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ABSTRACT

GROWTH AND MUSCLE DEVELOPMENT OF FEEDLOT
CATTLE OF DIFFERENT GENETIC BACKGROUNDS

By

Dan Edward Eversole

Four cattle types of steer calves (averaging 220.8 kg) from a
common source were used in a two-year study to evaluate the role of
genetic selection and crossbreeding and ration energy level on feedlot
performance and muscle growth. The selection-crossbreeding scheme
resulted in the following cattle types: Unselected Hereford (UH);
Selected Hereford (SH); Angus x Hereford x Charolais (AHC); and Angus x
Hereford x Holstein (AHH). One hundred and nineteen steers were ran-
domly allotted within cattle type to either an 80% corn grain (HG) or
a 90% corn silage (HS) ration.

Steers from each cattle type were slaughtered on day 1 and at

the termination of the feedlot trial. The semitendinosus (ST) muscle

was removed from the hindquarter immediately after slaughter, trimmed,
weighed and then frozen. The ST was later assayed for nucleic acids,
moisture, protein, 1lipid and muscle protein fractions. Pituitary glands
were also removed from the initial and terminal slaughter cattle and
analyzed for growth hormone concentration and content.

Average daily gains increased with increasing frame size for the

UH, SH and AHC cattle types. However, the AHH steers gained less than
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expected based on their frame size. Averaged across cattle types,
steers fed HG gained 26% faster than the HS fed steers. Smaller-framed
steers tended to be more efficient than the larger-framed steers.

Semitendinosus muscles from terminal slaughter steers had

less moisture, more intramuscular 1ipid and slightly more protein than
muscles from initial slaughter steers. Ration and cattle type had no
effect on the proximate analysis of the ST from terminal slaughter
steers.

Nucleic acid concentrations across cattle types declined with
advancing age but total DNA, RNA and protein were higher in the terminal
than the initial slaughter cattle. Differences in total content were a
reflection of variations in ST weights. Steers fed HS had significantly
heavier ST weights, more total protein/ST and higher protein/DNA than HG
fed steers. Total RNA/DNA among cattle types was Tower for the terminal
slaughter steers than those slaughtered initially. However, protein/DNA
increased with age.

Ration had no significant effect on the various muscle protein
fractions. The total amount of sarcoplasmic and myofibrillar protein
across cattle types increased substantially between the initial and
terminal slaughter. The larger-framed AHC and AHH cattle types had
more total protein in each muscle protein fraction than the smaller-
framed UH and SH steers. Relative differences among cattle types were
a function of ST weight. The SDS-polyacrylamide gels revealed that
there were no differences in myofibrillar protein composition in ST

muscles among the cattle types.
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Blood samples from all steers were taken on days 1, 29, 57,
113 and 169 of the feedlot trial and analyzed for insulin and growth
hormone using the radioimmunoassay technique. Overall mean serum
insulin levels were not consistently affected by cattle type but
increased in all steers during the trial. Steers fed HG had sig-
nificantly higher serum insulin concentrations than HS fed steers
except on day 1. Serum insulin was positively correlated to ADG.

Serum growth hormone levels throughout the trial were not
consistently affected by cattle type or ration. Serum concentrations
of growth hormone in steers fed HG were lower and tended to fluctuate
more erratically than in steers fed HS. Serum growth hormone and ADG
were not related. Similar observations were noted between serum
insulin and serum growth hormone.

The absolute anterior pituitary weight increased with increasing
frame size. Initial slaughter steers had higher pituitary concentra-
tions of growth hormone than the terminal slaughter steers. Total
pituitary growth hormone tended to level off between 215.2 and 519.4
kg to live weight. Steers fed HS had significantly higher pituitary

concentration and content of growth hormone than HG fed steers.
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INTRODUCTION

The ultimate goal of all Tivestock production programs should
be to produce enough red meat to feed a hungry world and do it on the
least acreage with a diminutive amount of feed. However, regardless
of Tivestock production technologies, there has not yet been developed
a meat animal species to fit the above needs. Too many inferior meat
animals are still being maintained in breeding programs as seedstock
that require considerable capital and land which could yield higher
returns if the quantity and quality of the end product were upgraded.
Consequently, these inferior meat animals are unsuitable to practical
economic and management systems.

Livestock producers must attempt to produce meat animals that
will yield a higher percentage of edible lean with a minimal amount of
fat and still have acceptable palatability to satisfy the consumers.
Within the last decade alterations in market demands have placed more
and more emphasis on inherent muscling and freedom from adipose tissue.
Human health advocates have insisted that excessive animal fat in human
diets can lead to cardiovascular diseases. As a result of the afore-
mentioned factors, consumers have become more and more conscious in
selecting meat that has a high proportion of Tean. Meat and animal
scientists are, therefore, concerned primarily with efficient meat

production and those processes regulating growth and muscle development






as well as the fattening of livestock. Needless to say, these body
mechanisms are of fundamental importance to the 1ivestock producer
and consumer.

The research study reported herein involved four genetic types
of feedlot steers from the same herd. This two-year study was under-
taken to better understand the effects of selection, genetic type and
ration energy level on the variation of growth and muscle development
of steers from four genetic backgrounds. The growth and development of
bovine muscle was examined by analyzing the moisture, protein and fat

content, muscle protein fractions and nucleic acids in semitendinosus

muscle tissue. This project was also designed to measure serum levels
of growth hormone and insulin during different stages of growing and
finishing. In addition, the components of the fibrillar protein
fraction were examined by SDS-polyacrylamide gel electrophoresis

for any detectable differences among the four genetic steer types.






LITERATURE REVIEW

Growth and Development

Growth and development are of utmost importance to the
livestock and meat industry because production of meat is dependent
upon this complex, universal process. People associated with livestock
production rely upon all the various phases of growth and development
but are primarily concerned with that period from birth to slaughter.
A thorough understanding of the growth and development of an animal is
essential if animal agriculture is to continue to provide food for an
increasingly hungry world. Various parameters of growth such as the
initiation of growth, the termination of maturity and the regulation
of growth rate are not entirely understood. However, the knowledge
that is implicit about growth and development remains to be applied
at the production level.

Growth and development are so complex that they are not easily
defined by animal scientists. There have been wide differences of
opinion on what should constitute growth of an individual. Schloss
(1911) broadly defined growth as a correlated increase in the mass of
the body in definite intervals of time in a way characteristic of the
species. Brody (1945) later proposed that growth was the aspect of
development in which new biochemical units were synthesized either

during cell multiplication, cell enlargement or the incorporation






of materials from the environment. Other authors have other schemes

of classifications. Hammond (1952) and McMeekan (1959) have defined
growth as an increase in bodyweight until mature size was attained.
However, most researchers are in agreement that growth is more than

an increase in weight or size. The most commonly accepted definition
of growth has been proposed by Maynard and Loos1i (1969). They have
indicated that "true" growth involved an increase in muscles, bones and
organs and should be distinguished from any increase resulting from fat
deposition. Hence, any propagation in water, protein or ash content of
structural tissues constituted true growth.

Since growth and development are so closely related, it is
important that both are defined as one entity. Generally speaking,
development includes growth but also accentuates cellular differen-
tiation of a body. Lewis (1939) had explained that development was
a process involving growth, whereas Hammett (1936) had defined growth
to include development. Development is a gradual progression from a
lower to a higher stage of complexity as well as a gradual expansion
in size. More specifically speaking, development is defined as those
alterations in body shape or conformation until the various parts reach
maturity (Hammond, 1952; McMeekan, 1959).

The relative importance of the functions of the parts or
tissues for survival of an animal directs which parts and which
tissues will be formed first. The order of tissue growth and devel-
opment is synonymous in all species (Brody, 1945). Tissues that are

most vital toward the growth and development of an animal are formed






before birth. Thus, the order of tissue growth and development follows
a sequential trend according to physiological importance commencing
with the central nervous system and progressing to bone, tendon,
muscle, intermuscular or seam fat and subcutaneous fat (Palsson and
Verges, 1952a; McMeekan, 1959). Although the growth and development
of the central nervous system is nearly complete at birth, Berg and
Butterfield (1968) have shown that the major tissues of the animal body,
bone, muscle and fat, grow at relatively different post;atal rates.
Bone completes a greater proportion of its growth early in life than
either muscle or fat. Fat makes the greatest proportion of its growth
later in life. This was also earlier demonstrated in sheep by Hammond
(1921), Wallace (1948) and Palsson and Verges (1952b) and in swine by
McMeekan (1940).

Tulloh (1964) stated that bone in cattle increased with body
weight but at a decreasing rate which caused the percentage of bone to
decline as body weight increased. Weiss et al. (1971) and Johnson
(1974) also agreed with this finding stating that postnatal bone growth
was considerably slower than muscle or fat growth and was not propor-
tional to body growth. Cuthbertson and Pomeroy (1962) found similar
results in swine. They concluded that the bone production rate from
50 to 68 kg of carcass weight was the growth in length predominating
over growth in thickness and density. Thereafter, the rate of bone
growth between 68 and 92 kg of carcass weight was characterized by a
thickening and ossification of the bones and the rate of bone production
decreased during the latter stage indicating that muscle and fat were

comprising a higher percentage of the carcass weight.






Quantitatively, adipose tissue is the most variable constituent
in the body and in muscle (Callow, 1947; 1948). Most animals have very
little body fat stores at birth. Palsson (1955) stated that during
early development adipose tissue has the lowest nutrient priority and
is, therefore, the latest maturing tissue. The accretion of fat in the
body during postnatal growth and development is the result of animals
being fed for extended periods of time at intervals in excess of their
maintenance requirement. Consequently, a greater proportion of nutrients
are available to be utilized by the lTowest priority tissue. Other
factors such as sex, physiological age and breed of animal may also
influence fat deposition in the body and muscle. Schemmel et al.
(1970) found that the effect of ration contributed 40% of the total
variation of body weight and 74% of the variation of body fat for
rats of the same age and sex.

Cuthbertson and Pomeroy (1962) noted that the body fat content
increased as the liveweight of the animal increased. Zucker and Zucker
(1963) demonstrated under normal dietary conditions in the growing rat
that the accretion of body adipose tissue was closely related to body
weight and independent of age. Bergen (1974) illustrated that animals
reach compositional maturity at a given body weight rather than age.

He schematically showed that the rate of fat accretion became greater
than protein accretion at some body weight before the protein accretion
curve plateaued. He further summarized that there was 1ittle or no

change in lean body mass and an excessively obese animal may

eventually develop.






Filer et al. (1973) stated that the carcass body fat of
Pitman-Moore miniature pigs increased from 1.7% at birth to 23.9%
at day 28. The percentage of fat in the carcass declined thereafter
to 21.5% at day 56. Richmond and Berg (1971) reported changes occurring
in the patterns of fat deposition among the depot types as liveweight
increased in swine. They found that as liveweight increased from 23
to 114 kg, subcutaneous fat increased from 77.7 to 82.4% of the total
fat and the intermuscular fat decreased from 18.1 to 13.4%. This was
in agreement with earlier work done by Hedrick (1968) who indicated
that fat deposition occurred initially around the vital organs followed
by intermuscular, subcutaneous and finally intramuscular fat.

Skeletal muscle is the most abundant body tissue on a weight
basis (Hedrick, 1968) and is of great economic importance to the
livestock industry. Consequently, the sequence of events associated
with differentiation and development of skeletal muscle cells will be
discussed. Mesoderm, the middle third of the embryonic primary germ
layer, gives rise to skeletal muscle tissue. During embryonic devel-
opment, tissue of mesoderm origin exists as presumptive myoblasts
which are mononucleated cells committed to becoming a muscle cell
but incapable of fusion or synthesis of contractile proteins. These
cells differentiate into myoblasts, postmitotic cells containing many
ribosomes. Mononucleated myoblasts are capable of synthesizing myo-
fibrillar proteins and of fusing with other similar postmitotic cells.
The myoblasts may fuse with other myoblasts to form myotubes or may

fuse with existing myotubes. The nuclei in the multinucleated myotube






cannot divide mitotically. Consequently, the nuclei number in the
newly-formed myotube is indicative of the number of myoblasts that
fused to form it. Through maturation and differentiation myotubes
will form mature myofibers or skeletal muscle cells (Stromer et al.,
1974).

Since domestic animals are born at a relative late stage in
their fetal development, these mammals contain approximately all the
myofibers that they will ever possess because myoblast fusion discon-
tinues about the time of birth. Work done with swine (McMeekan, 1940;
Staun, 1963; Strickland et al., 1975), sheep (Joubert, 1956), and
chickens (Smith, 1963) agreed with the above finding. However,
Goldspink (1962) and Chiakulas and Pauly (1965) have shown in
cytological studies with rodents that the number of muscle fibers
increased postnatally during the first two weeks after birth. The
small postnatal increase in muscle cell numbers can be regarded as
an extension of embryonic muscle differentiation (Stromer et al., 1974).

Winick and Noble (1965) have characterized the growth of muscle
tissue into three distinct phases. Hyperplasia or the increase in cell
number predominates in the first phase and is succeeded by a concurrent
phase of hyperplasia and hypertrophy, the increase in cell size. The
third phase is predominately hypertrophy. During early muscle growth
hyperplasia is primarily responsible for the growth of muscle tissue
before fusion occurs. After fusion and in the absence of mitosis,
Goldspink (1972) stated that hypertrophy (characterized by the increase
in size and number of individual myofibers in the muscle cell) is

entirely responsible for muscle growth.






Postnatal Muscle Growth

There is a substantial postnatal increase in muscle mass.
E1liot and Cheek (1968) stated that one-fourth of the body weight
at birth in man and rat was comprised of muscle tissue. Regardless
of mature body size, Young (1970) reported that muscle constituted
approximately one-half of the body weight of mammals.

Growth of skeletal muscle subsequent to birth occurs through
enlargement of existing cells or hypertrophy rather than hyperplasia
(Joubert, 1956; Staun, 1963). Although nuclei within the multinucle-
ated cells of skeletal muscle do not mitotically divide, there has been
considerable evidence that the total nuclei number within muscle cells
increases postnatally (Winick and Noble, 1965; Moss, 1968; Robinson,
1969; Cheek et al., 1971; Williams and Goldspink, 1971; Powell and
Aberle, 1975). Small mononucleated cells that 1ie between the basement
membrane and the plasmalemma of muscle cells have been called satellite
cells (Mauro, 1961) and are responsible for the postnatal increase in
skeletal muscle nuclei. Swatland (1971) reported that hypertrophy in
muscle fibers is accompanied by an increase in the number of nuclei
as a result of fusion with the satellite cells. MacConnachie et al.
(1964) and Moss and Leblond (1971) have shown that satellite cells do
mitotically divided and are capable of synthesizing DNA but lose these
abilities upon fusing with the mature myofiber. Consequently, the
fusion process results in the addition of one nucleus to the skeletal

muscle cell (Stromer et al., 1974; Swatland, 1977).
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Postnatal muscle growth is also accomplished through growth
in length of the myofibrils. Due to the longitudinal bone growth in
a body, the muscles attached to these bones must also lengthen.
Goldspink (1968; 1972), Bendall and Boyle (1967) and Close (1972)
reported that the longitudinal growth of the myofibrils was achieved
primarily by the formation of new sarcomeres at the tendons rather than
the lengthening of existing sarcomeres. This finding was further sub-
stantiated by Griffin et al. (1972). Using labelled adenosine in young
rats, they demonstrated that the newly synthesized actin was aggregated
at the ends of the myofibers. Consequently, the most-recently made
sarcomeres were terminally located and were not as long as those
sarcomeres found toward the center of the myofibril.

Other morphological changes such as postnatal increases in
myofibril numbers have been reported in normal skeletal muscle growth.
Numerous studies by Goldspink (1970; 1971; 1972) have revealed longi-
tudinal splitting of the existing myofibril resulting in two smaller
daughter myofibrils. Rodent skeletal muscle cells possessing an
approximate diameter of 40 uM frequently split longitudinally during
muscle contraction. Electron microscopy has revealed that actin or
the thin filaments created an exertion on the Z-disk causing it to
tear near its center. As a result, the lengthwise separation of the

existing myofibril yielded two daughter myofibrils.
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Changes in Protein and Nucleijc Acids
During Muscle Growth

Protein

Water, protein and minerals constitute about 82%, 14% and 4%,
respectively, of the fat-free body weight at birth (Forbes, 1968).
However, although minerals remain relatively constant on a percentage
basis during growth, protein increases to approximately 21 to 24%
while water declines and eventually plateaus at 70 to 75%.

Numerous investigators (Dickerson, 1960; Dickerson and
Widdowson, 1960; Sink and Judge, 1971; LaFlamme et al., 1973;
Giovannetti and Stothers, 1975) have demonstrated that the proportions
of protein and 1lipid in muscle tissue increased and the proportion of
water decreased with increasing animal age. The percentage of water
in muscle decreased most rapidly during early growth. However, the
change in water percentage was progressively less rapid with age.

The protein nitrogen of skeletal muscle has been divided
into a number of fractions by the use of appropriate extractants.
Sarcoplasmic proteins have been identified as those muscle proteins
that are soluble in water or low ionic strength buffers (Helander,
1957). This protein nitrogen fraction contains the glycolytic and
citric acid cycle enzymes, hemoglobin, myoglobin and the electron
transport chain enzymes (Robinson, 1952a, 1952b; Forrest et al., 1975)
and is characterized by its low viscosity, low molecular weight and
globular shape. Hill (1962) found that the sarcoplasmic proteins
accounted for 25% of the total nitrogen in ovine, 15 to 20% in bovine

and 20 to 25% in porcine muscle, respectively.
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The muscle protein fraction that is soluble in high salt
concentrations has been identified a§ fibrillar protein (Helander,
1957). This nitrogen fraction contains the proteins associated with
muscle contraction and relaxation. The components are myosin, actin,
tropomyosin, troponin, M and C proteins, and a and B actinin (Robinson,
1952a, 1952b; Whitaker, 1959; Forrest et al., 1975). The sarcoplasmic
and fibrillar proteins together constitute the intracellular protein
of the muscle cell. Approximately 53%, 55% and 56% of the nitrogen
in ovine, bovine and porcine muscle, respectively, makes up the
fibrillar fraction (Hill, 1962).

The extracellular proteins, collagen, elastin and reticulin
constitute another muscle protein fraction called stroma protein
(Whitaker, 1959). Helander (1957) found that these proteins were
insoluble in both water and high ionic strength buffers. Hill (1962)
stated the extracellular proteins comprised 8 to 12% of the total
nitrogen in ovine muscle, 12 to 18% in bovine and 7 to 10% in
porcine muscle.

The fourth muscle protein fraction, non-protein nitrogen, is
separated from the sarcoplasmic protein fraction by its solubility in
trichloroacetic acid (Dickerson and Widdowson, 1960). This fraction
contains free amino acids, peptides, urea, creatine, creatinine,
creatine phosphate, nucleotides and nucleosides (Forrest et al.,
1975). The non-protein nitrogen comprised 11 to 13% of the total

nitrogen in porcine, ovine and bovine muscle (Hill, 1962).
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Development is associated with changes in the relative
proportions of the muscle protein fractions of the muscle cell.
Both the fibrillar and sarcoplasmic proteins differ according to
the stage of development with the rate of change being related to
the time of functional development of the muscle (Young, 1970). The
increase in the fibrillar protein fraction predominates during the
period of rapid protein accumulation (Gordon et al., 1966) and,
consequently, the percentage of total muscle protein in the fibrillar
fraction increases. As a result, the other fractions decline with
continued growth (Young, 1974). Dickerson and Widdowson (1960)
demonstrated in the pig, which is mobile shortly after birth, that
the fibrillar fraction reached its adult proportion of the total
nitrogen during the first 4 to 6 weeks after birth. However, Baril
and Herrman (1967) and Dickerson (1960) found that the chick synthe-
sized fibrillar proteins more quickly than the pig. They concluded
that the fibrillar protein increased primarily during the first 18
days and by day 28 the chick muscle had reached adult composition.

Even though alterations occur in the concentration of fibrillar
protein, the absolute concentration of sarcoplasmic protein is rela-
tively stable. Hartshorne and Perry (1962) showed that although the
percentage contribution of the sarcoplasmic fraction to the total
nitrogen did not increase markedly, the protein composition of the
water-soluble fraction underwent changes during development from fetal
to adult rabbit skeletal muscle. Kendrick-Jones and Perry (1967)

suggested that the activity pattern of a particular muscle was very






14

important in determining the time at which the activities of the
muscle enzymes rise sharply to adult values. Needham (1931) stated
that enzyme activity in the leg muscles of the chick and guinea pig,
both of which are born at a more advanced stage of development and are
capable of independent existence, was very close to adult value. On
the contrary, the leg muscles of the rat and rabbit, animals which are
incapable of much movement and are less mature at birth, did not attain
adult enzyme activity value until some time post partum. Dickerson
(1960) found that the main increase in sarcoplasmic proteins of chick
pectoral muscle occurred between day 18 and day 28. Kendrick-Jones
and Perry (1967) showed that the total amount of sarcoplasmic protein
increased only 20% over a period from birth to 20 days. LaFlamme et
al. (1973) stated that total protein, fibrillar and sarcoplasmic pro-
teins in cattle increased 133, 150 and 125%, respectively, of the
initial concentrations. Total protein and fibrillar concentrations
continued to increase up to a live weight of 445 kg, whereas the
concentration of water-soluble proteins changed very 1little after
145 kg of body weight.

Blaxter (1964) reported that the non-protein nitrogen
fraction of muscle tissue constituted a greater proportion of the
total nitrogen in the young animal because of the higher water content
in the fetal tissue than the adult tissue. Kendrick-Jones and Perry
(1967) demonstrated with rabbit skeletal muscle that the non-protein
nitrogen fraction was relatively stable from 18 days prior to birth

to day 48 of the adult state. Dickerson (1960) reported that the
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non-protein nitrogen of the fowl pectoral muscle had reached its adult
proportion of the total nitrogen by day 18.

The extracellular proteins or the stroma fraction attained a
maximum level at birth and decreased thereafter in the bovine (Bendall
and Voyle, 1967) and also in the pig (Widdowson and Dickerson, 1960).
LaFlamme et al. (1973) stated that cattle weighing 445 kg had a collagen
concentration of 30% less than those measured initially at 45 kg and
decreased very little after 345 kg. Blaxter (1964) reported that stroma
protein accounted for 17% of the total nitrogen in porcine muscle at
birth and decreased to approximately 3.5% in the adult pig. Bendall
and Voyle (1967) stated that collagen content of the longissimus and

the semitendinosus muscles was lower in the six-month-old animal (0.43

and 0.77% for the respective muscles) than in the calf (1.3 and 1.2%

of the wet weights of muscles, respectively).

Nucleic Acids

Muscle cell nuclei 1ike those of other tissues are diploid
in numbers. By measuring the amount of deoxyribonucleic acid (DNA)
in tissues, the number of nuclei can be estimated. Vendrely (1955)
reported that the DNA content per diploid nucleus in the bovine ranged
from 6.4 to 7.1 picograms per nucleus and in the pig from 5.1 to 6.8
picograms per nucleus. Work done with rat muscle and brain by Enesco
and Leblond (1962) indicated that the amount of DNA per diploid nucleus

was a constant 6.2 picograms per nucleus.
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It is difficult to estimate cell numbers by the amount of DNA
present in skeletal muscle because the cells are multinucleated. On
the contrary, DNA content is a good index of cell numbers in tissues
comprised of mononucleated cells. However, Robinson (1971) and
Goldspink (1972) reported that the nuclei number of muscle tissue
is a meaningful measure of postnatal growth because of the maximum
cytoplasmic volume that is governed by one nucleus (Cheek et al.,
1971, and Goldspink, 1972). Enesco and Leblond (1962) and Winick
and Noble (1965) suggested that protein:DNA and weight:DNA ratios
can be used to determine the physiological cell size per nucleus.

Ribonucleic acid (RNA) is a good measure of the available
synthetic machinery in a tissue capable of synthesizing protein
(Wannamacher, 1972). Winick and Noble (1965), Powell and Aberle
(1975) and Munro (1969) suggested that a low ratio of RNA to DNA
within a tissue is indicative of a low protein synthesizing capacity.
However, Harbison et al. (1976) reported that RNA:DNA ratio may be
valid for comparisons among different tissues but was not valid for
comparisons within a single tissue. This was further substantiated
by Sarkar (1977a). He noted that the pig liver on a unit weight basis
had a higher RNA:DNA ratio and higher levels of RNA, and was consider-
ably more active than muscle in synthesizing protein. Sarkar et al.
(1977b) ranked the following pig organs and tissues at birth from the
highest to lowest for their protein synthesizing capacity: 1liver,
muscle, brain, heart, kidney and lung. In addition, the brain

exhibited the greatest progressive increase of any tissue in the
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ratio of RNA:DNA from 0 to 50 days of age (1.42 to 1.74, respectively).
They suggested that the high RNA:DNA ratio was a reflection of cell
function rather than specifically protein synthesizing capacity.

Both RNA and DNA concentrations in skeletal muscle decrease
during postnatal muscle growth. Tsai et al. (1973) reported a con-
tinuous decrease in DNA concentration in porcine skeletal muscle from
birth to 16 weeks of age. RNA concentration reflected an immediate
rapid increase succeeded by a decline to a rather constant level.
Robinson‘(1969), Gilbreath and Trout (1973) and Powell and Aberle
(1975) found similar results. They showed that the concentrations
of DNA and RNA in porcine skeletal muscle decreased up to 100 days
of age and remained at a constant level thereafter. Harbison et al.
(1976) reported that both muscle RNA and DNA concentrations in porcine
skeletal muscle decreased significantly (P< .05) by nearly 50% between
23 and 91 kg of body weight and remained constant between the live
weights of 91 and 118 kg. Similar findings with rodents (Devi et
al., 1963; Robinson and Lambourne, 1970; Lipsey, 1973) and ruminants
(LaFlamme et al., 1973; Johns and Bergen, 1976) have been reported.

LaFlamme et al. (1973) noted a 50% decrease in the DNA concentration
of bovine longissimus muscle at 445 kg compared to 45 kg of body weight.
However, the concentration of DNA changed very little after a live
weight of 345 kg.

Increase in body weight and size of muscle contribute to the

decrease in the tissue concentration of DNA. Tsai et al. (1973)

reported that a relatively constant amount of DNA was continuously
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being diluted by the increasing accumulation of protein. Postnatal
skeletal muscle growth was the result of an increase in muscle mass
per nucleus or per unit of DNA (Moss et al., 1964; Enesco and Puddy,
1964) because the amount of DNA per nucleus in diploid cells was
constant (Vendrely, 1955).

Content of muscle DNA and RNA during development has also been
investigated and has been well-documented. An increase in total
skeletal muscle DNA may indicate that the number of muscle fiber
nuclei is increasing if it is assumed that the amount of DNA per
nucleus is constant. Gordon et al. (1966) measured a gradual increase
in total DNA content of rat quadriceps between 6 and 9 weeks of age.
Between 9 and 11 weeks of age a sharp inclination in total DNA was
observed. Finally the DNA content plateaued at 13 weeks. Numerous
other investigators have reported an increase in total DNA content in
rodents (Robinson and Bradford, 1969; Enesco and Puddy, 1964; Buchanan
and Pritchard, 1970; Howarth and Baldwin, 1971); in chickens (Moss et
al., 1964; Moss, 1968); in cattle (LaFlamme et al., 1973); in sheep
(Johns and Bergen, 1976) and in swine (Robinson, 1969; Powell and
Aberle, 1975; Harbison et al., 1976; Sarkar et al., 1977b). Powell
and Aberle (1975) reported that total RNA, DNA and protein increased
markedly during growth up to 210 days of age. In a study using pigs
no older than 120 days, Robinson (1969) noted that the total DNA in

the semitendinosus muscle appeared to level off at 4 months of age

whereas the triceps brachii continued to increase. On the other hand,

Harbison et al. (1976) noted a substantial increase in total muscle RNA
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between the live weights of 23 and 104 kg and, also a 2.7-fold
increase in total DNA between 23 and 118 kg.

Mechanism of Protein Synthesis

Protein synthesis consists of two major stages (Lehninger,
1975). The first stage is referred to as transcription in which
deoxyribonucleic acid (DNA) serves to direct the formation of the
following ribonucleic acids (RNA): ribosomal RNA (rRNA), messenger
RNA (mRNA) and transfer RNA (tRNA). The inherited genetic information
stored in DNA (Munro, 1976) that is needed to provide for the primary
structure of specific proteins can be transmitted to the protein
synthesizing apparatus in the cytoplasm. Jacob and Monod (1961)
observed that the mRNA was transcribed from nuclear DNA and possessed
a nucleotide sequence that coded for amino acids. The second stage is
called translation. Once the newly mRNA is synthesized, it then moves
out of the nucleus via the endoplasmic reticulum into the cytoplasmic
portion of the cell where the polypeptide chains are fabricated (Young,
1974). Messenger RNA, in association with ribosomal RNA (rRNA), is
decoded and serves as a template to direct the synthesis of specific
cellular proteins.

The in vivo protein translational process (polypeptide
synthesis) has four primary steps (Lehninger, 1975): (1) activation
of amino acids; (2) initiation; (3) elongation; (4) termination.

Each step requires certain cofactors and specific enzymes as necessary

components.
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The first step in the utilization of amino acids for protein
synthesis requires their activation. This step occurs in the cytoplasm
and requires ATP, tRNA, amino acids, aminoacyl-tRNA synthetases and
Mg++ (Lehninger, 1975). Energy from ATP is used to enzymatically
esterify amino acids to their respective tRNA. Spadoni and Gaetani
(1972) stated that there was a specific tRNA molecule for each amino
acid that is to be incorporated into the primary structure of a
protein molecule.

The second step in the formation of the polypeptide chain
is initiation (Lehninger, 1975). The necessary components are the
initiating charged tRNA (methionyl tRNA), three initiation factors,
Mg++, GTP, 40 S ribosomal subunit, 60 S ribosomal subunit, mRNA and
its initiation site (codon). This process, in the presence of the
initiation factors, GTP and Mg++, involves the formation of an
initiation complex whereby mRNA, which serves as the template for
protein synthesis, binds with the initiating charged tRNA and the
40 S ribosomal component. The 60 S ribosomal subunit attaches itself
to the initiation complex and forms a functional ribosome (Iwasaki
et al., 1968).

Elongation of the polypeptide chain is the third step in
protein synthesis (Lehninger, 1975). The protein chain elongates
by the sequential addition of amino acids transferred from charged
tRNAs in response to a particular codon in the mRNA. After each
peptide bond is formed, the ribosomes move along the RNA template

to bring the next coded trinucleotide site on the template (mRNA)
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into that position on the ribosome where it can receive the tRNA
complex of the next amino acid to be added to the growing peptide
chain. This step in protein synthesis requires two elongation factors,
GTP, Mg++ and specific charged aminoacyl-tRNAs (Lehinger, 1975;
Haselkorn and Rothman-Denes, 1973).

Capecchi and Klein (1970) and Lehninger (1975) reported that
the final step in protein synthesis (termination) requies three poly-
peptide releasing factors and a termination codon on the mRNA. This
process involves the termination and release of the polypeptide chain
from the ribosome-mRNA complex when the termination codon on the mRNA
and the releasing factors are present. The ribosome comes off the
message either in the form of subunits (60 S and 40 S) or as an intact
ribosome (80 S) which later dissociates into its free, smaller subunits.
In the former case, factor DF or IF3 binds to the smaller subunit (40 S)
and prohibits the reassociation with the larger subunit (60 S). In
addition, factor DF seems to increase the affinity of the 40 S subunit
for mRNA. In the latter case, factor DF enhances the dissociation of
larger subunit into its smaller subunits (Weissbach and Brot, 1974;
Davis, 1971). Falvey and Staehelin (1970) observed that the 60 S
and 40 S ribosomal subunits reenter the ribosomal pool and

reassociate if mRNA is present.

vty
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Rate-Limiting Factors Influencing the Rate
of Muscle Protein Synthesis

An alteration in the rate of degradation or synthesis can
change the protein content in a muscle cell (Munro, 1970). Conse-
quently, the amount of protein synthesized can be regulated by a
rate-1imiting step at any point in the chain of events leading to

the formation of a protein molecule.

Aminoacyl-tRNA Supply
It is well established that the different species of tRNA

in the cell are present in widely varying amounts (Caskey et al.,
1968). Cohen and Grinblat (1972) observed that the activity and
amount of the synthetase enzymes rather than the limiting quantity

of available tRNA are primarily responsible for a decreased formation
of aminoacyl-tRNA in the diabetic rat. Mushinski and Potter (1969)
reported that certain species of leucyl-tRNA from mouse liver were
missing when plasma cell tumors were induced. In addition, Gaetani
et al. (1964) observed that the level of amino acid-activating enzymes
in gastrocnemius muscle from protein-depleted rats was less than
normal. However, Young (1974) and Stephen (1968) disagreed with the
finding of Gaetani et al. (1964). The former investigators found that
the activity of aminoacyl-tRNA synthetase in muscle was not reduced
during dietary protein depletion. However, one should be aware that

different synthetases may react differently under similar conditions.
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Amount of Messenger RNA

The stability of mRNA in mammalian cells appears to vary widely
(Revel and Hiatt, 1964). Palmiter (1973) reported that mRNA of animal
cells had a longer half-Tife than bacterial cells. He also found that
the physical half-1ife of ovalbumin mRNA was one day and was translated
20,000 times. A rapid turnover of mRNA was observed when high Tevels
of actinomycin D were present (Staehelin et al., 1963). Actinomycin
D is known to inhibit DNA-dependent RNA synthesis in both mammalian
(Goldberg and Rabinowitz, 1962) and bacterial (Hurwitz et al., 1962)
systems. Low doses of actinomycin D prevent rRNA synthesis, whereas
higher doses selectively inhibit mRNA synthesis (Munro, 1970). Man-
chester (1976) stated that cortisol, estrogen and testosterone stim-
ulated the production of RNA in the target cell nucleus. The entry
of the receptor-steroid complex into the nucleus initially stimulated
transcription of nuclear DNA to produce the mRNA for the nucleolar
polymerase responsible for transcribing rRNA. Consequently, the
overall production of RNA was enhanced.

Florini and Breuer (1966) reported that the administration
of growth hormone to hypophysectomized animals increased the activity
of the ribosomes as well as the number of polyribosomes present. They
concluded that the absence of growth hormone could indicate a deficient
amount of mRNA transcribed. Breuer and Florini (1966) suggested that
growth hormone promoted RNA synthesis by causing an increase in the

activity or synthesis of RNA polymerase.
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Ribosome Availability and Capacity

More than 80% of muscle RNA is ribosomal and this proportion
appears to be maintained during protein depletion; consequently, a
change in RNA also reflects an alteration in ribosome content (Young,
1970). Millward et al. (1973) reported that muscle synthetic rates
in rat skeletal tissue fell markedly on the dietary regimes which
involved starvation or a protein-free diet. In a similar study, the
protein synthetic rate in skeletal muscle was reduced with a concurrent
reduction in total RNA content when rats were fed a restricted protein
diet (Young and Alexis, 1968). Young (1974) indicated that a decrease
in total RNA also caused a reduction in ribosomal RNA. Stivastava
(1969) reported that as the rate of protein accretion in the mouse
became negligible during later growth, there was a smaller proportion
of ribosomes associated with polyribosomes.

Wool and Cavicchi (1966) found that skeletal muscle ribosomes
from alloxan-diabetic rats were approximately 60% less effective than
ribosomes from control animals in the transfer of radioactivity from
tRNA-* C-phenylalanine into protein. However, the injection of insulin
into the alloxan-diabetic rats, when compared to the untreated diabetic
animals, caused reaggregation of the ribosomes and restored their
activity to normal or near-normal levels. In another experiment
Martin and Wool (1968) determined whether or not ribosomal subunits
from normal and diabetic rats differed in potential activity. They
reported that the reassociated ribosomes containing the 60 S subunit
from the muscle of diabetic rats were less effective in polyuridylic

acid-directed polypeptide synthesis.
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Amino Acids

Protein synthesis in liver is stimulated by feeding an
imbalanced amino acid diet (Sanahuja and Rio, 1967; Noda et al.,
1975); however, the opposite is true in skeletal muscle (Closa et al.,
1974; Noda et al., 1975). The free amino acid pool in skeletal muscle
is depleted of the most 1imiting amino acid because the Tiver has an
increased need for this amino acid for its protein synthesis. Ellison
and King (1968) reported a marked depression of the muscle concentration
of the most 1imiting amino acid in the diet within 3 to 5 hours after
feeding. A reduction in diet consumption appeared 20 hours later.
The latter finding of E1lison and King (1968) was in agreement with
Devilat et al. (1970) who showed a marked depression in growth rate
and feed intake in pigs fed a protein-deficient and an incomplete diet.
Akinwande and Bragg (1974) observed reduced growth rates in day-old
chicks when either an excessive or deficient level of dietary lysine
was fed. Reduced growth rate occurred because of a reduction in feed
intake. In addition, they reported lower concentrations of protein,

RNA and protein:DNA in the gastrocnemius muscle of one-month-old chicks

fed a deficient or excessive level of dietary lysine.

Factors Influencing Growth Rate, Body
Composition and Muscle Growth

Carcass composition and growth rate of meat-producing animals
are affected by a variety of interacting hormonal, dietary and environ-
mental factors. Individual variation in animal age, genetics, health

and exercise will also influence postnatal muscle growth, body
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composition and/or growth (Martin and Ezekwe, 1975). The existence

of the meat animal variation within a certain species is due primarily
to the interaction between environment and heredity (Hedrick, 1975).
Environment minimizes or maximizes the potential for growth and
development while heredity dictates and provides for this potential.
In addition, environmental factors such as nutrition govern the rate
and extent to which the phenomenon of growth and development is

attained.

Genetics

Red meat animals within a given breed and among breeds vary
in growth rate, feed efficiency, postnatal muscle growth, body compo-
sition and/or reproductive efficiency. Harbison et al. (1976)
developed an obese line of pigs by mating unimproved, inbred Poland
China boars to Duroc x Yorkshire females. In an attempt to study total
muscle content in the two genetic lines of pigs, they reported that the
obese and muscular pigs weighing less than 45 kg did not differ in
total physically separable fat when expressed either as total weight
or as a percentage of carcass weight. However, the muscular genetic
line of pigs‘possessed more separable muscle at 45 kg of live weight
and did have less separable fat than the obese line after a live weight
of 45 kg was reached. The results also indicated that the total DNA in
the longissimus muscle was significantly greater in the muscular line
than in the obese line of pigs, and total DNA in physically separable
muscle was the only measurement consistently correlated with the esti-

mate of total muscle. In contrast, Bergen et al. (1975) reported that
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nucleic acids were not precise indicators for determining the rate of
muscle growth involving lean and genetically-obese mice. The hindlimbs
of Tean mice had higher rates of RNA and DNA accretion during 6 and 18
weeks of age. However, total 1imb DNA was not significantly different
between the two groups during this time period. These workers assumed
that some of the DNA accretion in the genetically-obese mouse was due
to hyperplastic obesity. They concluded that there may be a deficit
in the muscle development of the genetically-obese mouse.

In a study involving Tight and heavy muscled pigs, Powell and
Aberle (1975) reported that the heavy muscled pigs exhibited greater
muscle development resulting in larger loineye areas and greater weights
of separable lean in the ham region. In addition, total DNA and total

protein in the biceps femoris, when adjusted for differences in Tlive

weight, were significantly lower in the 1ight muscled than the heavy
muscled pigs when differences over all age groups were analyzed.

Ezekwe and Martin (1975) further substantiated the above find-
ings by reporting a similar pattern in the cellular characteristics of
skeletal muscle of fast-growing Yorkshire pigs and slow-growing Ossabaw
pigs. The lean Yorkshire pigs were 31.8 kg heavier than the Ossabaw
pigs at six months of age and also had significantly heavier (P< .005)

semitendinosus muscles than the feral Ossabaw pigs. The lean domestic

Yorkshire pigs had 2.3 times as much total muscle DNA as well as a two-
fold increase in both the total muscle protein and the protein:DNA ratio
than did the feral obese pigs. Morevoer, the Ossabaw pigs had one-

fourth as much of the total RNA content in the semitendinosus muscle
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as did the Yorkshire swine. These data indicated that there was
greater muscle growth in the lean pigs, and the heavier muscle weights
of these pigs were a reflection of larger cell size (protein:DNA) and
cell number (DNA).

Several investigators have reported the results of selecting
for mature body size or growth rate. However, only a few éases have
reported the alterations at the cellular level in skeletal muscle when
selecting for mature body size or growth rate. Luff and Goldspink
(1967) first observed that mice selected for large body size had larger
muscles than mice selected for small body size. The increased muscle
weight was accompanied by increased mean fiber diameter and fiber
number. Luff and Goldspink (1967) concluded that the main component
of muscle weight response to selection for body weight was fiber number
and that fiber number, but not fiber diameter, is genetically determined
(Luff and Goldspink, 1970).

Byrne et al. (1973) and Hanrahan et al. (1973) also studied
how selection for body size affected muscle weight and its components.
Both investigators found that selecting for body weight in mice either
at 5 or at 10 weeks of age increased muscle weight, fiber number and
mean fiber diameter. However, neither investigator reported body
composition at the time of selection. Byrne et al. (1973) observed
that changes in both fiber number and fiber diameter generally tended
to be positively correlated with the direct response in body weight.

In contrast to Luff and Goldspink (1970) and Aberle and
Doolittle (1976), Hanrahan et al. (1973), Ezekwe and Martin (1975),
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Luff and Goldspink (1967) and Byrne et al. (1973) reported that some
portion of the total variation in both fiber number and fiber diameter
is genetically determined. Smith (1963), Byrne et al. (1973) and
Hanrahan et al. (1973) indicated heterosis accounted for fiber diameter
for various muscles from animals selected for increased body weight.
However, Aberle and Doolittle (1976) studied two different genetic
lines of mice and found similar body compositions at 60 days of age.
They also indicated that the strain selected for large body size at
60 days had heavier muscle weights due to increased number of fibers
and not to enlarged fiber diameter. Mean fiber diameters were similar
in the two lines and did not contribute to changes in muscle weights.
The discrepancy of enlarged fiber diameters accompanying the
selection for increased body size and consequently, increased muscle
weight can be attributed to differences in physiological maturity and
to the possibility of work-induced hypertrophy. At a given level of
activity, muscles from more obese animals would be required to do more
work per unit muscle. On the other hand, larger fiber diameters would
also be observed in muscles obtained from animals that were more
physiologically mature.

Exercise, Compensatory Muscle Hypertrophy
and Work-Induced Hypertrophy

Because of its cellular hypertrophy and its morphological
structure, skeletal muscle is a most suitable tissue to study the
effects of exercise, work-induced hypertrophy or compensatory hyper-

trophy (that which occurs in response to an increased work load) on
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muscle growth. Helander (1961) and Malina (1969) stated that a muscle
when exercised will increase its strength by undergoing hypertrophy
and, conversely, inactivity gives rise to muscular atrophy. Goldspink
(1970) reported that the proliferation of energy-producing and mito-
chondrial enzyme systems resulted from repetitive low intensity
exercise, whereas the synthesis of myofibrillar protein is enhanced
by intensive exercise. Helander (1961) observed that restricted
activity reduced the myofilamental density and increased the sarco-
plasmic content in the muscle cell, whereas exercise enhanced the
myofilamental density.

In a more recent study, Hubbard et al. (1975) induced

compensatory hypertrophy in the rat plantaris muscle by removing the

synergistic gastrocnemius muscle. During the first post-operative

week, there was an increase in stromal and sarcoplasmic proteins,

an elevation in total DNA and a corresponding decline in the myo-

fibrillar protein concentration. However, there was an increase

in myofibrillar protein and a decrease in sarcoplasmic protein from

day 7 to day 60. After 60 days post-surgery, the hypertrophied rat

plantaris muscle doubled the wet weight of the contralateral controls.
Lesch et al. (1968) reported a rapid increase in muscle mass

when an acute increase in work load was imposed on the soleus muscle

of the rat by tenotomy of its synergistic plantaris and gastrocnemius

muscles. Christensen and Crampton (1965) demonstrated an increase in

RNA, DNA and protein in the gastrocnemius muscle of preconditioned

rats that were forced to exercise. Crews et al. (1969) observed
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that exercise resulted in a significant decline (P<0.01) in the
percentage of carcass fat in rats.

Goldberg (1968) demonstrated that work-induced hypertrophy
in alloxan-diabetic rats could be induced without insulin. In another
study, Goldberg (1967) concluded that pituitary growth hormone was not
essential for work-induced hypertrophy in skeletal muscle. However,
growth hormone and insulin were essential for developmental growth.
Goldspink (1970) reported that increased fiber diameter was accompanied
by work-induced hypertrophy. This was earlier substantiated by Goldberg
(1967; 1968) who reported that the average diameter of the hypertrophied
soleus and plantaris muscles was significantly lower than those of the

control rats.

Nutrition

Nutrition contributes significantly to optimal muscle growth
(Goldspink, 1964) and has a profound effect on body composition and
animal growth (Hedrick, 1975). In respect to muscle growth, Hill et
al. (1970) and Cheek and Hi11 (1970) proposed that muscle protein
synthesis was reduced during a protein-deficient diet while a calorie-
deficient diet primarily affected muscle DNA synthesis. Hill et al.
(1970) observed a reduction in protein synthesis with a concurrent
decrease in total DNA (nuclear number), protein:DNA (cell size/nucleus)
and RNA:DNA (protein synthesizing machinery) when a protein-deficient
diet was fed to weanling rats. Conversely, the same investigators

reported that a calorie-deficient diet decreased the rate of DNA
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replication. Mendes and Waterlow (1958) earlier found marked
reductions in protein:DNA ratio of muscle from rats that received
low protein diets.

However, Howarth (1972) did not support the preceding
hypothesis proposed by Cheek and Hill (1970) and Hi1l et al. (1970).
Howarth (1972) clearly demonstrated that protein synthesis had priority
over DNA synthesis when muscle growth was impaired by feeding a protein-
deficient ration. Weanling rats fed 24% crude protein gained more
weight within a two-week period than did similar rats fed 6, 12 or
18% crude protein diets. As the dietary protein level decreased, there
was a corresponding decline in the weight (1,369, 1,243, 1,011 and 662

mg/muscle) of the gastrocnemius muscle and its constitutents for the

respective crude protein diets. The 6% protein ration allowed no
muscle DNA accumulation but permitted a small increase in muscle
protein accumulation. Relative to the 24% crude protein diet, there
was a greater decrease in total DNA accumulation with the decrease
in total RNA accumulation being intermediate to DNA and protein.
However, there was a loss in the accumulation of total muscle RNA
for the weanling rats fed a 6% crude protein diet.

Trenkle (1974) demonstrated that a protein- or calorie-
deficient diet in rats caused reduced growth rates as well as reduced
muscle growth, RNA, DNA and protein content. Limiting energy, protein
or energy and protein did not change muscle weight:DNA or protein:DNA
ratios. Muscle continued to grow but the rate of growth was retarded

during dietary restriction.
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Winick and Noble (1966) documented the effect of food
restriction on cell number and/or cell size. They reported that
the effect of calorie and protein restriction depended on the phase
of growth at the time of restriction. Rats subjected to early malnu-
trition from birth to weaning were not able to fully recover normal
growth and cell division was impeded. However, rats that were mal-
nourished after weaning had a reduction in cell size but were able
to recover normal growth during refeeding. They concluded that
undernutrition has more of a permanent suppressing effect on DNA
synthesis than on RNA or protein synthesis. Undernutrition seemed
to cause permanent growth retardation in an animal at a critical time
when the accumulation of DNA was rapid.

Restrictions in dietary energy or protein greatly influence
muscle growth and fat accretion in the production of red meat. Clausen
(1959) reported three basic concepts governing lean meat and fat accre-
tion in the pig. The first concept stated that no pig can form lean
meat up to the 1imit determined by its heredity unless its diet con-
tained sufficient quantities of protein of high biological value.
This concept was in agreement with Kropf et al. (1959) who reported
equal rate of gain between pigs fed a 12 and 16% crude protein ration
supplemented with high quality protein but reduced gains in pigs fed
a 16% crude protein ration with low quality protein. The second
concept stated that no pig can be forced, by means of extraordinary
high levels of protein in its diet, to produce more lean meat than

permitted by its heredity. Finally, the third concept stated that
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when the daily requirements for maintenance and lean meat production
in the pig have been met, the rest of the ration must inevitably be
used for the accretion of fat. In summary, the following conclusion
can be made. Whether or not a response is attained by supplying
additional protein over and above requirements for maintenance and
growth to a fixed ration will depend upon the hereditary ability of
the pigs to produce lean meat and the level and composition of the
proteins supplied in the fixed ration.

Smith et al. (1967), Kropf et al. (1959) and Wallace (1964)
reported a linear increase in the percentage of lean cuts as the
dietary crude protein level increased at each ratio of amino acids
from soybean meal and corn. Smith et al. (1967) observed that pigs
fed a ration containing 17.2% crude protein yielded a significantly
(P<0.05) higher percentage of lean cuts than pigs fed diets which
contained 11.3, 12.8 and 14.3% crude protein. Each of the four
rations maintained a similar ratio (60:40) of amino acids from soybean
meal and corn. Corn sugar was used to adjust the protein level down
to the desired level and to maintain a constant proportion of protein
from corn and soybean meal within each ratio.

Body composition has been shown to vary according to ration
type. Bond et al. (1972), Johnson et al. (1967) and Garrigus et al.
(1967) have demonstrated that feeding high energy rations to cattle
resulted in increased carcass fat when fed equal lengths. As a result,
carcass quality was higher in cattle fed a high grain ration than those
fed a high roughage diet (Richardson et al., 1961; Utley et al., 1975;
Oltjen et al., 1971).
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Henrickson et al. (1965) reported that the nutritional plane

imposed during the last half of the feedlot gain period governed the
major variations in carcass composition. They found that feedlot
cattle fed a high nutritional level during the last 200 1b of gain
possessed 0.8% less bone, 2.8% less lean and 4.0% more fat than the
counterparts fed a moderate level of nutrition. Similar findings
were reported by Waldman et al. (1971). Waters (1908) was first

to illustrate the difference in nutritional demand of body tissues.

Hormones

The secretory products from various endocrine glands play a
vital role in regulating growth and development. Their secretions,
the hormones, catalyze and control many diverse metabolic processes.
Hormones are chemical agents which are synthesized by specialized
ductless glands and are released into the blood in minute quantities
(Goodman, 1974). Hormones are transported by the blood to various
parts of the body where they exert stimulating or regulating actions
upon cellular functions.

There are a number of growth and developmental hormones and
each have different specificities and varying actions. A detailed
discussion will therefore be restricted to insulin and growth hormone
and their control of growth and muscle protein synthesis.

Althen (1975) reported that insulin and growth hormone were
important growth promoting hormones and both caused an increased rate
of protein synthesis and had a positive effect on nitrogen balance.

Rabinowitz and Zierler (1963) proposed that insulin and growth hormone
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acted singly and together between meals to insure an ample supply of
energy to the body tissues or to store excess energy. A later sug-
gestion by Weil (1965) revealed that protein synthesis was stimulated
synergistically by growth hormone and insulin. As time after a meal
increased, the stimulation of protein synthesis changed from insulin
to growth hormone.

Insulin has been shown to stimulate the transport of amino
acids into muscle cells (Manchester and Young, 1958; Kipnis and Noall,
1958; Snipes, 1967; and Manchester, 1972). Manchester (1970) admin-
istered insulin into rat diaphragm muscle and noticed an increased
accumulation of methionine, alanine and histidine. In addition,
Reeds et al. (1971) demonstrated with rabbit muscle that insulin
administration enhanced valine, lysine, leucine, histidine and
arginine transport into the muscle cell. Cahill et al. (1972)
reported that insulin was more influential in lowering essential
than nonessential amino acids in the circulating plasma.

Earlier work by Manchester and Krahl (1959) showed that the
incorporation of intracellular synthesized amino acids into protein
was enhanced by insulin. They suggested that the effect of insulin
on protein synthesis was independent of amino acid transport into
the cell. A stimulation of amino acid uptake and protein synthesis
was reported with rat diaphragm in vitro due to insulin (Wool and
Krahl, 1959). Wool and Moyer (1964) reported that insulin still
stimulated uptake of amino acids into muscle protein after giving

doses of actinomycin D sufficient to block RNA synthesis. Goldstein






37

and Reddy (1970) could not demonstrate a stimulatory incorporation of
amino acids into protein when muscle tissue was incubated in adequate
concentrations of amino acids and in a sodium free system containing
insulin. They suggested that insulin exerted its major mode of action
by stimulating muscle protein synthesis through increased amino acid
transport.

Insulin has been reported to have three possible effects on
tissue protein synthesis (Manchester, 1972): (1) the ribosome to
polysome ratio; (2) total number of ribosomes present; and (3) its
regulatory role in the movement of ribosomes along the mRNA. He
proposed that insulin increased muscle protein synthesis by promoting
translation, whereas in liver, insulin promoted protein synthesis by
increasing RNA synthesis (transcription).

Leader et al. (1971) and Wool et al. (1966) reported a
variation in the protein synthetic rate between the control and
diabetic animals. They suggested that a cell sap factor was respon-
sible for the decreased capacity to initiate synthesis in the diabetic
animals. Wool et al. (1972) later proposed that a defective 60 S
subunit caused inactive ribosomes in muscle tissue from the diabetic
rat. Once insulin was administered, the activity of the ribosomes was
restored. This was in agreement with earlier work done by Castles et
al. (1971). Additional work by Wool et al. (1968) demonstrated that
the aminoacyl-tRNA synthetase activity in the diabetic animal was lower
than normal, and the administration of insulin restored the synthetase

activity.
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Alterations in the polysome profile have been reported during
an inadequate insulin supply (Wool and Kurihara, 1967; Tragl and Reaven,
1972). The ratio of heavy polysomes to free ribosomes decreased during
an insulin deficiency. Wool and Kurihara (1967) suggested that insulin
initially enhanced the translation of an existing mRNA for a specific
protein.

Hypophysectomy has been shown to decrease tissue protein
synthetic rate and tissue DNA content (Cheek and Hill, 1970; Trenkle,
1974). However, these investigators administered growth hormone to the
hypophysectomized animals and partially restored tissue DNA to near
normal levels. Cheek and Hill (1970) suggested that normal nuclear
proliferation in muscle tissue was dependent upon growth hormone
injections to hypophysectomized rats. Earlier work by Beach and
Kostyo (1968) substantiated the findings of Cheek and Hill (1970)
but the former investigators found no variation in the DNA concen-
tration per mg of wet tissue between hypophysectomized rats injected
with growth hormone and hypophysectomized controls.

Growth hormone has been reported to affect tissue protein
synthesis by enhancing amino acid transport (Snipes, 1967; Jefferson
and Korner, 1967). Using intact rat diaphragm muscle in an in vitro
study, Snipes and Kostyo (1962) demonstrated a decreased alanine uptake
in hypophysectomized animals. This finding was later substantiated
using histidine (Snipes, 1967). Kostyo (1964) and Rillema and Kostyo
(1971) noted that the treatment of growth hormone to hypophysectomized

rats increased the accumulation of amino acids in the diaphragm muscle.
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However, Reeds et al. (1971) reported that the stimulation of amino
acid transport by growth hormone was not a necessary step to stimulate
protein synthesis on a short-term basis. Turner et al. (1976) postu-
lated that the role of growth hormone in the adult was to sustain
cellular protein synthesis when there was a decrease in the level

of substrate amino acids.

Growth hormone has also been shown to promote peptide bond
formation (Kostyo and Rillema, 1971), to increase RNA synthesis
(Garren et al., 1967) and to enhance the incorporation of amino
acids into protein in vitro (Kostyo, 1964; Jaspar and Brasel, 1973).
Cheek and Hi11 (1970) reported an increase in muscle RNA content of
growth hormone-treated hypophysectomized rats. In a similar study
using growth hormone-deficient hypophysectomized rats, Barden and
Korner (1969) reported inactivity in muscle ribosomes resulting
from a defective 40 S ribosomal subunit.

Florini and Breuer (1966) also experimented with hypophy-
sectomized rats treated with growth hormone injections. They reported
that a stimulation in RNA polymerase did not occur until after an
increase in the ribosomal activity was observed. The previous finding
was later shown by Kostyo and Rillema (1971). The latter investigators
reported that growth hormone enhanced the ability of ribosomes to
promote elongation or peptide bond formation.

Goldberg (1969) reported that growth hormone had no effect on
muscle protein turnover. However, Jefferson et al. (1974), Goldberg

et al. (1974) and Cahill et al. (1972) have shown that insulin reduced



breakdown of muscle protein. Li et al. (1975) reported that insulin

increased the latency of cathepsin D activity in perfused psoas muscle.

Relationship of Growth to Insulin
and Growth Hormone

In a review of the literature, conflicting data have been
reported in the relationship between body growth and growth hormone.
Purchas et al. (1971) obtained jugular venous blood from 40 Holstein
heifers at monthly age intervals from 4 to 10 months of age. Although
the plasma growth hormone was significantly reduced by feeding mel-
engestrol acetate (MGA), the levels of pituitary growth hormone in
the same heifers at slaughter time were not influenced by MGA. As
a result, plasma growth hormone was negatively correlated (r=-0.37)
to growth rate. Earlier work by Siers and Hazel (1970) also showed
negative correlations between serum growth hormone and both growth
rate and Tean cut percentage in swine. On the other hand, serum
growth hormone was directly related to carcass fat in pigs weighing
90 kg.

Althen and Gerrits (1976a) measured serum and pituitary
growth hormone in Yorkshire and Duroc pigs genetically selected for
Tow and high backfat. These two genetic strains varied mostly in body
composition and not in growth rate (Althen and Gerrits, 1976a; 1976b).
It was observed that the high backfat lines for both breeds had lower
pituitary and serum growth hormone levels as well as lower serum growth
hormone levels at weaning than the unselected control 1line in both the

Duroc and Yorkshire breeds. These data indicated that the selection
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for high backfat was associated with Tower serum growth hormone levels.
Likewise, Wangsness et al. (1977) also found that genetically-obese pigs
had lower plasma growth hormone concentrations than did lean pigs at 1,
3 and 6 months of age.

On the contrary, Weiss et al. (1974) observed higher levels of
plasma growth hormone in genetically-obese pigs than in lean, muscular
pigs susceptible to stress and of corresponding weight. They suggested
that the difference in circulating growth hormone levels between the
two lines of pigs used in the study may be related to the difference
in body composition rather than to the stress-susceptible character-
istics. In addition, Topel et al. (1972) found no significant dif-
ferences in circulating growth hormone levels in meat-type pigs that
were stress-resistant or stress-susceptible. The results of Weiss et
al. (1974) were in agreement with those of Siers and Hazel (1970), who
reported lTower serum growth hormone levels in muscular pigs than in
obese pigs.

Hafs et al. (1971) and Siers and Swiger (1971) have further
substantiated a negative relationship between growth hormone and growth
rate in cattle and swine, respectively. Johns and Bergen (1976)
reported that serum growth hormone levels in growing lambs averaged
between 4.8 and 8.8 ng/ml from birth to 90 days but decreased
thereafter to 2.4 ng/ml at 4 months of age.

Trenkle and Irvin (1970) observed no significant differences

in plasma growth hormone between 18 day-old calves and 13 month-old

animals. However, the latter cattle had plasma growth hormone levels
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that were positively related to carcass weight, ribeye area and live
weight gains but negatively correlated to 12th rib fat thickness
(r = -0.11).

Hafs et al. (1971) and Siers and Hazel (1970) have suggested
that rapidly-growing animals utilized serum growth hormone at a more
rapid rate than slow-growing animals and, consequently, had Tower levels
of serum growth hormone. Trenkle and Irvin (1970) postulated that the
target tissues of the mature animal were not as responsive as in the
younger animal to the low physiologic levels of growth hormone; hence,
growth rate declined with age. Gershberg (1957) had earlier suggested
that cessation of human growth was due to an alteration in the respon-
siveness of the target cells and not to a deficiency of growth hormone.

Turman and Andrews (1955) concluded that true growth was
stimulated in pigs injected with growth hormone. Although growth
hormone did not increase average daily gain, it did lower dressing
percentage, reduced carcass fat, decreased feed/gain ratio and increased
nitrogen retention. Machlin (1972) injected a dose of 0.13 mg growth
hormone/kg body weight in pigs and observed improved feed conversion,
increased rate of gain, higher percentage of lean cuts and a lower
dressing percentage. Nalbandov (1963) suggested that growth stasis
occurred because there was less growth hormone per unit of body weight
in heavier animals. He also postulated that vigorous growth occurred
only as long as the ratio of circulating growth hormone per unit of

body tissue was high enough to stimulate muscle and bone growth.
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In agreement with the aforementioned hypothesis, Althen and
Gerrits (1976a) reported that serum growth hormone levels in swine
at birth were significantly higher (P<0.01) than either at 2 months
of age (weaning) or at time of slaughter (95 kg body weight). Like-
wise Bassett et al. (1970) noted a 20-fold difference in plasma growth
hormone concentration in fetal lambs and adult sheep. Trenkle (1971a)
reported a 5-fold decrease in the secretion rate of growth hormone in
cattle varying in age from 3 to 17 months. In addition, Purchas et al.
(1970) and Swiatek et al. (1968) observed higher plasma growth hormone
levels at birth than at any other age in cattle and swine, respectively.

The concentration of growth hormone in circulating blood is a
reflection of its clearance rate as well as its rate of secretion from
the anterior pituitary (Trenkle, 1976). The assessment of growth hor-
mone status of an animal is based upon plasma or serum growth hormone,
anterior pituitary growth hormone, rate of growth hormone turnover,
hypothalamic growth hormone releasing hormones, tissue responsiveness
to growth hormone or a combination of these (Purchas et al., 1970).
In addition, Hafs et al. (1977) reported that somatostatin was a potent
inhibitor of growth hormone and insulin secretion. Siers and Hazel
(1970) and Purchas et al. (1970) have suggested that the metabolic
clearance rate (MCR) of growth hormone by body tissues more adequately
described the growth hormone status of an animal. Measuring the MCR
in swine, Althen and Gerrits (1976b) reported that clearance per unit
of body weight was reduced in larger animals. Trenkle (1977) found
that the pituitary growth hormone, MCR and secretion decreased

significantly (P<0.01) when related to increased body weight.
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Johns and Bergen (1976) reported that the ovine growth hormone
concentration in the anterior pituitary (ug pituitary growth hormone/
45.4 kg of body weight and ug/mg wet weight) was unaltered (P> 0.05)
from birth to 4 months of age. However, the total growth hormone
content of the anterior pituitary significantly increased (P<0.01)
from a Tow of 180 ug/gland at birth to 3,682 ug/gland at 120 days of
age. Curl et al. (1968) also noted that the total growth hormone
content in the bovine pituitary increased with age because of increased
gland size. Expressed as either per unit of body weight or per unit of
gland, the concentration of growth hormone decreased with age. These
data were in agreement with those obtained from Holstein heifers
(Armstrong and Hansel, 1956).

Baird et al. (1952) measured pituitary growth hormone in pigs
selected either for rapid or slow gains. They noted that the faster
gaining pigs had consistently higher pituitary growth hormone content
per unit of body weight but not pituitary growth hormone concentration.
However, the total pituitary growth hormone content per unit of body
weight eventually plateaued and then decreased with age. These changes
were similar to those of live weight gains. Baker et al. (1956)
reported heavier pituitary weights with a corresponding increase
in total pituitary content as an animal became older. As a result,
the total content per unit of body weight decreased with advanced age
because the ratio of pituitary weight to body weight decreased.

In a later study Macmillan and Hafs (1968) reported a linear

relationship from birth to one year of age between the anterior
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pituitary weight and body weight of Holstein bulls. However, there
was a decrease in the weight of the anterior pituitary at the onset
of puberty (6 months of age). They postulated that the pituitary
gland had an increased sensitivity to the increasing androgen titers.
In a similar study Purchas et al. (1970) measured plasma and pituitary
growth hormone in bulls slaughtered at monthly intervals from birth to
one year of age. They observed that the pituitary growth hormone con-
tent and concentration, expressed as either ug/mg of gland or per unit
of body weight, increased until 3 to 4 months of age and then declined
to measured levels at birth and were constant thereafter. These
investigators also reported that the growth rate was not closely
correlated to plasma growth hormone concentration, pituitary growth
hormone concentration, plasma growth hormone content, total pituitary
growth hormone per unit of body weight or total pituitary growth hormone
content.

Variable results on blood growth hormone levels have been
observed when the type of ration or diet has been changed. Meites
and Fiel (1965) noted that rats fed a protein-deficient diet for
prolonged periods of time exhibited decreased pituitary and plasma
growth hormone activity and concentration. Malnourished rat pups have
been reported to have decreased growth hormone levels in the blood
(Sinha et al., 1973; Stephen et al., 1971). Muller and Pecille (1966)
observed fasting caused a decrease in the total content of growth
hormone in the anterior pituitary but an increase in the plasma

concentration of growth hormone.
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Trenkle (1971b) and McAtee and Trenkle (1971) reported that
the plasma growth hormone levels were not affected by feeding, fasting
or nutrient uptake in sheep and cattle, respectively. In addition,
Trenkle (1970) fed high energy rations to fattening steers and reported
no effect on plasma growth hormone levels. However, the addition of
10 mg of diethylstilbestrol per day to the ration stimulated plasma
growth hormone levels and live weight gains. Hutcheson and Preston
(1971) noted an increase of 32% in serum growth hormone when lambs were
fed diethylstilbestrol for 14 days. In contrast, Beck et al. (1976)
failed to observe any effects of ovarian steroids on growth hormone
levels in Holstein heifers. Zeranol, an estrogenic compound, increased
serum insulin and growth hormone levels when implanted and not infused
into growing wether lambs that were fasted (Olsen et al., 1977). They
suggested that Zeranol must be exposed over an extended period of time
(up to 3 weeks) to stimulate an increase in serum growth hormone and
insulin. Preston (1975) hypothesized that estrogens and estrogenic
compounds, when used in ruminants, may cause a release of growth hormone
releasing factors from the hypothalamic area. Consequently, there may
be an instant release of growth hormone from the anterior pituitary
resulting in increased nitrogen retention and growth. One must realize
.that this is a hypothesis and remains to be accepted or rejected based
on more definitive experimental evidence. Davis et al. (1977) suggested
that estrogens and androgens exerted their anabolic actions by modu-

lating the episodic secretion of growth hormone.
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Contradictory data have been reported on the fluctuation of
growth hormone levels during a 24 hr period. Disagreement has arisen
as to the nature of the daily secretion pattern. Some investigators
have noted a bimodal release (Dunn et al., 1973/1974) while others
observed a circadian secretory release of growth hormone (Muller et al.,
1970). Anfinson et al. (1975) and Trenkle (1977) have reported an epi-
sodic secretion of growth hormone in cattle. The latter investigator
observed one to three peaks in plasma growth hormone concentration
occurring in each animal during the 5.5-hr sampling period. However,
no differences in amplitude or frequency of these peaks were observed.
Failure to utilize short sampling intervals and methods have led to
equivocal results.

Tannenbaum and Martin (1976) developed a technique for chronic
cannulation which allowed frequent blood sampling from unrestrained
freely-behaving rats over long periods of time. They reported that
the secretion of growth hormone was primarily regulated by an endog-
enous ultradian rhythm which was not dependent on feeding behavior or
serum glucose. In addition, the alternation of dark and 1ight periods
probably acted as a cue to entrain the growth hormone secretory rhythm.
The 1ight and dark periods were not necessary to maintain the basic
ultradian rhythm which had a periodicity of approximately 3.3 hr.

Rabol1i and Martin (1977) studied the effects of diet compo-
sition on several blood metabolites. Twelve-week old female lean
Zucker rats were either fed a high sucrose, high glucose, high protein,

high unsaturated fat, high saturated fat or high starch diets. Serum
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growth hormone and glucose concentrations were not significantly
different among any of the diets. These data suggested that diet
composition and heat increment were not influential on the secretion

or clearance of growth hormone. In addition, the highest serum insulin
levels were obtained from the high sucrose, high glucose and high starch
diets.

The effects of dietary alterations on blood insulin levels have
been rather consistent among researchers. Trenkle (1966) observed that
increasing the energy density of a ration resulted in higher plasma
insulin concentrations in sheep. Likewise, Trenkle (1970) reported
that plasma insulin levels were related to the amount of concentrate
consumed in finishing rations. Bassett et al. (1971) reported that
the amount of organic matter digested and the amount of crude protein
digested in the intestines were positively correlated (0.74 and 0.74,
respectively) with plasma insulin but negatively correlated (-0.62 and
-0.63, respectively) with plasma growth hormone levels in sheep. Lower
circulating levels of plasma insulin were also observed in low protein
fed steers than in the normal fed steers (Borger et al., 1973).

Grigsby et al. (1972) fed a 16% crude protein grower diet
to pigs that were fasted for one day. Glucocorticoids were decreased
50% and the level of free fatty acids were reduced within one hr after
feeding. Also, blood glucose levels doubled and serum insulin levels
increased 17-fold. Chase et al (1977a) found that portal insulin levels
in Holstein steers increased within two min of meal initiation and

remained elevated during the first 14 min of feeding. Chase et al.
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(1977b) measured short-term changes in portal insulin of Holstein
steers either given no feed (control), fed ad libitum or restricted
fed (% of the ad libitum amount). Compared to the control, insulin
levels increased within 15 min when fed ad libitum and within 5 min
when steers had restricted intake. Since the rapid change in insulin
preceded changes in other metabolites, Chase et al. (1977a) suggested
that the insulin release upon meal initiation appeared to be due to a
stimulated vagal reflex rather than a metabolite causing its release
from the pancreas.

Glucose is undoubtedly the best effector of insulin release.
Machlin et al. (1968) gave glucose either intravenously or orally to
pigs that had been fasted for 36 hr. They observed a simultaneous
rise in blood glucose and insulin levels. Likewise, Siers and Trenkle
(1973) and Davis et al. (1970) reported a positive correlation of 0.54
and 0.95 between glucose and insulin concentrations, respectively.
These data indicated there was a strong tendency for the plasma levels
of glucose and insulin to fluctuate in the same direction at the same
time. Conversely, Machlin et al. (1968; 1970) and Siers and Trenkle
(1973) observed a negative relationship between growth hormone and
blood glucose. Additional work. done by Stern et al. (1971) and Feldman
and Jackson (1974) revealed that insulin levels were increased when
either the pancreas was perfused with glucose or glucose was infused
intravenously.

Many of the amino acids, when infused intravenously to

ruminants, can increase serum insulin levels (Stern et al., 1971;
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and Davis, 1972). Bassett et al. (1971) reported that valine,
isoleucine, phenylalanine and tyrosine were most highly correlated

to plasma insulin concentrations in sheep. In addition, Machlin et
al. (1968) and Davis (1972) noted that arginine stimulated insulin
secretion and leucine and phenylalanine were effective in stimulating
insulin release (Bassett et al., 1971; and Davis, 1972).

Although volatile fatty acids have no stimulatory effect on
insulin release in non-ruminant species (Horino et al., 1968), pro-
pionate and butyrate have been shown to stimulate insulin release
but acetate had little stimulatory effect on ruminants (Manns and
Boda, 1967; and Horino et al., 1968). Bassett et al. (1971) noted
a correlation of 0.51 between plasma insulin concentration and
propionate production.

Pharmacologic and not physiologic concentrations of insulin
have been shown to significantly provide direct stimulation of growth
cartilage (Salmon, 1970). Somatomedin (sulfation factor) had been
reported to hormonally direct skeletal growth by stimulating carti-
laginous growth (Daughaday et al., 1975). Recent reports by Phillips
and Orawski (1977) have stated that insulin was a vital regulator of

somatomedin and did contribute to growth via somatomedin.



MATERIALS AND METHODS

Design of Experiment

A 2 x 4 factorial design was employed in a two-year study
conducted during the period of mid-November, 1975, to late September,
1977. 1In each of the two feedlot trials steers of different genetic
background and body types were compared to evaluate the role of genetic
selection and crossbreeding and ration energy content on bovine growth

and muscle development.

Experimental Animals and Rations

One hundred nineteen steers representing four cattle types
were utilized in this study. A1l steers were produced in a beef
selection-crossbreeding project developed from the same Hereford herd
at the Lake City Experiment Station, Lake City, Michigan. The steers
representing the selection-crossbreeding scheme (Table 1) were as
follows: unselected Herefords (UH), selected Herefords (SH), Angus x
Hereford x Charolais crossbred (AHC) and Angus x Hereford x Holstein
crossbred (AHH) steers.

Group 1 or the unselected Herefords (UH) served as the control
for the selection-crossbreeding scheme. The first four bull calves
born were left as bulls and became sires for the UH group. Conse-

quently, mating was random and no selection pressure was applied.
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Table 1. Selection-Crossbreeding Scheme for Experimental Animals

Cattle typea Group Selection Mating systems
UH 1 None Random
SH 2 Yearling weight Straightbred
AHC 3 Yearling weight Crossbred
AHH 4 Yearling weight Crossbred

4JH = Unselected Hereford; SH = Selected Hereford; AHC = Angus x
Hereford x Charolais; AHH = Angus x Hereford x Holstein.

Bulls used as sires for the SH (group 2), AHC (group 3) and AHH
(group 4) were selected from artificial insemination studs primarily on
their adjusted yearling weight. Groups 3 and 4 involved a three-breed
rotational cross in which each female was mated to a bull from a breed
that she was least related to. Female replacement heifers from groups
2, 3 and 4 were selected each year on the basis of their unadjusted
yearling weight. Females in group 1 were saved without considering
weight but in the same age groups as the replacement heifers in
groups 2, 3 and 4 (Magee and McPeake, 1976).
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