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The discipline of meat science has classically focused on ante-mortem and post-mortem handling procedures that effect ultimate meat quality.
Furthermore, meat science has also ventured into genetic and physiological factors that impact ultimate meat quality. However, in general, meat
scientists have not fully considered the impact of embryonic development nor have they targeted the embryo in strategies aimed at optimizing meat
quality. Embryonic development has a profound impact on ultimate meat yield and meat quality because embryonic events program muscle phenotype, muscle growth potential, ultimate muscle size, and muscle metabolic potential. In farm animals, myofiber size, contractile protein composition,
and myofiber phenotype have a profound impact on eating quality. During development, gastrulation begins when the blastoderm invaginates to form
the endoderm, mesoderm, and the ectoderm. The somites, derived from the mesoderm, are the classically accepted site of myogenesis. The underlying
mechanisms governing myogenesis, regulating myofiber number, and determining myofiber phenotype are not yet fully understood. The focus of this
manuscript is to review the general embryonic mechanisms governing muscle development and to speculate about potential targets to improve meat
quality through embryonic manipulation.

INTRODUCTION
The discipline of classical meat science has tended to
focus on the immediate ante-mortem and post-mortem biological mechanisms/pathways that affect appearance, flavor,
and tenderness as measures of ultimate meat quality. However, little attention has been placed by meat scientists upon
the effect of embryonic influences on ultimate meat quality. Given the emphasis over approximately the last 80 years
on optimizing animal management, and the last 60 years of
meat science as a distinct discipline, it is likely that completely optimal production systems will soon be in place, and that
the information is already available to maximize ultimate
meat quality. However, outside of genetic manipulation, the
embryo is likely the last target of management systems to
maximize meat yield as well as meat quality. As with all animal production strategies, it is important to understand the
mechanisms governing muscle development to devise new
methodologies aimed at improving meat quality through
embryonic management or manipulation. Therefore, this
article will review the basic mechanisms of muscle development in the embryo.
EMBRYONIC DEVELOPMENT
The chicken is the classical model for developmental
biology because the accessibility of the chick embryo allows
embryonic observation and manipulations that are not possible in a mammalian system. The chick embryo is presented as
the model system for muscle development because the general mechanism between chick development and mammalian

development is essentially the same. Furthermore, the chick
embryo has been the classical model for human development
for more than a century.
Construction of an avian egg begins with the ovulation of
a mature ovum from the ovary. Sperm are stored in the sperm
host gland of the female, and fertilization happens when the
ovum enters the infundibulum of the oviduct. The fertilized egg enters the magnum, which secretes albumen. Subsequently, the ovum enters the isthmus where the outer and
inner shell membranes are deposited to prepare the egg for
shell formation in the shell gland. It takes approximately 3.5
to 4 hours for the ovum to move from the infundibulum into
the shell gland, where the egg remains for the approximately 20 hours it takes to form the eggshell. The first cleavage
division occurs upon entry of the ovum into the shell gland.
Over the 20 hours it takes to form an egg shell, cell divisions
continue, and at lay, the embryo is at the blastodermal stage
and comprises 50,000–60,000 cells on the surface of the yolk
mass [Spratt & Haas, 1960]. Although blastodermal cells
may express myogenic markers such as the DNA binding
protein MyoD, and myogenic commitment may occur for a
population of cells within the blastoderm [George-Weinstein
et al., 1996; Gerhart et al., 2000; 2004], the classical generally accepted primary site of myogenesis is the somite [Williams et al., 1910; Kaehn et al., 1988; Christ & Ordahl, 1995;
Denetclaw et al., 1997; Brand-Saberi & Christ, 2000].
The blastoderm of the freshly laid egg contains an area
pellucida, which forms the actual embryo, and the area pellucida is surrounded by the area opaca, which contributes to
the extraembryonic membranes. The blastoderm also consists of an upper epiblast, which produces the three germ lay-
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ers (endoderm, mesoderm, and ectoderm). The blastoderm
also contains a lower hypoblast that only contributes to the
extra-embryonic circulation [Petitte et al., 1997]. The space
between the epiblast and the hypoblast is analogous to the
mammalian blastocoel.
The next major structural change after epiblast and hypoblast formation is the thickening at the posterior end of the
embryo to form the primitive streak. Ingression of endodermal precursors from the epiblast into the blastocoel, and by
the migration of cells from the lateral region of the posterior
epiblast toward the center of the embryo forms the primitive
streak. As cells enter the primitive streak, it elongates toward
the anterior portion of the embryo and a depression occurs
in the developing embryo forming the primitive groove. At
the anterior end of the primitive streak, a regional thickening
called Henson’s node forms. The center of Henson’s node
contains a depression called the primitive pit where cells
pass into the blastocoel (Figure 1). The primary organizer of
chick development is Henson’s node because removing Henson’s node from a developing embryo results in embryonic
structural malformations [Charrier et al., 2005; Stern, 2005].
Eventually, the primitive streak regresses, and it is replaced
by the notochord. Formation of mesodermal and endodermal
organs occurs simultaneously with neural tube formation.
The notochord develops into the vertebral column, and the
neural tube develops into the central nervous system. During
early embryonic development, the neural tube forms over the
notochord from the base of the head into the tail. The paraxial mesoderm separates from the neural tube and forms blocks
of cells called somites, as the primitive streak regresses and
neural folds form at the center of the embryo [Stern, 1994,
2005; Stern & Hauschka, 1994]. Somites are transient structures that are essential for the pattern formation of muscle,
and they are the generally accepted major site of myogenesis
[Chevallier et al., 1977; Christ et al., 1977; 1978; Kaehn et al.,
1988; Ordahl & LeDourain, 1992; Ordahl et al., 2001].
Upon initial somite formation, the cells that comprise
the somite are pluripotent [Aoyama; 1993; Pourquie, 2001].
However, the somite can be partitioned into three subdivisions, the sclerotome, the dermatome, and the myotome. The
sclerotome will form the cartilage of the vertebrae and the rib.
The dermatome generates the mesenchymal cells that form
the connective tissue underlying the dermis [Pourquie, 2001].
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The myotome is the portion of the somite where muscle arises, and the myotome of the somite can be subdivided into the
epaxial portion and the hypaxial portion [Hawke & Garry,
2001]. The epaxial myotome forms the back muscles whereas the hypaxial myotome forms the muscles of the body wall
including the abdominal muscle and limb [Hawke & Garry,
2001; Christ & Brand-Saberi, 2002] and both the epaxial
myotome and the hypaxial myotome arise from the dermamyotome in the somite. The hypaxial cells migrate and form
the limb bud, but when the receptor for hepatocyte growth
factor (c-met) is absent then limb muscles do not form [Bladt
et al., 1995] suggesting that there is a complex signaling
mechanism governing cell fate in the embryo (Figure 2). It is
important for meat scientists to appreciate rudimentary pattern formation of skeletal muscle because the developmental
processes determine the ultimate shape and constituents of
the final meat product. It has been well established that certain muscles such as the psoas major (arising from the epaxial myotome) have more desirable eating characteristics than
other muscle such as the rectus abdominus arising from the
epaxial myotome. The underlying differences in tenderness
and eating quality may be attributed to muscle function and
connective tissue content, but it is these underlying embryonic developmental process that dictate muscle location, muscle
function, muscle connective tissue composition and ultimately final eating quality.
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FIGURE 2. Schematic representation of muscle formation during
embryonic development. The somite can be divided into the dermatome,
the myotome, and the sclerotome. The dermatome develops into the tissue underlying the skin, and the sclerotome develops into the vertebral
column. The myotome can be subdivided into a hypaxial region that
develops into the back muscles, wheras the hypaxial myotome develops
into muscles of the body wall/abdomen and the limbs. Drawing is based
on Hawke & Garry [2001].
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FIGURE 1. Image illustrating the epiblast, the hypoblast, Henson’s
node, and the invaginating mesodermal cells. Based upon a figure in
Langman’s Medical Embryology [Sadler, 2005].

The somites are generally regarded as the site of myogenesis, but the process of myogenic specification is quite complex. Myogenic specification within the somite appears to
be tied to cues from the notochord, dorsal ectoderm, neural tube, and specification is closely tied to the expression of
myogenic regulatory factors such as Pax-3 and Pax-7 [Cossu
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et al., 1996; Borycki et al., 1995a, b; Wagers & Conboy, 2005]
Once a cell becomes a myoblast it migrates to a site of myogenesis, and it begins to enter into terminal differentiation by
expressing myogenin [Smith et al., 1994; Andres & Walsh,
1996]. The cells complete terminal differentiation by fusing
to form multinucleate myotubes. Once a cell fuses with the
myotube it becomes terminally differentiated and it can no
longer proliferate. Furthermore, proliferating myoblasts do
not express myofibrillar proteins, and once myofibrillar proteins appear cells are terminally differentiated. After myotube formation in mammals, they exclusively exhibit central
nuclei, but as the myotubes mature into myofibers the nuclei
undertake a peripheral position. The postnatal myofiber is
post-mitotic, multinucleate, and scientific dogma suggests
that postnatal muscle growth occurs exclusively through an
increase in myofiber size without an increase in myofiber
number. Therefore, embryonic events limit the growth potential of the animal, and a limiting factor to myofiber growth is
the amount of cytoplasm that an individual nucleus can support [Landing et al., 1974]. However, the postnatal increase
in muscle size occurs concurrent with the increase in DNA
content. Since myofibers are post-mitotic the DNA must
come from an exogenous cell source. In skeletal muscle, a
population of satellite cells lies outside the myofiber sarcolemma, but within the basal lamina, and they are called satellite cells [Mauro, 1961]. The role of satellite cells during normal muscle growth is to proliferate and donate nuclei to the
growing myofiber [Moss & Leblond, 1971]. Furthermore, it
has recently been shown the myoblasts and satellite cells arise
from the same embryonic lineage [Gros et al., 2005, Relaix et
al., 2005].
SATELLITE CELLS
Satellite cells have been classically defined by their position between the sarcolemma and the myofiber basal lamina, and classically satellite cells were thought to be committed to myogenesis, whereas cells within the connective tissue
matrix were thought to be incapable of undertaking a myogenic fate. The first evidence of satellite cell heterogeneity
was that satellite cells formed large colonies and small colonies when maintained in vitro [Schultz & Lipton, 1982] followed by the discovery that some satellite cells (~80% of the
population) represent a rapidly cycling cell population while
other satellite cells represent a very slowly dividing population [Schul tz, 1996]. Therefore, quiescent and dividing satellite cells are found in post-natal muscle. However, the most
intriguing findings that changed the satellite cell field were
that cells isolated from skeletal muscle were not all committed to myogenesis [Jackson et al., 1999; Asakura et al., 2001;
Mckinney-Freeman et al., 2002]. Subsequently, it was discovered that some cells within the satellite cell population
did not express myogenic markers such as MyoD and myogenin, while some cells in the connective tissue compartment
did express myogenic markers [Tamaki et al., 2002a, b]. Furthermore, it has been shown that satellite cells can undertake
alternative fates to myogenesis, such as adipogenesis [Shefer
et al., 2004]. Therefore, the precise relationship, definition,
and functional significance of the cells within the satellite cell
population and the endomysial connective tissue compartment has become much more controversial over the last sev-
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eral years. The firm conclusion that can be drawn about proliferating muscle or muscle precursor cells is that cells within
the satellite cell population can undertake phenotypes other
than skeletal muscle, while a subset of cells within the connective tissue compartment can undertake a myogenic fate.
The functional significance of the heterogenous nature
of satellite cells and fibroblasts is presently not completely
understood, but the implications for meat quality and quantity are obvious. Firstly, if the cell populations can be manipulated prenatally or postnatally to form a desired amount of
intramusclar fat to meet current market demands, it will be
possible to engineer beef animals with a high fat content to
benefit a niche market for high intramusclar fat/high quality
meat. Alternatively, if it is possible to direct cells toward lean
muscle mass and away from fat, it will be possible to optimize lean meat accretion as well as engineer a product with
the low-fat content for the health conscious consumer.
Another obvious effect of embryonic development on
meat quality is the establishment of myofiber type diversity. Red or slow myofibers are characterized by high myoglobin content, slow contraction speeds, oxidative metabolism, and they are specialized to meet long-term demands on
the muscle. In contrast, white or fast myofibers are characterized by low myoglobin, fast contraction speeds, glycolytic metabolism, and they are specialized to meet short-term
needs. It appears that myofiber type is programmed in the
embryo because myofiber type diversity is established early
in development, but innervation also appears to impact myofiber phenotype [DiMario & Stockdale, 1997]. Furthermore,
satellite cells remain faithful to the phenotype of their host
myofiber when they are cultured in vitro [Rosenblatt et al.,
1996]. It has been proposed that the myogenic regulatory factors MyoD and myogenin may be causative factors governing myofiber phenotype because MyoD has been associated
with fast myofibers and myogenin has been associated with
slow myofibers [Voytik et al., 1993 Hughes et al., 1993]. It
appears that there is not a simple relationship between myofiber phenotype and myogenin/myoD expression [Jacobs-El et
al., 1995; Kraus & Pette, 1997]. However, it may be possible
to alter the eating characteristics of an animal through postnatal manipulation because over-expressing myogenin has
altered the oxidatative capacity/phenotypic characteristics of
myofibers [Hughes et al., 1999; Ekmark et al., 2003]. It may
also be possible to engineer muscle with a specific myofiber
phenotype by directing cells of a certain lineage toward specific muscle fates, but muscle phenotype is partially dictated
by anatomical location and functional demand as well as a
genetic prediposition to a certain phenotype.
In summary, the emphasis of this manuscript is to review
the key aspects of embryonic muscle development to remind
meat scientists that the embryonic system predisposes an
animal to generate a carcass with certain eating characteristics. Production systems and post-mortem handling procedures are likely nearing full optimization leaving the only targets for optimizing meat yield to be genetics and embryonic
development. Genetic manipulations will likely always take
a significant amount of time because genetic optimization
occurs over several generations whereas manipulating embryonic development to meet immediate production targets can
occur on demand.
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