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ABSTRACT

In the first study, producer live performance data and carcasses from steers (n=116)
resulting from the mating of four Limousin/Angus sires heterozygous for the F94L myostatin
mutation to Jersey/Holstein dams were utilized to evaluate the effects of one copy of the F94L
allele on live performance, carcass traits and USDA grades, and boxed beef and retail yields.
Slaughter data were collected at time of harvest and carcass data was collected 48 hours
postmortem. One side of each carcass was fabricated into boxed beef and retail cuts by
experienced lab personnel 5-8 days postmortem. One copy of the FO94L allele did not affect
gestation length, birth weight, percent unassisted births, feedlot average daily gain, live weight at
harvest, hot carcass weight, or dressing percentage (P > 0.05). Fiber type analysis indicated that
the increase in muscularity by the FO94L allele in the semitendinosus and longissimus was likely
due to hyperplasia as there was a 19% increase in the quantity of Type I1A and 11X fibers in the
semitendinosus (P < 0.05) and no effect to the muscle fiber size (P > 0.05). Carcasses from steers
with one F94L allele had larger ribeye areas (99.2 versus 92.3 sg.cm.), greater ribeye width:
length ratios (0.498 versus 0.479), lower USDA vyield grades (2.21 versus 2.66), and lower
marbling scores (438 versus 480) (P < 0.05). Additionally, for boxed beef yields, one F94L allele
(versus zero F94L alleles) increased (P < 0.05) 85/15 trimmings (+3.4 kg), top round (+1.50 kg),
strip loin (+0.67 kg), eye round (+0.52 kg), tenderloin (+0.35), boneless foreshank (+0.33 kg),
cap/wedge (+0.32 kg), and tri-tip (+0.22 kg) per animal. Overall, carcasses from steers with one
F94L allele had greater boxed beef yield (+1.06%), boxed beef plus 85/15 trimmings yield
(+1.65 %), and total retail cuts plus ground beef 85/15 yield (+1.78%) than carcasses from steers

with zero F94L alleles (P < 0.05). One copy of the FO4L allele utilized in beef X dairy breeding

system had no significant impact on live performance traits but resulted in lower marbling scores



and increased muscularity as evidenced through larger, more symmetrical ribeyes, lower USDA

yield grades, and higher carcass cutout yields (both boxed beef and retail yields).

In the second study, carcasses from steers (n=57) resulting from the mating of two
Limousin/Angus sires heterozygous for the F94L myostatin mutation to Jersey/Holstein dams
were utilized to evaluate the effects of one copy of the F94L allele on striploin dimensionality,
Warner-Bratzler shear force (WBS) and slice shear force (SSF), and sensory panel ratings.
Following carcass fabrication, samples of longissimus (LD), psoas major (PM), gluteus medius
(GM), semitendinosus (ST), serratus ventralis (SV), triceps brachii (TB), and biceps femoris
(BF) muscles from carcasses were vacuum packaged, aged until 10 days postmortem, and frozen
until processed into 2.54-cm-thick steaks for sensory and shear force analysis. Carcasses from
steers (n=58) from two additional heterozygous F94L sires were identified at a commercial
packing plant; strip loins were excised for sensory panel analysis and shear force measurements.
Individual strip steaks were imaged at a fixed height on a gridded background and processed
through image analysis software capable of measuring individual pixel size (Fiji Image J) for
strip loin dimensionality. Frozen steaks allocated to both sensory and shear force analyses were
thawed for 24 hours at 2°C to 0-4°C prior to cooking. Steaks were cooked at 204°C with 0%
relative humidity until peak internal temperature of 69°C was reached then removed from the
oven and rested until the internal temperature reached 71°C. Steak sensory attributes were
identified and quantified by trained panelists using the lexicon developed by Adhikari et al.
(2011). In strip steaks from carcasses with one F94L allele, longissimus muscle area was
increased in steaks 4, 5, 7, 8, and 9 which resulted in less angular steaks from the center and
posterior end of the strip loin (steaks 6-10) (P < 0.05). Of the seven muscles observed, there were

no differences among the WBS or SSF regardless of carcasses F94L genotype (P > 0.05). LD



and GM cooked steaks from carcasses with one copy of the F94L had no differences in sensory
panel ratings compared to steaks from carcasses with no copies of the F94L allele (P > 0.05). ST
cooked steaks from carcasses with one F94L rated lower in fat-like flavor compared to carcasses
with no F94L allele (P = 0.0348). PM cooked steaks from carcasses with one F94L allele rated
lower in juiciness, fat-like flavor, buttery flavor, and umami flavor compared to no copies of the

FI94L (P < 0.05). One copy of the FO4L allele utilized in beef X dairy cross steers decreased strip

loin angularity and fat-like flavor attributes in the PM and ST while WBS and SSF
measurements were not impacted. Use of F94L homozygous terminal beef sires would be an
easily implemented strategy for dairy producers to improve steak portion size and shape in

carcasses from non-replacement calves.
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CHAPTER 1 - LITERATURE REVIEW
Introduction

Traditionally, cattle are raised either for milk or meat, and breeds have adapted for those
specific production systems. With that being said, about 22% of the U.S. beef supply originates
from the dairy sector, a majority of that being steers born from dairy dams. As reproductive
efficiency and cow size have improved through selective breeding over time, the contribution of
beef from the dairy industry has continually increased (DelCurto et al., 2017). Milk production in
the United States has more than doubled since 1961 while the total cow herd has steadily
decreased with the advancement of many technologies, improved genetics, and breeding regimes
(Ritchie et al., 2017; USDA, 2022). Advancements in breeding technologies, the lower value of
dairy steers, and concerns over the disposal of low-value dairy bull calves have resulted in a
larger portion of the dairy herd inseminated with beef semen (Berry, 2021); the resulting beef-X-
dairy steers being raised and sold into the beef supply. This opportunity is possible mainly due to
the advancements in sexed semen technologies. Prior to this technology, dairy producers needed
to artificially inseminate their entire herd with dairy semen to ensure that they had a sufficient
number of replacement heifers to maintain or grow their herd. Now, with sexed semen, dairy
producers can breed a lower percentage of their cows for dairy heifer replacements. This has not
only increased efficiency by improving dairy cow genetics for milk production by continually
breeding superior milk producers but has created an opportunity to breed the remaining dairy
herd for an additional purpose in mind, meat. By breeding a portion of the dairy herd to beef
semen and reducing carcass conformation and yield deficiencies, the economic potential of these

beef-X-dairy offspring is far greater than that of non-replacement dairy steers. Implementing the
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proper beef sire genetics will be crucial in ensuring a sustainable and profitable long-term

crossbreeding program.

Industry Overview

Economic factors that influence the production of milk and meat in the dairy and beef
industries have played a significant role in the evolution of cattle type and their physiological
and biochemical characteristics over time. Natural selection is the idea that an organism that is
better adapted to the environment will reproduce and that those desirable traits will be passed
along to their offspring. Similar to how natural selection emphasizes the evolution of a species
based on traits of survival, humans have selectively bred cattle for desirable traits. For example,
dairy cow milk yield and efficiency have improved by selectively breeding the top milk
producing cows whereas the beef industry has focused more on genetic selection for muscling
and marbling characteristics. This continual selection for desirable milk traits in dairy cattle has
resulted in poor carcass conformation and decreased carcass cutout yield (Berry et al., 2021).
Based on data from 2,590 Holstein sires, Berry (2021) reported a negative genetic correlation
between milk production traits (yield, protein yield, and fat) and carcass conformation (-0.43 to -
0.22) and carcass fat (-0.29 to -0.20). Furthermore, breeding for high milk yield has led to the
development of long-bodied dairy cows with a greater hip-height known to cause physical
challenges to commercial beef packers (Picard and Gagaoua, 2020). As dairy producers continue
selection for milk traits the outcome will be poor muscling characteristics in offspring.
Alternatively, selection for increased red meat yield has resulted in beef cows of moderate to
large mature size with greater muscle deposition and higher percentages of glycolytic muscle
fibers (a characteristic linked to greater muscle hypertrophy and red-meat yield). Genetic value

estimates known as expected progeny differences (EPD’s) are used to compare sires and select
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genetics that a producer wants to implement. EPD’s quantify the genetic potential of animals as
parents for several phenotypic and production traits and are a tool the beef industry uses to
compare animals within the same breed (Spangler, 2015). Understanding EPD’s to select

appropriate terminal beef sires will improve meat production traits important to dairy producers.

Myostatin

Myostatin Overview

Myostatin is an important protein translated by the myostatin gene (MSTN) that inhibits
muscle growth and regulates the balance of protein synthesis and degradation. For the sake of
this literature review, “MSTN "~ will be used when referring to the gene and “myostatin” will be
used when referring to the protein. Several beef breeds carry naturally occurring mutations of the
MSTN gene known to increase muscle growth due to greater prenatal muscle hyperplasia
resulting in animals that have heavier muscled carcasses. Extreme mutations within the gene are
commonly referred to as “double muscling” because of the obvious heavier muscularity
(McPherron and Lee, 1997; Grobet et al., 1998). Many of the known MSTN mutations have
minimal to no effect on myostatin functionality, but a commonly referenced mutation occurring
frequently in Belgian Blue cattle causes complete dysfunction of the myostatin proteins because
of a severe 11 base pair deletion within the MSTN gene. While the utilization of MSTN knockout
beef sires in a dairy production system would increase muscling, it could also negatively affect
calving ease. However, the conservative F94L myostatin mutation is a single nucleotide
polymorphism (SNP) that positively impacts muscling, conformation, performance, and fat

without severe dystocia effects (Grobet et al. 1998). Utilizing terminal beef sires with two copies
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of the F94L mutation in a beef-X-dairy breeding model would ensure that one copy of the FO4L
allele is passed onto offspring to increase muscling, thereby increasing carcass yield and cutout
in non-replacement progeny. Minimal research has observed the effect of the F94L myostatin
mutation on the Beef-X-Dairy crossbred model and its impact on muscling, yield, and

palatability.

Myostatin Gene

Located in the muscular hypertrophy (mh) locus at the centromeric end of bovine
chromosome 2 (BTA2), Myostatin (MSTN), or GDF8 (growth and differentiation factor 8), is
part of the Transforming Growth Factor-Beta (TGF-p) superfamily responsible for negatively
regulating skeletal muscle cell proliferation (Grobet et al., 1997; McPherran et al., 1997; Smith et
al., 1997). The myostatin protein is synthesized by MSTN and is responsible for inhibiting
muscle cell growth and differentiation in fetal development and regulates protein synthesis and
degradation in adult skeletal muscle tissue. The myostatin protein is synthesized in a precursor
form (inactive) by the MSTN gene, consisting of a N-terminal (propeptide) and C-terminal
(active myostatin) referred to as the latent complex (Lee, 2004). The latent complex resides in
the extracellular matrix (ECM), activation of myostatin occurs when proteolysis cleaves the N-
terminal. Activated myostatin (C-terminal) binds to its own receptor on the plasma membrane
causing multiple downstream events that inhibit myoblast differentiation by downregulating
MyoD expression mediated through the Smad 2/3 pathway suppressing myogenesis. The
myostatin-smad 2/3 pathway acts as a negative regulator of skeletal muscle growth by inhibiting
MyoD expression needed for myoblast differentiation. Protein synthesis and degradation are
occurring simultaneously within skeletal muscle where the net result is the amount of growth. To

maintain the balance of protein synthesis and degradation in skeletal muscle, myostatin binds to
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its transducing receptors activating SMAD 2/3, P38, Akt, and Pi3K pathways causing
downstream events that ultimately results in the inhibition of muscle regeneration and induction
of fibrous (connective tissue formation) (Aiello et el., 2018; Langley et al., 2002; Lee et al.,
2019). There is an intricate relationship between these pathways; mutations within the MSTN
have been identified to cause various levels of disruptions in the functionality of myostatin

resulting in varying degrees of increased muscularity as growth goes unchecked.

Mutations

The first recorded identification of double-muscled animals was documented by Culley in
1807, and for over 200 years, researchers have studied the phenotypic expression of double-
muscled animals. McPherran et al. (1997) first identified the gene, MSTN, responsible for
double-muscle syndrome in mice and soon after found that changes in MSTN were also
responsible for the increased muscle mass that characterizes Belgian Blue and Peidmontese cattle
(McPherran and Lee, 1997). Polymorphisms of MSTN, ranging from deletions, insertions, or
substitutions occur in several European cattle breeds resulting in double-muscling phenotype;
this is observed in additional beef breeds like Blond ’Aquitaine, Limousin, and others. In severe
MSTN null cattle, muscle growth goes unchecked producing animals with as much as 20% more
muscle mass compared to their normal MSTN counterparts (Swatland and Keiffer, 1974; Grobet
et el., 1997) resulting in higher carcass yields, lower collagen, and connective tissue (leaner more
tender meat) (Cieplocch et al., 2017). Additionally, MSTN mutations in cattle have been
associated with poor fertility, lowered stress tolerance, decreased calf viability, and increased

rates of dystocia (Arthur et al., 1988).

The “double-muscling” phenotype is not the result of twice as many muscles, nor the

increase in size of muscle fibers (hypertrophy), but due to an increase in the number of muscle
15



fibers, or hyperplasia (Charlier et al., 1995; Lee et al., 2019). Myostatin’s role in prenatal protein
synthesis impacts muscle fiber differentiation and proliferation causing an increase in the number
of muscle fibers as protein degradation is decreased due to the inactivation of MSTN or
effectiveness of the myostatin protein. Of the 20 identified MSTN haplotypes, many are
conservative SNP’s that cause minor if any disruption to myostatin. The main mode of
inheritance has been identified as “partially recessive” as animals that are heterozygous for some
of these mutations reap the benefits of increased muscling and carcass leanness. Of the many
possible MSTN mutations, six are known to be responsible for the double-muscled phenotype
(Dunner et el., 2003) that is the result of complete inactivation of myostatin. One of the most
recognized mutations, nt821, occurs most frequently in Belgian Blue cattle as they have been
systematically selected for the double muscling phenotype; an 11 base pair deletion in the third
exon of the MSTN gene prompts the premature termination of translation. Additionally, two
nucleotide substitutions in exon one and exon three of the MSTN gene are likely responsible for
complete loss of function of myostatin in Piedmontese cattle generated by the repeated selection
of the double-muscle phenotype (McPherron and Lee, 1997; Cieplocch et al., 2017).
Interestingly, the F94L myostatin gene variant in Limousin cattle produces an intermediate
muscle mass gain compared to the two previously discussed variations found in Belgian Blue
and Piedmontese cattle. Identifying the F94L gene and other MSTN mutations in terminal sires
could be a useful tool to improve efficiency by increasing the pounds of meat produced per
pound of feed consumed; however, all mutations represented in beef cattle may not be suitable

for a beef-x-dairy production system.

16



Muscle Fiber Type

Skeletal muscle is converted to meat after the slaughter of meat animals. Muscle cells,
also referred to as ‘muscle fibers,” compose up to 90% of muscle volume and are demarcated by
the sarcolemma (plasma membrane) and composed of myofibrils. Successions of sarcomeres
(smallest unit of skeletal muscle responsible for contraction) make up the elongated myofibrils.
In short, sarcomeres consist of thin myofilaments comprised of mostly actin, and thick
myofilaments comprised of myosin formed from two myosin heavy chains and four myosin light
chains. Identification of myosin heavy chain isoforms can establish the type of contraction and
metabolism of the muscle fiber. Myosin heavy chain isoforms are classified as I, lla, Ilb, and I1x
where muscle fiber types I (slow oxidative), 1A (fast oxidative glycolytic), 11X (fast glycolytic),
1B (fast glycolytic) contain the respective isoform. Contraction speed is ultimately delineated
from differences in muscle fiber ATPase activity commonly referred to as slow-twitch or fast-
twitch. Muscle cell metabolism is characterized by the preferred glycolytic or oxidative
pathways in the organelle, substate, or enzyme activities of the cell. In bovine, type I, lIA, and
I1X fibers are mostly identified due to the rarity of type 11B fibers (Austruc and Venian, 2017;

Schreurs et al., 2011).

The number of muscle fibers is determined at birth;, MSTN mutations are known to
increase the number of muscle fibers (hyperplasia) during fetal development. Muscle fiber types
have been closely related to meat quality, and composition of different fiber types vary greatly
depending on the overall functionality of the muscle. For instance, deep postural muscles like the
psoas major that runs along the lumbar vertebrae of beef consist of a greater proportion of type |
fibers and reduced proportions of type Il fibers (Klont et al., 1998; Song et al, 2020; Zou et al.,

2023). The increased proportion of type | fibers increased tenderness and palatability because of
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the smaller fiber diameter and reduced connective tissue. Alternatively, the semitendinosus, a
more superficial muscle on the round of the beef carcass, tends to have a higher proportion of
type Il fibers (Kirchofer et al., 2002; Listrat et al., 2020), resulting in a muscle that tends to be
more tough and lean; this is partially due to increased proportions of connective tissue and larger

fiber diameter.

MSTN mutations are known to alter the normal distribution of fiber types in many
species. In MSTN null mice, the proportion of type Il fibers was significantly higher than in
wildtype mice (Girgenrath et al. ,2004). These type 1l fibers are characteristically larger in
diameter, faster, and utilize glycolytic metabolism. The greater proportion of fibers with a larger
diameter lend to a greater potential for increased muscling or muscle growth. Limited research
has established in detail the effects of specific MSTN mutations on fiber type distribution in beef
cattle. Round muscles in normal and double muscled cattle were evaluated during gestation for
percentage and diameter of muscle fiber types, (Martyn et al., 2004) discovering that the
proportion of type | muscle fibers were lower in double muscled cattle compared to normal
cattle. Cullen et al. (2009) established that the FO4L mutation had an impact on muscle fiber
distribution of Jersey-Limousin cross cattle by increasing the proportion of type Il fibers in the
longissimus. While the increased proportion of type 1l muscle fibers in double-muscled animals
increases muscularity and meat yields, it may affect meat quality characteristics, potentially

impacting palatability positively or negatively.
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Fo4L Mutation

F94L Overview

Shortly after the discovery of MSTN, Grobet et al. (1997) characterized the F94L
substitution as a conservative single nucleotide polymorphism where the double-muscling effect
is less severe; they originally suggested that the increased muscling in Limousin cattle may not
even be due to a change in the MSTN genotype but perhaps due to their environment because of
the moderate nature of phenotypic differences compared to other mutations. Due to the nature of
the FO4L substitution in MSTN, the double-muscling phenotype is less severe in homozygous
beef cattle compared to more severe variants, but researchers have since established the positive
impact on growth and muscling traits (Cieploch et al., 2017; Esmailizadeh et al, 2008; Lee et al.,
2015; Sellick et al., 2007). The F94L MSTN mutation is characterized by a single amino acid
substitution at nucleotide position 282 of cytosine to adenine (c.282C>A) in the first exon of the
MSTN gene that results in translation of leucine instead of phenylalanine at the 94" protein
sequence. The myostatin protein is synthesized in a precursor form (inactive) by the MSTN gene,
consisting of a N-terminal (propeptide) and C-terminal (active myostatin) referred to as the latent
complex. Furthermore, the FO4L substitution occurs in a conserved region of the N-terminal
propeptide impacting the tertiary structure of the C-terminal by reduction of loops. Proteolytic
cleavage of the N-terminus results in activation of latent myostatin. It is suggested that changes
to the cystine knot structure of the C-terminal caused by the FO4L mutation negatively impacts
the active myostatin binding ability with the receptors on plasma membrane. The inability to
bind to its receptors force myogenesis to continue without balancing protein synthesis and
degradation (Lee et al., 2004). Based on data from 1,140 cattle across 15 different beef and dairy

breeds, Vankan et al. (2010) determined that the allelic frequency of at least one F94L allele in
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Limousin cattle was 94.2% with the nearest frequency observed in Droughtmaster at 4%.
Multiple studies have determined that the F94L mutation occurs in high frequencies in Limousin
cattle, but have also been observed in Angus, Charolais, Blonde’d Aquaitaine, Droughtmaster,
Peidmontese, and Simmental (Dunner et al., 2003; Sellick et al., 2006; Vankan et al., 2010). The
frequency to which the F94L allele is found in Limousin cattle and conservative nature of the

mutation lends itself to be easily implemented in beef and dairy production systems.

Production

In a study measuring traits from birth to slaughter of Hereford (normal muscling),
Limousin (intermediate increase in muscling) and Piedmontese (heavy increase in muscling)
cattle, Limousin showed to have heavier birth weights without impacting dystocia compared to
Hereford. Further analysis of this data would show that the effects of birthweight in Limousin
(F94L genotype unknown) and the Piedmontese calves (two inactive MSTN alleles) were similar
but the % dystocia was greater in Piedmontese with the overall greatest live weight and carcass
weight being that of the Limousin calves (Short et al, 2002). When measuring the effects of the
F94L mutation on birth weight, HCW, and pelvic area of Limousin-Jersey backcross calves, they
were unaffected (Esmailizadeh et al., 2007). Consequently, making implementation of the F94L
mutation a fitting choice for dairy producers to increase the value of non-replacement calves

without the negative reproductive impact of more severe MSTN mutations.

Muscle, Fat, and Bone

With the discovery of MSTN, McPherran et al. (1997) reported 2-to-3 times more muscle
mass and decreases in intramuscular fat and connective tissue in MSTN null mice compared to

the wildtype. They indicated that the increase in muscling was likely due to hyperplasia.
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Mutations in the same gene were soon reported to be responsible for the double-muscling
phenotype experienced in some beef cattle that results in more muscle mass (Lee et al., 1997;
Grobet et al., 1997). Arnold et al. (2001) describes the physiological characteristics that comprise
cattle with severe MSTN mutations having increased proportions of muscle with simultaneously
lower proportions of fat while bone tends to remain relatively constant and unaffected. Few
studies have reported the effects of the conservative FO4L variant on muscling and carcass
characteristics. Sellick et al. (2007) utilized three Jersey-X-Limousin (X) sires backcrossed to
Limousin (L) or Jersey dams (J) and 784 XJ and XL progeny were analyzed for the effects of the
F94L single nucleotide polymorphism (SNP) and three additional mutations; results determined
the F94L variant produced a significant additive effect for hot carcass weight (HCW) (+9.61 kg),
meat % (+1.57), ribeye area (REA) (+4.15 cm?), and silver side % (+0.33) but not for
longissimus dorsi % compared to two other SNPs observed. Esmailizadeh et al. (2008)
documented the additive effects of the F94L substitution on several traits including muscle mass,
carcass fat mass, and bone weight of carcasses from offspring of similar crosses described above
in Australia and New Zealand. The results of this study indicated an increase in meat weight
from homozygous F94L Limousin backcross calves (+34.5 and +18.3 kg in Australia and New
Zealand, respectively) as well as a decrease in carcass fat mass (-33 and -16% in Australia and
New Zealand, respectively) with no effect in bone weight. Bennett et al. (2019) further
demonstrated the additive effect of one copy of the F94L allele in Limousin cattle (+6.6 cm? for
ribeye area and -2.06mm adjusted fat thickness) alluding to the overall increase in lean meat
yield with at least one copy of the F94L SNP. The results from these studies indicate that the
introgression of the Limousin F94L allele could be a useful tool to increase lean meat yield

without the dystocia effects that occur with other MSTN mutations.
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Meat Quality

The nature of MSTN mutations to increase muscling without inherently increasing lipid
accumulation has led to the examination of the impact on meat quality. Bailey et al. (1982)
reported a negative effect of double-muscling in Charolais cattle on color, taste, and water
holding capacity but a positive effect on longissimus tenderness and suggested that more tender
meat could be the result of decreased amounts of connective tissue, reduced collagen cross-
linking, and smaller muscle fibers. Wheeler et al. (2001) reported through trained sensory panels
that at least one inactive myostatin allele in Piedmontese cattle increased tenderness and reduced
the amount of connective tissue in the longissimus, gluteus Medius, semimembranosus, and
biceps femoris muscles compared to Piedmontese cattle with normal MSTN. Lines et al. (2009)
evaluated the semitendinosus muscle for tenderness and collagen content to determine the effects
of the F94L mutation in Jersey-Limousin sires backcrossed to Limousin or Jersey dams; the
results showed that Warner-Bratzler shear force was reduced by 15.2% in the semitendinosus
muscle of homozygous F94L carcasses likely due to the 14.3% decrease in collagen content
measured by hydroxyproline concentrations compared to the wild-type genotype. Additionally,
Bennet et al. (2019) reported additive effects of one FO94L allele resulting in higher meat yield
and more tender meat evidenced through decreased adjusted fat thickness (-2.06 mm), increased
ribeye area (+6.6 cm?), and decreased longissimus slice shear force (-1.7 kg) but also resulted in
a decrease in marbling score (-25.4 points). There is limited literature that details the effects of
the F94L myostatin variant on meat quality and further research is needed to corroborate the

impact of the FO4L allele on additional muscles of importance.
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Conclusion

The use of beef genetics in dairy production systems is becoming more systematically
utilized in order to reduce deficiencies of dairy-type carcasses’ lack of muscularity and low
cutout yields. The FO4L substitution in the MSTN gene has been shown to increase muscularity
without increasing dystocia compared to more extreme MSTN mutations. Implementing the FO4L
myostatin mutation as a terminal genotype may further mitigate muscling deficiencies adding
value to beef-x-dairy crossed cattle. With that being said, there has been limited research

comparing the impact of the F94L myostatin genotype among beef-X-dairy crossbred cattle.
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Abstract

Producer live performance data and carcasses from steers (n=116) resulting from the
mating of four Limousin/Angus sires heterozygous for the F94L myostatin mutation to
Jersey/Holstein dams were utilized to evaluate the effects of one copy of the F94L allele on live
performance, carcass traits and USDA grades, and boxed beef and retail yields. Slaughter data
were collected at time of harvest and carcass data was collected 48 hours postmortem. One side
of each carcass was fabricated into boxed beef and retail cuts by experienced lab personnel 5-8
days postmortem. One copy of the FO94L allele did not affect gestation length, birth weight,
percent unassisted births, feedlot average daily, live weight at harvest, hot carcass weight, or
dressing percentage (P > 0.05). Fiber type analysis indicated that the increase in muscularity by
the FO4L allele in the semitendinosus and longissimus was likely due to hyperplasia as there was
a 19% increase in the quantity of Type IIA and 11X fibers in the semitendinosus (P < 0.05) and
no effect to the muscle fiber size (P > 0.05). Carcasses from steers with one F94L allele had
larger ribeye areas (99.2 versus 92.3 sq.cm.), greater ribeye width: length ratios (0.498 versus
0.479), lower USDA vyield grades (2.21 versus 2.66), and lower marbling scores (438 versus 480)
(P < 0.05). Additionally, for boxed beef yields, one FO4L allele (versus zero F94L alleles)
increased (P < 0.05) 85/15 trimmings (+3.4 kg), top round (+1.50 kg), strip loin (+0.67 kg), eye
round (+0.52 kg), tenderloin (+0.35), boneless foreshank (+0.33 kg), cap/wedge (+0.32 kg), and
tri-tip (+0.22 kg) per animal. Overall, carcasses from steers with one F94L allele had greater
boxed beef yield (+1.06%), boxed beef plus 85/15 trimmings yield (+1.65 %), and total retail
cuts plus ground beef 85/15 yield (+1.78%) than carcasses from steers with zero F94L alleles (P

< 0.05). One copy of the F94L allele utilized in beef X dairy breeding system had no significant

impact on live performance traits but resulted in lower marbling scores and increased
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muscularity as evidenced through larger, more symmetrical ribeyes, lower USDA vyield grades,

and higher carcass cutout yields (both boxed beef and retail yields).

Introduction

Beef from dairy herds accounts for over 20% of U.S. beef production (DelCurto et al.,
2017). Use of semen from beef breeds to inseminate dairy cows has increased substantially in
recent years, evidenced by an increase in annual U.S. beef semen sales of 6.15 million units from
2017 to 2021 and a concurrent decrease in annual U.S. dairy semen sales of 6.21 million units
during the same time frame (NAAB, 2022). This increase in utilizing beef sires on dairy cows is
due to a combination of factors including: 1) a reduced requirement for dairy heifer replacements
resulting from advances in reproductive performance and a slowed global dairy herd expansion,
2) increased used of sexed semen to produce dairy heifer replacements, 3) a desire to increase the
value of non-replacement calves, and 4) mounting concerns about the disposal of calves shortly
after birth due to lack of market value (Berry, 2021). However, limited research has been
conducted on the carcass and meat characteristics from beef-on-dairy systems and much of this
limited research is from the 1960s. In an extensive review on the subject, Berry (2021)
concluded “Many of the studies that have compared the performance characteristics of dairy x
dairy versus beef x dairy are now dated, and a description of the dairy and beef germplasm
relative to the breed as a whole is not well defined.”

One of the greatest disadvantages of producing beef from dairy cattle is the lack of
muscularity in dairy cattle breeds resulting in poor carcass conformation, ill-shaped ribeyes, and
poor carcass cutout yields. In fact, there is a negative genetic correlation between milk yield and
carcass conformation where animals that are selected to produce more milk also tend to be more

angular and less muscular (Berry et al., 2004). Based on data from 2,590 Holstein sires, Berry
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(2021) reported negative genetic correlations of milk traits (milk yield, protein yield, fat yield)
with carcass conformation (-0.43 to -0.22). It is therefore likely that as selection continues for
increased milk production, carcass conformation and carcass cutout yield of straight dairy steer
carcasses will continue to decrease. Using beef sires on dairy cows could be an efficient and
effective method of reducing these carcass conformation/yield deficiencies; however, it will be
critical for the dairy industry to identify the correct sires.

Myostatin is a protein produced and released by muscle cells to control the rate of muscle
growth by inhibition. There are several known mutations in the myostatin gene that result in
varying degrees of increased muscle growth through hyperplasia, an increase in the number of
muscle fibers (Cieploch et al., 2017). Some of these mutations, such as those in Belgian Blue and
Piedmontese cattle, result in extreme muscle growth sometimes termed “double muscling”.
These potent mutations dramatically improve carcass conformation and cutout yield in cattle;
however, these mutations have been shown to increase dystocia, negatively impacting one of the
top considerations when selecting beef bulls for beef-x-dairy systems (Halfman and Sterry,
2019). Another myostatin gene mutation, termed the F94L substitution, has a less severe effect
on muscling phenotype when compared to other mutations (Esmailizadeh et al., 2008). This
F94L substitution has been found in several breeds of cattle, most frequently in Limousin cattle,
but also present in Charolais, Blonde d’Aquitaine, Angus, Droughtmaster, Peidmontese, and
Simmental (Dunner et al., 2003; Sellick et al., 2006; Vankan et al., 2010).

Cattle with the FO4L myostatin gene have a higher average daily gain and likely have a
lower maintenance energy requirement (Hales et al., 2020). The F94L substitution has been
reported to increase ribeye area and decrease fat thickness without affecting carcass weight

(Esmailizadeh et al., 2008; Alexander et al., 2009; Bennet et al., 2019). Consequently, the F94L
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substitution has been shown to increase meat percentage in a carcass cutout study (Sellick et al.,
2007) and increase tenderness in both longissimus (Bennet et al., 2019) and semitendinosus
(Lines et al., 2009) muscles, but has been associated with decreased marbling scores (Bennet et
al., 2019). Aside from the decrease in marbling, all other FO4L effects appear beneficial for
carcasses from a beef-on-dairy system. The increase in muscling and carcass cutout yields from
the F94L substitution could especially benefit the value of beef-dairy cross carcasses. Our
objective was to determine the effect of the F94L substitution in the myostatin gene when
utilized in a beef-on-dairy mating system on muscle fiber type distribution and size, live animal

weights, carcass characteristics, and carcass cutout yields for boxed beef and retail.
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Materials and Methods

Animal care and use committee approval was not required for the methods used in this study as
animal procedures were confined to commercial carcasses and retrospective evaluation of

existing records; no live animals were used.

Phase | - Cattle Selection and DNA Testing

Carcasses (n=58) from steers resulting from the mating of two Limousin/Angus sires
heterozygous for the F94L myostatin mutation to Jersey/Holstein dams were utilized in this
research. As indicated by DNA analysis, 30 carcasses were from steers with one copy of the
FI4L allele and 28 carcasses were from steers with zero copies of the FO4L allele. The two sires
were proven sires that were somewhat divergent in their genetic makeup (Table 1). Sire A was a
higher-percentage Limousin bull, whereas Sire B was an Angus-Limousin cross. Sire A’s EPD’s
indicated that he would sire calves born with less dystocia than Sire B. Sire A had carcass
genetics for higher cutability (higher REA EPD and lower YG EPD), whereas Sire B had a

higher marbling EPD.

Phase Il — Cattle Selection and DNA Testing

Carcasses from 58 other steers, sired by three bulls heterozygous for the FO4L allele were
identified in a commercial packing plant for additional carcass data. One of these three sires was
also represented in Phase | (Table 1). Muscle tissue samples from these 58 steers were DNA

tested for FO4L genotype and breed composition.
Cattle Feeding, Management, and Slaughter
Calving data was obtained from the cooperating dairy producer and feedlot performance

was obtained from the cooperating feedlot. All steers were transported from their geographic
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origin to feedlot facilities in Happy, TX. Early in the feeding period, steers were given an
implant containing 200 mg of trenbolone acetate and 28 mg of estradiol benzoate. Later in the
finishing period, steers were reimplanted with 100 mg of trenbolone acetate and 14 mg of
estradiol benzoate. Cattle were fed a finished diet that consisted of approximately 66% wheat,
27% wet gluten feed, 5% cornstalks, and less than 1% of added fat as-fed. Additionally, the
finished diet was supplemented with vitamins A, D, and E, monensin, a probiotic, and tylosin
phosphate. Standard feedlot procedure was modified so that the cattle used in this study were not
supplemented with beta-agonists. Cattle were individually weighed at an average of 96 days of
age (arrival to the feedlot), 285 days of age, 457 days of age, and 524 days of age (end of feeding
period) to calculate average daily gain. Phase | cattle were transported 11 hours to the University
of Arizona Food Product and Safety Lab where they were harvested in two random groups using
standard U.S. beef industry practices and inspected by the USDA-FSIS. Electrical stimulation

was not used on these carcasses.

Fiber Cross-Sectional Area and Myosin Heavy Chain Determination (Phase | carcasses only)

Longissimus and semitendinosus muscle samples were excised from the left side of each
carcass and fixed for muscle fiber type analysis shortly after slaughter. Immunohistochemical
analysis was performed at Texas Tech University according to the procedures of Hergenreder et
al., 2016. Sections of meat sample were mounted on slides for staining. Slides were then
incubated in a series of primary and secondary antibodies. Following this, slides were cured at
4°C for 24 h in the dark. All slides were imaged within 48 h of curing using 200X working
difference magnification of an inverted fluorescence microscope (Nikon Eclipse, Ti-E; Nikon
Instruments, Inc., Mellville, NY) with a UV light source (Intensilight C-HGFIE; Nikon

Instruments, Inc.) and a CoolSnap ES2 monochrome camera (Photometrics, Tucson, AZ).
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Images were artificially colored and analyzed using NIS Elements Imaging software (Nikon
Instruments, Inc.). A total of 5 random images were taken of cryosections from each slide. All
muscle fibers were counted and enumerated as a percentage of the total number of muscle fibers.
The cross-sectional area of each fiber in each image was measured and expressed on a square um

basis.

Carcass Data Collection

Kidney, pelvic and heart fat (KPH) were removed hot after evisceration, weighed, and
reported as a percentage of hot carcass weight (which included KPH weight). Carcasses were
ribbed (cut between the 121 and 13" rib bones to expose the longissimus muscle for grading) 48
hours postmortem and carcass data were collected by experienced personnel. In phase | and
video image analysis in phase Il carcass data included adjusted fat thickness, ribeye area, overall
maturity, dark cutting discount, marbling score, and USDA Quality and Yield grades. Additional
carcass data collected in phase I only included lean and fat color readings in the L-a-b color
space using a Konica Minolta CR-310 chroma meter (Konica Minolta Inc, Ramsey, NJ), ribeye
measurements, marbling, and lean color measured on both right and left sides and averaged for

each carcass.

Boxed Beef and Retail Yields (Phase I carcasses only)

Five to eight days postmortem, the right side of each carcass was fabricated at the
University of Arizona by nine experienced meat cutters (mean = 23.1 years of experience) to
determine boxed beef and retail yields. As much as possible, the same meat cutter fabricated the
same cuts throughout the study. Carcass sides were fabricated first into beef subprimals to

determine boxed beef yield, and subsequently into retail cuts to determine retail yield. Boxed
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beef fabrication style was chosen based on the highest volume traded cuts according to the
USDA report “National Weekly Boxed Beef Cutout And Boxed Beef Cuts - Negotiated Sales”
(USDA-AMS, 2021). For boxed beef yield, the brisket was trimmed to 25-mm maximum fat and
the other subprimals were trimmed to either 6-mm fat or 0-mm fat depending on the most
common industry practices (see Table 7 for complete list of boxed beef cuts and fat trim levels).
For retail yields, brisket flat and point were trimmed to 6-mm fat, strip steaks and ribeye steaks
were trimmed to 3-mm fat, and all other retail cuts were trimmed to 0-mm fat (see Table 9 for
complete list of retail cuts and fat trim levels). Lean trimmings for each carcass were individually
course-ground, mixed, and analyzed separately for total fat analysis, determined by AOAC

method 960.39, to adjust each carcass’s trimmings to a standard 15% fat.

Statistical analysis

Data were analyzed to determine the effect of one copy of the F94L myostatin gene on
fiber type distribution and size, carcass data, and boxed beef and retail yields. The PROC Mixed
procedure in SAS Studio (SAS Institute, Cary, NC) was used to analyze data as a mixed model
with F94L genotype and sire as fixed effects, slaughter group as a random effect, and percent
jersey of dam as a linear covariate, with animal serving as the experimental unit. Treatment

comparisons were tested for significance at o = 0.05.
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Results and Discussion

Cattle Performance Traits

The F94L allele did not affect gestation length, birth weight, or percent unassisted births
(P >0.05, Table 2.2). This is very important because dairy producers cite calving ease as a high
priority when selecting beef sires to mate with dairy cows (Halfman and Sterry, 2019). Other
myostatin mutations are known to significantly increase dystocia; therefore, the lack of increased

dystocia from the FO94L gene is good news for dairy producers.

There was a large sire effect on birth weight (Table 2.2) as expected based on the sires’
EPDs (Table 2.1). Jersey dams had a longer gestation length, calves with lower birth weights,
and a higher percentage of unassisted births compared to Holstein dams (Table 2.2). The F94L
allele did not affect average daily gain in the feedlot, live weight at harvest, hot carcass weight,
or dressing percentage (P > 0.05, Table 2.2). Calves from Jersey dams had lower feedlot gains,

live weights, and hot carcass weights than calves from Holstein dams.

Abattoir Yield

The F94L allele increased tongue weight and tongue percentage as a percent of the live
weight (Table 2.3). Previous studies have cited that a characteristic of double-muscled cattle is
having a larger or thicker tongue compared to normal cattle (Arthur, 1995; Kieffer and
Cartwright, 1972; West, 1974) which agrees with our observation of increased tongue weight in
carcasses from steers with one F94L allele. Another characteristic of double-muscled cattle is a
reduction in the size of heart, lungs, and kidney (Cieploch et al., 2017) contrary to what was

observed in the present study. The F94L mutation results in a less severe muscling increase
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compared to other myostatin mutations, which could explain why we did not observe any major

reduction in organ weights.

Sire B had greater head, tongue, liver, and heart weights and a higher liver abscess score
compared to sire A (Table 2.3). Steers from Jersey dams had a heavier hide, spleen, and kidney

as a percentage of live weight compared to Holstein dams (Table 2.3).

Muscle Fiber Type

Increased muscularity can be the result of hyperplasia (increased number of muscle
fibers) and/or hypertrophy (increased size of muscle fibers). Hyperplasia mostly occurs
prenatally, whereas most hypertrophy occurs after birth. Beef muscles are a mixture of three
fiber types: Type | (slow oxidative), Type Il1A (fast oxidative), and Type 11X (fast glycolytic).
The F94L allele increased cross-sectional muscle area of both the longissimus and
semimembranosus muscles (Table 2.4). The fiber size was not affected by F94L; however, F94L
caused a greater number of Type 1A and Type 11X fibers in the semitendinosus muscle. Several
studies have indicated that double-muscled cattle have higher proportions of type Il fibers and
lower proportions of type | fibers compared to normal cattle (Ashmore et al.,1974; Stavaux et al.,
1994; Martyn et al., 2004). Cullen et al. (2009) reported that the F94L mutation in Jersey-
Limousin backcross cattle increased the proportion of type Il fibers in the longissimus contrary
to the lack of effect we observed. It appears that the increased muscularity caused by F94L is a

result of increased hyperplasia, and not increased hypertrophy.

In contrast with the FO4L hyperplasia effect, increased hypertrophy caused greater
muscularity of the longissimus in the offspring of Sire A compared to the offspring of Sire B

(Table 2.4 and Fig. 2.1). In a review on breed effects on muscle fiber proportions, Picard and
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Gagaoua (2020) indicated that Limousin cattle produce higher percentages of 11X fibers
compared to Angus. In our study, sire A (high percentage Limousin) had a higher proportion of
I1X muscles fibers in the semitendinosus compared to sire B (Angus-Limousin), in alignment
with the breed effects reported by Picard and Gagaoua (2020). Calves from Jersey dams had

smaller Type IIA fibers than calves from Holstein dams (Table 2.4 and Fig. 2.2).

Carcass Traits - Yield

Overall, the carcasses in this study were leaner than industry average and slightly leaner
than those beef-dairy crosses typically marketed by the cooperating producer (Table 2.5). The
FI4L allele did not affect external fat thickness or KPH fat percentage (P > 0.05). The F94L
allele did cause an increase in ribeye area of 6.9 square cm., resulting USDA Yield Grade
improvement of approximately one-half grade and an increase in percentage of Yield Grade 1°s
and 2’s. Previous studies showed additive effects of the F94L allele in Limousin-Jersey
backcross progeny in Australia and New Zealand indicating an increase in ribeye area +10.5%
and +4.8%, respectively (Esmailizadeh et al., 2008) and +4.15cm? (Sellick et el., 2007). The
FI4L allele increased both ribeye length and ri