on BTA2 
C NH, number of haplotype observations 
D Animals with ambiguous haplotype phase are not shown 
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Table 6.3 Haplotype associationsA for ultrasound measurements of EMA and fat 

depth in a combined population of Herds B to E 

    EMA C   Fat 

         RumpD   RibE 

Haplotype  NH
B B ± s.e.  NH

B B ± s.e.  b ± s.e. 

1   993 0.1 ± 0.4c   1006 0.2 ± 0.2b   0.2 ± 0.1bc 

2  117 0.7 ± 0.7bc  121 0.1 ± 0.3b  0.4 ± 0.2bc 

3  351 1.3 ± 0.5b  356 0.2 ± 0.2b  0.2 ± 0.2bc 

4  11 0.7 ± 2.0*  11 0.8 ± 1.0*  0.8 ± 0.7* 

5  44 0.7 ± 1.0bc  46 0.4 ± 0.5b  -0.1 ± 0.4abc 

6  103 4.5 ± 0.8a  103 -1.0 ± 0.4a  -0.7 ± 0.3a 

7  83 0.9 ± 0.8bc  85 0.2 ± 0.3b  0.1 ± 0.3bc 

8  149 -0.03 ± 0.6c  150 0.2 ± 0.3b  0.1 ± 0.2bc 

9  332 0c  334 0b  0b 

10  133 -0.03 ± 0.7c  140 0.5 ± 0.3b  0.5 ± 0.2c 

12F  195 -  195 -  - 

13  43 0.3 ± 1.1*  43 -0.2 ± 0.5*  0.2 ± 0.4* 

14  4 -6.5 ± 3.2*  4 1.6 ± 1.6*  0.8 ± 1.2* 

15  103 -1.0 ± 0.8*  104 0.8 ± 0.4*  0.8 ± 0.3* 

16  31 0.8 ± 1.1*  31 -0.02 ± 0.5*  0.5 ± 0.4* 

17  1 2.6 ± 6.5*  1 -1.0 ± 3.1*  0.3 ± 2.3* 

18  3 1.4 ± 4.1*  3 -1.2 ± 1.8*  -0.7 ± 1.4* 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 

9  
B NH, number of haplotype observations 
C Mean EMA for haplotype 9 = 55.6 ± 13.4 cm2 (mean ± s.d.) 
D Mean rump fat depth for haplotype 9 = 5.5 ± 4.3 mm (mean ± s.d.) 
E Mean rib fat depth for haplotype 9 = 4.0 ± 3.3 mm (mean ± s.d.) 
F Haplotype 12 was not estimable and was excluded from the regression analysis 
abc Within columns, partial regression coefficients with different letters are significant at 

P = 0.05 
* Excluded from partial regression coefficient comparison because of low NH and high 

s.e or represented in less than 2 herds 
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7, 2, 5, 1, 9, 10 and 8.  The difference in EMA between haplotype 3 and haplotypes 1, 8, 

9 and 10 was significant. 

Haplotypes 13-18 were unique to the validation herd, and therefore, were not 

included in the comparative analyses.  Haplotype 15, which had a moderate frequency 

in the combined population (Table 6.3), had the smallest estimate for EMA and the 

largest estimates for fat depth.  The haplotype 15 estimate for EMA was significantly 

less than haplotypes 3 (P=0.006) and 6 (P<.0001), and similar trends (P<0.1) were 

observed compared with haplotypes 2 and 7.  

The effect of haplotype 6 on EMA and subcutaneous fat were captured by the 

BTA2:6537448(del11) double muscling site (Appendix 4; Table A4.2).  This 

association was significant for the EMA and rump fat analyses.  Significant associations 

were not found for the non-double muscling sites, although there was a trend between 

genotypes at the BTA2:6531966(C>G) site and both fat depots. 

 

6.3.3 Comparison and magnitude of effects in the validation herd and in Herd A 

The overall effect of haplotype for EMA was significant in the validation herd and in 

Herd A (Chapter 5).  The Spearman rank test showed a moderate correlation (r=0.55) 

between the rankings of the EMA partial regression coefficients from both cattle 

populations (Table 6.4). 

Three distinct haplotype groups were identified based on the magnitude of effect on 

EMA across all cattle populations (Figure 6.1).  Haplotype 6 had a large effect on EMA.  

Haplotypes 2, 3 and 7 had a moderate effect, which was about a third of that due to the 

double muscling haplotype.  Haplotypes 1, 5, 8, 9 and 10 had a small effect on EMA, 

and their effect was about 3 times less than the magnitude of effect for the moderate 

haplotype group. 

 

6.3.4 Haplotype associations with carcass measurements and other traits of 

industry value 

In contrast to the ultrasound measurements, most of the cattle in Herd D had carcass 

traits recorded at slaughter.  The overall effect of the MSTN haplotypes was significant 

(P<0.05) for all carcass traits measured for Herd D.  However, differences between the 

partial regression coefficients were only observed for the rib fat and AUS marble score 
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Table 6.4 Rankings for EMA partial regression coefficents from the MSTN 

haplotypes common to Herd A and the validation herd 

Haplotype 

Herd A  

(b ± s.e.) A 

Herd B-E  

(b ± s.e.) A 

Herd A 

Rank 

Herd B-E 

Rank r  B 

1 0.9 ± 0.5cd 0.1 ± 0.4c 5 6 

2 2.8 ± 0.9ab 0.7 ± 0.7bc 2 4 

3 0.7 ± 0.7cd 1.3 ± 0.5b 6 2 

5 -1.5 ± 1.0e 0.7 ± 1.0bc 9 5 

6 4.1 ± 0.9a 4.5 ± 0.8a 1 1 

7 2.0 ± 0.8bc 0.9 ± 0.8bc 3 3 

8 -1.1 ± 1.1de -0.03 ± 0.6c 8 9 

9 0de 0c 7 7 

10 1.9 ± 1.0abcd -0.03 ± 0.7c 4 8 

0.55 

A Data are partial regression coefficients (b)±standard error (s.e.) relative to haplotype 9  
B Spearman rank correlation for EMA calculated using Equation 6.1 
abc Within columns, partial regression coefficients with different letters are significant at P = 

0.05 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Magnitude of haplotype effect on EMA in a combined population of 

Herds A to E.  Data are partial regression coefficients for EMA (cm2)  relative to 

haplotype 9. Mean EMA for haplotype 9 = 51.8 ± 13.3 cm2 (mean ± s.d.).  Partial 

regression coefficients with different letters are significant at P=0.05.
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analyses (Table 6.5).   

RFI and DFI measurements were also recorded for most cattle in Herd D (Table 6.5).  

The overall effect of haplotype for these measurements was significant only for DFI.  

The DFI partial regression coefficients for haplotypes 7 and 8 were higher relative to 

haplotypes 1, 3 and 9.  Variation between genotypes at the BTA2:6531966(C>G) site 

for DFI (P=0.002) reflected the haplotype associations (Appendix 4; Table A4.5). 

In Herd E, the overall effect of haplotype was significant (P<0.05) for all carcass 

traits, except AUS marble score.  Comparison of the individual partial regression 

coefficents showed haplotypes 2, 3 and 15 were associated with larger EMA compared 

to haplotype 9 (Table 6.6).  The effect of haplotype 15 on EMA at slaughter is 

contradictory to its estimate for the ultrasound measurement.  Haplotype 1 had a higher 

AUS marbling score compared to haplotypes 2, 9 and 13, and a higher MSA marbling 

score compared to haplotype 9.  No significant associations were found between the tag 

SNP and the carcass measurements for Herd E, except between EMA and the 

BTA2:6537448(del11) site (P=0.004), but this estimate may be affected by low 

genotype variation (Appendix 4; Table A4.6).  Similarly, a trend was observed between 

EMA and the BTA2:6532400(T>A) site (P=0.09), but the majority of animals were 

homozygous wildtype. 

Analyses of meat quality traits measured for Herd E, showed that the overall effect of 

haplotype was significant (P<0.05) for colour L* in both muscles and for cooking loss 

and colour a* in the m. semitendinosus analyses.  Comparsion of the haplotype partial 

regression coeffiecients showed differences between the estimates for colour L*.  

Haplotypes 9 and 3 had the lowest partial regression coefficients for colour L* and were 

significantly different from haplotypes 1, 2, 13 and 16.  Haplotypes 1 and 13, with the 

highest colour L* scores, were also different from haplotype 10.  Genotype variation at 

the BTA2:6537959(A>C) site (P=0.03) reflected these haplotype differences (Appendix 

4; Table A4.7). 

Analyses of meat quality traits for the m. semitendinosus (ST) showed more 

significant effects compared to the LD muscle (Table 6.7).  Haplotype 7 was associated 

with less cooking loss compared to haplotypes 2, 13, 15 and 16.  Haplotypes 1, 3, 9, 10 

and 15 had lower cooking loss compared to haplotype 16.  Haplotypes 1 and 10 were 

different from haplotypes 2 and 13, and variation was observed between haplotypes 3 

and 13 for cooking loss.  Genotypes at the BTA2:6538799(C>A) site (P=0.03) were 

associated with variation in ST cooking loss (Appendix 4; Table A4.7).
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Table 6.5  Haplotype associationsA with carcass and feed efficiency traits in Herd D 

A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 9 
B NH, number of haplotype observations 
C Mean EMA for haplotype 9 = 76.5 ± 7.2 cm2 (mean ± s.d.) 
D Mean rump fat depth for haplotype 9 = 19.2 ± 4.7 mm (mean ± s.d.) 
E Mean rib fat depth for haplotype 9 = 15.5 ± 3.7 mm (mean ± s.d.) 
F Mean ossification score (OS) for haplotype 9 = 144.5 ± 10.4 cm2 (mean ± s.d.) 
G Mean AUS marbling score (0-6) for haplotype 9 = 1.9 ± 0.8 (mean ± s.d.) 
H Mean MSA marbling score (100-1100) for haplotype 9 = 428 ± 91 (mean ± s.d.) 
I The overall effect of haplotype was not significant (P>0.05), b values are presented, but comparisons between haplotypes were not performed 
J Mean daily feed intake (DFI) for haplotype 9 = 14.6 ± 1.6 kg (mean ± s.d.) 
ab Within columns, partial regression coefficients with different letters are significant at P = 0.05 
* Excluded from partial regression coefficient comparison because of low NH and high s.e. 

EMA C Rump fatD Rib fatE OSF AUS MSG

MSA 

MSH

b  ± s.e. b  ± s.e. b  ± s.e. b  ± s.e. b  ± s.e. b  ± s.e. N H
B b  ± s.e. N H

B b  ± s.e.

1 407 -0.4 ± 0.6 0.02 ± 0.5 -0.5 ± 0.4ab 0.6 ± 1.0 0.1 ± 0.1a 7 ± 9 397 0.01 ± 0.1 407 -0.2 ± 0.2a

2 46 0.8 ± 0.9 0.4 ± 0.8 -1.1 ± 0.6ab 0.2 ± 1.7 -0.1 ± 0.1ab -4 ± 15 48 0.2 ± 0.1 46 -0.02 ± 0.3ab

3 19 0.5 ± 1.6 0.3 ± 1.3 -1.3 ± 0.9ab 0.9 ± 2.6 -0.3 ± 0.2b -36 ± 24 19 0.1 ± 0.2 19 -0.6 ± 0.4a

5 6 -4.7 ± 2.6* 1.5 ± 2.1* -0.4 ± 1.5* -2.4 ± 4.3* 0.1 ± 0.3* 20 ± 40* 8 0.2 ± 0.3 6 -0.3 ± 0.7*

7 41 0.7 ± 1.0 -0.2 ± 0.8 -1.5 ± 0.6b -0.1 ± 1.7 -0.1 ± 0.1ab -17 ± 15 39 -0.2 ± 0.1 41 0.5 ± 0.3b

8 90 -1.0 ± 0.8 0.8 ± 0.6 0.1 ± 0.5a 1.8 ± 1.4 -0.004 ± 0.1ab 1 ± 12 81 0.1 ± 0.1 90  0.3 ± 0.2b

9 136 0 0 0a 0 0ab 0 125 0 136 0a

10 28 -1.8 ± 1.2 0.5 ± 1.0 -0.8 ± 0.7ab -1.4 ± 2.1 0.04 ± 0.1ab 11 ± 19 30 -0.003 ± 0.2 28 -0.2 ± 0.3ab

16 1 -11.6 ± 5.5* -0.7 ± 4.5* -3.6 ± 3.4* -5.9 ± 9.8* 0.3 ± 0.7* 63 ± 85* 1 0.3 ± 0.8 1 2.5 ± 1.6*

Feed efficiency

H
a

pl
ot

yp
e

   

N H
B

Carcass

RFI I DFI J
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Table 6.6  Haplotype associationsA with carcass traits in Herd E 

    EMA (cm2)B   Rump fat (mm)C   AUS marbling score (0-6)D   MSA marbling score (100-1100)E 

Haplotype  NH
 F b ± s.e.  NH

 F b ± s.e.  NH
 F b ± s.e.  NH

 F b ± s.e. 
1   151 3.6 ± 1.9ab   297 0.6 ± 0.6   136 0.2 ± 0.1   130 29 ± 15a 
2  45 4.7 ± 2.3b  81 0.1 ± 0.7  44 0.04 ± 0.1  38 15 ± 18ab 
3  155 4.0 ± 2.0b  239 0.9 ± 0.6  145 0.2 ± 0.1  130 16 ± 16ab 

4  2 8.1 ± 7.3*  10 1.8 ± 1.6*  2 0.3 ± 0.4  2 23 ± 50* 

5  2 6.5 ± 7.7*  15 -1.3 ± 1.3  1 0.1 ± 0.6  1 -85 ± 75* 

6  3 16.7 ± 6.8*  6 -2.1 ± 2.0*  2 -0.4 ± 0.4  2 -73 ± 51* 

7  11 2.9 ± 3.7*  26 0.3 ± 1.0  7 0.5 ± 0.2  7 -71 ± 29* 

8  6 3.3 ± 4.1*  15 1.5 ± 1.3  3 0.5 ± 0.3  3 31 ± 36* 
9  34 0a  68 0  28 0  25 0b 

10  55 3.2 ± 2.3ab  112 0.6 ± 0.7  46 0.2 ± 0.1  43 22 ± 17ab  
13  29 2.7 ± 2.6ab  41 1.3 ± 0.9  26 -0.001 ± 0.1  25 2 ± 20ab 

14  2 13.0 ± 7.9*  2 5.7 ± 3.5*  2 0.3 ± 0.4  1 2 ± 69* 
15  84 4.9 ± 2.2b  107 0.9 ± 0.7  81 0.2 ± 0.1  69 25 ± 17ab 
16   25 4.3 ± 2.6ab   31 1.1 ± 0.9   21 0.1 ± 0.1   18 12 ± 21ab 

A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 9 
B Mean EMA for haplotype 9 = 63.8 ± 10.2 cm2 (mean ± s.d.) 
C Mean rump fat depth for haplotype 9 = 11.4 ± 5.0 mm (mean ± s.d.) 
D The overall effect of haplotype was not significant (P>0.05), b values are presented, but comparisons between haplotypes were not 

performed 
E Mean MSA marbling score for haplotype 9 = 260 ± 78 (mean ± s.d.) 
F NH, number of haplotype observations 
ab Within columns, partial regression coefficients with different letters are significant at P = 0.05 
* Excluded from partial regression coefficient comparison because of low NH and high s.e. 
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Table 6.7  Haplotype associationsA with meat quality traits in Herd E 

A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 9 
B H, haplotype 
C The overall effect of haplotype was not significant (P>0.05), b values are presented, but comparisons 

between haplotypes were not performed 
D Mean cooking loss percentage for haplotype 9; ST = 47.2 ± 2.9 mm (mean ± s.d.); the overall effect of 

haplotype was not significant (P>0.05) for LD cooking loss, b values are presented, but comparisons 
between haplotypes were not performed 

E Mean colour a* for haplotype 9; ST = 24.7 ± 3.7 (mean ± s.d.); mean colour L* for haplotype 9; LD = 
38.3 ± 2.3, ST = 21.9 ± 1.9 (mean ± s.d.); the overall effect of haplotype was not significant (P>0.05) 
for colour a* in the LD muscle and colour b* in both muscles, b values are presented, but comparisons 
between haplotypes were not performed 

F NH, number of haplotype observations 
abcde Within columns, partial regression coefficients with different letters are significant at P = 0.05 
* Excluded from partial regression coefficient comparison because of low NH and high s.e. 

a* b* L*
N H

F b  ± s.e. N H
F b  ± s.e. b  ± s.e. b  ± s.e. b  ± s.e.

1 282 -0.1 ± 0.2 283 -0.6 ± 0.2 281 0.04 ± 0.3 0.2 ± 0.2 1.1 ± 0.4a

2 80 0.1 ± 0.2 80 -0.1 ± 0.3 79 -0.1 ± 0.4 0.1 ± 0.3 1.2 ± 0.5ab

3 232 -0.1 ± 0.2 233 -0.5 ± 0.3 231 -0.1 ± 0.4 0.1 ± 0.2 0.4 ± 0.4c

4 10 0.01 ± 0.5 10 -1.0 ± 0.6 10 -0.5 ± 0.9 0.5 ± 0.5 2.3 ± 1.1*

5 14 0.1 ± 0.4 14 0.1 ± 0.6 14 0.03 ± 0.8 0.1 ± 0.5 0.4 ± 0.9*

6 6 -0.7 ± 0.6 6 -1.9 ± 0.8 6 -0.4 ± 1.1 -0.2 ± 0.4 -0.6 ± 1.3*

7 26 0.3 ± 0.3 26 -0.6 ± 0.4 24 -0.4 ± 0.6 -0.2 ± 0.4 0.3 ± 0.7*

8 15 -0.7 ± 0.4 15 -0.1 ± 0.5 13 0.6 ± 0.7 0.6 ± 0.4 1.2 ± 0.9*

9 67 0 67 0 64 0 0 0c

10 108 -0.1 ± 0.2 110 -0.3 ± 0.3 110 -0.3 ± 0.4 0.003 ± 0.2 0.4 ± 0.5bc

13 41 0.03 ± 0.2 41 -0.03 ± 0.4 41 0.04 ± 0.5 0.2 ± 0.3 1.4 ± 0.6a

14 2 -1.0 ± 1.0 2 1.7 ± 1.4 2 1.4 ± 1.9 1.4 ± 1.2 2.9 ± 2.3*

15 104 -0.04 ± 0.2 104 -0.1 ± 0.3 104 0.05 ± 0.4 0.2 ± 0.30.8 ± 0.5abc

16 31 0.03 ± 0.3 31 0.1 ± 0.4 31 0.3 ± 0.5 0.4 ± 0.3 1.3 ± 0.6ab

1 282 -0.2 ± 0.1 284 -0.2 ± 0.2ab 285 -0.8 ± 0.5ab -0.3 ± 0.3 0.2 ± 0.5a

2 78 -0.1 ± 0.1 78 0.3 ± 0.3cde 78 -0.8 ± 0.6ab -0.6 ± 0.4 0.2 ± 0.7ab

3 227 -0.2 ± 0.1 230 -0.1 ± 0.3abc 231 -0.9 ± 0.5ab -0.5 ± 0.3 -0.3 ± 0.6ab

4 10 -0.5 ± 0.2 10 -0.7 ± 0.6* 10 -0.3 ± 1.2* -0.8 ± 0.7 -0.2 ± 1.4*

5 14 0.1 ± 0.2 14 0.6 ± 0.5* 14 -0.5 ± 1.1* 0.3 ± 0.6 0.04 ± 1.2*

6 6 -0.7 ± 0.3 6 -0.7 ± 0.8* 6 -1.5 ± 1.5* -0.7 ± 0.9 2.9 ± 1.7*

7 26 -0.3 ± 0.1 26 -0.6 ± 0.4a 26 -1.1 ± 0.8ab -1.0 ± 0.5 -0.3 ± 0.9ab

8 15 -0.2 ± 0.2 15 0.3 ± 0.5* 15 -0.7 ± 1.0* -0.3 ± 0.6 1.0 ± 1.1*

9 64 0 65 0abcd 65 0a 0 0ab

10 108 -0.3 ± 0.1 109 -0.3 ± 0.3ab 109 -0.4 ± 0.6ab -0.2 ± 0.3 -1.2 ± 0.6b

13 40 -0.1 ± 0.1 40 0.5 ± 0.3de 40 -1.6 ± 0.7b -1.1 ± 0.4 0.6 ± 0.8a

14 2 -0.6 ± 0.5 2 1.1 ± 1.4* 2 4.1 ± 2.6* 3.2 ± 1.6 0.7 ± 2.9*

15 98 -0.1 ± 0.1 98 0.2 ± 0.3bcd 98 -0.9 ± 0.6ab -0.7 ± 0.4 -0.4 ± 0.7ab

16 30 -0.1 ± 0.1 31 1.0 ± 0.4e 31 -0.9 ± 0.7ab -0.4 ± 0.5 -0.03 ± 0.8ab

ColourE

   
N H

F

M.semitendinosus (ST)

M.longissimus dorsi (LD)
HB

Shear forceC Cooking loss %D
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Colour a* differences in the ST muscle were found between haplotypes 9 and 13.  In 

the colour L* analysis for the ST muscle, haplotypes 1 and 13 were significantly 

different from haplotype 10.  The haplotype differences for the ST colour scores were 

not represented by the individual tag SNP (Appendix 4; Table A4.7). 

 

6.4 Discussion 

The primary objective of this study was to determine if the associations found between 

MSTN markers and muscling in Chapter 5 persist across other Australian cattle 

populations.  Similar to Chapter 5, the contribution of haplotype was significant for the 

EMA analyses in the validation herd.  This provides convincing evidence that these 

MSTN genetic variants are contributing to differences in muscle mass. 

In the validation herd, less significant variation was observed in EMA between the 

non-double muscling haplotypes.  Significant associations were generally confined to 

the double muscling haplotype in the validation herd.  The effect of this haplotype on 

EMA relative to each of the other haplotypes, confirms the findings from Herd A 

(Chapter 5).  Moderate estimates for EMA were found for haplotypes 2, 3, 5 and 7 

compared to the double muscling and remaining haplotypes.   

Comparison of the EMA estimates from the validation herd with Herd A showed a 

moderate correlation between the rankings.  This suggests that many of the haplotypes 

are having a similar effect across cattle populations.  Differences in rankings between 

both cattle populations may be caused by changes in haplotype frequency or because a 

precise estimate could not be calculated for haplotypes of small or no effect.   

Precision of the EMA estimates may also be affected by the age of the cattle, where 

muscle growth is more prominent in younger cattle (Robelin and Tulloh 1992).  The 

average age of the cattle in the validation herd was almost 4 times greater compared to 

the cattle assessed in Herd A.  Furthermore, the treatments imposed on some of the 

cattle herds may have impacted on normal muscle development.  For instance, the 

original study involving the cattle from Herd C, found that the pre-natal and pre-

weaning nutritional treatments imposed were responsible for differences in size and 

retail beef yield (Greenwood et al. 2006). 

The effects for the MSTN haplotypes examined in this thesis have not been presented 

elsewhere.  Therefore, to provide the most reliable estimates for the magnitude of effect 

for each haplotype on EMA, all cattle from the validation herd and Herd A (Chapter 5), 
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were combined.  The size of effect for haplotype 6 was prominent relative to the non-

double muscling haplotypes.  The size of effect for haplotype 6 is caused by the 

BTA2:6537448(del11) mutation and is consistent with previous findings involving 

double muscling heterozygotes (Casas et al. 1999; Wheeler et al. 2001; Wiener et al. 

2002; Casas et al. 2004; Levéziel et al. 2006; Gill et al. 2008; O'Rourke et al. 2009a).  

These results further demonstrate the advantages of incorporating null MSTN alleles 

into breeding programmes, in the heterozygous form. 

Few homozygotes for any haplotype were found across all cattle populations.  

Therefore, the purported moderate effects that were estimated for haplotypes 2, 3 and 7 

are largely a result of a single haplotype copy.  Selection for these alleles of small to 

moderate effect, especially in homozygotes, will avoid adverse fitness effects that are 

associated with double muscling mutations (Arthur 1995; O'Rourke et al. 2009a).  The 

size of effect estimated for haplotypes 1, 5, 8, 9 and 10 show that these haplotypes are 

less favourable candidates for genomic selection to improve muscle mass. 

It is interesting that the overall effect of haplotype was significant for the rump fat 

analysis in the validation herd, but not in Herd A (Chapter 5).  The age differences 

between the validation herd and Herd A, suggest that age is a critical design factor for 

marker association studies investigating fatness traits.  In the validation herd, haplotype 

6 had the largest effect on rump fat.  These results are consistent with the extensive 

literature demonstrating that double muscling mutations cause a reduction in 

subcutaneous fat (Casas et al. 1999; Wheeler et al. 2001; Wiener et al. 2002; Casas et 

al. 2004; Levéziel et al. 2006; Gill et al. 2008).  For the non-double muscling 

haplotypes, haplotype 10 was associated with increased fat, which is consistent with its 

small effect on EMA.  This effect was not obvious in Herd A (Chapter 5), but the Herd 

A measurements were conducted when fat development is more variable (Robelin and 

Tulloh 1992), and therefore, requires further validation. 

The tag SNP associations found for all traits examined in this study were generally 

different from the corresponding analysis in Chapter 5, except for the double muscling 

site.  This suggests that the non-double muscling tag SNP are not causal of the trait 

variation, and are reflecting the haplotype differences.  If the alleles at a tag SNP site 

could discriminate the haplotype associations, the site would be likely to yield a 

significant finding.  This means that differences in MSTN haplotype diversity will 

influence significant associations for these tag SNP across cattle populations, unless 

they are proven to be causal in future studies. 
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 Another important component of a DNA marker(s) validation process is to assess 

their effects on other traits of industry value (Barendse 2005).  An insight was provided 

in Chapter 5 for carcass and meat quality traits in a sub-population from Herd C.  In this 

study, similar and additional data were available for sub-populations from Herds D and 

E.   

The overall effect of haplotype was significant for MSA marble score in the Herd C, 

Herd D and Herd E sub-groups at slaughter.  Shibata et al. (2006) proposed a role for 

MSTN in the development of intramuscular fat.  This hypothesis is supported by the 

association between the MSTN haplotypes and marble score in this study.  For instance, 

haplotype 1 had a higher MSA marble score relative to haplotype 9 in each slaughter 

sub-group, and this increase was significant in Herds C and E.  These results show that 

cattle with haplotype 1, despite having less favourable muscling attributes, are likely to 

have superior marbling.  Screening for these more favourable alleles will assist cattle 

producers to select animals that are more likely to meet the criteria of specific markets. 

The meat quality associations tested for Herd E showed more variation for the effects 

of the haplotypes in the ST muscle compared to the LD muscle.  This finding conforms 

to knowledge about greater MSTN expression in muscle with a higher proportion of 

glycolytic fibres (Bass et al. 1999; Carlson et al. 1999).  Herd E provided the most 

comprehensive assessment of the effects of MSTN markers on meat quality 

measurements for the LD and ST muscles.  Given the greater haplotype diversity in this 

population many of the associations found are unique to Herd E and require further 

investigation.   

Two indices of feed efficiency, residual feed intake (RFI) and daily feed intake (DFI) 

were measured for most animals in Herd D.  The contribution of haplotype was not 

significant for the RFI analyses.  However, for the DFI analyses haplotype 7 had the 

largest estimate, and is also associated with moderate increases in EMA.  These results 

indicate that cattle in Herd D with haplotype 7 have consumed more feed, and the effect 

size on EMA estimated for haplotype 7 suggests that this increased feed consumption 

has been converted into body tissue more efficiently.  Given the economic importance 

of feed efficiency to the beef cattle industry, the effects of haplotype 7 on this trait 

should be investigated further. 

 This study has shown that the effects of MSTN haplotypes on muscling traits persist 

across other cattle populations.  The findings also support the hypothesis that non-

double muscling MSTN markers are associated with variation in muscling.  
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Furthermore, evidence has been provided that the effect of genetic variation at the 

MSTN locus is not limited to muscling traits, and also influences other traits of industry 

value.  Estimates of the haplotype effect sizes on these other traits, will provide the beef 

industry with more informed decisions about which MSTN alleles are more favourable 

for specific markets. 

 

6.5 Acknowledgements 

Thankyou to Brian Brooker and his family for access to samples and data for the 

animals in Herd B.  Blood samples for Herd D were collected by I&I NSW staff at the 

Trangie Agricultural Research Station.  Herd D ultrasound data were provided by Dr 

Paul Arthur and Dr Robert Herd from I&I NSW, and slaughter data were provided by 

Carel Teseling from the Angus Society of Australia.  DNA aliquots for the Herd E cattle 

were provided by the Cooperative Research Centre for Beef Genetic Technologies and 

data were provided by Jim Cook and David Johnston from the Animal Genetics and 

Breeding Unit at the University of New England.   



 

 109 

CHAPTER 7 

 

7 Expression imbalances between MSTN haplotypes 

 

7.1 Introduction 

MSTN is a potent negative regulator of myogenesis (Section 1.4; McPherron et al. 

1997).  An increased understanding of the biological function of MSTN has developed 

from the discovery of loss-of-function DNA mutations that cause large effects on 

muscle mass; a phenotype known as double muscling in many species (Grobet et al. 

1997; Kambadur et al. 1997; McPherron and Lee 1997; Cappuccio et al. 1998; Grobet 

et al. 1998; Schuelke et al. 2004; Clop et al. 2006; Kijas et al. 2007; Mosher et al. 2007; 

Boman et al. 2009; Boman et al. 2010).  The search for these double muscling DNA 

markers has revealed that the MSTN homologue across species contains high genetic 

variability (Chapter 1; Chapter 3; Grobet et al. 1998; Crisa et al. 2003; Dunner et al. 

2003; Schuelke et al. 2004; Clop et al. 2006; Kijas et al. 2007; Abe et al. 2009; Boman 

et al. 2009; Grisolia et al. 2009; O'Rourke et al. 2009a; Boman et al. 2010).  In previous 

studies (Chapter 5; Chapter 6), the effects of these non-double muscling polymorphisms 

have been tested on indices for muscle mass.  The findings demonstrated that these 

polymorphisms are also linked to variation in muscle mass; albeit with a much smaller 

effect than mutations that eliminate MSTN activity as the classical double muscling 

alleles do. 

To provide biological support for these quantitative trait associations, this present 

study was established to determine if the haplotype effects on muscling are reflected by 

differences in MSTN expression.  Since most polymorphisms reported in bovine MSTN 

are non-coding, it is more likely that any functional effect will alter regulation of gene 

expression rather than protein structure.  Heritable variation in gene expression has been 

demonstrated in studies investigating the role of non-coding polymorphisms or 

haplotypes in complex disease or phenotypes (Toma et al. 2002; Bray et al. 2003; 

Pastinen et al. 2004; Caffrey et al. 2006; Riancho et al. 2007; The GenePD Study 

2008).  These studies assume that both autosomal copies of a gene will be expressed 

equally in the absence of cis-acting polymorphisms (Bray et al. 2003; Pastinen et al. 

2004).  In the presence of cis-acting polymorphisms that affect gene expression, 
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heterozygous individuals will have unequal amounts of mRNA transcribed from each 

autosomal copy (Bray et al. 2003; Teare et al. 2006). 

Given the inhibitory role of MSTN on muscle mass (McPherron et al. 1997), the 

hypothesis tested in this study was that haplotypes associated with positive effects on 

eye muscle area (EMA) contain cis-acting polymorphisms that reduce MSTN 

expression.  This hypothesis was tested at the transcriptional level using quantitative 

real-time PCR (qRT-PCR), allowing comparison of intra-individual differences in 

mRNA originating from each copy of MSTN.  Four non-double muscling haplotypes 

were targeted; haplotypes 2 and 7 associated with the largest EMA, and haplotypes 5 

and 9 associated with the smallest EMA from the Herd A study (Chapter 5).  All cattle 

were heterozygous for their MSTN haplotype, and sites within the mRNA transcript 

were used to discriminate mRNA abundance from each haplotype.  A MSTN splice 

variant was detectable in two of the allele specific assays.  This splice variant has been 

reported previously, and has generated interest because of its antagonistic effects on 

MSTN (McMahon et al. 2008). 

 

7.2 Materials and Methods 

7.2.1 Animal selection 

Ninety-five Angus cattle from Herd A (Section 2.1.1) were selected for this study.  Each 

animal contained at least one target haplotype (haplotype 2, 5, 7 and 9)(Chapter 5; Table 

5.3).  To enhance observation of inter-individual expression differences, cattle with a 

target haplotype were only selected if their other MSTN haplotype was significantly 

different (P<0.05), using the EMA results for Herd A (Chapter 5; Table 5.5).  Cattle 

with haplotype combinations 2, 5 and 2, 8 were excluded because they could not be 

differentiated by a known polymorphism within the mRNA transcript (Table 5.3). 

Sixty-four of the cattle were born in 2006 or earlier.  Genotypes had been determined 

and haplotypes inferred for each of animal in Chapter 5.  The remaining 31 animals 

were selected from the Herd A cohort born in 2007.  The 2007-born cohort comprised 

204 cattle.  DNA was extracted from whole blood (Section 2.2.1) and each animal was 

genotyped at the MSTN tag SNP sites (Section 2.6) as previously described (Section 

6.2).   
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7.2.2 Biopsy collection 

100 – 200 mg of tissue was excised from the m. longissimus dorsi (LD), m. 

semimembranosus (SM) and m. semitendinosus (ST).  Biopsy samples were collected 

by an experienced operator (P. McGilchrist) and the procedure (Gardner et al. 2001) 

was approved by the I&I NSW Animal Ethics Committee, Orange NSW (Approval No:  

ORA 06/004).  Each animal selected was sampled once during the experiment.  In 

December 2007, tissue samples were collected from male cattle born in 2006 prior to 

their slaughter.  The remaining animals were sampled in March 2008.  On each occasion 

sampling was performed within a single day.  For each animal, the 3 muscle biopsies 

were immediately transferred to separate 2 mL cryovials (Greiner Bio-one, 

Frickenhausen, Germany) and the tissue submerged in 1.8 mL of RNAlater® (Ambion, 

CA, USA) and stored on ice.  The following day samples were transported on ice to the 

laboratory and then stored at -20°C.  

 

7.2.3 RNA extraction 

Biopsy samples were pressed firmly between lint-free tissues to remove excess 

RNAlater®.  Fifty-120 mg of tissue was weighed and added to 2 mL of TriReagent 

(Ambion, CA, USA) on ice.  The tissue sample was homogenised using an Ultra-Turrax 

T10 basic homogeniser (IKA Works, Wilmington NC, USA) at 23,000 rpm for 15 s.  

Homogenates were incubated at room temperature for 5 min and then returned to ice.  

One mL aliquots were transferred to separate 1.5 mL microcentrifuge tubes and stored 

at -80°C. 

For extraction, an aliquot was thawed and 0.1 volume of 1-bromo-3-chloro-propane 

(Sigma, MO, USA) was added.  Samples were shaken vigorously for 20 s and incubated 

at room temperature for 10 min.  Phase separation was performed at 4°C by 

centrifugation at 10,000 g for 15 min (Biofuge Fresco, Heraeus, Kendro Laboratory 

Products, NC, USA).  400 µL of the aqueous phase was transferred to a deep well 96 

well plate (Thermo Scientific, Vantaa, Finland) containing 20 µL of bead mixture (1:1 

of RNA binding beads and nuclease free water) supplied with the MagMAX™-96 for 

Microarrays Kit (Ambion, CA, USA).  200 µL of molecular grade isopropanol 

(Labscan, Dublin, Ireland) was added to each well before extraction, which was 

automated using the KingFisher 96 (Thermo Scientific, Vantaa, Finland).  The 
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automated process commenced with the samples added to Lysis Binding Solution and 

mixed on high speed for 3 min.  Samples were transferred to a new plate containing 150 

µL of Wash Solution 2 and mixed at slow speed for 2.5 min before drying at room 

temperature for 30 s.  The RNA was transferred to a new plate containing Turbo DNase 

(Ambion, CA, USA) and incubated for 15 min with gentle agitation.  The treated RNA 

was transferred to a plate containing Rebinding Solution and mixed at slow speed for 3 

min.  The RNA was washed 2 more times in Wash Solution 2, dried for 1 min at room 

temperature and then the RNA was released into 60 µL of Elution Buffer at 65°C.  A 

spectrophotometer was used to assess total RNA concentration and purity for each 

sample (Section 2.3.1).   

 

7.2.4 RNA integrity  

Five RNA samples from each muscle type were selected to verify RNA integrity by gel 

electrophoresis.  3 µL of RNA sample was combined with 3 µL of RNA gel loading 

buffer comprising 95% (v/v) formamide, 20 mmol/L EDTA and 0.05% (w/v) 

bromophenol blue.  Samples were heated for 5 min at 80°C and then cooled on ice 

before loading on a 1% agarose gel (Section 2.7) and run at 100 V for 2 h.  Integrity of 

the RNA was assessed visually by the presence of distinct 28S and 18S ribosomal RNA 

bands.   

 

7.2.5 Genomic DNA contamination 

The samples used to assess RNA integrity were also tested for genomic DNA (gDNA) 

contamination.  2 µL of RNA was used as template in a PCR containing the intron 

binding primers 483 and 484 (Appendix 1; Table A1.1).  The reaction and cycling 

procedures have been described previously (Section 3.2.2; O’Rourke et al. 2009a).  

PCR product was visualised on a 2% agarose gel (Section 2.7), and gDNA 

contamination was confirmed by the presence of a 651 bp PCR amplicon. 

 Low levels of gDNA were found in these samples.  All samples were treated with the 

TURBO DNA-free™ Kit (Ambion, CA, USA) in a 96 well plate format using 2 U of 

TURBO DNase according to the manufacturer’s recommendations.  50 µL of treated 

RNA was transferred to a new 96 well plate and stored at -80°C. 
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7.2.6 cDNA synthesis 

Total RNA concentration was normalised to 50 ng/µL by dilution in nuclease free water 

 (MO Bio Laboratories, CA, USA) using the EpMotion 5075 robotic liquid handler 

(Eppendorf, Hamburg, Germany).    Normalised RNA was stored at -80°C.  

RNA (500ng) was converted to cDNA using the High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems, CA, USA).  Reverse transcription reactions were 

prepared in a 20 µL final volume.  Each cDNA reaction contained 1 X reverse 

transcriptase buffer, 4 mmol/L of dNTP mix and 50 U of Multiscribe™ Reverse 

Transcriptase, each supplied with the kit.  An oligodTV mixture (1.7 µmol/L) with 

equimolar concentrations of 5’-ATTTTTTTTTTTTTTT-3’, 5’-

CTTTTTTTTTTTTTTT-3’ and 5’-GTTTTTTTTTTTTTTT-3’ was added to each 

cDNA reaction.  Residual RNase activity in the cDNA reaction was inactivated by 

adding 8 U of RNaseOUT™ (Invitrogen, CA, USA).   

cDNA synthesis was performed at 37°C for 2 h followed by inactivation of the 

reverse transcriptase at 65°C for 15 min.  Reverse transcription was performed in 96 

well plates in 3 batches using a block randomisation format.  Batch 1 contained RNA 

samples 1-32 for m. longissimus dorsi (well A1-H4), m. semimembranosus (well A5-

H8) and m. semitendinosus (well A9-H12).  cDNA in batch 2 was synthesised from 

RNA samples 33-64 for: m. semitendinosus (well A1-H4), m. longissimus dorsi (well 

A5-H8) and m. semimembranosus (well A9-H12).  In batch 3, cDNA was prepared for 

RNA samples 65-95 for m. semimembranosus, m. semitendinosus and m. longissimus 

dorsi.  Sample 96 was used as a no template control for the cDNA synthesis and 

subsequent gene expression reactions; each synthesised in cDNA batch 3.  Following 

reverse transcription, 60 µL of 10 mmol/L Tris.Cl pH 8.0 (Ambion, CA, USA) was 

added to each cDNA sample.  For gene expression analysis cDNA was further diluted 

by adding 10 µL of stock cDNA to 40 µL of 10 mmol/L Tris.Cl pH 8.0 (Ambion, CA, 

USA) in a separate plate.  Stock and gene expression cDNA was stored at -80°C. 

 

7.2.7 qRT-PCR 

Assays were developed for each allele at 3 discriminatory sites contained within the 

mRNA transcript; BTA2:6537448(del11), BTA2:6537959(A>C) and 

BTA2:6538799(C>A).  Discrimination of MSTN haplotypes were performed using a 
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minor groove binding TaqMan® probe (Applied Biosystems, CA, USA).  All qRT-PCR 

were performed over 3 consecutive days.  All cDNA samples were tested within an 

assay on the same day.  cDNA batches were tested in triplicate on the same plate.  Plate 

variation within an assay was captured by 4 inter-run calibrators (IRC) that were used in 

all assays.  Each IRC contained pooled cDNA from 4 samples.  All 6 discriminatory 

alleles were represented at least twice, allowing the same IRCs to be used for each qRT-

PCR.  The 3 muscle types were also represented in each IRC.   

 In the separate assays for the + and mh alleles at the BTA2:6537448(del11) site, 

common primers (659/660; Appendix 1, Table A1.1) were used for amplification.  The 

BTA2:6537448(+) allele was discriminated and quantified using probe P1 and the mh 

allele was measured with probe P2 (Appendix 1; Table A1.2).  The alleles at the 

BTA2:6537959(A>C) site were amplified with primers 661/662 (Appendix 1; Table 

A1.1) and probe P3 was used to discriminate and quantify the A allele and probe P4 for 

the C allele (Appendix 1; Table A1.2).  At the BTA2:6538799(C>A) site, both alleles 

were amplified with primers 663 and 664 (Appendix 1; Table A1.1).  The C allele was 

measured with probe P5 and the A allele with probe P6 (Appendix 1; Table A1.2).  

Allelic discrimination was monitored in each assay by testing a linearised plasmid 

construct (10 pg/µL) that contained the non-specific allele relevant to the 

polymorphism. 

qRT-PCR reactions were prepared using the EpMotion 5075 liquid handler 

(Eppendorf, Hamburg, Germany).  cDNA was combined with gene expression master 

mix comprising 1 x TaqMan® Gene Expression Master Mix (Applied Biosystems, CA, 

USA), 900 nmol/L of each primer and 250 nmol/L of the allele specific probe in a final 

volume of 35 µL.  For both allele specific assays at the BTA2:6537448(del11) site, 4.9 

µL of cDNA was added to 30.1 µL of master mix.  In the other assays 10.3 µL of cDNA 

was combined with 24.7 µL of master mix.  Plates were mixed using a MixMate PCR96 

(Eppendorf, Hamburg, Germany) for 30 s at 1500 rpm.  Three technical replicates (10 

µL) were dispensed into a 384 well plate (Applied Biosystems, CA, USA).  Plasmid 

standards, cDNA standards, allelic discrimination controls and inter-run calibrators 

were prepared manually for each assay using the same volumes. 

 Two ABI PRISM® 7900HT Fast Real-Time PCR System (Applied Biosystems, CA, 

USA) were used to perform all qRT-PCR.  All samples for each assay were tested on 

the same thermocycler.  qRT-PCR commenced with denaturation for 10 min at 95°C 
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followed by 45 cycles of 10 s at 95°C and extension for 45s at 60°C for the allele 

specific assays at the BTA2:6537448(del11) and BTA2:6537959(A>C) sites, or 62°C 

for the BTA2:6538799 (C>A) alleles.  Abundance of the allele specific amplicon was 

captured during the extension step using a cycle threshold of 0.1 (SDS2.3 software, 

Applied Biosystems, CA, USA).  

 MSTN transcript abundance for each sample was determined using a standard curve.  

The standard curve was generated from 5 x ten-fold dilutions of a linearised plasmid 

construct commencing at 10 pg/µL and serially diluted in nuclease free water containing 

40 ng/uL of tRNA (Sigma, MO, USA).  Plasmid concentration was converted to copy 

number (Appendix 5; Equation A5.1)  The plasmid constructs (Figure 7.1, Figure 7.2, 

Figure 7.3) were created by separately cloning each allele specific PCR product into a 

pCR®2.1 vector using the TA Cloning® Kit (Invitrogen, CA, USA) according to the 

manufacturer’s recommendations.  The DNA sequence of each insert was confirmed.  

 

7.2.8 Data analyses 

Raw qRT-PCR data were analysed using qBase 1.3.5 (Hellemans et al. 2007).  The 

IRCs used in each qRT-PCR were compared using qBase and inter-run variation for 

each assay was corrected.  The data were further adjusted using qBase to allow 

comparison of haplotype expression data generated from different assays that varied in 

amplification efficiency (Equation 7.1). 

To account for differences in reaction efficiency the fourth plasmid standard (10 

fg/µL) was used as a reference calibrator.  In the BTA2:6537448(+) assay, this standard 

was calculated to contain 323.5 copies of plasmid.  A corrected Ct was calculated for 

the corresponding plasmid standard in the other assays (Equation 7.2). 

 

 

 

Equation 7.1 Calculation of amplification efficiency  

 
110 )/1( −= − slope

xE  

where Ex is the amplification efficiency, and slope refers to the gradient of the plasmid 

standard curve. 
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Figure 7.1 Plasmid construct for the alleles at the BTA2:6537448(del11) site.  

Nucleotide sequence for the multiple cloning site is shown.  Nucleotides in lower case 

form the multiple cloning site of the pCR®2.1 vector.  Nucleotides in upper case indicate 

the MSTN insert. The location of the BTA2:6537448(del11) site is shown in red and 

underlined.  Locations for the M13 sequencing primers and the qRT-PCR primers are 

boxed.  The unique HindIII site exploited to linearise the plasmid constructs is 

underlined.  The arrow indicates the start codon for lacZα.  This is a modification of the 

figure provided with the TA Cloning® Kit (Invitrogen, CA, USA). 
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Figure 7.2 Plasmid construct for the alleles at the BTA2:6537959(A>C) site.  

Nucleotide sequence for the multiple cloning site is shown.  Nucleotides in lower case 

form the multiple cloning site of the pCR®2.1 vector.  Nucleotides in upper case indicate 

the MSTN insert. The location of the BTA2:6537959(A>C) site is shown in red and 

underlined.  Locations for the M13 sequencing primers and the qRT-PCR primers are 

boxed.  The unique HindIII site exploited to linearise the plasmid constructs is 

underlined.  This is a modification of the figure provided with the TA Cloning® Kit 

(Invitrogen, CA, USA). 
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Figure 7.3 Plasmid construct for the alleles at the BTA2:6538799(C>A) site.  

Nucleotide sequence for the multiple cloning site is shown.  Nucleotides in lower case 

form the multiple cloning site of the pCR®2.1 vector.  Nucleotides in upper case indicate 

the MSTN insert. The location of the BTA2:6538799(C>A) site is shown in red and 

underlined.  Locations for the M13 sequencing primers and the qRT-PCR primers are 

boxed.  The unique HindIII (underlined) and KpnI (underlined and italics) sites 

exploited to linearise the plasmid constructs containing the A and C alleles respectively, 

are shown.  The arrow indicates the start codon for lacZα.  This is a modification of the 

figure provided with the TA Cloning® Kit (Invitrogen, CA, USA). 
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Equation 7.2 Calculation of corrected Ct for plasmid standards  

 
intercept;y+number)(copylog slope=Ct Corrected 10×  

where slope refers to the gradient of the standard curve and copy number has been 

calculated from the plasmid concentration (Appendix 5; Equation A5.1). 

 

 

For each assay the corrected Ct was made equal to 323.5 copies of plasmid; 

equivalent to BTA2:6537448(+) standard.  The normalised relative quantification 

(NRQ) model described by Pfaffl (2001) was then used to adjust all data relative to the 

BTA2:6537448(+) assay to allow comparison across assays (Equation 7.3). 

 

 

Equation 7.3 Calculation of normalised relative quantities (Pfaffl 2001). 

 
)()( )()( refCtgoiCt refEgoiENRQ ∆∆ ÷=  

where E(goi) is the amplification efficiency (Equation 7.1) of the gene of interest (goi); 

∆Ct (goi)  = Ct of the sample – Ct of the reference calibrator; E(ref) is the amplification 

efficiency of the BTA2:6537448(+) assay; ∆Ct (ref) = Ct of the sample- Ct of the 

reference calibrator from the BTA2:6537448(+) assay. 

 

 

 A log10 transformation was performed on the normalised data.  The data were 

analysed for haplotype expression imbalances using a linear model (SAS 9.1.3, SAS 

Institute).  Animal and qRT-PCR assay were included in the model as a fixed effects 

(Equation 7.4), and each animal had two measurements for mRNA abundance 

corresponding to each haplotype.  Data from both assays at the BTA2:6537959(A>C) 

site were excluded because of lower amplification efficiency and greater deviation 

between the technical replicates.  This resulted in exclusion of 8 animals because their 

haplotype expression could not be differentiated by the other assays.  The overall effect 

of haplotype was tested for significance using the likelihood ratio test (Kendall and 

Stuart 1973) described in Chapter 5 (Section 5.2.5). 
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Equation 7.4 Linear regression model for associations between haplotype and 

mRNA abundance 

 

ijkkjijk eHaplotypebIDanimaly +++= ∑ 1µ  

where y is the log10 transformed normalised relative quantity of mRNA; animal ID = 

unique animal identifier; b1 = is the partial regression coefficient of each haplotype 

represented in this study, and e is the residual error. 

 

7.2.9 Detection of an alternatively spliced MSTN mRNA species 

PCR were designed based on the structure of a MSTN splice variant (MSV) reported in 

sheep (Figure 7.4); McMahon et al. 2008) and the patented coding sequence of the 

bovine equivalent (Jeanplong and McMahon 2007).  Primer 495 (Appendix 1; Table 

A1.1), common to both the MSTN and MSV transcripts, was combined with the reverse 

primer (primer 660, 662 and 664) for each of the qRT-PCR described above (Section 

7.2.7).  Amplification reactions consisted of 10 mmol/L Tris-HCl pH 8.3, 50 mmol/L 

KCl, 1.5 mmol/L MgCl2, 0.1 M dNTP, 0.5 µmol/L of each primer, 0.5 U of Taq 

polymerase (Roche, Switzerland), and 2 µL of cDNA in a 20 µL final volume.  

Amplification was performed in a Mastercycler (Eppendorf, Hamburg, Germany) using 

a touchdown PCR protocol.  Touchdown cycling comprised an initial step at 94°C for 3 

min, followed by 9 cycles of 94°C for 15 s, 68-60°C for 20 s decreasing by 1°C each 

cycle and 72°C for 45 s for primer combinations 495/660 and 495/662, and 1 min 40 s 

for primer combination 495/664.  Amplification continued for 30 cycles of 94°C for 15 

s, 60°C for 20 s and the corresponding extension times at 72°C.  A final extension step 

at 72°C for 2 min was used.  PCR product was visualised on a 2% agarose gel (Section 

2.7). 

 

7.3 Results 

7.3.1 Haplotype expression imbalances 

The amplification efficiency for each qRT-PCR was estimated from the slope of the 

standard curve (Table 7.1).  All qRT-PCR had an estimated efficiency between 95-

100%.  At each site, both allele-specific qRT-PCR had similar efficiencies.  The slight 
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Figure 7.4 Structure of the ovine MSTN and MSV transcripts (adapted from 

McMahon et al. 2008).  The genomic DNA structure of MSTN is shown at the top.  The 

start (ATG) and termination (MSTN = TGA; MSV = TAA) codons are shown.  Coding 

regions in each transcript are shaded.  The dashed lines indicate the approximate 

location of each polymorphism used in the qRT-PCRs, and primer 495 which is 

common to both ovine transcripts.  The 1010bp region shown is not transcribed in the 

MSV transcript creating a novel third exon. 

 
reduction in efficiency for the BTA2:6537448(del11) assay compared to the 

BTA2:6537448(+) assay, was reflected by a decrease in Ct to detect a similar number of 

plasmid copies.  Despite similar efficiencies for the assays at the BTA2:6538799(C>A) 

site, at least 1 additional cycle was required in the BTA2:6538799(A) assay to detect an 

equivalent number of plasmid copies as the C allele-specific assay.  This trend was 

consistent for the cDNA samples from each muscle type. 

Similar abundance of MSTN transcript was observed between the LD and SM samples 

of an animal.  In the ST sample of each animal a lower Ct was observed indicating 

greater MSTN abundance (Table 7.1).  This is a crude observation because separate 

samples were collected for each muscle type and the data were not normalised against a 

reference gene.  However, this trend is still noteworthy because it was consistent for all 

animals regardless of the qRT-PCR used, and supports findings from previous studies 

(Bass et al. 1999; Carlson et al. 1999; Parnell et al. 2009). 
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Table 7.1 Raw data for gene expression standards and test samples used to assess reaction efficiency  

    StandardsA   Test samplesB 

qRT-PCR   1 2 3 4 5 SlopeC   LD SM ST 
BTA2:6537448(+)             

   Concentration  1.4 pg/µL 140 fg/µL 14 fg/µL 1.4 fg/µL 140 ag/µL  - - - 
   Copy number  32257 3225.7 322.6 32.3 3.2  - - - 

   Ct (mean ± s.d.)  24.0±0.06 27.2±0.11 30.7±0.10 34.5±0.26 38.1±0.26 
-3.32 

 32.7±0.81 32.5±0.94 31.2±0.70 
BTA2:6537448(del11)             
   Concentration  1.4 pg/µL 140 fg/µL 14 fg/µL 1.4 fg/µL 140 ag/µL  - - - 
   Copy number  32345 3234.5 323.5 32.3 3.2  - - - 

   Ct (mean ± s.d.)  23.5±0.05 26.9±0.01 30.1±0.06 33.6±0.18 - 
-3.35 

 32.6±0.88 32.7±0.93 31.4±0.57 
BTA2:6538799(C)            
   Concentration  2.9 pg/µL 290 fg/µL 29 fg/µL 2.9 fg/µL 290 ag/µL  - - - 

   Copy number  66718 6671.8 667.2 66.7 6.7  - - - 

   Ct (mean ± s.d.)  22.2±0.02 25.5±0.05 28.8±0.03 32.2±0.23 - 
-3.43 

 31.7±1.47 31.3±1.57 29.8±1.13 
BTA2:6538799(A)            

   Concentration  2.9 pg/µL 290 fg/µL 29 fg/µL 2.9 fg/µL 290 ag/µL  - - - 

   Copy number  66718 6671.8 667.2 66.7 6.7  - - - 

   Ct (mean ± s.d.)  23.2±0.10 26.8±0.11 30.0±0.03 33.6±0.25 37.0±0.30 
 -3.43 

 32.8±1.49 32.6±1.72 30.9±1.10 
A Raw data for plasmid standards (mean ± s.d.); data from the 5th standard were excluded for the BTA2:6537448(del11) and the 

BTA2:6538799(C) assays because of low precision between the technical replicates. 
B Raw data for muscle cDNA samples; LD, m. longissimus dorsi; SM, m. semimembranosus; ST, m. semitendinosus 
C Gradient of plasmid standard curve used to calculate the amplification efficiency (Equation 7.1) 
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In the haplotype analyses, haplotype 8 was associated with the largest quantity of 

MSTN transcript in all tissue types (Table 7.2).  Haplotype 1 was associated with the 

least transcript in each tissue.  For the target haplotypes, haplotype 2 was associated 

with the largest transcript abundance, followed by haplotypes 5, 9 and 7 respectively.  

These rankings were consistent in the different tissues, except haplotype 5 was ranked 

higher than haplotype 2 in the ST muscle.  However, the overall effect of haplotype was 

significant (P<0.05) only for the analysis of the LD tissue. 

Significant variation in mRNA abundance was observed between the MSTN 

haplotypes in the LD muscle.  Haplotypes 1, 3, 7 and 9 were associated with fewer 

transcripts compared to each of the other haplotypes.  Haplotype 6 had less MSTN 

mRNA relative to haplotype 5, and all haplotypes had less relative to haplotype 8.   

 

7.3.2 Alternatively spliced MSTN mRNA species 

A qualitative test was developed to determine if a single mRNA species had been 

measured in each qRT-PCR (Figure 7.6).  A single PCR product was observed for the 

qualitative test of the BTA2:6537448(del11) and BTA2:6537959(A>C) sites.  The 

migration distance for each PCR product was consistent with the expected size (332 bp 

and 837 bp respectively).  These sizes were consistent with the canonical MSTN 

transcript. 

Two PCR products were observed in the qualitative test for both alleles at the 

BTA2:6538799(C>A) site.  The larger product was consistent with the expected size for 

the MSTN transcript (1697 bp), and the smaller product corresponded to the size 

expected for the MSV species (687 bp), based on the reported coding region sequence 

(Jeanplong and McMahon 2007).  The smaller product corresponding to MSV was 

absent in the genomic DNA profile (data not shown). 

The profiles observed for each site were consistent regardless of genotype at the site.  

Moreover, the profiles were consistent in each of the muscle types (data not shown). 

 

7.4 Discussion 

In this study, allelic variation was exploited to determine expression imbalances 

between MSTN haplotypes.  The hypothesis was that haplotypes with higher muscle 

area (as determined in Chapters 5 and 6) would have lower MSTN expression. In
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Table 7.2  Haplotype associationsA with MSTN mRNA abundance 

      LDC   SMD   STD 

Haplotype NH
B  b ± s.e.   b ± s.e.  b ± s.e. 

1 39   -0.08 ± 0.04a   -0.17 ± 0.20   -0.10 ± 0.15 

2 30  0.14 ± 0.04cd  0.13 ± 0.21  0.13 ± 0.15 

3 8  -0.07 ± 0.05a  -0.16 ± 0.25  -0.03 ± 0.18 

5 25  0.13 ± 0.04d  0.06 ± 0.18  0.16 ± 0.13 

6 28  0.07 ± 0.02bc  0.05 ± 0.12  0.10 ± 0.09 

7 16  -0.02 ± 0.05a  -0.02 ± 0.2  -0.02 ± 0.16 

8 9   0.28 ± 0.06e   0.16 ± 0.29   0.32 ± 0.20 

9 19  0a  0  0 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 

9 
B NH, number of haplotype observations 
C Mean log10 copy number for haplotype 9 in LD muscle = -0.75 ± 0.25 (mean ± s.d.) 
D The overall effect of haplotype was not significant (P>0.05), b values are presented, 

but comparisons between haplotypes were not performed 
abcde Within columns, partial regression coefficients with different letters are significant 

at P = 0.05 
 
 
 
 
 

 
Figure 7.5 Comparison of MSTN haplotype effect on EMA and mRNA abundance.  

Haplotypes are ordered based on their ranking for the largest EMA (Chapter 6; Figure 

6.1), and compared to their ranking for the largest mRNA abundance in each muscle 

type (Table 7.2).  LD, m. longissimus dorsi; SM, m. semimembranosus; ST, m. 

semitendinosus.
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Figure 7.6 Identification of an alternatively spliced MSTN mRNA transcript.  

Images are of PCR product(s) amplified from the ST muscle using a reaction that 

incorporated a common primer (495) in exon 2 and the reverse primer from each qRT-

PCR.  Panel A, amplification with the BTA2:6537448(del11) qRT-PCR primer (660).  A 

single PCR product was amplified which is predicted to correspond to the MSTN mRNA 

transcript based upon size; Panel B, amplification with the BTA2:6537959(A>C) qRT-

PCR primer (662).  A single PCR product was amplified which is predicted to 

correspond to the MSTN mRNA transcript based upon size; Panel C, amplification with 

the BTA2:6538799(C>A) qRT-PCR primer (664).  Two PCR products were amplified 

which are predicted to correspond to the MSTN and MSV mRNA transcripts based upon 

size.  In all panels: LM, O’GeneRuler™ 100bp DNA ladder (MBI Fermentas, Ontario 

Canada); -/-, homozygous wildtype (Section 2.9); -/+, heterozygote; NTC, no template 

control 
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particular, four MSTN haplotypes (2, 5, 7 and 9; Table 5.3) were targeted based on their 

association with quantitative indices for muscularity (Chapter 5).  Haplotypes 2 and 7 

were expected to produce lower quantities of MSTN mRNA as implied from the 

hypothesis that cis-acting polymorphisms reduce expression of MSTN haplotypes, 

which are associated with more muscle mass.  Additional haplotypes were included in 

the study because of the criteria used for animal selection.  Their inclusion did not alter 

the hypothesis that haplotypes with high EMA should have low MSTN expression.  

However, haplotype 6, which includes the double muscling mutation, is not expected to 

conform to this hypothesis because the protein produced by this allele is inactive and so 

its amount is not relevant. 

The data do not convincingly support the hypothesis. Haplotype 8 does have high 

MSTN expression and low EMA as expected, but haplotype 2 also has high EMA but 

high MSTN expression.  Three explanations can be put forward for the absence of the 

expected negative correlation between MSTN expression and EMA – bias in MSTN 

measurements between the assays, differences in splicing between haplotypes and the 

differences in EMA between haplotypes are not due to differences in MSTN activity. 

The first explanation is that there are only apparent differences between haplotypes 

in MSTN expression caused by differences in the assays used to measure allele specific 

expression.  The transcript abundance for each autosomal copy of MSTN was measured 

in a separate allele-specific qRT-PCR.  The raw data were adjusted to account for 

differences between the qRT-PCR using standards containing a known number of 

copies of the target sequence in a plasmid.  Table 7.1 shows that the assay for the 

BTA2:6538799C allele gave a lower Ct than the assay for the A allele when the same 

number of plasmid copies were used.  The adjustment of raw data from cDNA of 

muscle samples assumes that this same difference in assays will apply to the cDNA.  

However, if the differences in Ct between the plasmids containing different alleles are 

not reflected in differences in Ct between cDNA copies of the same alleles, then the 

standardization using the plasmid standards will be incorrect.  Haplotypes 2, 5 and 8 

have the largest mRNA abundance and were measured using the qRT-PCR specific for 

the BTA2:6538799A allele.  Haplotypes 1, 3, 7 and 9 have the lowest mRNA 

abundance and were measured using the qRT-PCR for the C allele.  The significant 

differences in haplotype abundance reported in Table 7.2 could be due to differences in 

the assays used to measure the A and C alleles.  To test this explanation would require a 

different type of standard to the plasmids used here. For instance, the amount of DNA in 
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heterozygotes could be used as a standard since this is known to be the same for both 

alleles.  Alternatively Next Generation Sequencing (NGS) could be used.  Allele-

specific sequence copy number could be determined quantitatively using NGS from a 

pool of samples heterozygous for the BTA2:6538799(C>A) polymorphism.  This would 

allow assessment of both the haplotype effects as well as any preferential expression 

causing alternate splicing of the MSTN transcript. 

Another possible explanation for the lack of negative correlation between EMA and 

MSTN expression is the presence of an alternatively spliced MSTN transcript.  The 

specificity of each qRT-PCR was investigated following a report about an alternatively 

spliced MSTN transcript in sheep (McMahon et al. 2008).  An opposing role has been 

demonstrated for the splice variant, which promotes muscle growth and is an antagonist 

of MSTN (Jeanplong and McMahon 2007; McMahon et al. 2008).  Jeanplong and 

McMahon (2007) reported in their patent application that the splice variant occurs in 

many mammalian species, including cattle. 

A qualitative test was developed to determine if more than one mRNA species were 

being measured in the qRT-PCRs used in this study.  As expected, there was no 

evidence of an alternate transcript in the allele-specific assays at the 

BTA2:6537448(del11) and BTA2:6537959(A>C) sites because the MSTN and MSV 

transcripts would not differ in size for these assays.  However, a second transcript 

corresponding to the expected size of the MSTN splice variant was found for both 

assays at the BTA2:6538799(C>A) site.  If haplotypes differ in the proportion of the 

two possible splice variants (MSTN and MSV) this could affect muscle development but 

would not necessarily be apparent from the assays used here.  Assays which are both 

haplotype specific and splice variant specific would be needed to explore this possible 

explanation.  

A third possible explanation is that these haplotypes do not differ enough in MSTN 

expression to cause discernible differences in EMA.  Although the purpose of this study 

was to compare the effect of MSTN haplotype on allele specific expression using a 

comparison of expression within an animal, it is also possible to measure the effect of 

MSTN haplotype on the total amount of MSTN expression in an animal.  Elevated MSTN 

expression has been reported previously in double muscling heterozygotes (Parnell et 

al. 2009).  It was demonstrated that total MSTN mRNA was higher in mh/+ animals 

compared to +/+ animals.  Parnell et al. (2009) did not find an allelic imbalance 

between the mh and + alleles, which suggests that both autosomal copies of MSTN are 
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being up-regulated in the absence of adequate MSTN activity, and that quantifying the 

abundance of the double muscling transcript is not affected by nonsense mediated 

decay.  This negative feedback would not cause differences between the expression of 

the two alleles within an animal. 
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CHAPTER 8 

 

8 General Discussion and Conclusions 

 

8.1 Discussion 

In cattle, double muscling has been studied extensively and the effects on muscle mass 

and other traits of economic and consumer importance are well known (Arthur 1995; 

Bellinge et al. 2005).  However, the six mutations responsible for double muscling do 

not account for all heritable variation in muscle mass.  The present project was 

developed to first examine the genetic variation at the MSTN locus, and then to identify 

additional genetic variants that influence muscle mass in beef cattle, which can be used 

to improve retail beef yield RBY. 

 

8.1.1 Genetic variation at the MSTN locus 

Eighteen polymorphisms were identified in the MSTN coding and regulatory regions of 

a small cohort of Angus cattle, which included the BTA2:6537448(del11) double 

muscling mutation.  This high level of genetic variation is supported by previous studies 

that have examined bovine MSTN, (Grobet et al. 1998; Crisa et al. 2003; Dunner et al. 

2003; Abe et al. 2009; O'Rourke et al. 2009a).  It is interesting that MSTN, which 

occupies a very small region of the bovine genome, contains a high level of genetic 

variability.  In fact, the number of polymorphisms found is approximately double the 

average SNP density (1 SNP / 714 bp) reported for Angus cattle by the Bovine HapMap 

Consortium (2009).  Many of the sites identified in the Angus cohort have also been 

reported to be polymorphic in other cattle breeds.  This suggests that these 

polymorphisms have been established prior to breed diversification, or are a 

consequence of breed admixture.   

The linkage disequilibrium between the MSTN polymorphisms found in Chapter 3 

revealed perfect correlations between many alleles.  This was not unexpected given the 

short molecular distance (<7kb) occupied by MSTN, and the small cohort examined.  

Previous studies have demonstrated that moderate to high levels of linkage 
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disequilibrium can extend for up to 10kb in the more genetically diverse breeds such as 

Angus cattle (Goddard et al. 2006; de Roos et al. 2008).   

Interestingly, both promoter polymorphisms showed low levels of linkage 

disequilibrium with each of the other sites examined.  This decay in linkage 

disequilibrium is a likely result of a recombination event that has occurred between the 

promoter sites and the closest polymorphism at the 3’ end of intron 1.  Moreover, the 

low linkage disequilibrium observed between both promoter polymorphisms, which are 

separated by less than 0.5 kb, suggests recombination has occurred between both of 

these sites.   

Evidence for recombination was identified in Chapter 5, which found that an animal 

harbouring haplotype 11 inherited the BTA2:6537448(del11) mutation from its sire, 

which had haplotype 6.  Parentage verification for the family trio confirmed the 

relationship, meaning recombination is the most likely explanation for the evolution of 

haplotype 11.  MSTN may be a region where recombination has been more common, 

leading to the high levels of genetic variability observed, as well as the allelic 

heterogeneity found for double muscling. 

Despite the high genetic variability found in MSTN, there was also evidence of 

selective sweeps.  The high correlation between many of the MSTN polymorphisms is 

one example, but more so, was the lack of haplotype diversity associated with the 

double muscling haplotypes.  The BTA2:6537448(del11) mutation was detected in 

multiple breeds in this thesis.  In all, except 2 of the animals, this mutation was confined 

to haplotype 6.  Similarly, the C313Y double muscling mutation segregating in Herd C 

was confined to haplotype 12.  The elimination of genetic variability associated with 

these double muscling mutations within MSTN is evidence of a selective sweep.   

The BTA2:6537448(del11) has been reported with high or increasing prevalence in 

multiple cattle breeds (Dunner et al. 1997; Grobet et al. 1997; Smith et al. 2000; Gill et 

al. 2008; Fasquelle et al. 2009; O'Rourke et al. 2009a), and likewise for the C313Y 

mutation in the Piedmontese breed (Casas et al. 1999), which is an indication of 

positive selection for these alleles.  The lack of genetic variability, at neighbouring 

markers in the double muscling haplotypes, suggests that this positive selection pressure 

has been applied recently. 

To further explore the hypothesis that recent common ancestors were responsible for 

the dissemination of MSTN alleles of large effect, the extent of the haplotype 

homozygosity flanking the double muscling mutations was examined.  Consistent with 
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the first reports of double muscling (Culley 1807), the haplotype homozygosity 

associated with the BTA2:6537448(del11) mutation revealed that the most recent 

common ancestor (MRCA) occurred between 200-400 years ago.  This estimate for the 

age of the BTA2:6537448(del11) MRCA is also consistent with the establishment of 

modern cattle breeds.  Therefore, the presence of this double muscling mutation in 

multiple cattle breeds may be explained by its dissemination from a common ancestor, 

prior to the diversification of modern cattle breeds.  However, this cannot be determined 

with any more certainty, and it is possible that the mutation has been introduced across 

breeds by crossbreeding or during the establishment of breeds in foreign countries. 

Similarly aged or more recent common ancestors were determined for the other 

double muscling mutations that were investigated.  These other double muscling 

mutations tend to be more breed specific (Dunner et al. 2003).  This would suggest that 

the most recent common ancestors existed after the diversification of modern cattle 

breeds. 

This historical perspective of double muscling alleles provides important insights 

into recent selection pressures in cattle breeding.  The maintenance of allelic 

heterogeneity and large genetic signatures is evidence that the production advantages 

associated with double muscling mutations have been favoured in recent times.  The 

fixation or increasing frequency of these double muscling mutations since the most 

recent common ancestor, demonstrates that the selection pressure has been intense in 

some cattle breeds. 

The haplotype diversity in each cattle population (Herds A to E) also provided an 

interesting perspective about ancestral MSTN segments.  The most comprehensive 

examination of MSTN haplotype diversity prior to the present study was conducted by 

Dunner et al. (2003) using multiple cattle breeds.  The haplotypes determined by 

Dunner et al. (2003) were primarily constructed from alleles at each double muscling 

site, whereas non-double muscling polymorphisms were mainly used in the present 

study.  Dunner et al. (2003) speculated that one haplotype was more likely to be the 

ancestral MSTN haplotype based on frequency in most breeds.  In the present study 

haplotype 1 had the highest frequency in all cattle populations.  Haplotype 1 alleles are 

in concordance at common sites to the ancestral haplotype proposed by Dunner et al. 

(2003).  Its high frequency in all populations from the present study, suggests that 

haplotype 1 is the ancestral MSTN haplotype in cattle.  Haplotype 1 was found in all 

cattle breeds examined in this study, which is evidence that it predates modern breed 
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diversification.  However, its presence in both indicine and taurine breeds is suggestive 

of an age >250,000 years old (Bradley et al. 1996). 

 

8.1.2 Effects of genetic variation at the MSTN locus  

8.1.2.1 Effects on muscling traits 

Apart from the double muscling mutations, most MSTN polymorphisms have not been 

tested for their association with muscle mass; probably because they do not cause an 

obvious disruption to the coding sequence.  The potential contributions of non-coding 

polymorphisms to phenotype variation have been realised.  In livestock, this is 

highlighted by the discovery of the MSTN polymorphism in the 3’UTR, responsible for 

the superior muscling in Texel sheep (Clop et al. 2006). 

Anticipating smaller effects for the non-double muscling genetic variants in this 

study, the alleles were arranged into haplotypes to increase the power to detect 

associations (Drysdale et al. 2000; Schaid 2006).  Measurements common to all five 

cattle populations (Herds A to E), and indicative of muscle mass were eye muscle area 

(EMA), and to a lesser extent, subcutaneous fat depth at the rib and rump sites. 

The contribution of the MSTN haplotypes to trait variation was found to be 

significant for every EMA analysis that was performed.  The contribution remained 

significant for the EMA analyses performed on sub-groups within each herd.  These 

sub-groups included animals of different age, ultrasound and slaughter measurements of 

EMA, and sub-groups or Herd D, which did not contain a double muscling mutation 

(O'Rourke et al. 2009b).  The contribution of the MSTN haplotypes was also significant 

in each analysis of retail beef yield.  These results provide compelling evidence that the 

MSTN genetic variation examined, is contributing to differences in muscle mass. 

Haplotype 6 containing the BTA2:6537448(del11) double muscling mutation had the 

largest effect on EMA.  The large effects on muscle mass in cattle that are heterozygous 

for double muscling mutations, are well known (Casas et al. 1999; Wheeler et al. 2001; 

Wiener et al. 2002; Casas et al. 2004; Levéziel et al. 2006; Gill et al. 2008; O'Rourke et 

al. 2009a), and support the findings from this study.  Although not a direct target for 

investigation, the inclusion of the double muscling haplotype provided a valuable 

baseline to measure the effects of non-double muscling haplotypes that had not been 

characterised. 
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Relative to haplotype 6, the non-double muscling haplotypes common to Herd A and 

the validation herd (Herds B to E), were able to be classified as having moderate or 

small associations with EMA.  The haplotypes associated with moderate increases in 

EMA are appealing candidates for selection in breeding programmes, and will not 

require stringent management once established.  Their effect was significantly less than 

the double muscling haplotype, which means that they are unlikely to cause any of the 

adverse production problems that are associated with the extreme phenotype (Arthur 

1995), especially since these problems have not been observed in cattle heterozygous 

for a double muscling mutation (Arthur et al. 1989a; 1989b; Arthur 1995; Casas et al. 

1999; Casas et al. 2004).   

Closer examination of the effects of the individual tag SNP on EMA, revealed strong 

associations with the BTA2:6537448(del11) and BTA2:6532400(T>A) sites.  The 

effects of the BTA2:6537448(del11) double muscling mutation were expected, given 

the extensive investigation since its discovery by Grobet et al. (1997).  The 

BTA2:6537448(del11) mutation is an obvious candidate for genomic selection to 

improve muscling and retail beef yield, but in extensive farming systems it needs more 

stringent management to maintain the heterozygous form (Arthur 1995; O'Rourke et al. 

2009a).   

The strong association between genotypes at the BTA2:6532400(T>A) site and EMA 

in Herd A, warrants further investigation.  The association was more evident in the 

absence of the double muscling heterozygotes, alleviating concerns of confounding 

from the double muscling haplotype.  However, in the other cattle populations (Herds B 

to E), the BTA2:6532400T allele was almost fixed in the cattle without a double 

muscling mutation, which prevented assessment across cattle populations. 

A contribution to muscle mass variation by genotypes at the BTA2:6532400(T>A) 

site has been reported previously.  Crisa et al. (2003) first described the 

BTA2:6532400(T>A) site in cattle, and found that double muscling heterozygotes 

(E291X) with the BTA2:6532400T/T genotype were associated with a higher 

muscularity index compared to E291X heterozygotes with the T/A genotype.  Jiang et 

al. (2002) found that the corresponding site in the porcine MSTN homologue was also 

polymorphic and associated with higher average daily weight gain from 60-100kg in 

pigs (Jiang et al. 2002).  The findings from each study strongly suggests that alleles at 

the BTA2:6532400(T>A) site are associated with a biological effect.  The low 

BTA2:6532400A frequency in Herds B to E is most likely to be representative of other 
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Australian cattle populations.  A biological test would provide the most efficient means 

to confirm the associations found for the BTA2:6532400(T>A) site.   

A reporter gene assay was established to directly test the effect of alleles at this 

promoter polymorphism on luciferase activity.  However, the transfection efficiency of 

the MSTN reporter constructs into murine myoblasts were influenced greatly by the 

degree of plasmid supercoiling, which correlated with end-point quantification.  

Supercoiled plasmid was required for transfection, but differences in the amount of 

supercoiling between constructs could not be quantified, and therefore, the results have 

not been presented.  A more suitable test for the BTA2:6532400(T>A) site is needed.  A 

possible approach that utilises the latest advancements in sequencing technology would 

be to quantify sequenced mRNA transcripts in cattle that are heterozygous at the 

BTA2:6532400(T>A) site.  The BTA2:6532400(T>A) site is not contained within the 

MSTN transcript, but knowledge of both haplotypes will allow any expression 

imbalances to be assigned to the chromosome containing the T or A allele. 

To provide biological support for the haplotype associations with EMA, gene 

expression assays were developed to determine if an imbalance exists between both 

autosomal copies of MSTN within an animal.  The results alone were not conclusive, but 

they showed trends of lower MSTN expression in haplotypes associated with greater 

EMA.  More sensitive assays are probably required to detect subtle changes in 

transcription levels from these small effect haplotypes.  It is also possible that the effect 

of some polymorphisms is during post-transcriptional processes and do not affect 

transcription, given that half of the polymorphisms found were located in the 3’UTR 

(Chapter 3; Clop et al., 2006).  Although not directly tested, no trends were evident 

from the gene expression data that could be used to implicate biologically, the 

BTA2:6532400(T>A) site as causal of its association with EMA. 

However, an interesting finding from the gene expression experiments, involving the 

BTA2:6538799(C>A) site in the 3’UTR, relates to the detection of an alternatively 

spliced MSTN transcript.  A second mRNA transcript was detected in both allele-

specific gene expression assays at the BTA2:6538799(C>A) site, which corresponded in 

size to the MSTN splice variant described in sheep by McMahon et al. (2008).  Separate 

allele-specific assays were used to measure mRNA abundance at the 

BTA2:6538799(C>A) site.  Both assays had the same amplification efficiency, but an 

additional amplification cycle was required for the A allele assay to detect an equivalent 

MSTN copy number as the C allele.  From these results we could hypothesise that the 
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BTA2:6538799C allele is preferentially expressed in the splice variant explaining the 

greater abundance observed in this study.  This warrants further investigation because 

the antagonistic effects of the splice variant on MSTN demonstrated by McMahon et al. 

(2008) have important implications for agriculture and improving muscle mass. 

The contribution by the MSTN haplotypes to variation in the subcutaneous fat 

measurements was more variable.  Although not a direct measure of muscle mass there 

is a strong negative correlation between subcutaneous fat depth and muscle mass in 

cattle (Cianzio et al. 1982).  The contribution of the MSTN haplotypes was not 

significant for each of the fat analyses conducted on animals at weaning age.  However, 

in older cattle at slaughter, the effect of the MSTN haplotypes was significant for each 

rib and rump fat analysis.  These findings are consistent with the biology of fat 

development in cattle (Robelin and Tulloh 1992; Greenwood and Dunshea 2009).  

However, it could not be ascertained whether the MSTN haplotypes were responsible for 

the fatness variation in older animals or it was a consequence of the increase in EMA.  

For instance, haplotypes 8 and 9 had significantly more rib fat compared to haplotype 7 

in Herd D at slaughter.  We would expect this result as a consequence of their 

associations with EMA, but these haplotypes maybe directly favouring the production 

of adipocytes.  The role of these MSTN haplotypes in subcutaneous fat development still 

requires further investigation. 

 

8.1.2.2 Effects on other traits of industry importance 

Increases in muscle mass will contribute favourably to RBY, but it is important that 

these benefits are not detrimental to other traits of industry value (Barendse 2005).  

Preliminary investigations were conducted in the present study to determine if the 

MSTN haplotypes had an effect on other carcass and meat quality traits and feed 

efficiency.   

Some interesting trends were observed that should be investigated further.  Data for 

MSA marble score was available for the slaughter cohorts from Herds C, D and E.  In 

each analysis, the overall contribution to variation by the MSTN haplotypes was 

significant.  However, this same effect was not observed for the AUS marble score 

analyses, most likely because this method is less effective in discriminating differences 

in marble score.  The reduced sensitivity arises because the AUS marble score 

measurement has fewer increments and a smaller range compared to the MSA method.  
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Nonetheless the results for the MSA marble score are a major finding, given the 

importance of marbling to the beef industry, and the cost of obtaining objective 

measurements for estimated breeding values. 

 Similarly, the effect of the MSTN haplotypes was also significant for each analysis of 

ossification and colour L* (brightness).  In this study, differences in haplotype diversity 

and frequency have affected the consistency of the individual haplotype comparisons 

for the carcass and meat quality traits in each population.  Each are valuable traits, and 

MSTN haplotypes that reliably predict the effects of these traits are important candidates 

for genomic selection, and therefore closer examination is warranted. 

 

8.2 Conclusion 

This study has identified other DNA markers contributing to differences in muscle 

mass.  These DNA markers were assessed collectively as haplotypes and are contained 

within the MSTN locus.  The haplotypes associated with moderate increases in muscle 

mass are candidates for selection.  Their milder effect means that they are unlikely to be 

associated with adverse effects, which is an important consideration for beef producers 

that may adopt this practical alternative to improve muscle mass. 

The expansion of the study to investigate effects on other traits of industry value has 

revealed that the MSTN haplotypes may be useful indicators of performance for other 

traits.  Therefore, determination of the MSTN haplotype appears to add substantial value 

for marker assisted selection, and is likely to improve the accuracy of current estimated 

breeding values (EBVs) for multiple traits. 
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APPENDICES 

 
Appendix 1 General materials and methods 

 

Table A1.1  Primer details 

Primer ID  Sequence (5’→3’)  Strand  Gene  Region  Genomic locationA 
465  AGAATCTCGATGCTGTCGT  sense  MSTN  Exon 3  BTA2:6537465..6537483 
466  CACAAGATGGGTATGAGGA  antisense  MSTN  Exon 3  BTA2:6537597..6537615 
481  AGATTCACTGGTGTGGCAAG  sense  MSTN  5’UTR  BTA2:6532638..6532657 
482  TCTTTCCCCTCCTCCTTACA  antisense  MSTN  Intron 1  BTA2:6533250..6533269 
483  TTGCTGTTATGAATGAAATGCT  sense  MSTN  Intron 1  BTA2:6534815..6534836 
484  GGTGCCTTTGTCTGGCTTA  antisense  MSTN  Intron 2  BTA2:6535451..6535469 
485  TTGAGGTAGGAGAGTGTTTTGG  sense  MSTN  Intron 2  BTA2:6537325..6537346 
486  AGGCTTATAGCCTGTGGTACAT  antisense  MSTN  3’ UTR  BTA2:6537835..6537856 
500  CAAGGTAACAGACACACCAAAAAG  sense  MSTN  Exon 3  BTA2:6537395..6537418 
501  AAAATCCACAGTTAGAGGGTAACG  antisense  MSTN  Exon 3  BTA2:6537477..6537500 
522  GCTCCCAGACCTTACCCCAAATC  sense  MSTN  Promoter  BTA2:6531557..6531579 
523  GCAACAATCAGCATAAATAG  antisense  MSTN  Exon 1  BTA2:6532804..6532823 
524  AAAAGTAATTCCATGAGCAATTAA  sense  MSTN  Promoter  BTA2:6532018..6532041 
525  GTTGATATGCTTTTCCCTCAG  antisense  MSTN  Promoter  BTA2:6532266..6532286 
526  TAGATCGCTGTGGGTGGTCA  sense  MSTN  3’ UTR  BTA2:6537736..6537755 
527  GCCATCCCTACTTTGTGGAA  antisense  MSTN  3’ UTR  BTA2:6538236..6538255 
528  TTTGAAACATCCTTAAACACTTGAA  sense  MSTN  3’ UTR  BTA2:6538175..6538199 
529  CATGACATGTCTTTGTGCCTTA  antisense  MSTN  3’ UTR  BTA2:6538758..6538779 
530  TGTTTTGTAAATAAATGTCTCCTTT  sense  MSTN  3’ UTR  BTA2:6538683..6538707 
531  TAATCATTATAACATGAAACTG  antisense  MSTN  3’ UTR  BTA2:6539269..6539290 
559  TGATTCATTTGACTACTTCTTAAAAGG  antisense  MSTN  Promoter  BTA2:6532447..6532473 
562  TCTGAGCAATATTAATCTGCA  sense  MSTN  Promoter  BTA2:6531919..6531939 
575  TTTTGCTGTTATGAATGAAATGC  sense  MSTN  Intron 1  BTA2:6534813..6534835 
576  TGGGCCTTTACTAGTTTATTGTATTG  antisense  MSTN  Intron 1  BTA2:6535037..6535062 
577  GCTACAGTCACTTAAGCACAAGC  sense  MSTN  3’ UTR  BTA2:6537860..6537882 
578  CCAGAAGACAAGGAGAATTGC  antisense  MSTN  3’ UTR  BTA2:6538045..6538065 
579  CATTTCAAATTAAGTATTAAGGCACAA  sense  MSTN  3’ UTR  BTA2:6538741..6538767 
580  CCATCTAACCATTAGCATATGGAG  antisense  MSTN  3’ UTR  BTA2:6538844..6538867 
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Primer ID  Sequence (5’→3’)  Strand  Gene  Region  Genomic locationA 
581  AAAAATGTTCATAGATTGATATGGAGGTGTT  sense  MSTN  Intron 1  BTA2:6534887..6534917 
582  CATAGATTGATATGGAGGTGTTYGTT  sense  MSTN  Intron 1  BTA2:6534896..6534921 
583  CTAAGATCATTTTTATGAAAAA  antisense  MSTN  Intron 1  BTA2:6534924..6534945 
604  TTTTATTTTCTGAGGGAAAAGCA  sense  MSTN  Promoter  BTA2:6532257..6532279 
605  CCAGTGAATCTTTTATACTGTATTCCA  antisense  MSTN  Promoter  BTA2:6532622..6532648 
607  AGACATGTCATGTAGGACATAAAAGCAAAAG  sense  MSTN  3’ UTR  BTA2:6538768..6538798 
609  GGATTATTGCACCTAAAAGATATAAGGCCAATTACTGCTCTGGAGAAT  sense  MSTN  Exon 3  BTA2:6537520..6537567 
610  GGAATTTGATCTCCTAGTTCAAAAACTCTGGAAATCATAAAAC  antisense  MSTN  3’ UTR  BTA2:6537960..6538002 
631  ggtaccCAGGGCATCTGGTTTGTGTC  sense  MSTN  Promoter  BTA2:6531089..6531108 
637  gctagcTGCCTGCCCAGTCTGAGAGA  antisense  MSTN    BTA2:6532661..6532680 
659  AACAGACACACCAAAAAGATCTAGGA  sense  MSTN  Exon 3  BTA2:6537401..6537426 
660  CAGTTAGAGGGTAACGACAGCATC  antisense  MSTN  Exon 3  BTA2:6537469..6537492 
661  CACTTAAGCACAAGCTACAGTATATGAGC  sense  MSTN  3’ UTR  BTA2:6537868..6537896 
662  TTGATCTCCTAGTTCAAAAACTCTGG  antisense  MSTN  3’ UTR  BTA2:6537972..6537997 
663  GGCACAAAGACATGTCATGTAGGA  sense  MSTN  3’ UTR  BTA2:6538761..6538784 
664  CATTAGCATATGGAGTTTTAAGACCACT  antisense  MSTN  3’ UTR  BTA2:6538831..6538858 
670  CTGGAAAAGAGCATGGCTTC  sense  -  -  BTA2:4027100..4027119 
671  TGACCATCCTCGCTTAGCTT  antisense  -  -  BTA2:4027701..4027720 
672  TACAGTGATGTCCGGGTCAA  sense  -  -  BTA2:4527168..4527187 
673  GGCCAATTCTCTGAAAACTCA  antisense  -  -  BTA2:4527844..4527864 
674  ACAGTAGGAAAGGCAGGGGT  sense  -  -  BTA2:5015262..5015281 
675  TCTGGGTTTGGCTTTAGTGG  antisense  -  -  BTA2:5015940..5015959 
676  CAACCTGACTGTGCAGGAAA  sense  -  -  BTA2:5596834..5596853 
677  GCACCTAAACGGATTAGCCA  antisense  -  -  BTA2:5597482..5597501 
678  TGATGCTGACGCTGAAACTCTA  sense  -  -  BTA2:5799653..5799674 
679  TCTGGATCGACCATCCTCTC  antisense  -  -  BTA2:5800236..5800255 
680  CTCGAGCCATTAAGGTGAGC  sense  -  -  BTA2:6050650..6050669 
681  TGCAGCAAATGTGTTGTTCA  antisense  -  -  BTA2:6051316..6051335 
682  CACCAGTTTTTATGCAGCTGTT  sense  -  -  BTA2:6266245..6266266 
683  CAAAGGAGTACCTACAATGGCA  antisense  -  -  BTA2:6266901..6266923 
684  GAACACAGGCAGAGCATTCA  sense  -  -  BTA2:6480493..6480512 
685  TCTCAGACTTCCTTGGCAGC  antisense  -  -  BTA2:6481080..6481099 
686  CTTCGTTGGGTGTTTTGGTT  sense  -  -  BTA2:6614801..6614820 
687  TGCAGATGGTGACTACAGCC  antisense  -  -  BTA2:6615384..6615403 
688  TTTTCCTTTATGACTTCCTTTAGTG  sense  -  -  BTA2:6834655..6834679 
689  AGCACCATCTGGTCATTCCT  antisense  -  -  BTA2:6835305..6835324 
690  CAAGCCTTGGTCTCTTGCCT  sense  -  -  BTA2:7110408..7110427 
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Primer ID  Sequence (5’→3’)  Strand  Gene  Region  Genomic locationA 
691  AATCCATCTCTTTTTACCCCA  antisense  -  -  BTA2:7110988..7110968 
692  TATTTATTCCGTCCACCCCC  sense  -  -  BTA2:7309408..7309427 
693  AAAAATGAGCAGTGAAAGAACAT  antisense  -  -  BTA2:7310060..7310038 
694  CCTTTTGGAGGTTTTTCTGC  sense  -  -  BTA2:7469851..7469870 
695  GGCCCATTTGGAATCTGTAA  antisense  -  -  BTA2:7470534..7470515 
696  AGATTCTGGGTGCTACCATCA  sense  -  -  BTA2:7966409..7966429 
697  TTATCCCTTGGAGATACATGTGC  antisense  -  -  BTA2:7966988..7966966 
698  CTCCGAAGGATCAGGACTTG  sense  -  -  BTA2:8553093..8553112 
699  TCAAAACCTTCCCTCCAGTG  antisense  -  -  BTA2:8553694..8553675 
700  AAACAAACGTGAGCAAACCC  sense  -  -  BTA2:9022298..9022317 
701  AAGAAGGATGAAGTAATTTGCCT  antisense  -  -  BTA2:9022995..9022973 

A Genomic location refers to position on the Bos taurus genome assembly build Btau_4.0 (released October 2007). 
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Table A1.2  Probe details 

Probe 

ID 

 Sequence (5’→3’)A  Strand  Gene  Region  Genomic locationB 

P001  6FAM -ATGAACACTCCACAGAA- BHQ1  sense  MSTN  Exon 3  BTA2:6537448.. 6537464 

P002  VIC  -TTGTGACAGAATCT- BHQ1  sense  MSTN  Exon 3  BTA2:6537441.. 6537467 

P003  VIC  -AATCATAAAACTTTTTATTATACG- BHQ1  antisense  MSTN  3’ UTR  BTA2:6537944.. 6537967 

P004  6FAM -CATAAAACGTTTTATTATACG- BHQ1  antisense  MSTN  3’ UTR  BTA2:6537947.. 6537967 

P005  6FAM -CCAAAATATAAGCTTTTGC- BHQ1  antisense  MSTN  Exon 3  BTA2:6538792.. 6538810 

P006  VIC  -CTCCAAAATATAATCTTTTGC- BHQ1  antisense  MSTN  Exon 3  BTA2:6538790.. 6538810 
A Probes were labelled with either a FAM or VIC fluorophore, and each had a black-hole quencher (BHQ-1) molecule attached 
B Genomic locations refer to position on the Bos taurus genome assembly build Btau_4.0 (released October 2007). 
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Appendix 2  Recent double muscling common ancestor 

 
Equation A2.1 Time to the most recent common ancestor 

The probability (P) of no recombination within a chromosomal distance x (Morgans) is: 

xP −= 1  

 

Accounting for no recombination on both chromosomes, and also because the 

probability of no recombination decreases as the number of generations (g) increases, 

then: 

gxP 2)1( −=  

 

∴in exponential form, 

gxeP 2−=  

 

The cumulative density function F(x) that recombination will occur within distance x is: 
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The probability density function f(x) can be determined from the differential of F(x) 
with respect to chromosomal distance (x) 
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The average distance E(x) can be obtained from the integration of the probability 
density function multiplied by chromosomal distance (x) for all possible values of x. 
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Solving for the estimated number of generations (g) 
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and to allow for unequal distances (x) upstream and downstream of MSTN 
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Table A2.1  List of markers used to determine the haplotype homozygosity  

     Genotype 

Region 
SNP 

Database ID 
SNP  

Reference ID Alleles BTA2 location N N0 N1 N2 
1 BTB-01076675 rs42237383 T/G 4,027,437 2 2 0 0 
1 BTB-01076676 rs42237384 G/T 4,027,563 2 2 0 0 
2 BTB-00077984 rs43288057 G/A 4,527,330 22 0 3 19 
2 BTB-00077985 rs43288058 C/T 4,527,399 22 6 7 9 
3 - - C/T 5,015,449 22 15 2 5 
3 BTB-00079061 rs43287112 A/G 5,015,561 22 15 2 5 
3 BTB-00079062 rs43287113 T/C 5,015,605 22 11 3 8 
3 - - G/A 5,015,606 22 18 2 2 
4 - - C/A 5,596,958 17 12 4 1 
4 - - indelC 5,597,017 19 9 3 7 
4 BTB-00077603 rs43283582 C/A 5,597,067 19 19 0 0 
4 - - G/A 5,597,076 19 9 3 7 
4 - - C/T 5,597,258 19 15 1 3 
4 - - T/A 5,597,283 19 12 6 1 
4 - - C/G 5,597,287 19 9 3 7 
4 BTB-00077602 rs43283581 C/G 5,597,439 19 19 0 0 
5 BTA-47424 rs41636132 A/C 5,799,818 29 22 5 2 
5 BTA-47423 rs41636131 C/T 5,799,909 29 22 5 2 
5 BTA-47422 rs41645121 G/T 5,799,922 29 22 5 2 
5 BTA-47421 rs41645120 T/C 5,799,935 29 19 7 3 
5 BTA-47420 rs41645119 G/C 5,800,179 29 22 5 2 
6 - - indel(T) 6,050,843 30 0 30 0 
6 BTB-00078525 rs43283778 C/T 6,050,998 30 30 0 0 
6 BTB-00078524 rs43283777 A/T 6,051,028 30 30 0 0 



Appendices 

 172 

     Genotype 

Region 
SNP 

Database ID 
SNP  

Reference ID Alleles BTA2 location N N0 N1 N2 
7 - - A/G 6,266,418 30 29 0 1 
7 BTB-00079578 rs43287429 T/A 6,266,681 30 30 0 0 
8 BTB-01391594 rs42515775 A/G 6,480,540 30 30 0 0 
8 - - G/A 6,480,662 30 19 3 8 
8 BTB-01391593 rs42515774 C/G 6,480,904 30 30 0 0 
8 - - indel(T) 6,480,982 30 0 30 0 

Exon1 MSTN F94L  - C/A 6,533,052 30 27 0 3 
Exon2 MSTN Q204X  - C/T 6,535,208 30 29 0 1 
Exon2 MSTN E226X  - G/T 6,535,274 30 28 0 2 
Exon3 MSTN 821del11  - del(ATGAACACTCC) 6,537,448 30 13 6 11 
Exon3 MSTN E291X  - G/ 6,537,504 30 29 0 1 
Exon3 MSTN C313Y  - G/A 6,537,568 30 27 0 3 

9 BTB-01391592 rs42515773 A/T 6,614,873 30 30 0 0 
9 BTA-87787 rs41662657 T/C 6,614,981 30 11 5 14 
9 BTA-87786 rs41662656 C/T 6,614,998 30 11 5 14 
9 - - indel(G) 6,615,067 30 11 5 14 
10 - - A/G 6,834,780 30 25 1 4 
10 BTB-01923605 rs43031676 A/T 6,834,945 30 30 0 0 
10 - - T/C 6,834,967 30 2 3 25 
10 - - G/A 6,834,985 30 2 2 26 
10 - - A/G 6,835,036 30 2 2 26 
10 - - A/C 6,835,112 30 2 2 26 
10 BTB-01923604 rs43031675 C/T 6,835,128 30 30 0 0 
10 - - A/G 6,835,131 30 2 2 26 
11 - - A/G 7,110,674 30 5 4 21 
11 - - A/G 7,110,683 30 5 5 20 
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     Genotype 

Region 
SNP 

Database ID 
SNP  

Reference ID Alleles BTA2 location N N0 N1 N2 
11 - - C/T 7,110,773 30 5 6 19 
11 BTB-01046029 rs42205086 T/A 7,110,897 30 30 0 0 
11 - - C/T 7,110,919 22 5 5 12 
12 BTB-01843518 rs42951333 A/C 7,309,658 30 3 0 27 
12 - - indel(A) 7,309,683 30 5 7 18 
12 BTB-01843519 rs42951334 G/A 7,309,709 30 6 7 17 
13 - - indel(T) 7,469,939 30 0 30 0 
13 BTB-00078542 rs43283794 G/A 7,470,141 30 30 0 0 
13 BTB-00078543 rs43283795 G/A 7,470,202 30 30 0 0 
14 - - A/T 7,966,491 30 11 8 11 
14 BTB-00078704 rs43285055 G/A 7,966,605 30 15 7 8 
14 BTB-00078703 rs43285054 G/A 7,966,824 30 26 4 0 
14 - - A/G 7,966,892 30 26 4 0 
15 BTB-01111224 rs42271303 G/C 8,553,267 22 11 5 6 
15 BTB-01111225 rs42271304 C/T 8,553,361 22 20 0 2 
15 - - C/A 8,553,477 22 13 5 4 
16 BTB-00079204 rs43288455 G/A 9,022,417 9 1 3 5 
16 BTB-00079203 rs43288454 C/A 9,022,892 9 9 0 0 



Appendices 

 174 

Table A2.2  Inferred haplotype combinations 

ID Breed 
Double muscling 

mutation Genotype 
Haplotype 

1 
Haplotype 

2 
A1 Angus 821del11 mh/mh 7 7 
A2 Angus 821del11 mh/mh 4 7 
A3 Angus 821del11 mh/mh 7 7 

BB1 Belgian Blue 821del11 mh/mh 3 4 
BB2 Belgian Blue 821del11 mh/mh 3 4 
BB3 Belgian Blue 821del11 mh/mh 3 4 
BF1 Braford 821del11 mh/mh 2 5 
BF2 Braford 821del11 mh/mh 3 3 
SQ1 Square Meater 821del11 mh/mh 4 4 
SG1 Santa Gertrudis 821del11 mh/mh 1 1 
SG2 Santa Gertrudis 821del11 mh/mh 1 1 
SG3 Santa Gertrudis 821del11 mh/+ 3 21 
SG4 Santa Gertrudis 821del11 mh/+ 3 21 
SG5 Santa Gertrudis 821del11 mh/+ 6 20 
SG6 Santa Gertrudis 821del11 mh/+ 7 21 
SG7 Santa Gertrudis 821del11 mh/+ 6 20 
MG1 Murray Grey 821del11 mh/+ 3 19 
C1 Angus none +/+ 19 20 
C2 Angus none +/+ 20 20 
C3 Angus none +/+ 20 22 
L1 Limousin F94L mh/mh 16 17 
L2 Limousin F94L mh/mh 16 16 
L3 Limousin F94L mh/mh 16 18 
P1 Piedmontese C313Y mh/mh 9 10 
P2 Piedmontese C313Y mh/mh 8 10 
P3 Piedmontese C313Y mh/mh 8 10 

MA1 Maine-Anjou E226X mh/mh 11 11 
MA2 Maine-Anjou E226X mh/mh 11 12 
CH1 Charolais Q204X mh/mh 13 14 
M1 Marchigiana E291X mh/mh 15 15 
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Appendix 3  MSTN marker associations  

Table A3.1  Summary statistics for Herd A cattle at weaning age included in the haplotype and tag SNP association analyses  

    EMA   Muscle score   Rump fat   Rib fat 

    

weight 

(kg) 

Age 

(days) 

EMA 

(cm2)   

weight 

(kg) 

age 

(days) 

muscle 

score   

weight 

(kg) 

age 

(days) 

rump 

fat (mm)   

weight 

(kg) 

age 

(days) 

rib fat 

(mm) 

All                 

   NA  594 594 594  622 622 622  622 622 622  622 622 622 

   Minimum  141.5 165.0 22.0  141.5 165.0 1.0  141.5 165.0 0.0  141.5 165.0 0.0 

   Maximum  397.0 366.0 75.0  397.0 366.0 13.0  397.0 366.0 12.0  397.0 366.0 11.0 

   Mean  246.7 235.2 44.6  246.1 235.9 6.8  246.1 235.9 4.8  246.1 235.9 3.8 

   s.d.  40.05 23.30 9.35  39.37 23.12 2.50  39.37 23.12 2.23  39.37 23.12 1.81 

                 

Wild-type               

   NA  528 528 528  555 555 555  555 555 555  555 555 555 

   Minimum  141.5 165.0 22.0  141.5 165.0 1.0  141.5 165.0 0.0  141.5 165.0 0.0 

   Maximum  397.0 366.0 75.0  397.0 366.0 13.0  397.0 366.0 12.0  397.0 366.0 11.0 

   Mean  248.17 235.2 44.3  247.5 236.0 6.4  247.5 236.0 4.9  247.5 236.0 4.0 

   s.d.  39.99 23.13 9.38  39.27 23.93 2.28  39.27 23.93 2.22  39.27 23.93 1.82 
A N, Number of cattle 
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Table A3.2  Summary statistics for Herd A cattle at yearling age included in the haplotype and tag SNP association analyses 

    EMA     Muscle score   Rump fat   Rib fat 

    

weight 

(kg) 

age 

(days) 

EMA 

(cm2)   

weight 

(kg) 

age 

(days) 

muscle 

score   

weight 

(kg) 

age 

(days) 

rump 

fat 

(mm)   

weight 

(kg) 

age 

(days) 

rib 

fat 

(mm) 

Yearling all                                 

   N A  379 379 379  398 398 398  379 379 379  379 379 379 

   Minimum  170.0 307.0 23.0  170.0 307.0 2.0  170.0 307.0 1.0  170.0 307.0 1.0 

   Maximum  548.0 623.0 88.0  548.0 623.0 13.0  548.0 623.0 29.0  548.0 623.0 24.0 

   Mean  358.6 460.3 50.2  336.6 456.5 6.4  358.6 460.3 6.4  358.6 460.3 4.9 

   s.d.  98.22 93.84 13.53  103.41 92.68 2.61  98.22 93.84 4.82  98.22 93.84 3.50 

                 

Yearling wild-type               

   N A  331 331 331  353 353 353  331 331 331  331 331 331 

   Minimum  170.0 307.0 23.0  170.0 307.0 2.0  170 307.0 1.0  170 307.0 1.0 

   Maximum  548.0 620.0 88.0  548.0 620.0 12.0  548 620.0 29.0  548 620.0 24.0 

   Mean  366.3 464.1 50.3  342.5 459.9 6.0  366.3 464.1 6.7  366.3 464.1 5.2 

   s.d.   96.40 92.78 13.41   103.05 91.12 2.43   96.40 92.78 4.78   96.40 92.78 3.51 
A N, Number of cattle 
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Table A3.3  Summary statistics for the BTA2:6537448(del11) heterozygotes from Herd A and Herd B 

    weight (kg) A age (days) A EMA (cm2) muscle score rump fat (mm) rib fat (mm) 

Herd A              

   N B  48 48 48 49 48 48 

   AngusC  48 48 48 49 48 48 

   Minimum  177.0 (177.0) 189.0 (189.0) 30.0 5.0 1.0 1.0 

   Maximum  540.0 (540.0) 279.0 (279.0) 76.0 13.0 20.0 13.0 

   Mean  305.6 (289.8) 233.9 (232.5) 49.3 9.5 3.9 3.0 

   s.d.  95.17 (94.90) 23.80 (24.93) 14.46 1.70 4.34 2.81 

        

Herd B      

   N B  99 99 99 99 99 99 

   AngusC  89 89 89 89 89 89 

   Minimum  156.0 278.0 29.0 5.0 1.0 1.0 

   Maximum  934.0 3816.0 114.0 14.0 15.0 8.0 

   Mean  481.6 1403.5 60.6 9.8 3.5 2.3 

   s.d.   136.28 1010.92 14.87 1.65 2.76 1.70 
A Statistics in parenthesis refer to the muscle score analysis  
B N, number of cattle 
C Angus, number of Angus cattle 
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Table A3.4  Summary statistics for Herd C cattle included in the haplotype and tag SNP association analyses 

    Weight (kg) Age (days) EMA (cm2) rump fat (mm) rib fat (mm) 

Weaning             

   N A  195 195 195 195 195 

   Minimum  78.0 158.0 15.0 0.0 0.0 

   Maximum  335.0 255.0 61.0 5.0 3.0 

   Mean  188.4 212.4 36.2 1.4 0.9 

   s.d.  47.32 20.36 9.54 0.98 0.67 

       

Yearling     

   N A  150 150 150 150 150 

   Minimum  107.0 323.0 15.0 1.0 1.0 

   Maximum  467.0 427.0 77.0 8.0 5.0 

   Mean  254.5 381.9 44.8 1.7 1.3 

   s.d.   68.56 25.98 11.88 1.19 0.74 
A N, Number of cattle 
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Table A3.5  Haplotype associations with ultrasound measurements and muscle score for the Herd A wild-type group at weaning 

age 

  Trait 

 EMA B  Rump fatC  Rib fatB  Muscle scoreC 

Haplotype NH
D b ± s.e.  NH

D b ± s.e.  NH
D b ± s.e.  NH

D b ± s.e. 

1 516 1.2 ± 0.55ab#   541 -0.1 ± 0.16   541 -0.2 ± 0.12   541 0.2 ± 0.15b 

2 64 3.1 ± 0.89a  65 -0.3 ± 0.26  65 -0.1 ± 0.20  65 0 ± 0.24b 

3 133 0.8 ± 0.71bc  136 -0.1 ± 0.21  136 0 ± 0.16  136 0 ± 0.19b 

4 2 0.6 ± 3.67*  3 0.8 ± 0.91*  3 0.5 ± 0.74*  3 0 ± 0.83* 

5 30 -1.8 ± 1.10d  39 -0.1 ± 0.30  39 0.1 ± 0.24  39 -0.2 ± 0.27b 

6 0 -  0 -  0 -  0 - 

7 69 2.2 ± 0.79ab  73 -0.1 ± 0.23  73 0.1 ± 0.18  73 0.6 ± 0.21a 

8 57 -1.1 ± 1.12cd#  57 0.3 ± 0.33  57 0 ± 0.24  57 -0.4 ± 0.32b 

9 154 0cd  164 0  164 0  164 0b 

10 31 2.1 ± 1.08abc  32 -0.1 ± 0.32  32 -0.2 ± 0.26  32 0.4 ± 0.29ab 

11 0 -   0 -   0 -   0 - 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 9 
B Mean EMA for haplotype 9 = 43.8 ± 8.9 cm2 (mean ± s.d.) 
C Mean rump fat depth for haplotype 9 = 5.4 ± 2.3 mm (mean ± s.d.) 
D Mean rib fat depth for haplotype 9 = 4.3 ± 1.8 mm (mean ± s.d.) 
E Mean muscle score for haplotype 9 = 6.0 ± 2.1(mean ± s.d.) 
F NH, number of haplotype observations  
abcd Within columns, partial regression coefficients with different letters are significantly different at P = 0.05 
# Significantly different at P = 0.1 
* Excluded from partial regression coefficient comparison because of low NH and high s.e. 
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Table A3.6  Haplotype associations with ultrasound measurements and muscle score for Herd A at yearling age 

  Trait 

 EMA B  Rump fatC  Rib fatB  Muscle scoreC 

Haplotype NH
D b ± s.e.  NH

D b ± s.e.  NH
D b ± s.e.  NH

D b ± s.e. 

1 350 0.3 ± 0.61b   350 -0.3 ± 0.28ab   350 -0.1 ± 0.21ab   370 -0.2 ± 0.17c 

2 30 1.8 ± 1.07ab  30 0.6 ± 0.48b  30 0.4 ± 0.36b  30 -0.1 ± 0.29c 

3 94 -0.2 ± 0.77bc  94 -0.2 ± 0.35ab  94 0 ± 0.26ab  101 -0.3 ± 0.22c 

4 2 0.2 ± 3.50*  2 -1.0 ± 1.57*  2 -0.6 ± 1.21*  3 0.8 ± 0.79* 

5 25 -1.9 ± 1.15c  25 -0.2 ± 0.52ab  25 -0.1 ± 0.39ab  35 0 ± 0.28bc 

6 47 4.0 ± 1.00a  47 -0.9 ± 0.45a  47 -0.6 ± 0.34a  44 1.2 ± 0.29a 

7 36 2.0 ± 0.98a  36 -0.1 ± 0.44ab  36 0.1 ± 0.34ab  53 0.5 ± 0.24b 

8 50 0.2 ± 1.14bc  50 0.6 ± 0.53b  50 0.2 ± 0.37ab  33 -0.6 ± 0.37c 

9 107 0bc  107 0b  107 0ab  107 0c 

10 16 -0.7 ± 1.34bc  16 -0.3 ± 0.60ab  16 -0.2 ± 0.46ab  19 0 ± 0.36bc 

11 1 2.7 ± 4.96*   1 -1.8 ± 2.23*   1 -1 ± 1.72*   1 2.3 ± 1.36* 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 9 
B Mean EMA for haplotype 9 = 49.2 ±11.8 cm2 (mean ± s.d.) 
C Mean rump fat depth for haplotype 9 = 6.4 ± 5.1 mm (mean ± s.d.) 
D Mean rib fat depth for haplotype 9 = 4.8 ± 3.5 mm (mean ± s.d.) 
E Mean muscle score for haplotype 9 = 6.0 ± 2.5 (mean ± s.d.) 
F NH, number of haplotype observations  
abc Within columns, partial regression coefficients with different letters are significantly different at P = 0.05 
# Significantly different at P = 0.1 
* Excluded from partial regression coefficient comparison because of low NH and high s.e. 
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Table A3.7  Haplotype associations with ultrasound measurements and muscle score for the Herd A wild-type group at yearling 

age 

  Trait 

 EMA B  Rump fatC  Rib fatB  Muscle scoreC 

Haplotype NH
D b ± s.e.  NH

D b ± s.e.  NH
D b ± s.e.  NH

D b ± s.e. 

1 320 0.6 ± 0.65bc#   320 -0.3 ± 0.29a   320 -0.1 ± 0.22   541 0.2 ± 0.15b 

2 28 2.1 ± 1.12ab  28 0.8 ± 0.51b  28 0.5 ± 0.39  65 0 ± 0.24b 

3 91 0.1 ± 0.80bc  91 -0.2 ± 0.37ab  91 0 ± 0.27  136 0 ± 0.19b 

4 2 -0.2 ± 3.60*  2 -1.0 ± 1.6*  2 -0.5 ± 1.24*  3 0 ± 0.83* 

5 21 -1.6 ± 1.26bc  21 0 ± 0.57ab  21 0 ± 0.43  39 -0.2 ± 0.27b 

6 0 -  0 -  0 -  0 - 

7 31 2.3 ± 1.07a#  31 -0.1 ± 0.48ab  31 0.1 ± 0.37  73 0.6 ± 0.21a 

8 50 0.3 ± 1.15abc  50 0.6 ± 0.54ab  50 0.1 ± 0.38  57 -0.4 ± 0.32b 

9 104 0bc  104 0ab  104 0  164 0b 

10 15 -0.6 ± 1.42*  15 -0.2 ± 0.63ab  15 -0.1 ± 0.49  32 0.4 ± 0.29ab 

11 0 -   0 -   0 -   0 - 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 9 
B Mean EMA for haplotype 9 = 49.0 ± 11.7 cm2 (mean ± s.d.) 
C Mean rump fat depth for haplotype 9 = 6.4 ± 5.1 mm (mean ± s.d.) 
D Mean rib fat depth for haplotype 9 = 4.9 ± 3.5 mm (mean ± s.d.) 
E Mean muscle score for haplotype 9 = 5.9 ± 2.4 (mean ± s.d.) 
F NH, number of haplotype observations  
abc Within columns, partial regression coefficients with different letters are significantly different at P = 0.05 
# Significantly different at P = 0.1 
* Excluded from partial regression coefficient comparison because of low NH and high s.e. 
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Table A3.8  Haplotype associationsA with ultrasound measurements in Herd C at 

yearling age 

      Eye muscle areaB   Rump fatC   Rib fatD 
Haplotype   NH

E b ± s.e.   b ± s.e.   b ± s.e. 
     1  60 0.7 ± 0.96  0.2 ± 0.16  0.1 ± 0.12 
     2  2 0.9 ± 3.20*  1.0 ± 0.52*  0.5 ± 0.40* 
     3  41 0.0 ± 1.06  0.3 ± 0.17  0.2 ± 0.13 
     4  1 -7.4 ± 4.52*  0.5 ± 0.74*  0.2 ± 0.57* 
     7  4 -0.8 ± 2.38*  -0.2 ± 0.39*  -0.1 ± 0.30* 
     9  32 0  0  0 
     10   10 0.2 ± 1.60   0.0 ± 0.26   0.0 ± 0.20 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 

9 
B Mean EMA for haplotype 9 = 46.3 ± 13.0 cm2 (mean ± s.d.) 
C Mean rump fat depth for haplotype 9 = 1.6 ± 0.9 mm (mean ± s.d.) 
D Mean rib fat depth for haplotype 9 = 1.3 ± 0.5 mm (mean ± s.d.) 
E NH, number of haplotype observations  
* Excluded from partial regression coefficient comparison because of low NH and high 

s.e. 
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Table A3.9  Tag SNP genotype associationsA with ultrasound measurements and 

muscle score for Herd A at weaning age 

    GenotypeB     

Tag SNP   N0 N1 N2   b ± s.e.   PC 
EMA                 
   BTA2:6531966(C>G)  39 216 339  0.1 ± 0.5  0.82 
   BTA2:6532400(T>A)  497 92 5  -3.1 ± 1.1  0.004 
   BTA2:6534923 (G>A)  338 214 42  -0.6 ± 1.1  0.59 
   BTA2:6537448(del11)  528 66 0  6.1 ± 1.5  <.0001 
   BTA2:6537959(A>C)  108 308 178  -0.1 ± 1.1  0.93 
   BTA2:6538799(C>A)  411 174 9  0.7 ± 1.0  0.49 
         
Muscle score         
   BTA2:6531966(C>G)  42 224 356  -0.3 ± 0.1  0.04 
   BTA2:6532400(T>A)  515 100 7  0.0 ± 0.3  0.92 
   BTA2:6534923 (G>A)  356 221 45  0.2 ± 0.3  0.50 
   BTA2:6537448(del11)  555 67 0  2.0 ± 0.4  <.0001 
   BTA2:6537959(A>C)  116 317 189  0.5 ± 0.3  0.10 
   BTA2:6538799(C>A)  429 182 11  0.2 ± 0.3  0.51 
         
Rump fatD         
   BTA2:6531966(C>G)  42 224 356  -0.2 ± 0.1  0.22 
   BTA2:6532400(T>A)  515 100 7  0.2 ± 0.6  0.61 
   BTA2:6534923 (G>A)  356 221 45  0.3 ± 0.3  0.40 
   BTA2:6537448(del11)  555 67 0  -0.4 ± 0.4  0.40 
   BTA2:6537959(A>C)  116 317 189  0.3 ± 0.3  0.39 
   BTA2:6538799(C>A)  429 182 11  0.1 ± 0.3  0.65 
         
Rib fatD         
   BTA2:6531966(C>G)  42 224 356  -0.2 ± 0.1  0.14 
   BTA2:6532400(T>A)  515 100 7  0.2 ± 0.2  0.51 
   BTA2:6534923 (G>A)  356 221 45  -0.1 ± 0.3  0.79 
   BTA2:6537448(del11)  555 67 0  -0.7 ± 0.3  0.05 
   BTA2:6537959(A>C)  116 317 189  -0.1 ± 0.3  0.58 
   BTA2:6538799(C>A)   429 182 11  -0.1 ± 0.2  0.82 
A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area 

(cm2), rump fat thickness (mm), rib fat thickness (mm) and muscle score (McKiernan 
1990) 

B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 
wild-type; N1, heterozygous; N2, homozygous mutant  

C  The significance threshold was set at P<0.05 
D  The overall effect of tag SNP was not significant (P>0.05) 
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Table A3.10  Tag SNP genotype associationsA with ultrasound measurements 

and muscle score for the Herd A wild-type group at weaning age 

    GenotypeB     

Tag SNP   N0 N1 N2   b ± s.e.   PC 
EMA                 
   BTA2:6531966(C>G)  39 202 287  0.3 ± 0.49  - 
   BTA2:6532400(T>A)  496 32 0  -3.8 ± 1.16  0.001 
   BTA2:6534923(G>A)  283 203 42  -0.8 ± 1.17  - 
   BTA2:6537448(del11)  528 0 0  -  - 
   BTA2:6537959(A>C)  88 262 178  -0.2 ± 1.13  - 
   BTA2:6538799(C>A)  355 164 9  0.5 ± 0.98  - 
         
Rump fat         
   BTA2:6531966(C>G)  42 210 303  -0.1 ± 0.14  - 
   BTA2:6532400(T>A)  514 40 1  0.2 ± 0.32  - 
   BTA2:6534923(G>A)  300 210 45  0.2 ± 0.34  - 
   BTA2:6537448(del11)  555 0 0  -  - 
   BTA2:6537959(A>C)  95 271 189  0.2 ± 0.33  - 
   BTA2:6538799(C>A)  373 171 11   0.1 ± 0.29   - 
         
Rib fat         
   BTA2:6531966(C>G)  42 210 303  -0.1 ± 0.11  - 
   BTA2:6532400(T>A)  514 40 1  0.2 ± 0.26  - 
   BTA2:6534923(G>A)  300 210 45  -0.1 ± 0.28  - 
   BTA2:6537448(del11)  555 0 0  -  - 
   BTA2:6537959(A>C)  95 271 189  -0.2 ± 0.27  - 
   BTA2:6538799(C>A)   373 171 11   -0.1 ± 0.23   - 
         
Muscle score         
   BTA2:6531966(C>G)  42 210 303  -0.2 ± 0.13  - 
   BTA2:6532400(T>A)  514 40 1  -0.1 ± 0.29  - 
   BTA2:6534923(G>A)  300 210 45  0.2 ± 0.32  - 
   BTA2:6537448(del11)  555 0 0  -  - 
   BTA2:6537959(A>C)  95 271 189  0.5 ± 0.31  - 
   BTA2:6538799(C>A)  373 171 11  0.2 ± 0.26  - 
A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area 

(cm2), rump fat thickness (mm), rib fat thickness (mm) and muscle score (McKiernan 
1990) 

B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 
wild-type; N1, heterozygous; N2, homozygous mutant  

C P-values are  shown for P<0.1 only 
 

 



Appendices 

 185 

Table A3.11 Tag SNP genotype associationsA with ultrasound measurements and 

muscle score for Herd A at yearling age 

    GenotypeB     

Tag SNP   N0 N1 N2   b ± s.e.   PC 
EMA                 
   BTA2:6531966(C>G)  27 139 213  -0.5 ± 0.56  - 
   BTA2:6532400(T>A)  309 66 4  -2.6 ± 1.19  0.03 
   BTA2:6534923(G>A)  210 137 32  -2.3 ± 1.45  - 
   BTA2:6537448(del11)  331 48 0  4.4 ± 1.81  0.01 
   BTA2:6537959(A>C)  74 206 99  -1.7 ± 1.42  - 
   BTA2:6538799(C>A)  262 113 4  -1.5 ± 1.27  - 
         
Rump fat         
   BTA2:6531966(C>G)  27 139 213  -0.2 ± 0.25  - 
   BTA2:6532400(T>A)  309 66 4  - 0.5 ± 0.53  - 
   BTA2:6534923(G>A)  210 137 32  -0.7 ± 0.65  - 
   BTA2:6537448(del11)  331 48 0  -0.9 ± 0.81  - 
   BTA2:6537959(A>C)  74 206 99  -0.8 ± 0.63  - 
   BTA2:6538799(C>A)  262 113 4   -0.0 ± 0.57   - 
         
Rib fat         
   BTA2:6531966(C>G)  27 139 213  -0.1 ± 0.19  - 
   BTA2:6532400(T>A)  309 66 4  -0.4 ± 0.41  - 
   BTA2:6534923(G>A)  210 137 32  -0.4 ± 0.50  - 
   BTA2:6537448(del11)  331 48 0  -0.6 ± 0.61  - 
   BTA2:6537959(A>C)  74 206 99  -0.5 ± 0.49  - 
   BTA2:6538799(C>A)   262 113 4   -0.1 ± 0.44   - 
         
Muscle score         
   BTA2:6531966(C>G)  23 147 228  -0.4 ± 0.15  0.01 
   BTA2:6532400(T>A)  322 70 6  0.3 ± 0.31  - 
   BTA2:6534923(G>A)  222 144 32  0.1 ± 0.38  - 
   BTA2:6537448(del11)  353 45 0  1.3 ± 0.47  0.005 
   BTA2:6537959(A>C)  74 203 121  0.3 ± 0.37  - 
   BTA2:6538799(C>A)  287 105 6  0.1 ± 0.32  - 
A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area 

(cm2), rump fat thickness (mm), rib fat thickness (mm) and muscle score (McKiernan 
1990) 

B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 
wild-type; N1, heterozygous; N2, homozygous mutant  

C P-values are  shown for P<0.1 only 
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Table A3.12 Tag SNP genotype associationsA with ultrasound measurements and 

muscle score for the Herd A wild-type group at yearling age 

    GenotypeB     

Tag SNP   N0 N1 N2   b ± s.e.   PC 
EMA                 
   BTA2:6531966(C>G)  27 130 174  -0.3 ± 0.60  - 
   BTA2:6532400(T>A)  308 23 0  -2.8 ± 1.33  0.03 
   BTA2:6534923(G>A)  168 131 32  -0.3 ± 1.54  0.09 
   BTA2:6537448(del11)  331 0 0  -  - 
   BTA2:6537959(A>C)  62 170 99  -1.9 ± 1.50  - 
   BTA2:6538799(C>A)  221 106 4  -1.4 ± 1.34  - 
         
Rump fat         
   BTA2:6531966(C>G)  27 130 174  -0.2 ± 0.27  - 
   BTA2:6532400(T>A)  308 23 0  -0.6 ± 0.59  - 
   BTA2:6534923(G>A)  168 131 32  -0.8 ± 0.69  - 
   BTA2:6537448(del11)  331 0 0  -  - 
   BTA2:6537959(A>C)  62 170 99  -0.9 ± 0.67  - 
   BTA2:6538799(C>A)  221 106 4   0.0 ± 0.60   - 
         
Rib fat         
   BTA2:6531966(C>G)  27 130 174  -0.0 ± 0.20  - 
   BTA2:6532400(T>A)  308 23 0  -0.4 ± 0.45  - 
   BTA2:6534923(G>A)  168 131 32  -0.4 ± 0.53  - 
   BTA2:6537448(del11)  331 0 0  -  - 
   BTA2:6537959(A>C)  62 170 99  -0.5 ± 0.52  - 
   BTA2:6538799(C>A)   221 106 4   -0.1 ± 0.46   - 
         
Muscle score         
   BTA2:6531966(C>G)  23 136 194  -0.3 ± 0.16  0.03 
   BTA2:6532400(T>A)  321 31 1  0.4 ± 0.34  - 
   BTA2:6534923(G>A)  184 137 32  0.2 ± 0.40  - 
   BTA2:6537448(del11)  353 0 0  -  - 
   BTA2:6537959(A>C)  60 172 121  0.4 ± 0.39  - 
   BTA2:6538799(C>A)  250 97 6  0.1 ± 0.33  - 
A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area 

(cm2), rump fat thickness (mm), rib fat thickness (mm) and muscle score (McKiernan 
1990) 

B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 
wild-type; N1, heterozygous; N2, homozygous mutant  

C P-values are  shown for P<0.1 only 
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Table A3.13 Tag SNP associationsA with ultrasound measurements and muscle 

score for the BTA2:6537448(del11) heterozygotes from Herds A and B 

    GenotypeB     

Tag SNP   N0 N1 N2   b ± s.e.   PC 
EMA                 
   BTA2:6531966(C>G)  0 45 (8) 102 (40)  1.2 ± 3.0  0.69 
   BTA2:6532400(T>A)  0 137 (44) 10 (4)  -1.0 ± 5.0  0.84 
   BTA2:6534923 (G>A)  112 (42) 35 (6) 0  2.2 ± 4.3  0.60 
   BTA2:6537448(del11)  0 147 (48) 0  -  - 
   BTA2:6537959(A>C)  57 (13) 90 (35) 0  1.0 ± 3.8  0.79 
   BTA2:6538799(C>A)  107 (40) 37 (8) 3 (0)  -1.3 ± 2.1  0.54 
         
Rump fat         
   BTA2:6531966(C>G)  0 45 (8) 102 (40)  0.6 ± 0.7  0.38 
   BTA2:6532400(T>A)  0 137 (44) 10 (4)  -2.4 ± 1.1  0.03 
   BTA2:6534923 (G>A)  112 (42) 35 (6) 0  0.3 ± 0.9  0.75 
   BTA2:6537448(del11)  0 147 (48) 0  -  - 
   BTA2:6537959(A>C)  57 (13) 90 (35) 0  -0.2 ± 0.8  0.78 
   BTA2:6538799(C>A)  107 (40) 37 (8) 3 (0)  0.5 ± 0.5  0.28 
         
Rib fat         
   BTA2:6531966(C>G)  0 45 (8) 102 (40)  0.4 ± 0.5  0.42 
   BTA2:6532400(T>A)  0 137 (44) 10 (4)  -1.5 ± 0.7  0.05 
   BTA2:6534923 (G>A)  112 (42) 35 (6) 0  -0.2 ± 0.6  0.73 
   BTA2:6537448(del11)  0 147 (48) 0  -  - 
   BTA2:6537959(A>C)  57 (13) 90 (35) 0  -0.3 ± 0.6  0.58 
   BTA2:6538799(C>A)   107 (40) 37 (8) 3 (0)   0.4 ± 0.3   0.20 
         
Muscle score         
   BTA2:6531966(C>G)  0 46 (9) 102 (40)  0 ± 0.4  0.91 
   BTA2:6532400(T>A)  0 139 (46) 9 (3)  0.9 ± 0.7  0.17 
   BTA2:6534923 (G>A)  113 (43) 35 (6) 0  0.6 ± 0.5  0.26 
   BTA2:6537448(del11)  0 148 (49) 0  -  - 
   BTA2:6537959(A>C)  56 (12) 92 (37) 0  -0.1 ± 0.5  0.89 
   BTA2:6538799(C>A)  109 (42) 36 (7) 3 (0)  -0.4 ± 0.3  0.14 
A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area 

(cm2), rump fat thickness (mm), rib fat thickness (mm) and muscle score (McKiernan 
1990) 

B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 
wild-type; N1, heterozygous; N2, homozygous mutant; numbers in parenthesis indicate 
genotype observations for cattle in Herd A 

C  The significance threshold was set at P<0.05 
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Table A3.14 Tag SNP genotype associationsA with ultrasound measurements for 

Herd C at weaning age 

    GenotypeB     

Tag SNP   N0 N1 N2   b ± s.e.   PC 
EMA                 
   BTA2:6531966(C>G)  0 50 145  0.7 ± 0.6  0.30 
   BTA2:6532400(T>A)  194 1 0  3.6 ± 3.4  0.29 
   BTA2:6534923(G>A)  93 102 0  -1.4 ± 2.2  0.53 
   BTA2:6537568(G>A)  0 195 0  -  - 
   BTA2:6537959(A>C)  0 105 90  -0.8 ± 2.2  0.71 
   BTA2:6538799(C>A)  178 17 0  -1.9 ± 1.0  0.05 
         
Rump fatD         
   BTA2:6531966(C>G)  0 50 145  -0.2 ± 1.0  0.82 
   BTA2:6532400(T>A)  194 1 0  -8.0 ± 4.5  0.29 
   BTA2:6534923(G>A)  93 102 0  -1.3 ± 3.5  0.55 
   BTA2:6537568(G>A)  0 195 0  -  - 
   BTA2:6537959(A>C)  0 105 90  -0.7 ± 3.4  0.57 
   BTA2:6538799(C>A)  178 17 0  -0.3 ± 1.5  0.06 
         
Rib fatD         
   BTA2:6531966(C>G)  0 50 145  0.2 ± 0.1  0.04 
   BTA2:6532400(T>A)  194 1 0  -0.1 ± 0.5  0.82 
   BTA2:6534923(G>A)  93 102 0  -0.1 ± 0.4  0.81 
   BTA2:6537568(G>A)  0 195 0  -  - 
   BTA2:6537959(A>C)  0 105 90  -0.2 ± 0.3  0.60 
   BTA2:6538799(C>A)  178 17 0  0.2 ± 0.2  0.15 
A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area 

(cm2), rump fat thickness (mm) and rib fat thickness (mm)  
B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 

wild-type; N1, heterozygous; N2, homozygous mutant; numbers in parenthesis indicate 
genotype observations for cattle in Herd A 

C  The significance threshold was set at P<0.05 
D  The overall effect of tag SNP was not significant (P>0.05) 
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Table A3.15 Tag SNP genotype associationsA with ultrasound measurements for 

Herd C at yearling age 

    GenotypeB     

Tag SNP   N0 N1 N2   b ± s.e.   PC 
EMA                 
   BTA2:6531966(C>G)  0 38 112  -0.2 ± 0.96  - 
   BTA2:6532400(T>A)  149 1 0  -8.0 ± 4.46  0.08 
   BTA2:6534923(G>A)  76 74 0  -1.3 ± 3.52  - 
   BTA2:6537568(G>A)  0 150 0  -  - 
   BTA2:6537959(A>C)  76 74 0  -0.7 ± 3.42  - 
   BTA2:6538799(C>A)  138 12 0  -0.3 ± 1.50  - 
         
Rump fat         
   BTA2:6531966(C>G)  0 38 112  0.4 ± 0.16  0.01 
   BTA2:6532400(T>A)  149 1 0  0.3 ± 0.72  - 
   BTA2:6534923(G>A)  76 74 0  -0.8 ± 0.57  - 
   BTA2:6537568(G>A)  0 150 0  -  - 
   BTA2:6537959(A>C)  76 74 0  -0.9 ± 0.55  0.09 
   BTA2:6538799(C>A)  138 12 0  -0.2 ± 0.24  - 
         
Rib fat         
   BTA2:6531966(C>G)  0 38 112  0.2 ± 0.12  0.08 
   BTA2:6532400(T>A)  149 1 0  0.1 ± 0.56  - 
   BTA2:6534923(G>A)  76 74 0  -0.5 ± 0.44  - 
   BTA2:6537568(G>A)  0 150 0  -  - 
   BTA2:6537959(A>C)  76 74 0  -0.6 ± 0.43  - 
   BTA2:6538799(C>A)  138 12 0  -0.2 ± 0.19  - 
A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area 

(cm2), rump fat thickness (mm) and rib fat thickness (mm)  
B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 

wild-type; N1, heterozygous; N2, homozygous mutant  
C P-values are  shown for P<0.1 only 
 

 



Appendices 

 190 

Appendix 4  MSTN marker validation  

Table A4.1  Summary statistics for cattle populations from Chapter 6 included in the haplotype and tag SNP association analysis 

of ultrasound measurements, muscle score and feed efficiency 

    
Weight 

(kg) 
age 

(days) 
EMA 
(cm2) 

rump fat 
(mm) 

rib fat 
(mm) 

muscle 
score IMF% DFI (kg) 

RFI 
(kg/day) 

Herd B                     
   N A  418 418 418 418 418 418 0 0 0 
   Minimum  149.0 247 26.0 1.0 1.0 4.0 - - - 
   Maximum  934.0 4536 114.0 28.0 16.0 14.0 - - - 
   Mean  461.0 1584 53.7 3.9 2.5 8.5 - - - 
   s.d.  123.2 1132 12.9 3.6 2.1 1.8 - - - 
           
Herd D B         
   N A  260 274 274 274 274 0 274 387 374 
   Minimum  361.0 436 47.0 3.0 2.0 - 2.2 10.2 -4.3 
   Maximum  650.0 527 81.0 17.0 13.0 - 6.8 19.5 2.0 
   Mean  477.5 488 64.4 7.3 5.9 - 4.9 14.6 -0.03 
   s.d.  81.2 19 5.8 3.0 2.3 - 0.9 1.6 0.7 
           
Herd E C         
   N A  496 496 477 496 496 0 0 0 0 
   Minimum  270.0 374 38.0 1.0 1.0 - - - - 
   Maximum  716.0 1301 105.0 27.0 24.0 - - - - 
   Mean  504.9 712 66.1 12.0 8.0 - - - - 
   s.d.   90.8 165 10.2 4.8 4.0 - - - - 
A N, Number of cattle 
B weight and age statistics refer to ultrasound measurements only  
C The min and max values for weight and age were the same for all ultrasound measurements.  Similar mean and s.d. values for weight and 

age were observed for the EMA measurement 
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Table A4.2  Tag SNP validationA for ultrasound measurements of EMA and fat 

depth in a combined population of Herds B to E 

    GenotypeB    

Tag SNP  N0 N1 N2  b ± s.e. PC 
EMA           
   BTA2:6531966(C>G)  79 538 863  0.4 ± 0.3 - 
   BTA2:6532400(T>A)  1316 158 6  0.3 ± 0.8 - 
   BTA2:6534923(G>A)  715 567 198  0.4 ± 0.4 - 
   BTA2:6537448(del11)  1376 104 0  3.8 ± 1.1 0.007 
   BTA2:6537959(A>C)  263 700 517  -0.2 ± 0.4 - 
   BTA2:6538799(C>A)  988 421 71  -0.1 ± 0.4 - 
        
Rump fat        
   BTA2:6531966(C>G)  80 544 878  0.3 ± 0.2 0.09 
   BTA2:6532400(T>A)  1336 160 6  -0.03 ± 0.4 - 
   BTA2:6534923(G>A)  729 573 200  0.1 ± 0.2 - 
   BTA2:6537448(del11)  1398 104 0  -1.2 ± 0.5 0.03 
   BTA2:6537959(A>C)  269 707 526  0.1 ± 0.2 - 
   BTA2:6538799(C>A)  994 436 72  0.05 ± 0.2 - 
        
Rib fat        
   BTA2:6531966(C>G)  80 544 878  0.2 ± 0.1 0.05 
   BTA2:6532400(T>A)  1336 160 6  -0.2 ± 0.3 - 
   BTA2:6534923(G>A)  729 573 200  0.2 ± 0.2 - 
   BTA2:6537448(del11)  1398 104 0  -0.5 ± 0.4 - 
   BTA2:6537959(A>C)  269 707 526  0.2 ± 0.1 - 
   BTA2:6538799(C>A)   994 436 72  0.2 ± 0.1 - 
A Data are partial regression coefficients (b) ± standard error (s.e.) for EMA (cm2), 

rump fat thickness (mm) and rib fat thickness (mm)  
B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 

wild-type; N1, heterozygous; N2, homozygous mutant 
C P-values are  shown for P<0.1 only 
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Table A4.3  Magnitude of haplotype effect on EMA and fat depth in a combined 

population of Herds A to E 

    EMA C   Fat 

         RumpD   RibE 

Haplotype  NH
B b ± s.e.  NH

B b ± s.e.  b ± s.e. 

1   1548 0.3 ± 0.3c   1586 0.1 ± 0.1b   0.1 ± 0.1b 

2  185 1.3 ± 0.5b  190 -0.1 ± 0.2b  0.3 ± 0.2b 

3  487 0.9 ± 0.4b  495 0.02 ± 0.2b  0.1 ± 0.1b 

4  13 0.4 ± 1.8*  14 0.7 ± 0.7*  0.5 ± 0.6* 

5  79 -0.8 ± 0.7c  91 0.1 ± 0.3b  0.02 ± 0.2b 

6  169 4.2 ± 0.6a  169 -0.9 ± 0.3a  -0.6 ± 0.2a 

7  158 1.5 ± 0.6b  164 0.1 ± 0.2b  0.2 ± 0.2b 

8  206 -0.3 ± 0.5c  207 0.1 ± 0.2b  0.02 ± 0.2b 

9  495 0c  507 0b  0b 

10  165 0.3 ± 0.6bc  173 0.4 ± 0.2b  0.3 ± 0.2b 

11  1 -0.9 ± 5.7*  1 -0.5 ± 2.5*  -0.5 ± 1.9* 

12 F  195 -  195 -  - 

13  43 0.4 ± 1.0*  43 -0.5 ± 0.5*  0.04 ± 0.3* 

14  4 -6.9 ± 3.2*  4 1.4 ± 1.4*  0.6 ± 1.1* 

15  103 -1.0 ± 0.8*  104 0.6 ± 0.3*  0.7 ± 0.3* 

16  31 0.8 ± 1.1*  31 -0.3 ± 0.5*  0.4 ± 0.4* 

17  1 2.4 ± 6.6*  1 -1.2 ± 2.8*  0.2 ± 2.1* 

18  3 0.7 ± 4.2*  3 -0.9 ± 1.7*  -0.5 ± 1.3* 
A Data are partial regression coefficients (b) ± standard error (s.e.) relative to haplotype 

9  
B NH, number of haplotype observations 
C Mean EMA for haplotype 9 = 51.8 ± 13.3 cm2 (mean ± s.d.) 
D Mean rump fat depth for haplotype 9 = 5.4 ± 3.8 mm (mean ± s.d.) 
E Mean rib fat depth for haplotype 9 = 4.1 ± 2.9 mm (mean ± s.d.) 
F Haplotype 12 was not estimable and was excluded from the regression analysis 
abcd Within columns, partial regression coefficients with different letters are significant 

at P = 0.05 
* Excluded from partial regression coefficient comparison because of low NH and high 

s.e or represented in less than 2 herds 
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Table A4.4  Tag SNP associationsA with slaughter measurements in Herd D 

A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area (cm2), rump and rib fat thickness (mm), ossification 
score and marbling score 

B T1, BTA2:6531966(C>G); T2, BTA2:6532400(T>A); T3, BTA2:6534923(G>A); T4, BTA2:6537448(del11); T5, BTA2:6537959(A>C); 
T6, BTA2:6538799(C>A) 

C Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous wild-type; N1, heterozygous; N2, homozygous mutant  
D P-values are  shown for P<0.1 only 
 

LocusB
N 0 N 1 N 2 b  ± s.e. P D b  ± s.e. P D b  ± s.e. P D b  ± s.e. P D b  ± s.e. P D b  ± s.e. P D

  T1 44 179 164 0.1 ± 0.6 - 0.03 ± 0.5 - -0.2 ± 0.4 - -0.1 ± 1.1 - -0.01 ± 0.1 - 2 ± 10 -
  T2 381 6 0 -4.2 ± 2.5 0.09 0.8 ± 2.0 - -0.2 ± 1.5 - -3.7 ± 4.2 - 0.2 ± 0.3 - 19 ± 39 -
  T3 248 122 17 -2.0 ± 1.2 - -0.4 ± 1.0 - -0.2 ± 0.8 - -3.1 ± 2.1 - 0.03 ± 0.2 - 11 ± 19 -
  T4 387 0 0 - - - - - - - - - - - -
  T5 62 174 151 -2.3 ± 1.2 0.06 -0.4 ± 1.0 - -0.4 ± 0.7 - -2.6 ± 2.1 - 0.1 ± 0.2 - 17 ± 19 -
  T6 236 131 20 -2.2 ± 1.1 0.05 0.2 ± 0.9 - -0.3 ± 0.7 - -2.0 ± 1.9 - 0.03 ± 0.1 - 11 ± 17 -

AUS marbling 
score (0-6)

MSA marbling 
score (100-1100)GenotypeC EMA Rump fat Rib fat Ossification score
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Table A4.5  Tag SNP associationsA with feed efficiency measurements in Herd D 

  DFI (kg)   RFI (kg/day) 

 GenotypeB        GenotypeB       

Tag SNP N0 N1 N2  b ± s.e. PC  N0 N1 N2  b ± s.e. PC 

   BTA2:6531966(C>G) 44 179 164   -0.5 ± 0.2 0.002   38 169 167   0.2 ± 0.1 0.03 

   BTA2:6532400(T>A) 381 6 0  -0.1 ± 0.7 -  366 8 0  -0.1 ± 0.3 - 

   BTA2:6534923 (G>A) 248 122 17  -0.1 ± 0.3 -  244 115 15  -0.03 ± 0.2 - 

   BTA2:6537448(del11) 387 0 0  - -  374 0 0  - - 

   BTA2:6537959(A>C) 62 174 151  0.1 ± 0.3 -  57 168 149  -0.2 ± 0.2 - 

   BTA2:6538799(C>A) 235 132 20   0.2 ± 0.3 -   226 127 21   0.01 ± 0.1 - 
A Data are partial regression coefficients (b) ± standard error (s.e.) for daily feed intake (DFI) and residual feed intake (RFI) 
B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous wild-type; N1, heterozygous; N2, homozygous mutant 
C P-values are  shown for P<0.1 only 
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Table A4.6  Tag SNP associationsA with carcass measurements in Herd E 

    GenotypeB     

Tag SNP   N0 N1 N2   b ± s.e.   PC 

EMA         
   BTA2:6531966(C>G)  9 107 257  1.5 ± 1.0  - 
   BTA2:6532400(T>A)  361 12 0  -5.8 ± 3.4  0.09 
   BTA2:6534923(G>A)  117 129 127  -0.01 ± 0.9  - 
   BTA2:6537448(del11)  370 3 0  20.2 ± 7.0  0.004 
   BTA2:6537959(A>C)  84 147 142  -0.03 ± 0.8  - 
   BTA2:6538799(C>A)  226 115 32  -0.6 ± 1.0  - 
         
Rump fat         
   BTA2:6531966(C>G)  20 201 446  0.1 ± 0.3  - 
   BTA2:6532400(T>A)  624 43 0  -0.8 ± 0.8  - 
   BTA2:6534923(G>A)  251 240 176  0.1 ± 0.3  - 
   BTA2:6537448(del11)  661 6 0  -2.8 ± 2.0  - 
   BTA2:6537959(A>C)  138 284 245  -0.02 ± 0.3  - 
   BTA2:6538799(C>A)  371 240 56  -0.2 ± 0.3  - 
         
AUS marbling score (0-6)         
   BTA2:6531966(C>G)  9 85 239  0.04 ± 0.1  - 
   BTA2:6532400(T>A)  326 7 0  -0.2 ± 0.2  - 
   BTA2:6534923(G>A)  101 113 119  -0.1 ± 0.05  - 
   BTA2:6537448(del11)  331 2 0  -0.4 ± 0.4  - 
   BTA2:6537959(A>C)  79 126 128  0.03 ± 0.05  - 
   BTA2:6538799(C>A)  202 105 26  -0.1 ± 0.1  0.05 
         
MSA marbling score (100-1100)         
   BTA2:6531966(C>G)  8 82 217  4 ± 8  - 
   BTA2:6532400(T>A)  300 7 0  -51 ± 30  - 
   BTA2:6534923(G>A)  95 104 108  -7 ± 7  - 
   BTA2:6537448(del11)  305 2 0  -36 ± 57  - 
   BTA2:6537959(A>C)  69 120 118  10 ± 7  - 
   BTA2:6538799(C>A)   184 101 22   -14 ± 7   0.07 
A Data are partial regression coefficients (b) ± standard error (s.e.) for eye muscle area 

(cm2), rump fat thickness (mm), rib fat thickness (mm) and muscle score (McKiernan 
1990) 

B Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous 
wild-type; N1, heterozygous; N2, homozygous mutant  

C P-values are  shown for P<0.1 only 
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Table A4.7  Tag SNP associationsA with meat quality measurements for Herd E 

A Data are partial regression coefficients (b) ± standard error (s.e.) for shear force (kg), cooking loss percentage (mm) and colour 
B T1, BTA2:6531966(C>G); T2, BTA2:6532400(T>A); T3, BTA2:6534923(G>A); T4, BTA2:6537448(del11); T5, BTA2:6537959(A>C); 

T6, BTA2:6538799(C>A) 
C Number of cattle with genotype at the tag SNP site (Section 2.9); N0, homozygous wild-type; N1, heterozygous; N2, homozygous mutant  
D P-values are  shown for P<0.1 only 
 
 
 
 

N 0 N 1 N 2 b  ± s.e. P D
N 0 N 1 N 2 b  ± s.e. P D

N 0 N 1 N 2 b  ± s.e. PD b  ± s.e. P D b  ± s.e. PD

   T1 20 197 430 0.01 ± 0.1 - 20 198 433 -0.2 ± 0.1 - 18 192 4310.1 ± 0.2 - 0.1 ± 0.1 - -0.01 ± 0.2 -
   T2 605 42 0 0.1 ± 0.2 - 609 42 0 0.1 ± 0.3 - 599 42 0 0.3 ± 0.4 - 0.4 ± 0.3 - 0.5 ± 0.5 -
   T3 241 233 173 0.1 ± 0.1 - 242 236 173 0.3 ± 0.1 0.03 238 231 172 0.1 ± 0.2 - -0.02 ± 0.1 - -0.2 ± 0.2 -
   T4 641 6 0 -0.5 ± 0.6 - 645 6 0 -1.5 ± 0.8 0.07 635 6 0 -0.5 ± 1.1 - -0.6 ± 0.7 - -1.5 ± 1.3 -
   T5 136 274 237 -0.01 ± 0.1 - 136 277 238 0.003 ± 0.1 - 132 273 236 0.1 ± 0.2 - 0.1 ± 0.1 - 0.4 ± 0.2 0.03
   T6 360 232 55 0.1 ± 0.1 - 361 234 56 0.4 ± 0.1 0.001 356 22956 0.1 ± 0.2 - 0.0 ± 0.1 - -0.2 ± 0.2 -

M.semitendinosus
   T1 20 192 426 -0.1 ± 0.05 0.05 19 194 429 -0.2 ± 0.1 - 20 194 429 -0.2 ± 0.3 - -0.1 ± 0.2 - -0.5 ± 0.3 0.09
   T2 596 42 0 0.3 ± 0.1 0.03 600 42 0 0.3 ± 0.3 - 601 42 0 0.4 ± 0.6 - -0.01 ± 0.4 - 0.2 ± 0.7 -
   T3 240 233 165 0.1 ± 0.05 - 241 234 167 0.2 ± 0.1 - 241 235 167 -0.1 ± 0.2 - -0.2 ± 0.2 - -0.5 ± 0.3 -
   T4 632 6 0 -0.8 ± 0.3 0.01 636 6 0 -0.6 ± 0.8 - 637 6 0 -0.9 ± 1.5 - -0.5 ± 1.0 - 2.0 ± 1.7 -
   T5 131 274 233 -0.04 ± 0.04 - 132 276 234 0.1 ± 0.1 - 132 277 234 -0.1 ± 0.2 - -0.1 ± 0.1 - -0.2 ± 0.3 -
   T6 354 230 54 0.1 ± 0.05 - 355 233 54 0.3 ± 0.1 0.03 356 23354 0.01 ± 0.2 - -0.02 ± 0.2 - -0.5 ± 0.3 0.08

M.longissimus dorsi

Shear force Cooking loss % Colour
GenotypeC GenotypeC GenotypeC a* b* L*

LocusB
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Appendix 5  MSTN gene expression  

Equation A5.1 Conversion of concentration to copy number 

This calculation was performed for the plasmid standards used in each qRT-PCR.  

Concentration for each plasmid was standardised at 10 ng/µL using a spectrophotometer 

(Section 2.3.1), and serial dilutions performed to 1 pg/µL using nuclease free water 

containing 40 ng/ µL of tRNA (Sigma, MO, USA). 

 

1. Determining molecular weight 

Assuming each nucleotide has a molecular weight of 325 Daltons (Da) where Daltons is 

equal to g/mole.  Then for a double-stranded plasmid   

 

)/2325()(/ bpsnucleotideDabpplasmidoflengthmolegx ××=  

 

2. Conversion to copy number  

If 1 mole of DNA contains 6.022x1023
 molecules (Avogadro's number) 

 

molemolecules/ 6.022x10// 23÷=∴ molegxmoleculegx  

Where x is weight (g) of plasmid per copy or molecule 

 

The concentration of each allele specific plasmid was standardised at 10 pg/µL, which 

equals 1.0 x 10-8 g/mL  

 

 g/mL 10 x 1.0// -8×=∴ moleculegxmLnumbercopy  

 

 

SLAUGHTE
R 

n =  
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