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Abstract 
A fully functional myostatin gene inhibits muscle fiber growth. The objective of the present study was to quantify the association between 21 
known myostatin mutations with both calving and carcass traits in 12 cattle breeds. The myostatin genotypes of 32,770 dam-progeny combi-
nations were used in the association analysis of calving dystocia, with the genotypes of 129,803 animals used in the mixed model association 
analyses of carcass weight, conformation, and fat score. The mixed model included additive genetic, maternal, and permanent environmental 
effects where appropriate. The mutant genotypes of nt821, Q204X, and F94L were all associated (P < 0.01) with more calving difficulty when 
present in either the dam or the progeny. The nt821 deletion had the greatest association with calving difficulty when the homozygous deletion 
was present in either the calf (0.37 points greater calving difficulty score relative to calves carrying no copies of the deletion based on a one to 
four scale) or the dam (1.30 points greater calving difficulty score relative to dams carrying no copies of the deletion), although the association 
between the calf’s nt821 genotype and calving difficulty differed depending on the nt821 genotype of the dam. With the exception of nt748_78, 
nt414, and nt374_51, all other seven segregating myostatin variants were associated (range of allele substitution effect size relative to animals 
with no copies of the mutant allele) with carcass weight (2.36 kg lighter to 15.56 kg heavier), all 10 segregating variants with conformation (0.15 
units less conformed to 2.24 units more conformed assessed on a scale of 1 to 15), and all segregating variants other than E226X with carcass 
fat (0.23 units less carcass fat cover to 3.85 units more carcass fat cover assessed on a scale of 1 to 15). Of these, the F94L, Q204X, and nt821 
mutations generally had the greatest association with all three carcass traits, giving rise to heavier and more conformed carcasses. Despite the 
antagonistic genetic relationship between calving difficulty and carcass traits, the nt374_51, F94L, and E226X mutations were all associated 
with improved carcass merit while having minimal expected consequences on calving difficulty. Thus, animals carrying these mutation(s) may 
have favorable genetic merit for calving difficulty and carcass merit. Furthermore, depending on the dam genotype, a bull with two copies of the 
nt821 mutation can produce progeny with improved carcass merit while minimizing calving problems.

Lay Summary 
The objective of the present study was to quantify the association between 21 known myostatin mutations with calving difficulty, carcass fat, 
carcass conformation, and carcass weight in 12 prominent cattle breeds. Out of all segregating myostatin variants, the nt821 deletion had the 
greatest observed association with calving difficulty when the homozygous deletion was carried by either the calf or the dam. However, the 
association between the calf’s nt821 genotype and calving difficulty varied depending on the nt821 genotype of the dam. The F94L, Q204X, 
and nt821 mutations generally had the greatest association with all three carcass traits, resulting in heavier and more conformed carcasses. The 
nt374_51, F94L, and E226X mutations were all associated with improved carcass merit while having minimal expected consequences on calving 
difficulty; therefore, animals carrying these mutations could potentially have desirable genetic merit for both calving difficulty and carcass merit. 
Similarly, depending on the genotype of the dam, a bull carrying two copies of the nt821 deletion could give rise to progeny that have improved 
carcass merit while minimizing the associated risk of calving difficulty.
Key words: beef cattle, carcass traits, dystocia, GDF8, haplotype, myostatin
Abbreviations: EUROP, European Union beef carcass classification system; GDF8, myostatin; ICBF, Irish Cattle Breeding Federation; LD, linkage disequilibrium; 
PCA, principal component analysis; SNP, single nucleotide polymorphism

Introduction
The discovery of genomic polymorphisms affecting animal 
performance has many potential downstream applications. 
For instance, previous studies using both simulations (Teng 
et al., 2020) and real-life data (Meuwissen and Goddard, 
2022) have shown that, in some situations, including known 
causal polymorphisms in genetic evaluation models can 
improve the accuracy of the resulting genomic evaluations. 
The inclusion of causal polymorphisms in the prediction 

process is likely to be particularly important for mitigating 
the impact of recombination across generations (including 
across breeds) on the linkage phase between genotyped 
markers and the (unknown) causal mutations. Whereas 
genomic evaluation models simultaneously estimate the 
effect of the causal mutation(s) and those of all remaining 
polymorphisms in the same model, knowing the effect of 
polymorphisms on performance traits is still important for 
improving selection strategies and designing optimal mating 
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plans. Therefore, an accurate assessment of the impact of 
causal polymorphisms on all traits of economic importance 
is valuable.

Many polymorphisms with proven (Grobet et al., 1997) 
or putative (Chung et al., 2022) effects on performance traits 
in cattle have been identified. For example, in cattle DGAT1 
influences milk production (Grisart et al., 2002), GHR 
impacts milk yield and composition (Blott et al., 1998), myo-
statin impacts meat quality (Ménissier, 1982) and SMAD6 
influences ovulation rate (Kamalludin et al., 2017). Polymor-
phisms associated with genetic diseases in cattle have also 
been identified, such as BLAD (Kehrli et al., 1990), along with 
mutations resulting in congenital defects such as dwarfism 
(Yoneda et al., 1999) and osteoporosis (Meyers et al., 2010).

The effects of many of these mutations on animal perfor-
mance have often been estimated in relatively small popu-
lations, and often under limited environmental conditions 
(Khasanaha et al., 2016; 2021Elzaki et al., 2021). Moreover, 
the effect (or association for non-causal mutations) of poly-
morphisms on performance traits with a maternal genetic 
component (e.g., calving dystocia) are generally estimated 
considering only the genotype of the animal itself and not its 
dam (Casas et al., 1999). Widespread genotyping of commer-
cial animals using single nucleotide polymorphism microar-
ray technology has facilitated the creation of large databases 
of commercial animal-dam pairs called SNP genotypes, often 
with the genotypes of known causal polymorphisms. These 
large databases, especially with multiple breeds and cross-
breds, also provide an opportunity to investigate the effect 
of individual polymorphisms conditional on other polymor-
phisms, especially those which may be in tight linkage dis-
equilibrium (LD) within breed.

The GDF8 (myostatin) gene harbors the allele causing 
the double-muscle phenotype in cattle (Grobet et al., 1997; 
McPherron and Lee, 1997), pigs (Qian et al., 2015), sheep 
(Clop et al., 2006; Boman et al., 2009), and humans (Schuelke 
et al., 2004). Myostatin acts as a negative regulator for the 
proliferation of muscle fibers (Grobet et al., 1997; McPher-
ron and Lee, 1997). The myostatin gene in cattle contains 21 
known mutations (i.e., SNPs and indels) which are now part 
of routinely used genotyping panels (Grisolia et al., 2009). The 
double-muscled syndrome is present in many breeds of cattle 
albeit often attributable to different mutations in the myosta-
tin gene (Phocas, 2009), which result in partial or complete 
loss of function of myostatin activity, making it unable to 
terminate muscle fiber expansion. Previous studies exploring 
the association between myostatin and performance in cattle 
have mainly focused on the disruptive (i.e., nt821, Q204X, 
E226X, E291X, and nt419) or missense mutations (i.e., F94L, 
and C313Y). However, associations between performance 
and the other 11 discovered functional myostatin mutations 
remain to be elucidated (Grisolia et al., 2009). The objective 
of the present study was to quantify the association between 
21 known myostatin mutations with both calving and carcass 
traits in 12 prominent cattle breeds.

Materials and Methods
The data used in the present study originated from a preex-
isting database managed by the Irish Cattle Breeding Feder-
ation. Therefore, it was not necessary to obtain animal care 
and use committee approval in advance of conducting this 
study. Only myostatin genotypes collected after the EP 2 045 

322 B1 patent’s expiration date (September 01, 2018) were 
used in the current study.

Genotype data
Genotypes from 50,855 SNPs were available from 1,065,981 
dairy and beef cattle generated using a custom Illumina bead 
chip; the panel included 21 known variants in the myosta-
tin gene (Table 1). All animals and all 50,855 SNPs had a 
call rate of ≥ 90%. Non-autosomal SNPs and SNPs that did 
not adhere to Mendelian inheritance patterns were discarded. 
Following edits, 45,894 SNPs remained which were used to 
verify purebred status.

Establishment of purebred and crossbred populations
In order to determine the percentage of animals in each 
breed carrying at least one mutant allele for each myostatin 
variant, purebred breed-specific populations were estab-
lished using the available genotype information coupled 
with the methods described by Ryan et al. (2023) to esti-
mate breed composition of individual animals. In brief, an 
unsupervised analysis using Admixture software (Alexan-
der et al., 2009) was applied to determine the breed com-
position of all genotyped animals from 12 common Irish 
beef and dairy breeds. From this, 137,147 individuals with 
an estimated breed composition of ≥90% to a single breed 
were considered purebred for that breed (Table 2). A prin-
cipal component analysis (PCA) was performed on these 
animals to verify that all putative purebred animals resided 
within their respective breed cluster in the PCA plot. In 
addition, a known admixed population was also established 
for the subsequent association analysis. This crossbred pop-
ulation was defined as genotyped animals with < 90% of its 
breed composition attributed to one breed in the Admixture 
analysis; this population consisted of 926,228 genotyped 
animals. The r2 LD between the segregating myostatin vari-
ants was calculated using Haploview (Barrett et al., 2004) 
within each breed separately based on the established pure-
bred population (Supplementary Figure S1) and across the 
admixed population used in the association analyses (Fig-
ure 1).

Genotypes and haplotype construction
The genotypes of each of the 21 known mutant myostatin 
variants were available for each animal in the population 
(Table 1). The mutant allele for each variant was denoted 
by mh, while the wild-type allele was represented as +; ani-
mals carrying two copies of the mutant allele had a genotype 
denoted as mh/mh, the homozygous wild-type genotype was 
+/+ and the heterozygous genotype was indicated by mh/+. 
The 21 myostatin variants were phased using the entire popu-
lation of 1,065,981 purebred and crossbred animals in Eagle2 
V2.4.1 (Loh et al., 2016); from this, a paternal and maternal 
haplotype was formed for each animal.

The percentage of animals carrying at least one mutant 
allele for each of the 21 variants and the frequency of each 
haplotype per breed was estimated within each of the 12 
breeds of the purebred-verified population. For the haplotype 
association analysis, only haplotypes with a frequency of ≥1% 
within breed were investigated; a total of 22 haplotypes had 
a frequency ≥1% while 130 had a frequency <1%. An across-
breed haplotype frequency was calculated as the unweighted 
average of the within-breed haplotype frequencies to avoid 
bias due to different population sizes in each of the 12 breeds.
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Phenotypes
Calving difficulty
Calving information was available for 17,338,536 calving 
events from Irish beef and dairy cows between the years 2004 
and 2021, inclusive. Calving difficulty in Ireland is scored 
by producers on a four-point scale as: (1) no assistance, (2) 
some assistance (assistance by one person), (3) considerable 
assistance (assistance by more than one person or assistance 
with a calf puller), and (4) veterinary assistance (including 
cesarean). A total of 44,969 calving records where cow par-
ity was >15 were discarded, as were the records from cows 
that calved more than 425 d before or after the respective 

 parity median. Furthermore, first-parity cows recorded 
to have calved younger than 660 d of age were discarded. 
Records from twin births and embryo transfers were also 
omitted. Additionally, 4,235,289 calving records from herd-
years which had recorded no variability in calving difficulty 
scores were removed, as were 8,236,797 calving records from 
herd-years with <5 genotyped dam-progeny combinations. 
Further to this, a total of 184,843 animals without a recorded 
sire were omitted, as were 917,224 animals who were reg-
istered in a breed society. Following edits, calving difficulty 
data remained on 2,780,435 animals from 1,352,397 dams; 
within this population, there were 59,615 pairs of dams and 
progeny where both individuals were genotyped.

Contemporary group was defined as herd-year-season of 
calving using an algorithm described in detail by Schmitz 
et al. (1991) and Crump et al. (1997) and used in the Irish 
national genetic evaluations. The algorithm initially grouped 
animals, which calved within 10 d of each other together 
within a given herd. Where < 10 animals were clustered 
together, they were grouped with an adjacent contemporary 
group in the same herd, but only where the number of days 
between the start of the earliest contemporary group and the 
end of the latest contemporary group was <90 d. Contem-
porary groups with <3 records were discarded, resulting in 
32,770 genotyped dam-progeny pairs in 3,092 genotyped 
contemporary groups. All contemporary groups had variabil-
ity in  calving difficulty scores.

Carcass traits
The three carcass phenotypes investigated were carcass weight, 
carcass conformation, and carcass fat. Carcass weight is mea-
sured, on average, 1 h after slaughter,  following the removal 

Table 1. The mutant/wild-type alleles for each of the 21 myostatin variants, the type of mutation, and protein change each mutation causes

Variant Wild-type/ mutant Consequence type HGVS1 protein

C313Y G/A Missense p.Cyc313Tyr

D182N G/A Missense p.Asp182Asn

E226X G/T Nonsense p.Glu226X

E291X G/T Nonsense p.Glu291X

F140L TTAAATT/− Nonsense p.Phe140LeufsX10

F94L C/A Missense p.Phe94Leu

L64P T/C Missense p.Leu64Pro

nt267 A/G Silent —

nt324 C/T Silent D

nt374_16 T/− Silent —

nt374_50 G/A Silent —

nt374_51 C/T Silent —

nt387 G/A Silent T

nt414 C/T Silent C

nt419 TTAAATT/AAGCATACAA Nonsense p.Phe140X

nt747 + 11 A/G Silent —

nt747 + 7 G/A Silent —

nt748_78 T/− Silent —

nt821 ATGAACACTCC/− Nonsense p.Glu275ArgfsX14

Q204X C/T Nonsense p.Gln204X

S105C C/G Missense p.Ser105Cys

1HGVS (Human Genome Variation Society).

Table 2. Number of the purebred genotyped animals per breed

Breed Number

Angus 26,396

Aubrac 3,455

Blonde d’aquitaine 782

Belgian blue 396

Charolais 21,062

Friesian 228

Hereford 15,172

Holstein 12,532

Limousin 37,661

Salers 3,539

Shorthorn 4,577

Simmental 11,347

Total number 137,147
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of the head, hide, legs, thoracic and abdominal organs, and 
internal fat. Carcass conformation reflects the shape and 
development of the carcass, while carcass fat reflects the level 
of fat cover on the outside of the carcass as well as within the 
thoracic cavity (Kenny et al., 2020). Carcass conformation 
and fat scores were graded under the European Union beef 
carcass classification system (EUROP), as described by Pabiou 
et al. (2012). Under the EUROP grading system, carcass con-
formation scores are represented by the letter E (best), U, R, 
O, and P (worst), which are subdivided into three sub-scores 
(i.e., −, = and +). Carcass fat scores are represented by the 
numbers 1 (lowest fat cover), 2, 3, 4, and 5 (highest fat cover), 
with the same three sub-scores applied (i.e., −, = and +). As 
described by Englishby et al. (2016), the resulting EUROP 
classification grades for carcass fat and conformation were 
translated into a 1 to 15 scale, where a score of 1 relates to 
poor conformation and low-fat cover, while that of 15 relates 
to excellent conformation and high-fat cover.

A general heterosis coefficient and recombination loss coef-
ficient were calculated for all animals in the dataset using the 
formulae outlined by VanRaden and Sanders (2003):

Heterosis = 1−
n∑
i=1

sirei × dami

Recombination loss = 1−
n∑
i=1

sire2i × dam2
i

2

where sirei and dami are the proportion of breed i in the breed 
composition of the sire and dam, respectively.

Only steers and heifers slaughtered between the ages of 14 
and 36 mo, inclusive, and young bulls slaughtered between 
12 and 24 mo, with recorded carcass weights between 100 
and 800 kg were considered. Furthermore, any steer, heifer, 
or young bull born to a dam in parity > 10, or from embryo 
transfer were omitted. Carcass records from cattle that resided 
in more than two herds during their lifetime or moved herds 
within 100 d prior to slaughter were not considered further. 
Additionally, animals registered with a breed society were 

also omitted from the carcass analyses. Following all edits, 
carcass data remained for 137,198 genotyped animals. These 
animals were allocated to herd-year-sex contemporary group 
using an algorithm described by Berry and Evans (2014) to 
group animals of the same sex (i.e., heifers, steers, and young 
bulls) that were slaughtered from the same herd within 60 d 
of one another, to account for management differences among 
herds. Only animals in contemporary groups containing at 
least five genotyped animals were retained. Following edits, 
129,803 animals remained. Of these, 2,914 animals were also 
included in the dystocia analyses.

Association analyses
Calving difficulty
The association between segregating myostatin variants and 
calving difficulty, as well as the association between myosta-
tin haplotypes and calving difficulty, were determined sepa-
rately using a series of animal-dam linear mixed models in 
the ASreml software suite (Gilmour et al., 2015). Both series 
of analyses followed a similar methodology; in the first series 
of analyses, the number of mutant alleles for individual myo-
statin variant(s) of both the calf and the dam were included 
as fixed effects. In the second series of analyses, the number 
of copies of the derived myostatin haplotypes of the calf and 
the dam were included in the model as separate fixed effects. 
Both purebred and crossbred dam-progeny combinations 
were included in both series of analyses. The statistical model 
used was

y = sex+ heta + hetd + reca + recd + parity|age+ parity+
k∑

n=1

breedka +
k∑

n=1

breedkd +MSTNa +MSTNd + CG+

Calfa +Damm +Dampe + e (1)

where y was the dependant variable of calving difficulty; 
sex was the fixed effect of the sex of the calf; heta was the 
fixed effect of a general heterosis coefficient of the calf; hetd 
was the fixed effect of a general heterosis coefficient of the 
dam; reca was the fixed effect of a general recombination loss 
coefficient of the calf; recd was the fixed effect of a general 
recombination loss coefficient of the dam, parity|age was the 
fixed effect of the interaction between dam parity and age at 
calving relative to the parity median; breedka was the fixed 
effect of the calf’s breed proportion for each of the 12 breeds; 
breedkd was the fixed effect of the dam’s breed proportion for 
each of the 12 breeds; MSTNa was the class effect of either 
the number of copies of the mutant allele for the myostatin 
variant(s) under investigation, or the number of copies of the 
haplotype under investigation carried by the calf (i.e., 0, 1, 
or 2); MSTNd was the class effect of either the number of 
copies of the mutant allele for the myostatin variant(s) under 
investigation, or the number of copies of the haplotype under 
investigation carried by the dam (i.e., 0, 1, or 2); CG was the 
random effect for contemporary group where CG ~ N (0, Iσ2

CG)  
with σ2

CG denoting the contemporary group variance and I 
denoting the identity matrix; Calfa was the direct polygenic 
effect of each calf which was assumed to have the distribution 
N(0, Aσ2

g), where A was the numerator  relationship matrix 
and σ2

g was the direct additive genetic variance; Damm was the 
maternal genetic effect which had the distribution N(0, Aσ2

m)  
where σ2

m was the maternal genetic variance; Dampe was the 
permanent environmental effect due to the dam which had 

Figure 1. The r2 linkage disequilibrium between all 10 segregating 
myostatin variants in the admixed population.
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the distribution N(0, Iσ2
pe) where σ2

pe was the maternal perma-
nent environmental variation and e was the random residual 
factor, where e ~ N (0, Iσ2

e ) with σ2
e  representing the residual 

variance.
Initially, each myostatin variant or haplotype was tested 

individually in the model, with both the dam and the calf gen-
otype for that variant included concurrently, or with the calf 
and dam haplotype included concurrently. An F-test was used 
to determine the association between each myostatin variant 
or haplotype and calving difficulty. Where a given myosta-
tin variant or haplotype of the calf was associated (P < 0.05) 
with calving difficulty, a supplementary series of analyses 
were conducted to determine if the association between the 
calf’s myostatin genotype and calving difficulty was depen-
dent on the myostatin genotype of the dam (and vice versa). 
Therefore, for these analyses, a fixed class effect representing 
an interaction term modeled by concatenating the genotype/
haplotype of the calf with that of the dam was also included 
in the model previously described. Finally, all variants asso-
ciated with dystocia (P < 0.05) when carried by the dam or 
progeny were included in the model concurrently to test for 
associations independent of other variants.

Carcass traits
The association between segregating myostatin variants or 
myostatin haplotypes with carcass weight, conformation, 
and fat was determined using a series of animal linear mixed 
models in ASreml (Gilmour et al., 2015). Both purebred and 
crossbred animals were included in the analysis. The statisti-
cal model used was

y =+ heta + reca + parity+ age|sex+ CG

+
k∑

n=1

breedka +MSTNa + Animala + e
 (2)

where y was the recorded carcass phenotype of the animal; 
heta, reca, parity, 

∑k
n=1 Breedka, MSTNa, Animala, and e are 

as previously described in equation (1); age|sex was the fixed 
effect of the interaction between age in months at slaughter 
and the sex of the animal, i.e., heifer, steer, or young bull; CG 
was the fixed effect for contemporary group. Initially, each 
myostatin variant and haplotype was tested individually in 
the model before all variants associated with the carcass phe-

notype under investigation (P < 0.05) were included in the 
model concurrently.

Results
Allele frequencies
Of the 21 myostatin variants investigated, 11 did not seg-
regate in any of the 12 purebred sample populations (Table 
2). The percent of animals carrying at least one mutant allele 
per breed for all 10 remaining segregating variants is shown 
in Table 3. Of the 37,661 purebred Limousins, 99% car-
ried at least one copy of the F94L mutation; 77% and 22% 
were homozygous mh/mh and heterozygous mh/+ carriers 
for the mutant allele, respectively (Table 3). Similarly, 99% 
of the purebred Belgian Blue population had two copies of 
the nt821 deletion. The Q204X variant segregated in four of 
the purebred populations investigated, but only the Charolais 
and Limousin populations had more than 1% of their animals 
carrying at least one copy of the mutant allele. The E226X 
variant was segregating solely in the Shorthorn population. 
The variants nt374_50, nt374_51, nt414, and nt748 were 
segregating in almost all of the breeds investigated (Table 3).

Haplotype construction
While 152 distinct haplotypes were detected across all breeds, 
only 22 had a frequency of ≥1% in any of the purebred pop-
ulations. These 22 haplotypes accounted for 97% of the hap-
lotypes detected in the entire purebred population, with the 
most prevalent haplotype occurring at least once in 43% of 
all purebred animals (Table 4). This haplotype was a wild-
type haplotype, as it had the wild-type allele for all of the 10 
segregating variants (Table 4). Despite the high frequency of 
this wild-type haplotype across all breeds, it was not detected 
in the Belgian Blue population, and only 10% of the Lim-
ousin population were carriers of the wild-type haplotype 
(Table 5). The haplotype containing the mutant allele for all 
of nt748_78, nt414, and nt374_50 variants was the second 
most prevalent haplotype, with 19% of the entire purebred 
population carrying at least one copy of this haplotype (Table 
4). This haplotype was detected in 8 of the 12 breeds inves-
tigated (Table 5), with the strongest LD occurring within the 
admixed population between the three mutant alleles in this 
haplotype (Figure 1). Of the 22 haplotypes with a  within-breed 
frequency of > 1%, 8 were breed-specific haplotypes. These 

Table 3. The percent of purebred1 animals carrying at least one mutant allele for each of the segregating myostatin variants

Variant AA AU BA BB CH FR HE HO LM SA SH SI Mean across  
breed frequency

E226X 0 0 0 0 0 0 0 0 0 0 14 0 1

F94L 1 98 8 0 27 0 0 0 99 1 1 1 20

nt267 1 0 2 0 0 0 0 0 0 20 0 28 4

nt324 0 7 0 0 8 0 0 0 0 0 0 7 2

nt374_50 38 6 0 0 53 63 18 69 15 65 25 49 33

nt374_51 22 64 60 100 18 9 7 3 53 19 28 3 32

nt414 37 5 0 0 53 63 84 69 13 65 25 49 39

nt748_78 40 7 2 3 56 66 84 72 16 66 27 50 41

nt821 6 9 0 99 0 0 0 0 6 3 7 0 11

Q204X 0 1 0 0 27 0 0 0 8 0 0 1 3

1Breeds include Angus (AA), Aubrac (AU), Blonde d’Aquitaine (BA), Belgian Blue (BB), Charolais (CH), Friesian (FR), Hereford (HE), Holstein (HO), 
Limousin (LM), Salers (SA), Shorthorn (SH), and Simmental (SI).
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Table 4. The alleles of each of the 22 frequent haplotypes detected

nt748_78 F94L nt324 nt267 nt374_51 nt374_50 nt414 Q204X E226X nt821

Mutant allele — A T G T A T T T —

Haplotype 1 T C C A C G C C G ATGAACACTCC

Haplotype 2 — C C A C A T C G ATGAACACTCC

Haplotype 3 T A C A C G C C G ATGAACACTCC

Haplotype 4 T C C A T G C C G —

Haplotype 5 T A C A T G C C G ATGAACACTCC

Haplotype 6 T C C A T G C C G ATGAACACTCC

Haplotype 7 — C C A C G C C G ATGAACACTCC

Haplotype 8 T C C G C G C C G ATGAACACTCC

Haplotype 9 — C C A C A T T G ATGAACACTCC

Haplotype 10 — C C A T A T C G ATGAACACTCC

Haplotype 11 — C C G C A T C G ATGAACACTCC

Haplotype 12 T A C A T G C C G —

Haplotype 13 T C C A T G C C T ATGAACACTCC

Haplotype 14 T C C A C A T C G ATGAACACTCC

Haplotype 15 — A C A C A T T G ATGAACACTCC

Haplotype 16 — A C A C A T C G ATGAACACTCC

Haplotype 17 T C T A C G C C G ATGAACACTCC

Haplotype 18 — C C A T G C C G —

Haplotype 19 T A T A T G C C G ATGAACACTCC

Haplotype 20 T C C G T G C C G ATGAACACTCC

Haplotype 21 — A C A C G C C G ATGAACACTCC

Haplotype 22 — A C A T A T T G ATGAACACTCC

Table 5. The percentage frequency of each haplotype within each breed1, as well as separately across the entire purebred population

Haplotype AA AU BA BB CH FR HE HO LM SA SH SI Across breed % 
haplotype frequency2

Haplotype 1 66.4 11.2 59.9 0 52.4 54.8 36.1 51.4 10.1 45.7 71.1 56.2 42.9

Haplotype 2 17.3 0 0 0 12.1 35.3 55.0 42.3 0 31.9 10.6 21.1 18.8

Haplotype 3 0 44.2 1.9 0 6.7 0 0 0 51.1 0 0 0 8.6

Haplotype 4 2.3 0 0 97.7 0 0 0 0 0 0 2.6 0 8.5

Haplotype 5 0 30.3 1.4 0 2.0 0 0 0 25.4 0 0 0 4.9

Haplotype 6 6.6 2.7 33.6 0 3.1 3.0 1.0 0 1.1 3.3 4.1 0 4.9

Haplotype 7 2.3 0 0 0 1.0 3.7 1.3 3.1 0 1.6 1.6 1.4 1.3

Haplotype 8 0 0 0 0 0 0 0 0 0 4.0 0 9.4 1.1

Haplotype 9 0 0 0 0 9.8 0 0 0 0 0 0 0 0.8

Haplotype 10 1.6 0 0 0 1.0 1.5 2.3 0 0 2.7 0 0 0.7

Haplotype 11 0 0 0 0 0 0 0 0 0 3.3 0 4.3 0.6

Haplotype 12 0 3.8 0 0 0 0 0 0 2.0 0 0 0 0.5

Haplotype 13 0 0 0 0 0 0 0 0 0 0 5.7 0 0.4

Haplotype 14 0 0 0 0 0 1.3 2.4 0 0 1.3 0 0 0.4

Haplotype 15 0 0 0 0 1.9 0 0 0 2.4 0 0 0 0.3

Haplotype 16 0 0 0 0 2.0 0 0 0 1.5 0 0 0 0.3

Haplotype 17 0 0 0 0 1.3 0 0 0 0 0 0 1.6 0.2

Haplotype 18 0 0 0 2.0 0 0 0 0 0 0 0 0 0.1

Haplotype 19 0 1.8 0 0 0 0 0 0 0 0 0 0 0.1

Haplotype 20 0 0 0 0 0 0 0 0 0 1.6 0 0 0.1

Haplotype 21 0 0 0 0 0 0 0 0 1.1 0 0 0 0.1

Haplotype 22 0 0 0 0 0 0 0 0 1.1 0 0 0 0.0

1Angus (AA), Aubrac (AU), Blonde d’Aquitaine (BA), Belgian Blue (BB), Charolais (CH), Friesian (FR), Hereford (HE), Holstein (HO), Limousin (LM), 
Salers (SA), Shorthorn (SH), and Simmental (SI).
2The across-breed haplotype frequency was calculated as the unweighted average of the haplotype frequencies calculated in each breed individually to avoid 
bias due to different population sizes in each of the 12 breeds.
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breed-specific haplotypes existed in the Charolais, Limousin, 
Shorthorn, and Salers populations (Table 5) and ranged in 
frequency from 1.13% (Limousin) to 9.8% (Charolais). Only 
6 of the 22 haplotypes were common across two or more 
breeds (Table 5).

Calving difficulty
More than 90% of the 32,770 recorded calvings required 
no assistance at birth, 7.5% required some assistance, 
1.3% required considerable assistance, and just 0.3% (109 
calving events in total) required veterinary assistance. The 
observed effect on mean calving difficulty for heterozygous 
and homozygous mutant genotypes for the 10 segregating 
myostatin variants relative to the homozygous wild-type 
genotype is in Table 6. Of the 10 segregating variants, the 
mutant genotypes of nt821, Q204X, and F94L were all 
associated (P < 0.001) with calving difficulty when present 
in either the dam or the progeny. Additionally, the nt374_51 
and nt324 mutant genotypes were also associated (P < 0.05) 
with increased calving difficulty, but only when these muta-
tions were present in the calf. The nt821 deletion had the 
greatest observed impact on calving difficulty when present 
in either the progeny or the dam (Table 6). A calf that was 
homozygous mutant for nt821 (mh/mh) had, on average, a 
calving difficulty score 0.37 units higher than a calf that was 
homozygous wild type (+/+) even after adjusting for nui-
sance factors in the model (including the dam nt821 vari-
ant). Similarly, dams that were homozygous for the nt821 
deletion had calving difficulty scores that were on average 
1.30 units higher (i.e., worse) than homozygous wild-type 
dams (+/+).

For some of the myostatin variants, the association 
between the calf’s genotype and calving difficulty differed 
depending on the genotype of the dam (and vice versa). 
While both the dam and calf genotypes independently con-
tributed to calving difficulty, the combined genotype effects 
of some of the dam-progeny genotype combinations were 
greater than (or less than) what would be expected simply 
from the sum of their individual genotype effects alone. The 
difference between joint and marginal genotype dependence 
is shown in Figure 2. For example, the combined genotype 
effects of dam-progeny combinations homozygous for the 
nt821 deletion was 0.91 calving scores higher than the sum 
of their genotype effects where no interaction was consid-
ered.

If all the variants associated with calving difficulty (P < 0.05) 
when carried by the progeny or dam were fitted in a model 
together, nt374_51 and nt324 were no longer associated with 
calving difficulty. nt821, Q204X, and F94L remained associ-
ated with calving difficulty and had similar allele substitution 
effects to the single locus association analysis (Table 8).

Only 7 of the 22 haplotypes were associated with dysto-
cia when carried by the progeny (P < 0.05), with just four 
haplotypes (3 of which were a subset of the 7) associated 
with dystocia when carried by the dam (Table 7). The hap-
lotype containing just the mutant alleles for both nt821 and 
nt374_51 (haplotype 4; Table 4) had the largest observed 
association with calving difficulty relative to the wild-type 
haplotype (Table 4) when carried by both the calf (0.35 
points) and the dam (1.4 points), even after adjusting for nui-
sance factors in the model. For some haplotypes, the associa-
tion between the calf haplotype and calving difficulty differed 

Table 6. The effect1 (standard error in parentheses) of the calf or dam mutant allele (mh) relative to the wild-type genotype (+/+) on calving difficulty for 
each myostatin variant with no interaction considered in the model

Calf Dam

Variant Genotype Effect(SE) P-value Effect(SE) P-value

E226X mh/+ 0.11(0.07) 0.1 −0.06(0.08) 0.47

E226X mh/mh NE NE NE NE

F94L mh/+ 0.03(0.01) 0.01 −0.02(0.01) 0.01

F94L mh/mh 0.08(0.02) 4 × 10−5 −0.01(0.02) 0.45

nt267 mh/+ −1 × 10−3(0.01) 0.91 0.01(0.01) 0.46

nt267 mh/mh −0.10(0.08) 0.22 −0.04(0.09) 0.58

nt324 mh/+ −0.07(0.03) 0.02 0.03(0.03) 0.43

nt324 mh/mh NE NE −0.03(0.25) 0.89

nt374_50 mh/+ −8 × 10−4(9 × 10−3) 0.87 0.01(4 × 10−3) 0.29

nt374_50 mh/mh 3 × 10−4(5 × 10−3) 0.97 1 × 10−3(9 × 10−3) 0.87

nt374_51 mh/+ 0.01(7 × 10−3) 0.11 −1 × 10−3(7 × 10−3) 0.98

nt374_51 mh/mh 0.05(0.02) 0.03 −0.03(0.03) 0.19

nt414 mh/+ −8 × 10−4(5 × 10−3) 0.86 5 × 10−3(4 × 10−3) 0.24

nt414 mh/mh −1 × 10−3(9 × 10−3) 0.91 −2 × 10−4(9 × 10−3) 0.98

nt748_78 mh/+ 1 × 10−3(0.01) 0.8 2 × 10−3(4 × 10−3) 0.58

nt748_78 mh/mh 4 × 10−3(0.01) 0.62 −4 × 10−3(0.01) 0.66

nt821 mh/+ 0.13(0.02) 1 × 10−10 0.05(0.01) 2 × 10−3

nt821 mh/mh 0.37(0.11) 8 × 10−4 1.30(0.13) 6 × 10−23

Q204X mh/+ 0.08(0.01) 1 × 10−5 −0.06(0.02) 0.02

Q204X mh/mh 0.23(0.15) 0.12 NE NE

1NE (non-estimable) refers to genotypes not present in the dataset.
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depending on the haplotype carried by the dam, most notably 
when the calf carried one copy of the haplotype containing 
just the F94L, nt374_51, and nt821 mutations, and the dam 
carried two copies of the haplotype containing just the nt821 
and nt374_51 mutations. In this instance, the combined 
haplotype effects of the dam-progeny combination were 1.0 
calving difficulty score higher than what would be expected 
from the sum of their individual haplotype effects alone. The 
difference between joint and marginal haplotype dependence 
is shown in Figure 3.

Carcass traits
Mean (± SD) carcass weight, conformation score, and fat 
score in the sample population were 347.1 kg (±52.49), 
8.36 units (±1.946), and 8.913 units (±1.971), respectively. 
Figure 4 illustrates how the average carcasses of animals 
carrying one or two mutant alleles per variant differ from 
animals carrying no mutant allele, and Figure 5 illustrates 
the variants and haplotypes that are favorable and unfa-
vorable for calving difficulty and carcass traits. With the 
exception of nt748_78, nt414, and nt374_51, all other 7 
segregating myostatin variants were associated with carcass 
weight. Variants associated with conformation were gener-
ally also associated with carcass fat; the mutant genotypes 
for all 10 segregating variants were associated with carcass 
conformation, and the mutant genotypes for all  segregating 

variants other than E226X were associated with carcass 
fat; those mutant alleles that had a positive allele substi-
tution effect on conformation had a negative allele substi-
tution effect on fat. The F94L, Q204X, and nt821 variants 
 generally had the largest observed associations with all three 
carcass traits (Figure 4). Animals with the mh/mh genotype 
for nt821 had carcasses that were, on average, 15.56 kg 
heavier, 2.1 units superior in conformation score, and 3.85 
units leaner relative to animals with the +/+ nt821 geno-
type. Similarly, animals homozygous for the mutant Q204X 
allele had carcasses that were, on average, 23.2 kg heavier, 
2.24 units superior in conformation score, and 3.38 units 
leaner relative to animals with homozygous wild-type +/+ 
Q204X genotype. The carcasses of animals with the homo-
zygous mutant type genotype for the F94L variant were, on 
average, 15.06 kg heavier, 1.21 units higher conformation 
score, and were 1.15 units leaner relative to animals with 
the +/+ F94L genotype. When all the variants that had an 
association with the phenotype under investigation were fit-
ted in the model together, nt374_51, nt267, and nt324 were 
no longer associated with carcass weight, and nt267 and 
nt748_78 were no longer associated with carcass confor-
mation or fat (Table 8).

Of the 22 haplotypes, 18 were associated with carcass weight, 
conformation, or fat (P < 0.05) (Table 9). The haplotype con-
taining just the nt748_78, nt374_50, nt414, and Q204X mutant 
alleles generally had the largest observed association with all 

Figure 2. The interaction effect (P < 0.05) for each dam-progeny genotype combination, with ‘+’ denoting the wild-type allele and ‘mh’ denoting the 
mutant allele. The standard error of the estimates is shown in parentheses. Blank squares indicate either the absence of a significant interaction 
effect or that the dam-progeny genotype combination was not present in the data. A P-value of < 0.05, 0.01, and 0.001 is illustrated by *, **, and ***, 
respectively.
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three carcass traits; the carcasses of animals homozygous for this 
haplotype were, on average, 15.73 kg heavier, 1.90 units better 
in conformation score, and were 3.12 units leaner relative to ani-
mals with no copy of this haplotype.

Discussion
One of the aims of the present study was to first determine the 
percent of animals carrying at least one mutant allele for the 

Table 7. The number of copies of each haplotype carried by the calf and dam, the mutant alleles contained in each haplotype, and the effect1 (standard 
error in parentheses) of carrying 1 or 2 copies (vs. no copy) of that haplotype on calving difficultly

Calf Dam

Haplotype Mutant alleles Number 
of copies

Effect(SE) P-value Effect(SE) P-value

1 None 1 −0.01(0.01) 0.03 2 × 10−3(7 × 10−3) 0.84

1 None 2 −0.02(0.01) 0.03 2 × 10−3(8 × 10−3) 0.85

2 nt748_78, nt374_50, nt414 1 −1 × 10−3(4 × 10−3) 0.81 2 × 10−3(5 × 10−3) 0.76

2 nt748_78, nt374_50, nt414 2 −1 × 10−3(0.01) 0.89 1 × 10−3(9 × 10−3) 0.91

3 F94L 1 −0.01(0.01) 0.21 −3 × 103(9 × 10−3) 0.81

3 F94L 2 0.02(0.02) 0.34 0.01(0.02) 0.60

4 nt821, nt374_51 1 0.02(0.02) 0.33 0.01(0.02) 0.62

4 nt821, nt374_51 2 0.35(0.11) 2 × 10−3 1.45(0.14) 4 × 10−25

5 F94L, nt374_51 1 0.01(0.01) 0.50 −0.01(0.02) 0.42

5 F94L, nt374_51 2 −0.02(0.05) 0.60 0.02(0.07) 0.75

6 nt374_51 1 2 × 10−3(0.01) 0.84 −1 × 10−3(0.01) 0.88

6 nt374_51 2 −0.08(0.08) 0.32 −0.08(0.07) 0.24

7 nt748_78 1 −2 × 10−3(0.02) 0.87 −0.02(0.02) 0.23

7 nt748_78 2 0.08(0.03) 4 × 10−3 0.54(0.21) 0.01

8 nt267 1 −2 × 10−4(0.02) 0.99 −0.02(0.02) 0.44

8 nt267 2 −0.15(0.13) 0.25 −0.17(0.13) 0.19

9 Q204X,nt414, nt374_50,nt748_78 1 0.03(0.02) 0.17 −0.06(0.03) 0.09

9 Q204X,nt414, nt374_50,nt748_78 2 0.21(0.15) 0.17 NE NE

10 nt414, nt374_50,nt374_51,nt748_78 1 −0.01(0.02) 0.54 −9 × 10−4(0.02) 0.96

10 nt414, nt374_50,nt374_51,nt748_78 2 NE NE NE NE

11 nt414, nt374_50,nt748_78, nt267 1 −3 × 10−3(0.02) 0.85 0.03(0.02) 0.13

11 nt414, nt374_50,nt748_78, nt267 2 −0.06(0.36) 0.88 −0.03(0.25) 0.89

12 F94L, nt374_51, nt821 1 0.27(0.03) 1 × 10−22 0.11(0.04) 3 × 10−3

12 F94L, nt374_51, nt821 2 NE NE NE NE

13 E226X, nt374_51 1 0.13(0.10) 0.19 −0.26(0.19) 0.17

13 E226X, nt374_51 2 NE NE NE NE

14 nt414, nt374_50 1 0.04(0.03) 0.17 −0.04(0.04) 0.32

14 nt414, nt374_50 2 −0.01(0.04) 0.86 NE NE

15 F94L,nt374_50,nt414,Q204X 1 0.11(0.04) 2 × 10−3 0.03(0.06) 0.54

15 F94L,nt374_50,nt414,Q204X 2 NE NE NE NE

16 F94L,nt374_50,nt414 1 −0.01(0.01) 0.34 −0.01(0.01) 0.55

16 F94L,nt374_50,nt414 2 NE NE NE NE

17 nt324 1 −0.03(0.05) 0.49 −0.01(0.05) 0.89

17 nt324 2 NE NE NE NE

18 nt748_78, nt374_51, nt821 1 0.13(0.09) 0.15 −0.3(0.12) 0.01

18 nt748_78, nt374_51, nt821 2 NE NE NE NE

19 F94L, nt324, nt374_51 1 0.03(0.08) 0.69 −0.16(0.11) 0.17

19 F94L, nt324, nt374_51 2 NE NE NE NE

20 nt267, nt374_51 1 −0.07(0.06) 0.23 0.09(0.10) 0.36

20 nt267, nt374_51 2 NE NE NE NE

21 nt748_78, F94L 1 −0.04(0.05) 0.44 −0.03(0.05) 0.55

21 nt748_78, F94L 2 −0.05(0.08) 0.52 NE NE

22 nt748_78,F94L,nt374_50,nt374_51,nt414,Q204X,E226X 1 0.20(0.06) 6 × 10−4 −0.11(0.12) 0.36

22 nt748_78,F94L,nt374_50,nt374_51,nt414,Q204X,E226X 2 NE NE NE NE

1NE refers to when no animals were present in this study with that genotype.
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21 known myostatin mutations in a large study population 
of 12 prominent Bos taurus dairy and beef breeds. Of the 10 
segregating myostatin variants detected, only three demon-
strated pleiotropy associated with calving difficulty and car-
cass traits; the nt821 and Q204X mutant alleles were both 
associated with both larger and more conformed carcasses 
but also a greater genetic predisposition to difficult calving; 
the intronic nt324 mutant allele, on the other hand, was 
associated with lighter and less conformed carcasses but also 
easier calving. The LD between these variants and all other 
segregating myostatin variants was ≤ 0.2 in the admixed pop-
ulation, highlighting that the estimated allele substitution 
effects of these three variants are independent of one another.

Improved carcass merit with minimal 
consequences on calving difficulty
Calving difficulty and carcass merit are antagonistically 
genetically correlated in cattle (Berry et al., 2019), with previ-
ous studies reporting a moderate to strong genetic correlation 
between calving difficulty and both carcass weight (0.30 to 
0.64) (Berry et al., 2019; Hosono et al., 2020) and carcass 
fat (0.42 to 0.54) (Eriksson et al., 2004; Hosono et al., 2020) 
with a weaker genetic correlation between calving difficulty 
and carcass conformation (0.1) (Berry et al., 2019). These 
antagonistic relationships suggest that selecting sires to min-
imize calving difficulty tends to, on average, produce smaller 
calves with inferior carcasses (Hosono et al., 2020; Twomey 
et al., 2020). That being said, the nonsense exonic E226X 
G to T substitution that results in a premature stop codon, 
the missense exonic F94L C to A substitution, and the silent 
intronic nt374_51 C to T substitution were all associated 

with an improved carcass merit substitution effect for car-
cass weight, with little to no expected consequence on calving 
difficulty (for the genotype of the calf or the cow). Therefore, 
despite the antagonistic correlation between calving difficulty 
and carcass traits, it is possible to identify animals carrying 
these mutation(s) that could potentially have good genetic 
merit for both calving difficulty and carcass merit. This may 
be particularly useful for maximizing the value of surplus 
calves from the dairy industry at slaughter without negatively 
impacting the cow’s reproductive performance, when both 
calving difficulty and carcass merit are a priority (Berry and 
Ring, 2020). The allele substitution effect of E226X, F94L, 
and nt374_51was not negligible, and represented from 0.1% 
to 1.4% of the genetic variance for carcass weight, 0.6% to 
5% of the genetic variance for carcass conformation, and 
0.6% to 6.6% of the genetic variance for carcass fat.

Myostatin mutations associated with improved 
carcass merit and greater calving difficulty
The greatest pleiotropic effect evident in the present study 
was for the nt821 11 base pair deletion and for the Q204X 
C to T substitution, both of which resulted in a premature 
stop codon. The observed pleiotropy in the present study 
manifested itself as an association between the nt821 deletion 
and the Q204X mutant allele carried by the progeny with 
greater calving difficulty and leaner, heavier carcasses with 
better conformation, which is not surprising, given the mod-
erate to strong genetic correlation between calving difficulty 
and carcass merit in cattle (Berry et al., 2019). Despite the 
advantage animals carrying the Q204X or nt821 mutation(s) 
have on carcass traits (Arthur, 1995; Casas et al., 1998), the 

Table 8. The effect1 (standard error in parentheses) of carrying one or two copies (vs. no copy) for all the variants fitted concurrently in the multi-locus 
association for carcass conformation, fat, weight, and calving difficulty

Conformation Fat Weight Calf calving difficulty Dam calving difficulty

Variant Genotype P-value Effect (SE) P-value Effect (SE) P-value Effect (SE) P-value Effect (SE) P-value Effect (SE)

E226X mh+ <0.01 0.4(0.07) 0.80 -0.03(0.11) 0.01 5.47(2.00) NA NA NA NA

F94L mh+ <0.01 0.54(0.01) <0.01 -0.26(0.01) <0.01 7.61(0.26) 0.02 0.01(0.01) 0.04 −0.02(0.01)

F94L mhmh <0.01 1.6(0.01) <0.01 1.21(0.01) <0.01 20.6(0.40) <0.01 0.07(0.02) 0.57 −0.01(0.02)

nt267 mhmh 0.9 −0.02(0.14) <0.01 0.16(0.03) 0.11 −6.2(3.87) NA NA NA NA

nt267 mh+ 0.93 0(0.02) 0.43 0.17(0.22) 0.46 −0.36(0.49) NA NA NA NA

nt324 mh+ <0.01 0.1(0.02) <0.01 0.23(0.03) 0.25 5.93(5.12) 0.13 −0.04(0.03) NA NA

nt324 mhmh 0.13 0.27(0.18) 0.69 0.11(0.28) 0.46 0.41(0.55) 0.13 0.23(0.15) NA NA

nt374_50 mh+ <0.01 0.13(0.03) <0.01 0.04(0.01) NA NA NA NA NA NA

nt374_50 mhmh <0.01 0.26(0.06) 0.51 0.01(0.02) NA NA NA NA NA NA

nt374_51 mhmh <0.01 0.11(0.02) <0.01 -0.15(0.01) 0.29 0.56(0.52) 0.92 0.01(0.03) NA NA

nt374_51 mh+ 0.07 0.01(0.01) <0.01 -0.48(0.03) 0.87 −0.03(0.21) 0.58 0.01(0.01) NA NA

nt414 mh+ <0.01 −0.16(0.03) <0.01 0.05(0.01) NA NA NA NA NA NA

nt414 mhmh <0.01 −0.35(0.06) 0.31 0.02(0.02) NA NA NA NA NA NA

nt748_78 mhmh 0.06 0.02(0.01) <0.01 0.01(0.02) NA NA NA NA NA NA

nt748_78 mh+ 0.71 0.01(0.02) 0.58 0.04(0.01) NA NA NA NA NA NA

nt821 mh+ <0.01 1.29(0.02) <0.01 -0.98(0.02) <0.01 16.56(0.48) <0.01 0.42(0.11) 0.01 0.05(0.02)

nt821 mhmh <0.01 2.62(0.13) <0.01 -3.85(0.20) <0.01 23.27(3.70) <0.01 0.16(0.02) <0.01 1.29(0.13)

Q204X mh+ <0.01 1.27(0.01) <0.01 -1.04(0.02) <0.01 17.88(0.35) <0.01 0.11(0.02) 0.03 −0.06(0.03)

Q204X mhmh <0.01 2.75(0.12) <0.01 -3.38(0.18) <0.01 29.02(3.35) 0.06 0.29(0.15) NE NE

1NA refers to whether the genotype effect was not significant or not present in the single locus association for the phenotype under investigation.
2NE refers to when no animals were present in this study with that genotype.
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disadvantage of the associated calving difficulty has resulted 
in selection against these mutations in many breeds (Taylor, 
2017; Aiello et al., 2018), as was the case with Gascon (Pho-
cas, 2009) and Marchigiana cattle (Ceccobelli et al., 2022).

A larger calf relative to a small pelvic area of the dam has 
been reported as the primary cause of dystocia (Naazie et al., 
1989; Nugent et al., 1991). Dams carrying two copies of the 
nt821 or Q204X mutations have been reported to have a nar-
rower pelvic opening (Arthur et al., 1988; Taylor, 2017) but 
also generate a bigger calf (Short et al., 2002) compared to 

dams without these mutations. While a larger calf may not 
cause calving difficulty for dams homozygous for the nt821 or 
Q204X wild-type variants (Figure 2), calving difficulty tends 
to be exacerbated in double-muscled dams carrying the nt821 
or Q204X mutations due to their narrower pelvic opening 
(Taylor, 2017). This narrow pelvic opening of double-mus-
cled dams is likely to be attributable to a relative reduction 
in the size of the pelvic girdle which is accompanied by more 
angular convergence of the iliac branches of the hipbones 
(Arthur et al., 1988; Taylor, 2017). A similar  phenomenon 

Figure 3. The interaction effect (P < 0.05) for each dam-progeny haplotype1 combination, comparing if 0, 1, or 2 copies of the haplotype were carried 
by the calf and dam. The standard error is in parenthesis. Blank squares indicate either the absence of a significant interaction effect or that the dam-
progeny haplotype combination was not present in the data. A P-value of < 0.05, 0.01, and 0.001 is illustrated by *, **, and ***, respectively.
1 Haplotype 1—no mutations; Haplotype 7 – nt748_78 mutation; Haplotype 15 - F94L, nt374_50, nt414, Q204X mutations; Haplotype 22 - nt748_78, 
F94L, nt374_50, nt374_51, nt414, Q204X, E226X mutations; Haplotype 12 - F94L, nt374_51, nt821 mutations; Haplotype 4 – nt821, nt748_78 mutations.

Figure 4. The effect of the mutant allele (mh) vs. the wild-type allele (+) for each variant on (A) carcass weight, (B) conformation, and (C) carcass 
fat (P < 0.05), where the error bars represent the standard error of the allele substitution effects. The genetic standard deviation for carcass weight, 
conformation, and carcass fat used in national genetic evaluations is 26.16 kg, 1.01 units, and 0.94 units, respectively.
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was observed in the present study, in which calves and dams 
carrying one or two copies of the nt821 deletion and homozy-
gous (albeit not significantly different from zero due to a pau-
city of numbers) and heterozygous calves carrying the Q204X 
mutation experienced the most calving difficulty out of all the 
segregating variants, relative to their homozygous wild-type 
contemporaries.

Many previous studies exploring associations between 
myostatin genotypes and calving difficulty have focused pri-
marily on the myostatin genotype of the animal (Casas et al., 
1999; Wiener et al., 2002). The study herein demonstrated 
that for many myostatin variants, the association between the 
calf’s genotype and calving difficulty actually differed depend-
ing on the genotype of the dam (Figure 2). This highlights that 
calving difficulty is a complex trait controlled by both genes 
affecting the ability of the calf to be born easily (direct genetic 
effects) and by genes affecting the ability of the cow to give 
birth without problems (maternal genetic effects) (Meijering, 
1984). Therefore, by selectively mating a bull with two copies 
of the nt821 or Q204X mutation to a dam with a wide pel-
vic opening, the progeny should have improved carcass merit 
while minimizing associated risk of calving difficulty.

It has been suggested that the genotype of the calf is more 
influential than the genotype of the dam in determining the 
difficulty of calving (Wiener et al., 2002). If there was a sub-
stantial effect of the mutant maternal genotype, one might 
expect to detect it in the comparison of the calving difficulty 
between mh/+ dams and +/+ calves relative to +/+ dams and 
+/+ calves. Similarly, if there was a substantial effect of the 
mutant calf genotype, one might expect to see it in the com-
parison of the calving difficulty between +/+ dams and mh/+ 
calves relative to +/+ dams and +/+ calves. The effect of nt821 
mh/+ dams and +/+ calves on calving difficulty was, however, 
not different from +/+ +/+ dam-calf combinations. In compar-
ison, nt821 +/+ dams and mh/+ calves had, on average, 0.10 

points higher calving difficulty than +/+ +/+ dam-calf combi-
nations. This suggests that an nt821 mh/+ calf influences calv-
ing difficulty more than an nt821 mh/+ dam does. However, 
there may be more of a dam effect influencing calving diffi-
culty or a combination of a dam and calf effect for nt821 mh/
mh dams, given that double-muscled dams have a narrower 
pelvic width than mh/+ dams (Short et al., 2002).

Allele and haplotype frequencies
The low-frequency mutant allele for some variants in some 
populations suggests the mutant allele called in those animals 
originated from either a de novo mutation, crossbreeding, or 
a genotyping error. Genotyping errors are known to impact 
allele and haplotype frequency estimates (Quade et al., 2005; 
Govindarajulu et al., 2006; Zhu et al., 2007), and are inevi-
table when genotyping a large number of animals (Kirk and 
Cardon, 2002). All animals included in the study herein were 
checked for Mendelian errors where possible. Of the 725 
purebred animals that carried a mutant allele that was pres-
ent in just 1% of their breed, the parentage of 257 animals 
were verified using the genotypes of their parent(s) and 144 
animals were checked against the genotypes of their progeny; 
no discrepancies were ever detected. Hence, for these animals 
at least, the called genotype is likely to be the true genotype.

The eight most prevalent haplotypes, which are presum-
ably the oldest haplotypes (Watterson and Guess, 1977; Dun-
ner et al., 2003), generally carried only one or two mutant 
alleles each. The mutations present in the most prevalent 
haplotypes (excluding the wild-type haplotype) were possi-
bly favored over generations due to selection for larger mus-
cle mass, thereby proliferating in the breeds (Gautier et al., 
2017). However, there are other possible explanations as to 
why these mutations were present in the most prevalent hap-
lotypes, such as population segmentation followed by fixa-
tion of alleles. The less prevalent haplotypes identified in the 

Figure 5. The association of myostatin mutant alleles and haplotypes with calving ease when carried by both the dam and the progeny, as well as their 
association with at least two of the three carcass traits (P < 0.05).
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present study generally carried several mutant alleles. They 
may have evolved from the older, more frequent haplotypes, 
possibly as a result of recombination events interrupting the 
LD phase flanking the original haplotype’s single mutant 
allele or as a result of a more recent mutation arising in the 
population.

While the nt821 deletion is almost fixed in the Belgian Blue 
population (Smith et al., 2000; Konovalova et al., 2021a), it 
has been introduced in other breeds at a low frequency (Gill 
et al., 2009; Konovalova et al., 2021b). Because the haplo-
type with the nt821 deletion and the nt374_51 mutation 
was detected at a low frequency in the Angus population but 
was common in the Belgian Blue population, it is likely that 
the nt821 deletion was introduced into the Angus popula-
tion through crossbreeding prior to 2003; the oldest Angus 
animal in the present study with that haplotype was born in 

2003. Given that Belgian Blues excel in genetic merit for car-
cass traits whereas Angus cattle are, on average, genetically 
easier calving (Berry and Ring, 2020), mating them together 
is likely to result in larger and more conformed carcasses 
with hopefully still an acceptable genetic predisposition to 
calving difficulty. A PCA of the purebred Angus and Bel-
gian Blue carriers of the haplotype containing the nt821 and 
the nt374_51 mutations is shown in Supplementary Figure 
2; this shows a distinct, non-overlapping cluster for both 
breeds.

The haplotype containing the nt821 deletion (with the 
F94L and nt374_51 mutations) that was found at a low fre-
quency in the Aubrac and Limousin populations in this study 
was absent in the Belgian Blue population, and therefore, is 
possibly a consequence of a recent de novo mutation, which 
appeared in the Irish Aubrac and Limousin populations 

Table 9. The number of copies of each haplotype carried by the animal that was associated with carcass weight, conformation, and fat, the mutant 
alleles contained in each haplotype, and the effect1 (standard error in parentheses) of carrying one or two copies (vs. no copy) of that haplotype on 
carcass weight, conformation, and fat

Haplotype Mutant alleles Number of copies Weight Conformation Fat

P < 0.05 P < 0.05 P < 0.05

1 None 1 −5.04(0.20) −0.41(0.01) 0.43(0.01)

1 None 2 −7.81(0.33) −0.58(0.01) 0.53(0.02)

2 nt414, nt374_50, nt748_78 1 −2.97(0.25) −0.22(0.01) 0.16(0.01)

2 nt414, nt374_50, nt748_78 2 −5.51(0.50) −0.34(0.02) 0.24(0.03)

3 F94L 1 1.35(0.23) 0.11(0.01) −0.07(0.01)

3 F94L 2 8.37(0.37) 0.69(0.01) −0.64(0.02)

4 nt821, nt374_51 1 4.05(0.66) 0.33(0.03) −0.26(0.04)

4 nt821, nt374_51 2 9.56(4.20) 1.90(0.16) −3.58(0.23)

5 F94L, nt374_51 2 3.66(0.87) 0.42(0.03) −0.52(0.05)

5 F94L, nt374_51 1 0.72(0.28) 0.07(0.01) −0.07(0.02)

6 nt374_51 2 NA −0.27(0.08) NA

7 nt748_78 2 −1.93(0.77) −0.14(0.03) 0.09(0.04)

7 nt748_78 1 NA −0.05(0.02) 0.08(0.03)

8 nt267 1 NA −0.13(0.04) 0.12(0.05)

9 nt748_78, nt374_50, nt414, Q204X 1 9.56(0.43) 0.53(0.02) −0.38(0.02)

9 nt748_78, nt374_50, nt414, Q204X 2 15.73(3.96) 1.9(0.15) −3.12(0.22)

10 nt748_78, nt374_51nt374_50, nt414 1 NA −0.17(0.04) 0.16(0.06)

11 nt748_78, nt267, nt374_50, nt414 1 15.52(0.64) 1.17(0.02) −1.21(0.03)

12 F94L, nt374_51, nt821 1 11.01(5.20) 0.49(0.20) NA

13 E226X, nt374_51 1 2.39(1.11) NA NA

13 E226X, nt374_51 2 NA −0.12(0.04) 0.21(0.06)

14 nt374_50, nt414 1 15.69(0.59) 1.23(0.02) −1.51(0.03)

15 F94L, nt374_50, nt414, Q204X 1 −2.67(0.29) −0.25(0.01) 0.33(0.02)

15 F94L, nt374_50, nt414, Q204X 2 NA NA −1.20(0.52)

16 nt748_78,F94L, nt374_50, nt414 1 −3.28(1.00) −0.2(0.04) 0.30(0.05)

16 nt748_78, F94L, nt374_50, nt414 2 NA −0.51(0.25) NA

17 nt324 1 3.44(1.72) 0.19(0.07) NA

17 nt324 2 NA 2.31(1.08) −5.01(1.54)

18 nt748_78, nt374_51, nt821 1 NA NA 0.18(0.09)

19 F94L, nt324, nt374_50 1 −3.48(0.66) −0.25(0.03) 0.23(0.04)

20 nt267, nt374_51 2 6.11(1.12) 0.48(0.04) −0.48(0.06)

21 F94L, nt748_78 1 13.05(1.10) 1.06(0.04) −1.36(0.06)

22 nt748_78,F94L,nt374_50,nt374_51,nt414,Q204X,E226X 1 −5.17(2.24) −0.17(0.09) 0.28(0.12)

1NA refers to if the effect was not significantly different from zero.
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prior to 1998 and 2004, respectively. De novo mutations 
are very rare, with Holstein-Friesian cattle reported to have 
a baseline spontaneous de novo mutation rate of ~1.2 × 10−8 
mutations per base pair, per generation (Coppieters et al., 
2018). Haruna et al. (2020) suggested that the myostatin 
gene harbors recombination hotspots, which could poten-
tially increase the likelihood of a myostatin de novo dele-
tion occurring. Meiotic recombination, which is localized 
in recombination hotspots, not only increases genetic diver-
sity through the formation of new haplotypes but is also 
strongly suspected to be mutagenic due to recurrent dou-
ble-strand breaks (Arbeithuber et al., 2015). In particular, 
Lukaszewicz et al. (2021) recently demonstrated that double 
cutting within single double-strand breaks at recombination 
hotspots can initiate microdeletions in mice. Furthermore, 
an enrichment for structural variants and an elevated rate 
of rare alleles at recombination hotspots in humans has also 
been documented by Beyter et al. (2021).

While gene editing has been used to introduce the nt821 
deletion into the genome of Wagyu cattle for the improve-
ment of carcass merit (Tan et al., 2013), beneficial myo-
statin mutations can also be introduced to a population 
by crossbreeding and then selecting progeny with the 
desirable allele (Hansen, 2011). Exploiting crossbreeding 
for the introduction of myostatin mutations associated 
with larger and more conformed carcasses may be partic-
ularly useful for improving the carcass merit of numeri-
cally smaller, local breeds, given that the performance 
gap between high-yielding breeds with large populations 
vs. local breeds has increased in recent decades (Stock et 
al., 2022). Crossbreeding, in tandem with genotyping, 
can make alleles that were introduced at a low frequency 
become prominent within several generations (Amador 
et al., 2011). This means that genetic gain for the trait of 
interest could be achieved relatively quickly, as was real-
ized when high-yielding Montbéliarde and Red Holstein 
alleles were introduced into the small German Vorderwald 
breed to increase milk yield (Hartwig et al., 2014).

Conclusion
Only the nt821 and Q204X mutations were associated with 
both larger and more conformed carcasses, but also with a 
greater genetic predisposition to difficult calving. The asso-
ciation between the calf’s genotype and calving difficulty dif-
fered depending on the genotype of the dam. Therefore, it 
is possible to produce progeny with improved carcass merit 
from a bull with two copies of the nt821 or Q204X muta-
tion while minimizing the associated risk of calving difficulty, 
depending on the genotype of the dam. Despite the antag-
onistic relationship between calving difficulty and carcass 
traits, the nt374_51, F94L, and E226X mutations were all 
associated with improved carcass merit while having minimal 
consequences on calving difficulty. Therefore, it is possible 
to identify bulls carrying these mutation(s) that could poten-
tially have good genetic merit for both calving difficulty and 
carcass merit.

Supplementary Data
Supplementary data are available at Journal of Animal Science 
online.
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