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Adaptation and Stress: Animal State of Being

Stanley E. Curtis
University of Illinois, Urbana, Illinois, U.S.A.

INTRODUCTION

Sound animal husbandry depends on application of
scientific knowledge of many aspects of the biology of
the animals we keep. Environmental aspects of animal
care are based on application of principles of animal
ecology in design, operation, troubleshooting, and cor-
recting deficiencies. They are crucial to both economical
animal production and responsible animal stewardship.

ADAPTATION

Any environment has factors that threaten to overwhelm
its inhabitants. Animals are driven to adapt to their
environments, and thereby remain fit. Adaptation is an
animal’s adjustment to its environment, especially a
nonideal one, so its life and species can continue.

Realistic Expectations

Animals sometimes fail to adapt; they experience stresses
of various kinds. So they may feel well, fair, or ill
(described later). We should expect an animal to
experience well-being mostly, fair-being sometimes, ill-
being once in a while. When an animal shows signs of
failing to adapt, correcting the problem may not be easy.

Animal Responses

An animal’s environment consists of a complex of
elements, each of which varies over time, across space,
in intensity. Most combine in additive fashion as they
affect an animal.

Internal steady state

An animal normally maintains steady states over time in
the various aspects of its internal environment. This
mechanism homeokinesis is the general basis of
environmental adaptation. When an animal perceives a
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threat or actual shift in some internal or external feature, it
reacts to preempt or counteract that change. It attempts to
keep an internal steady state, and thereby to survive and
thrive. The essence of an animal’s homeokinetic mech-
anisms is similar to that of a home’s simple thermostat: a
negative-feedback control loop.

Coping

An environmental adaptation refers to any behavioral,
functional, immune, or structural trait that favors an
animal’s fitness its ability to survive and reproduce
under given (especially adverse) conditions. When an
animal successfully keeps or regains control of its bodily
integrity and psychic stability, it is said to have coped.

A given stimulus complex provokes different responses
by different animals, and even by the same animal from
time to time. Tactics vary. Its response depends on the
individual’s inherent adaptability, accumulated life expe-
riences, current adaptation status, and current ability to
muster extraordinary responses.

STRESS
Failure to Adapt

Stress occurs when the stimulation an animal is ex-
periencing goes beyond that individual’s ability to adapt.
Environmental stress may ensue when the environ-
ment changes, adaptation status changes, or an animal
is moved to another environment. When an animal
has coped, its response is an adaptive response. But
there always are limits to adaptability. When attempts
to adapt fail, the response is a stress response, the stimu-
lus a stressor.

Failure to adapt stress has negative consequences
for animal state of being. Understanding untoward
consequences of such breakdowns for bodily integrity is
relatively clear-cut. But psychic disturbance or collapse
is often not even recognized. It is now believed that
humans can survive stress only to the extent we can cope



psychologically. Likewise, Ian J. H. Duncan'"! thinks that
animal state of being has to do with animal feelings.

COPING

The numerous possible strategies and tactics for counter-
acting stimuli an animal usually has at its disposal imbue
flexibility and power to the animal’s adaptive responses
when it faces an adverse environment. But when an
animal responds to environmental stimuli, it is not
necessarily under stress or distress. Responding to stimuli
is a normal biological feat routinely carried out by every
normal, unstressed creature that lives. Typical scenarios of
environmental stimuli and animal responses run a wide
gamut. Modified versions of nine schemes created by
Donald M. Broom and Kenneth G. Johnson™! follow:

1. In the face of stimuli, internal steady state is main-
tained with ordinary basal responses. State of being is
very well.

2. Complete adaptation achieved with minor extraordi-
nary response. Stimuli provoke adaptation. Fitness
and performance may be briefly compromised, but
wellness promptly returns.

3. Sometimes, animal response to stimuli over time is
neither extraordinary nor adequate. For so long as the
impingement continues, fitness and performance may
be reduced minor stress and fairness ensue but
after that, wellness returns.

4. Stimuli elicit some minor extraordinary response, but
over time this is inadequate for complete adaptation.
Both fitness and performance decrease awhile (fair-
ness), after which wellness returns. Stress is present at
scheme 4 and above.

5. Ananimal’s extraordinary response over a long period
achieves only incomplete adaptation. Although fitness
remains relatively high, performance is reduced. The
animal experiences overall fair-being.

6. To completely adapt, an animal sometimes must
mount an extreme response. During adaptation and
recovery periods, fitness and performance decline.
The animal is only fair.

7. Despite some extraordinary response to stimuli,
complete adaptation is not achieved long term. Fit-
ness and performance decline; the animal becomes
ill.

8. In some cases, an extreme response does not result in
complete adaptation even long term reducing the
ill animal’s fitness and performance.

9. An environmental stimulus may be so enormous and
swift that the animal succumbs before it can respond.

Adaptation and Stress: Animal State of Being
Measuring Impacts

Impacts of environmental impingements are estimated
by measuring their effects on the animal. The same
environment that would quickly chill to death a newborn
piglet might be well-tolerated by the sow. Differences in
thermal adaptabilities of the two put the same environ-
ment in the piglet’s cold zone, the sow’s neutral zone.

Tolerance Limits, Collapse, and Death

An animal ordinarily is confronted by more than one
stimulus at a time. Stimuli also impinge sequentially.
Animals in practical settings generally need to cope with
multiple stimuli.

A range of tolerance sets limits for an environmental
factors within which an animal can readily cope, thrive,
reproduce, survive i.e., experience wellness. Outside
this range are the upper and lower ranges of resistance. If
an animal resides long enough outside its tolerance range,
it eventually will die due to environmental stress.

Kinds of Stress Response

There are four kinds of stress response. Some reduce an
animal’s state of being; others enhance it. Understress
occurs in simple environments that lack certain features
(social companions, play items) (stimulus underload).
Sometimes animals give behavioral signs of understress
(lethargy; exaggerated, repetitive activity apparently
devoid of purpose (stereotypy); some other disturbed
behavior). Eustress (good stress): situations of extraordi-
nary responses, but which the animal finds tolerable or
even enjoyable. Overstress: environmental situations that
provoke minor stress responses. Distress (bad stress):
circumstances that provoke major stress responses.
Judging from signs of negative emotions (anxiety, fear,
frustration, pain), distress causes an animal to suffer, but
to what extent is not yet known.

STATE OF BEING

An animal’s state of being is determined by any response
the environment requires and the extent to which the
animal is coping. When readily adapting, the animal is
well. When having some difficulty, it is fair. When frankly
unable to cope, it is ill. In reality, environments that make
animals ill are not uncommon. But it is our moral
responsibility to minimize such occasions and correct
them to the extent possible.
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Scientific Assessment

Our understanding of an animal’s state of being depends
on generally accepted observations, scientific laws and
theories, and unique individual experiences. In 1983,
Marian Stamp Dawkins and Ian J. H. Duncan believed that
the terms ‘‘well-being’’ and ‘‘suffering’” would be very
difficult to define.”®! That remains the case two decades
later. Until more is known, it is unlikely that kept
animals will enjoy more of the objectively defined well-
being for which we all should hope. Following are some
questions to be asked in assessing animal state of
being."* Is the animal

e Having its actual needs met, achieving internal
integrity and psychic stability, coping, adapting?

e Showing frank signs of sickness, injury, trauma,
emotional disturbance?

e As free of suffering as possible, experiencing mostly
neutral and positive emotional states?

e To some extent able to control its environment, predict
it, live harmoniously in it?

e Performing growing, reproducing, lactating, compet-
ing, working at a high level?

e Showing signs of imminent illness or being in a vul-
nerable state?

Animal Needs

When an animal actually needs something it does not
have, it is experiencing a deficiency. At any moment, an
animal has specific needs based on its heredity; life
experiences; bodily, psychic, and environmental condi-
tions. Given its needs at a given point, then, the biological,
chemical, and physical elements of its environment
determine whether those needs are being fulfilled.

Functional Priorities Under Stress

A performing animal is one that is producing some
product, progeny, or work or performing some activity
useful to humans. The rate of performance of a
constitutionally fit animal usually is the best single
indicator of that animal’s state of being.”! When its
performance wanes, the animal probably is not as well is it
could be.

When bodily resources become limiting as often
happens during stress some processes must be down-
played so others more vital at the moment can ascend. The
goals of individual survival (maintenance) and species
perpetuation (reproduction) in that order are an ani-

mal’s top priorities. Other performance processes may not
be critical to an individual’s survival or reproduction, so
they are least protected and least spared.

When an animal responds to any stimulus, its main-
tenance needs invariably increase. Resource expenditures
in support of maintenance processes increase progressive-
ly along with stress intensity, so the animal’s potential
performance capabilities progressively decrease.

How Animal Responses Affect Performance

Environmental stimuli provoke an animal to respond,
which in turn can influence performance processes in five
ways.m Responses:

1. Alter internal functions. As an unintentional conse-
quence, certain stress hormones secreted as part of
long-term adaptive or stress responses can reduce a
foal’s growth rate.

2. Divert nutrients from other maintenance processes
and performance. A nursling piglet that increases
metabolic rate simply to keep its body warm in a
chilly environment will have fewer nutrients left for
disease resistance and growth.

3. Directly reduce animal productivity. Thermoregulatory
responses to hot environments sometimes include
reducing internal heat production. Eggs laid by heat-
stressed hens weigh less than normal, due partly to
decreased feed intake, partly to a homeokinetic re-
duction in egg synthesis (which gives off heat).

4. Impair disease resistance. As a consequence, €.g.,
individual feedlot cattle under social stress due to
aggressive group mates are more likely to become
infected and diseased.

5. Increase variation in animal performance. Individual
animals differ in responses to stimuli and therefore
in performance even when residing in the same ad-
verse environment. Stress increases individual varia-
tion in performance.

Other Considerations

Other environmental aspects of animal care include the
concepts of optimal stimulation, enrichment, predictabil-
ity, controllability, frustration, and helplessness.[(’]
CONCLUSION

Foundations of success in environmental aspects of
animal care are the fundamental principles of animal



ecology and their application. Every situation is complex
and unique. There are no general recipes in these mat-
ters. The fundamental principles have been set forth here.
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INTRODUCTION

During the daily routines of animals, the animal responds to
numerous challenges with a variety of responses, including
structural and behavioral changes in the brain and body,
which enable both behavioral and physiological stability to
be maintained. In some incidences, adaptive physiological
changes are not sufficient to achieve the animal’s require-
ments and in these situations, defense mechanisms are
initiated, which are collectively referred to as stress
responses. Stress is a term that is generally associated with
negative consequences, but stress is not always bad. Often,
organisms seek stress and relish the euphoric feeling and
reward associated with stressful experiences (e.g., skiing,
copulation). The term stress is full of ambiguities; thus, no
clear universal definition has emerged. For this discussion,
“‘stress’’ is defined as a perceived threat to homeostasis,
which elicits behavioral and physiological responses. The
stress response consists of a complex array of behavioral
and physiological adaptive changes that are initiated as
a means of restoring homeostasis. Exposure to adverse
stimuli results in a well-orchestrated series of responses
that can typically cause alterations in autonomic, neuroen-
docrine, or immune function along with complex changes
in behavior. These homeostatic mechanisms enable the
organism to maintain behavioral and physiological stability
despite fluctuating environmental conditions.

HISTORICAL—CONCEPT OF STRESS

Life exists by maintaining a complex of dynamic
equilibrium or homeostasis that is constantly challenged
by internal and external adverse stimuli;“] often these
stressful conditions are too demanding for the animal to
adapt. However, animals have evolved mechanisms that
enable them to adapt to the numerous stressors in their
lives. An animal can initiate several types of biological
responses to alleviate stress. These responses often result
in shifts or alterations in biological resources that are
normally used for other basal functions. Thus, under
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most circumstances the biological cost (in terms of
biological function) is minimal for acute stressors, but
during prolonged stress the cost is significant, thus
leading to a prepathological or pathological state.”! The
stress response elicited by a stressor protects the animal
and restores homeostasis, thus enhancing the probability
of survival.

The stress response initiated by a stressor results in
the release of neurotransmitters and hormones that serve
as the central nervous system’s (CNS) messengers to
other parts of the body. The CNS obtains information
from the external environment and signals to the or-
ganism that a particular danger or threat to homeostasis
has been perceived. The perception of the threat is
mostly related to prior experience and the physiological
state of the animal (Fig. 1). Once the threat has been
perceived, adaptive responses are initiated by evoking
well-orchestrated defenses that include behavioral and
physiological adjustments. Neuroendocrine changes are
initiated to meet energy requirements for behavioral
responses and to maintain homeostasis. It is the final
stage of the stress response that determines whether the
animal is simply experiencing a brief disruption in ho-
meostasis with no significant consequences or experi-
encing extreme difficulty, which may lead to the de-
velopment of disease. Oftentimes, the consequences of
the stress response are adaptive in nature. However, if
the animal reaches a state in which the intensity and
duration of the stressor is severe and uncontrollable,
compromising health and reproduction, this condition
may lead to development of a prepathological state
or pathology.

NEUROENDOCRINE RESPONSES

The neuroendocrine responses to stressors are important
adaptation and coping mechanisms that occur in response
to a threatening stimulus. The adaptive changes initiated
by stressors involve activation of the hypothalamic-
pituitary-adrenal (HPA) axis. The hypothalamus and the
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Fig. 1 This diagram depicts the activation of the HPA axis in response to stress. The response is perceived and organized in the CNS,
which in turn activates either the endocrine pathway or fight or flight response so that the animal can return to homeostasis. The type of

response(s) the animal initiates is dependent upon various modifiers.

brainstem are pivotal regions of the brain that control the
animal’s response to stress. Once the threat to homeostasis
is perceived, the HPA axis is activated and the hormones
corticotropin releasing hormone (CRH) and vasopressin
(VP) are released from the neurons of the paraventricular
nuclei (Fig. 1). CRH stimulates the pituitary gland to
secrete adrenocorticotropin hormone (ACTH) and other
peptides (i.e., B-endorphin). VP plays a role in sustaining
HPA responsiveness and, along with CRH, has a syn-
ergistic impact on ACTH secretion. Elevated ACTH stim-
ulates the adrenal cortex to increase synthesis and pro-
duction of glucocorticoid hormones and regulates the
secretion of glucocorticoids.

The glucocorticoids influence homeostasis and the
biological response to stress. The glucocorticoids are
essential for regulating basal activity of the HPA axis
and terminating the stress response. Glucocorticoids
terminate the stress response through an inhibitory feed-
back loop at the pituitary and hypothalamus (Fig. 1).
Further responsiveness within the HPA is dependent
upon this negative feedback, which is influenced by
HPA facilitation. In addition, stress activates the
secretion of the catecholamines, which influence the
HPA axis, and mediates many changes associated with
the stress response.

Cortisol and CRH Expression
Cortisol is secreted under diverse conditions that impact

both physiology and behavior.®! Short-term cortisol
release is protective and facilitates normal physiological

and behavioral adaptive processes, whereas high levels
of cortisol have detrimental effects on various regula-
tory processes such as immune and neuroendocrine sys-
tems. The behavioral and physiological effects of CRH
and cortisol are often independent of one another; how-
ever, cortisol can influence CRH neurons by inhibiting
and affecting the responsiveness of CRH neurons. Cor-
tisol can lead to increases in CRH production and ex-
pression in various regions of the brain. In fact, behav-
ioral responses are influenced by cortisol, facilitating
CRH expression.

PHYSIOLOGICAL RESPONSES

Numerous physiological changes are associated with the
stress response that enables the animal to adapt to
aversive stimuli. Short-term activation of the HPA axis
results in changes in metabolic responses such as rapid
mobilization of energy stores for initiation of the fight-
or-flight response. In the long run, suppression and
changes in other physiological responses such as ana-
bolic processes, energy stores, and the immune system
have negative consequences. Stress results in mobili-
zation of energy stores to maintain normal brain and
muscle function while increasing glucose utilization,
which are essential to maintaining physiological stabil-
ity. Cardiovascular output and respiration are enhanced
during stress to mobilize glucose and oxygen for the
tissues. The gastrointestinal tract during acute stress is
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inhibited. Many of these changes are associated with
stressful events that prepare the animal for fight or
flight. These precise physiological changes are geared to
alter the internal milieu in order to increase survivability,
but if activated frequently and for too long, the results
can be detrimental.

The immune response and processes involving cel-
lular growth and reproduction are temporarily inhibited
during stress to allow the animal to utilize biological
resources for other purposes (such as flight). Long-term
stress can cause disruptions in reproductive physiology
and sexual behavior. Stress modulates the immune sys-
tem. Acute or short-term stress may suppress, enhance,
or have no effect on the immune system. Chronic or
long-term stress can suppress the immune system, thus
making it more difficult for the animal to fight disease
effectively. Glucocorticoids and other components may
contribute to stress-induced immunosuppression, but can
also serve as a protective mechanism against stress. In
addition, feed intake, appetite, and other catabolic and
anabolic processes are altered in response to stress.
Physiological responses to stressful situations are critical
to the adaptability of the animal, but repeated exposure to
stressors or a massive single stressful experience may lead
to pathological consequences.

BEHAVIORAL RESPONSES

Stress elicits a broad range of behavioral responses in
which the profile is dependent upon characteristics of the
organism (i.e., coping ability, dominance order) and the
stressor (i.e., severity, duration). Most often these
behaviors are indicative of fear and anxiety. Animals
frequently exhibit decreases in exploratory activity and
social interaction while exhibiting increases in locomotor
activity, vocalization, and inappropriate behaviors (e.g.,
stereotypies) in response to stressors. Typically, stress
causes changes in normal behaviors instead of causing
new behaviors. In general, behavioral adjustments to
stress are adaptive in nature. It has been suggested that
at the onset or during mild bouts of stress, behavioral
adjustments can modulate the animal back to ‘‘normal”’
without eliciting a physiological response." During mild
thermal stress one can only detect behavioral adjust-
ments in response to thermal stress (end of the comfort
zone), which may be enough to help the animal cope. In
fact, it’s not until the thermal environment changes
further that the animal requires measurable behavioral
and physiological adjustments. Despite these adjust-
ments, the homeokinetic responses are within normal
range.'*! Essentially, it’s not until the animal experiences

stress for a prolonged period of time or is in a state in
which behavioral adjustments are no longer adequate
that other physiological processes are affected, leading
to a prepathological state or development of pathology.
It is this point in which behavioral adjustments are no
longer adequate to return to homeostasis.

The central state of the brain orchestrates the be-
havioral responses in anticipation of and in adaptation to
environmental events.”! Behavioral responses to stress
involve neuronal systems in which peptides function as
neurotransmitters. It has been suggested that CRH coor-
dinates behavioral responses to stress such as feed intake,
anxiety-like behaviors, arousal, learning, and memory
just to name a few. CRH is a critical mediator of stress-
related behaviors and its influence on behavior is
dependent on the baseline arousal state of the animal.
In nonstressed animals under low levels of arousal, CRH
is behaviorally activating while under stressful condi-
tions, exogenous CRH causes enhanced behavioral
responses. Neuropeptides prepare the animal to perceive
stimuli and cause an animal to behave a certain way,
which enables it to respond appropriately to environ-
mental changes. Other neuropeptides are probably in-
volved in the behavioral responses to stress, but few have
been described at this time.

CONCEPT OF ALLOSTASIS

A new concept called allostasis has evolved in order to
encompass the various degrees and outcomes of stress
responses across species. Allostasis is a process that sup-
ports homeostasis in which stability is achieved through
change.”¥ Thus, the physiological parameters change as
environments and other life history stages change. Allo-
stasis involves the whole brain and body and is regulated
by the brain’s attempt to alter and sustain behavioral and
physiological adjustments in response to changing envi-
ronments and challenges. Thus, the concept of allostasis
incorporates the adaptive function of regulating homeo-
kinetic responses to the pathological effects of the in-
ability to adapt.”!

An allostatic state leads to an imbalance of the
primary mediators of allostasis (i.e., glucocorticoids,
catecholamines), overproduction of some and underpro-
duction of others.!®! Allostatic load is the cumulative
effect of an allostatic state. Allostatic load can increase
dramatically if additional loads of unpredictable events
in the environment occur in addition to adaptive
responses to seasonal or other demands. In essence,
the mediators of allostasis are protective and adaptive,
thus increasing survival and health."! However, they can
be damaging.
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CONCLUSION

In terms of short-term goals, the stress response initiated by
a particular stressor provides a series of homeostatic mech-
anisms as well as behavioral and physiological adaptations.
On the other hand, allostasis enables an organism to main-
tain physiological and behavioral stability despite adverse
and fluctuating environmental conditions. The responses to
stress involve numerous endocrine and neural systems that
contribute to orchestrating defenses that enable the animal to
adapt and maintain behavioral and physiological stability.
Behavioral and physiological processes work in conjunction
to regulate the viability of the internal milieu. During acute
stress, the biological cost to an animal is minimal, but
maximal during chronic stress. The inability to initiate an
appropriate and adequate stress response can be highly
deleterious, thus affecting health and reproduction, which in
turn impacts survivability and well-being.
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INTRODUCTION

An amino acid contains both amino and acid groups. The
names for amino acids are largely derived from Greek
(e.g., glycine from the Greek word ‘‘glykos,”” meaning
sweet). Over 300 amino acids occur in nature, but only 20
serve as building blocks of proteins. Amino acids are
substrates for the synthesis of many biologically active
substances (including NO, polyamines, glutathione,
nucleic acids, hormones, creatine, and neurotransmitters)
that regulate metabolic pathways essential to the life and
productivity of animals. Their abnormal metabolism
disturbs whole-body homeostasis, impairs animal growth
and development, and may even cause death. Thus,
knowledge of amino acid biochemistry and nutrition is
of enormous importance for both animal agriculture
and medicine.

AMINO ACID CHEMISTRY

Except for glycine, all amino acids have an asymmetric
carbon and exhibit optical activity.!'"! The absolute
configuration of amino acids (L- or D-isomers) is defined
with reference to glyceraldehyde. Except for proline,
all protein amino acids have both a primary amino group
and a carboxyl group linked to the o-carbon atom
(hence o-amino acids). In B-amino acids (e.g., taurine
and [B-alanine), an amino group links to the PB-carbon
atom. Posttranslationally modified amino acids (e.g.,
4-hydroxyproline, 5-hydroxylysine, 3-methylhistidine,
and dimethylarginines) occur in some proteins. The
biochemical properties of amino acids vary because of
their different side chains. The amino and acid groups of
all amino acids are completely ionized (zwitterionic form)
at physiological pH.

Amino acids are stable in aqueous solution at
physiological temperature, except for glutamine, which
is slowly cyclized to pyroglutamate (<2%/day at 1 mM),
and cysteine, which undergoes rapid oxidation to cystine.
Acid hydrolysis of protein results in almost complete
destruction of tryptophan, the oxidation of cysteine to
cystine, and some degradation of methionine, serine,
threonine, and tyrosine. Alkaline hydrolysis is used for
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tryptophan determination because of its relative stability.
Both acid and alkaline hydrolysis are accompanied by
deamination of glutamine and asparagine.

AMINO ACID METABOLISM
Amino Acid Synthesis

Microorganisms in the digestive tract can synthesize all
amino acids in the presence of ammonia, sulfur, and
carbohydrates.””! All animals can synthesize tyrosine as
well as the following amino acids and their carbon
skeletons: alanine, asparagine, aspartate, cysteine, gluta-
mate, glutamine, glycine, proline, and serine. The ability
to synthesize citrulline and its carbon skeleton varies
among species, but arginine can be made from citrulline in
all animal cells.

Because of its large mass (representing 45% of adult
body weight), skeletal muscle accounts for the majority of
glutamine and alanine synthesis from branched-chain
amino acids (BCAA) in animals. These synthetic path-
ways also occur in extrahepatic tissues, including the
brain, adipose tissue, intestine, kidney, lung, placenta, and
lactating mammary gland. The liver and kidney are the
major sites for the synthesis of tyrosine from phenylala-
nine by phenylalanine hydroxylase, whereas hepatic
transsulfuration is primarily responsible for cysteine syn-
thesis from methionine. There is no conversion of tyrosine
into phenylalanine or cysteine into methionine. In con-
trast, there is reversible interconversion of serine into
glycine by hydroxymethyltransferase in tissues, including
the liver, kidney, lactating mammary tissue, placenta, and
intestine. Proline can be synthesized from arginine in
animal cells containing mitochondria, and from gluta-
mine and glutamate in most mammals (e.g., pigs and
ruminants).”!

Utilization of precursors for the synthesis of L-amino
acids is of practical importance in animal production.
Most D-amino acids, except for D-lysine, D-threonine,
D-cystine, D-arginine and D-histidine, can be converted
into L-amino acids in animals via widespread D-amino
acid oxidase and transamination."” The efficiency of
D-amino acid utilization, on a molar basis of the L-isomer,
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may be 20 to 100%, depending on species and substrates.
Most of the o-ketoacids can be transaminated to form
L-amino acids in animals.

Amino Acid Degradation

Microorganisms in the digestive tract degrade all amino
acids, with ammonia, fatty acids (including branched-
chain fatty acids, acetate, propionate and butyrate), H,S,
and CO, being major products. In animals, amino acids
are catabolized by cell- and tissue-specific pathways. The
liver is the principal organ for the catabolism of all amino
acids except for BCAA and glutamine. There is growing
recognition that the mammalian small intestine exten-
sively degrades essential and nonessential amino acids,
such that circulating glutamate, aspartate, and glutamine
arise almost entirely from endogenous synthesis."!

Although each amino acid has its own unique catabolic
pathway(s), the catabolism of all amino acids exhibits a
number of common characteristics (Table 1). Their
important products include glucose, ketone bodies, fatty
acids, urea, uric acid, and other nitrogenous substances
(Table 2). Complete oxidation of amino acids occurs only
if their carbon skeletons are ultimately converted to
acetyl-CoA, which is oxidized via the Krebs cycle. On a
molar basis, oxidation of amino acids is less efficient for
ATP production compared with fat and glucose. Gluta-
mine, however, is a major fuel for rapidly dividing cells,
including enterocytes, immunologically activated lym-
phocytes, and tumors.!!

Ammonia is an essential substrate in intermediary
metabolism, but at high concentrations it is toxic to animal
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cells (particularly in the brain). Thus, plasma levels of
ammonia (primarily NH}) must be precisely regulated.
Syntheses of urea (via hepatic and intestinal urea cycles)
and uric acid (via hepatic purine metabolism) represent
the major pathways for ammonia detoxification in
mammals and birds, respectively. Hepatic ureagenesis is
subject to both short- and long-term regulation: 1) avail-
abilities of substrates and N-acetylglutamate, and 2) adapt-
ive changes in the amounts of urea cycle enzymes.'!
Glutamine synthetase is a major regulatory enzyme for
uric acid synthesis in uricotelic species.

Species Differences in Amino
Acid Metabolism

Metabolic pathways for most amino acids are generally
similar between microorganisms and animals, but impor-
tant differences do occur. For example, N-acetylglutamate
is an intermediate of and an allosteric activator for
arginine synthesis in microorganisms and animal cells,
respectively.>>! Second, deiminase plays a significant
role in microbial arginine degradation to form citrulline
and ammonia; animal cells, however, lack this pathway.
Third, the conversion of proline into pyrroline-5-carbox-
ylate is catalyzed by NAD(P)*-dependent proline dehy-
drogenase in microorganisms, but by oxygen-dependent
proline oxidase in animal cells. Regarding differences
among animals, most mammals (except for cats and
ferrets) can convert glutamine, glutamate, and proline
into citrulline in enterocytes, whereas birds do not. Sim-
ilarly, ammonia detoxification pathways differ remark-
ably between ureotelic and uricotelic organisms.

Table 1 Reactions initiating amino acid catabolism in animals

Reactions Examples

Transamination Leucine+a Ketoglutarate= o Ketoisocaproate + Glutamate (1)
Deamidation Glutamine + H,O —Glutamate + NHZ 2)
Oxidative deamination Glutamate + NAD* = o Ketoglutarate + NHs+ NADH+H"* 3)
Decarboxylation Ornithine —Putrescine + CO, 4)
Hydroxylation Arginine + O,+ NADPH + H* —NO + Citrulline + NADP* 5)
Reduction Lysine +o Ketoglutarate + NADPH +H*— Saccharopine + NADP* (6)
Dehydrogenation Threonine + NAD*—2 Amino 3 ketobutyrate + NADH +H* 7
Hydrolysis Arginine + H,O —Ornithine + Urea 8)
Dioxygenation Cysteine + O,—Cysteinesulfinate 9)
One carbon unit transfer Glycine+N> N'° methylene THF = Serine + THF (10)
Condensation Methionine+Mg ATP —S Adenosylmethionine+ Mg PPi+Pi 11)
Oxidation Proline + l/202—>Pyrroline 5 carboxylate+H,O (12)

Enzymes that catalyze the indicated reactions are: 1) BCAA transaminase; 2) glutaminase; 3) glutamate dehydrogenase; 4) ornithine
decarboxylase; 5) NO synthase; 6) lysine:o ketoglutarate reductase; 7) threonine dehydrogenase; 8) arginase; 9) cysteine dioxygenase;
10) hydroxymethyltransferase; 11) S adenosylmethionine synthase; and 12) proline oxidase. THF, tetrahydrofolate. Tetrahydrobiopterin is
required for hydroxylation of arginine, phenylalanine, tyrosine, and tryptophan.
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Table 2 Important nitrogenous products of amino acid metabolism in animals

Precursors Products Functions
Arginine NO Vasodilator; neurotransmitter, signaling molecule; angiogenesis; cell
metabolism; apoptosis (programmed cell death); immune response
Agmatine Signaling molecule; inhibitor of NO synthase and ornithine
decarboxylase; brain and renal function
Cysteine Taurine Antioxidant; muscle contraction; bile acid conjugates; retinal function
Glutamate Y Aminobutyrate Neurotransmitter; inhibitor of glutamatergic, serotonin, and NEPN activities
Glutamine Glu and Asp Neurotransmitters; fuels for enterocytes; components of the malate shuttle
Glucosamine Glycoprotein and ganglioside formation; inhibitor of NO synthesis
Ammonia Renal regulation of acid base balance; synthesis of carbamoylphosphate,
glutamate and glutamine
Glycine Serine One carbon unit metabolism; ceramide and phosphatidylserine formation
Heme Hemoproteins (e.g., hemoglobin, myoglobin, catalase, cytochrome C)
Histidine Histamine Allergic reaction; vasodilator; gastric acid and central
acetylcholine secretion
Methionine Homocysteine Oxidant; inhibitor of NO synthesis; risk factor for cardiovascular disease
Betaine Methylation of homocysteine to methionine; one carbon unit metabolism
Choline Synthesis of betaine, acetylcholine (neurotransmitter and vasodilator)
and phosphatidylcholine
Cysteine An important sulfur containing amino acid; formation of disulfide bonds
Phenylalanine Tyrosine A versatile aromatic amino acid containing a hydroxyl group
Serine Glycine Antioxidant; bile acid conjugates; neurotransmitter; immunomodulator
Tryptophan Serotonin Neurotransmitter; smooth muscle contraction; hemostasis
N acetylserotonin Inhibitor of sepiapterin reductase and thus tetrahydrobiopterin synthesis
Melatonin Circadian and circannual rhythms; free radical scavenger; antioxidant
Tyrosine Dopamine Neurotransmitter; apoptosis; lymphatic constriction
EPN and NEPN Neurotransmitters; smooth muscle contraction; cAMP production;
glycogen and energy metabolism
Melanin Dark color pigment; free radical scavenger; chelator of metals
T3 and T4 Gene expression; tissue differentiation and development; cell metabolism
Arg and Met Polyamines Gene expression; DNA and protein synthesis; ion channel function;
apoptosis; signal transduction; antioxidants; cell function, proliferation,
and differentiation
Gln and Asp Nucleic acids Gene expression; cell cycle and function; protein and uric acid synthesis
Gln and Trp NAD(P) Coenzymes for oxidoreductases; substrate of poly(ADP ribose) polymerase
Arg, Pro or Gln Ornithine Glutamate, glutamine, and polyamine synthesis; mitochondrial integrity
Arg, Met, Gly Creatine Energy metabolism in muscle and nerve; antioxidant; antiviral; antitumor
Cys, Glu, and Gly Glutathione Free radical scavenger; antioxidant; formation of leukotrienes,
mercapturate, glutathionylspermidine, glutathione NO adduct and
glutathionylproteins; signal transduction; gene expression; apoptosis;
spermatogenesis; sperm maturation; cellular redox state
Gln, Glu, and Pro Citrulline Free radical scavenger; arginine synthesis
Lys, Met, and Ser Carnitine Transport of long chain fatty acids into mitochondria; storage of energy

as acetylcarnitine

EPN, epinephrine; NEPN, norepinephrine; T3, triiodothyronine; T4, thyroxine.

REGULATORY FUNCTIONS OF

AMINO ACIDS

Through the production of diversified metabolites, amino
acids regulate cell metabolism and play vital roles in
animal homeostasis (Table 2). For example, arginine
stimulates the secretion of insulin, growth hormone, pro-

lactin, glucagon, and placental lactogen, thereby modu-
lating protein, lipid, and glucose metabolism. Second,
arginine activates N-carbamoylglutamate synthase, which
uses glutamate as a substrate. Thus, arginine and glu-
tamate maintain the urea cycle in an active state. Third,
through signaling pathways involving the mammalian
target of rapamycin protein kinase, leucine increases
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protein synthesis and inhibits proteolysis in skeletal
muscle. Fourth, alanine inhibits pyruvate kinase, thereby
regulating gluconeogenesis and glycolysis to ensure net
glucose production by hepatocytes during periods of food
deprivation. Fifth, glutamate and aspartate mediate the
transfer of reducing equivalents across the mitochondrial
membrane and thus regulate glycolysis and cellular redox
state. Finally, coordination of amino acid metabolism
among the liver, skeletal muscle, intestine, and immune
cells maximizes glutamine availability for renal ammo-
niagenesis and therefore the regulation of acid base
balance in acidotic animals.'"!

CONCLUSION

Amino acids display remarkable metabolic and regulatory
versatility. They serve as essential precursors for the
synthesis of proteins and other biologically important
molecules and also regulate metabolic pathways vital to
the health, growth, development, and functional integrity
of animals. Future studies are necessary to elucidate the
mechanisms that regulate amino acid metabolism at
cellular, tissue, and whole-body levels. Better understand-
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ing of these processes will lead to improved efficiency of
protein production by animals.
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Angora Goats: Production and Management
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INTRODUCTION

Dogs, goats, and sheep were the first animals to be
domesticated by man. Domestication of the goat is
considered to have occurred at least 10,000 years ago in
the Near East and Africa. The animals were used for
production of meat, milk, skins, and fiber. Fiber-
producing goats have occupied the area between the
Black Sea and the Mediterranean Ocean for at least 2000
years. The white, lustrous-fleeced goat called the Angora
(Capra hircus aegagrus) was developed on the Turkish
plains close to Ankara, from which the name of the goat
was derived. The original Turkish Angora goats were
described as small, refined, and delicate and annually pro-
duced 1 2 kg of mohair in ringlets 20 25 cm in length.
The primary and secondary follicles of Angora goats
produce fibers of similar diameter and length, giving rise
to a nonshedding single-coated fleece that is quite distinct
from cashmere and the fleece of other goats that produce
double coats. The first recorded shipment of Angora goats
out of Turkey occurred in 1554. Shipments to South
Africa (1838), the United States (1849), Australia (1850s),
and the United Kingdom (1881) followed. Mohair
production flourished in South Africa and the United
States. By 1909, 1.34 million Angora goats were shorn in
Texas. The population increased to 4.61 million by 1965
but subsequently declined to the present-day 220,000. In
recent years, the South African Angora goat population
peaked in 1989 with 3.0 million animals. By 2003, this
number had declined to 1.1 million. Meanwhile, the
population in Turkey had declined to about 100,000
Angora goats.

NUTRITION

Most Angora goats (Figs. 1 and 2) are maintained on
native rangelands that are diverse in grasses, forbs, and
shrubs.!"-*' To support their high rate of fiber production,
Angora goats are highly selective browsers, choosing the
most nutritious plants or plant parts when available.
Maintaining an Angora goat on monocultures such as
Bermuda grass can cause nutrition-related problems.
Similarly, holding the animals on depleted rangeland

Encyclopedia of Animal Science
DOI: 10.1081/E EAS 120030226
Copyright © 2005 by Marcel Dekker, Inc. All rights reserved.

without adequate supplementation can also result in
many problems. An Angora doe will continue to produce
fiber at close to an optimal level even when nutrition is
inadequate. At such times, fiber production takes priority
over maintenance of body weight or continuation of
pregnancy. However, poor nutrition eventually results in
production of short (but finer), matted mohair, lower
fleece weights, lower reproduction rates, and abortion.
An authoritative bulletin®! contains energy, protein,
mineral, and vitamin requirements of Angora goats for
a wide range of body weights, different levels of
activity, fiber production, growth, and milk production,
and different stages of pregnancy. For year-round
grazing on Texas rangeland, light, medium, and heavy
stocking rates are considered to be one goat per 6.6, 3.3,
and 2.2 acres, respectively.'*! Supplementation of
Angora goats (e.g., for development of kids, flushing
of does, or inadequate forage on the range) and related
economics are the subjects of many texts®> and
computer programs.’!

Adequate nutrition is important after shearing, which
decreases insulation and results in increased energy
demand, especially in cold, wet, or windy weather.
Providing freshly shorn goats with ample feed before
returning them to the range can help avoid catastrophic
postshear death losses.

REPRODUCTION

Angora goats have a reputation for low reproduction rates.
This causes problems for the producer in terms of lost
income from sale of excess animals, making progress in
herd improvement, and maintaining herd numbers. There
are various reasons for low reproductive efficiency. The
most important is inadequate nutrition at one or more
stages of growth or during the reproductive cycle. Many
reproductive problems can be cured with adequate
nutrition and/or increased management inputs that must
be considered in light of anticipated economic returns.
The reproductive processes of Angora goats are similar
to those of other goats. Major exceptions are the
pronounced seasonality of mating in Angoras and
problems associated with the high and competing
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Fig. 1 Angora goats grazing in western Texas. (Photograph
courtesy of J.W. Walker.) (View this art in color at www.
dekker.com.)

demands of fiber production. Most Angora goats will
attain puberty and breed at 18 months of age. Well-fed,
well-developed kids occasionally breed at 6 8 months of
age. Both males and females are seasonal breeders, the
female having recurring estrual periods during fall/winter
if not bred. Estrous cycles last from 19 to 21 days, with
estrus itself lasting about one day. Gestation length is 149
days (range 143 153 days). The body weight and
development of the doe are major sources of variation in
ovulation and kidding rates, the ovulation rate decreasing
with lower body weights.

Normal birth weight of kids ranges from 2 to 3 kg.
Larger kids cause birthing difficulties for their dams,
whereas smaller kids have low survival rates. A normal
kid crop for commercial herds is in the range of 40 to
80%. Kid crops of 150% (i.e., 50% of does raised twins)
have been reported in well-managed, small flocks. Low-
kid crops can be a result of failure to ovulate or conceive,
loss of embryo (resorption or abortion), or death of kid
after birth. Most of these problems can be affected in a
positive manner by improving nutrition and increasing the
level of management. An example of the former would
include a period of supplemental feeding before and
during breeding. Examples of the latter would include
kidding in small pastures or through a barn instead of on
the range. Again, cost-effectiveness of all extra inputs is a
major consideration for producers.

GENETICS AND SELECTION

Because the majority of income from Angora goats
traditionally has come from fiber, much of the selection
pressure has been for increased fiber production. Re-
cently, more interest has been focused on selecting for a
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dual-purpose Angora goat. Hence, more emphasis has
been placed on body traits such as gain and mature weight.
In its current form, the Angora goat produces fiber more
efficiently than any other animal to which it has been
compared. Selection for fine fiber (i.e., more valuable
fiber) and against medullated (hollow) fibers has been
practiced also. Most of the commonly measured and
economically important production traits are inherited in a
quantitative manner (i.e., under control of many genes).
Derivation of comprehensive indices to assist with
selection programs (though beyond the scope of this
article) requires knowledge of the economic value,
variability, and heritability of each trait, and the relation-
ships among traits.

Because economic values change over time, average
values calculated over a long period of time are most
useful (unless there is a clear indication or guarantee of
future value). Shelton!® reported ‘consensus values’ for
heritability of the various traits. Highly heritable (>0.25)
values include lock length; clean yield; mature weight;
face, neck, and belly covering; secondary/primary
follicle ratio; and scrotal division. Moderately heritable
(0.15 0.25) values include fleece weight, fleece density,
average fiber diameter, kemp (medullation) content, and
weaning weight, and lowly heritable values include
reproductive rate, longevity, and adaptability. Because
Angora goat breeders are interested in many animal and
fleece traits, developing a comprehensive selection index
for Angora goats is a difficult task. To further complicate
the issue, few of the traits are completely independent, and
all are affected to some degree by such factors as age,
nutrition, year, sex, and type of birth. The index for
ranking yearling males on the Texas Agricultural Exper-
iment Station annual central performance test'’! has
received wide acceptance in the Texas industry.

Fig. 2 Angora goat fleece, illustrating the whiteness and luster
for which mohair is famous. (View this art in color at www.
dekker.com.)
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HEALTH CONSIDERATIONS

Angora goats are susceptible to a broad range of diseases,
consideration of which is beyond the scope of this article.
When maintained under semiarid, extensive conditions
(similar to those under which they were developed
originally in Turkey), they generally thrive so long as
adequate nutrition and fresh water are available. Problems
tend to arise when animals are concentrated into small
areas, particularly when conditions are damp. Diseases
(e.g., pinkeye, soremouth, caseous lymphadenitis, pneu-
monia, bluetongue, dysentery, mastitis, caprine arthritis
encephalitis, urinary calculi) and parasites (e.g., round-
worms, coccidiosis, lice, scabies, etc.) that tend to be more
prevalent in Angora goats, and how the industry deals
with these problems, are the subjects of authoritative
coverage elsewhere.!>®!

CALENDAR OF OPERATIONS

In Texas, Angora does are bred in October to kid in
March. Two to three weeks before and after males are
introduced (one male to 20 25 does), does may be
supplemented nutritionally to enhance ovulation rates.
Throughout winter, range and forage conditions are
evaluated in conjunction with the body condition of does
so that a timely decision on required supplementation can
be made. Also, internal parasites are monitored so the
goats can be treated with anthelmintics after first frost,
when fecal egg counts indicate treatment is warranted.
Does are sheared just before kidding, a practice that seems
to encourage them to seek out a sheltered place in which
to give birth. In range flocks, kids typically remain with
their dams until weaning in August, when the kids are
sheared for the first time. Replacement selections are
made from the 18-month-old does and males at this time,
and older animals are inspected for possible culling. A few
weeks after shearing, all animals may be treated for
external parasites with prescribed pesticides.

CONCLUSION

The present-day Angora goat is an animal breeding
success, with its ability to produce more than twice as
much fiber compared to 100 years ago. However, the
ability to produce more fiber almost certainly has been
achieved with a concurrent loss in adaptability. Except in
very favorable years, today’s animals must be supple-
mented at critical times in order to maintain satisfactory
levels of kid, meat, and mohair production. Further, the
high priority the goat now has to produce fiber appears to
have made it more susceptible to nutrition-related health
problems, compared to other breeds. The long decline in
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the world’s Angora goat population is a direct result of the
inability of this animal enterprise to provide producers
with adequate, consistent income. This in turn is a
consequence of changing fashion trends and a general
decline in demand for and use of animal fibers in modern
textiles, in favor of cheaper synthetics. Although mohair is
still one of the most important of the specialty animal
fibers, its consumption is not expected to increase
dramatically, despite the best efforts of producers’
promotional groups and federal support programs.
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Animal Agriculture and Social Ethics for Animals
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INTRODUCTION

The social demand for a comprehensive ethic governing
all areas of human use of animals did not appear until the
1960s. Historically, although society did have some
ethical prescriptions for animal use, they were extremely
minimalistic, focusing on forbidding deviant, willful,
extraordinary, purposeless, sadistic infliction of pain and
suffering on animals or outrageous neglect, such as not
feeding or watering. Although this ethic of forbidding
overt cruelty was incorporated into the legal system (i.e.,
into the visible articulation of social ethics) in most
countries beginning in about 1800, it is in fact readily
evidenced in the Old Testament, for example, in the
injunction not to muzzle the ox when the animal is being
used to mill grain or in the commandment to avoid yoking
together an ox and an ass to a plow because of those
animals’ inherent inequality in size and strength. The
Rabbinical tradition explained this ethic in terms of
respecting animals’ capability of suffering. In Catholic
theology, as articulated by Thomas Aquinas, on the other
hand, cruelty is forbidden not for the sake of the animals,
but because people who perpetrate cruelty on animals are
likely to graduate to perpetrating cruelty on people, an
insight confirmed by modern psychological research.

HUSBANDRY AND THE
ANTICRUELTY ETHIC

For most of human history, the anticruelty ethic and laws
expressing it sufficed to encapsulate social concern for
animal treatment for one fundamental reason: During that
period, and today as well, the majority of animals used in
society were agricultural, utilized for food, fiber, loco-
motion, and power. Until the mid-20th century, the key to
success in animal agriculture was good husbandry, a word
derived from the old Norse term for ‘‘bonded to the
household.”’!"! Humans were in a contractual, symbiotic
relationship with farm animals, with both parties living
better than they would outside of the relationship. We put
animals into optimal conditions dictated by their biolog-
ical natures, and augmented their natural ability to survive
and thrive by protecting them from predation, providing
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food and water during famine and drought, and giving
them medical attention and help in birthing. The animals
in turn provided us with their products (e.g., wool and
milk), their labor, and sometimes their lives, but while
they lived, their quality of life was good. Proper hus-
bandry was sanctioned by the most powerful incentive
there is  self-interest! The producer did well if and only if
the animals did well. Husbandry was thus about putting
square pegs in square holes, round pegs in round holes,
and creating as little friction as possible doing so. Had a
traditional agriculturalist attempted to raise 100,000
chickens in one building, they would all have succumbed
to disease within a month.

Thus, husbandry was both a prudential and an ethical
imperative, as evidenced by the fact that when the
psalmist wishes to create a metaphor for God’s ideal
relationship to humans in the 23rd Psalm, he uses the
Good Shepherd, who exemplifies husbandry.

The Lord is my shepherd, I shall not want. He maketh me
to lie down in green pastures; he leadeth me beside still
waters; he restoreth my soul.

We want no more from God than what the Good
Shepherd provides to his sheep. Thus, the nature of
agriculture ensured good treatment of animals, and the
anticruelty ethic was only needed to capture sadists and
psychopaths unmoved by self-interest.

THE END OF HUSBANDRY

Symbolically, this contract was broken in the mid-20th
century when academic departments of animal husbandry
changed their names to departments of animal science. As
the textbooks put it, animal science became ‘‘the
application of industrial methods to the production of
animals.”” This change occurred in America for a variety
of reasons.!"! With projections of burgeoning population
and shrinking amounts of agricultural land, agricultural
scientists feared shortages in the food supply. The
Depression and Dust Bowl had driven many people out
of agriculture, as had World War II, which exposed young
men to faster, more exciting lives than rural America
afforded. As the lyrics of a song popular during World
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War I went, ‘‘How you gonna keep em down on the farm,
now that they’ve seen Paree?”’

WELFARE PROBLEMS OF
INDUSTRIALIZED AGRICTULTURE

For these reasons, the values of industry business
efficiency and productivity supplanted the values and
way of life of husbandry. One casualty was animal
welfare, as technological sanders such as antibiotics,
vaccines, air-handling systems, and hormones allowed us
to force, as it were, round pegs into square holes.
Productivity was severed from well-being, with animals
now suffering in ways that were irrelevant to productivity
and profit. Industrialized confinement agriculture in fact
brought with it at least four major new sources of suffering
and welfare problems:

1. So-called production diseases that would not be a
problem but for the means of production (e.g., liver
abscesses in feedlot cattle arising from feeding too
much grain and not enough roughage).

2. Truncated environments that prevent the animals from
actualizing their physical, psychological, and social
natures (e.g., gestation crates for sows, cages for egg-
laying hens).

3. The huge scale of confinement operations militates
against attention to and concern for individual animals
(e.g., dairy herds of 6000; 100,000 chickens in one
building), because part of the point in developing such
systems was using capital to replace labor. However,
nothing in principle prohibits reintroducing more
individual attention, particularly if such attention is
vectored into the design of these systems.

4. In confinement systems, workers are not animal-
smart; the intelligence, such as it is, is in the mecha-
nized system. (Instead of husbandry people, for exam-
ple, workers in swine factories are low-wage, often
illegal-immigrant labor who have no empathy with,
knowledge of, or concern for the animals.) Once
again, this could be changed with greater attention to
selection and training of workers. Indeed, agriculture
could take advantage of better educated urban peo-
ple’s desire to leave the cities.

NEED FOR A NEW ETHIC

This change from a fair-contract-with-animals agriculture
to far more exploitative agriculture took place between
World War II and the 1970s. And, as society became
cognizant of the change, beginning in Britain in the 1960s
with the publication of Ruth Harrison’s Animal Ma-
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chines,*! and spreading throughout Western Europe, it
needed a way to express its moral concern about the
precipitous change. The traditional anticruelty ethic did
not fit, for confinement agriculturalists were not sadistic or
cruel, but rather were simply attempting to produce cheap
and plentiful food. Similarly, social reservations about
toxicological use of animals and research on animals
wherein, unlike the situation in husbandry, animals were
harmed but received no compensatory benefit also drove
the demand for a new ethic for animals.

ORIGIN AND NATURE OF THE NEW ETHIC

Plato points out that new ethical systems are not created
ex nihilo; rather, they build on previously established
ethics, as when the Civil Rights Movement reminded
society, in Plato’s phrase, that segregation was incompat-
ible with basic American ideals of equality. In the case of
animals, society looked to its ethics for the treatment of
humans and adapted it, with appropriate modifications,
to animals.

The part of the ethic that was adapted is the part
designed to deal with a fundamental problem confronting
all societies the conflict between the good of the group
and the good of the individual.'* Thus, when we tax the
wealthy to help feed the poor, the rich person does not
benefit but rather society as a whole. Similarly, if a person
is drafted to serve in a war, the society benefits but not the
individual who may be wounded or killed. Many
totalitarian societies simply favor the corporate entity.
Western democratic societies, however, strike a wise
balance. These societies do make most of their decisions
by reference to the general welfare but also protect certain
fundamental aspects of the individual, based on a
reasonable theory of human nature, even from the general
welfare. These legal/moral protections of key aspects of
human nature speech, belief, property, assembly, etc.
are called rights.

APPLICATION OF THE NEW ETHIC
TO ANIMALS

Animals too have natures: the cowness of the cow, the
pigness of the pig. Although these natures were protected
in husbandry, they are now compromised in industrialized
agriculture. So, society, in essence, has come to say that if
these animals’ rights are no longer presuppositional to
animal agricultural, they must be socially imposed on
producers, i.e., they must be legislated. Not surprisingly,
studies show that the vast majority of the public affirms
that animals have rights, as do many husbandry agri-
culturalists. A Gallup poll published in May of 2003
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indicated that fully 75% of Americans wish to see laws
protecting animals in agriculture (available at http://www.
gallup.com).

The clearest example of this new ethic can be found in
the Swedish law of 1988, which essentially ended Sweden
confinement agriculture as the United States knows it, and
required an agriculture that fits the animals’ biological and
psychological natures. Tellingly, the New York Times
called this law a “‘Bill of Rights for farm animals.”’'!
More recently, this approach has been adopted by the
European Union, and inexorably will spread to the United
States when the public realizes that agriculture is no
longer Old McDonalds’ farm.

SOCIAL REASONS FOR CONCERN
ABOUT ANIMALS

Several other factors besides social concern for restoration
of husbandry have vectored into the significant prolifer-
ation of animal welfare ethics as a major social concern.
First, demographic changes and agricultural productivity
have created a society in which only 1.5% of the public
produces food for the rest. In this regard, therefore, the
paradigm in the social mind for an animal is no longer a
horse or cow as it was in 1900 when half the population was
engaged in agriculture it is now the pet or companion
animal, which most people see as a member of the family.

Second, over the past 50 years, society has undergone
a great deal of ethical soul-searching with regard to the
disenfranchised blacks, women, persons with disabil-
ities, and others. Inevitably, the same ethical impera-
tive has focused on animals and the environment, with
many leaders of the animal movement coming from other
social movements.

Third, the media have discovered that animals sell
papers and that the public has an insatiable hunger for
animal stories. According to a New York Times reporter
who did a count, animal stories and shows occupy the
single largest block of time on New York cable television.

Animal Agriculture and Social Ethics for Animals

Fourth, animal issues have been championed by highly
intelligent philosophers and scientists, and by many
celebrities with great influence on social thought. Books
on animal ethics sell very well Peter Singer’s seminal
Animal Liberation has been in print steadily since 1975,
and has gone through three editions."!

CONCLUSION

Far too many people in animal industries and in academic
animal science have failed to attend to the many signs
that society is seriously concerned with animal treatment
in agriculture, preferring to believe that these concerns
are the sole purview of extremists and will go away if
ignored. All evidence indicates that this is not the case
and that if agriculture is to maintain its autonomy and
avoid onerous legislation penned by concerned but
agriculturally naive citizens, it must temper its quest for
efficiency and productivity by a return to the principles of
animal husbandry. Any profession or subgroup of society
allowed the freedom by society to pursue its goals in its
own way must always be able to assure society in general
that its activities are in harmony with consensual social
ethical concerns.
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Animal By-Products: Biological and Industrial Products

Gary G. Pearl

Fats and Proteins Research Foundation, Inc., Bloomington, Illinois, U.S.A.

INTRODUCTION

The terms by-products and coproducts as they relate to
animal production are often used interchangeably. The
need to debate, which is most appropriate or descriptive, is
not extremely important, except to draw attention to one
fact. By-product is defined as a secondary product ob-
tained during the manufacture of a principal commodity.
Coproduct possesses the meaning of being together or
joined. Thus, the important facts for the animal production
and processing industries are the utilization and opportu-
nities that exist for the by-products that are produced
ancillary to the production of meat, milk, and eggs for
human food consumption. The actual value of animal
by-products in comparison to the food components has
not been determined in composite, nor have published
economic projections for the alternative uses for animal-
derived tissues, when used as biological and industrial
products, been made available. But as one reviews the
array of significant products that are derived from animal
production and the technical opportunities that exist, one
acquires a greater appreciation for their contributions
to society.

BIOLOGICALS

Serum, vaccines, antigens, and antitoxins are derived from
many food-animal tissues acquired both during the
slaughter and processing of and by primary extraction
from hyperimmunized animals. The true biologicals serve
as preventive and treatment regimes in both humans and
animals and are primarily derived from blood. Other
animal tissues have been primary for the replication of
cell-culture vaccines. Biotechnology continues to alter
vaccine production processes, but animal by-products and
their extractions are still important components. Purified
animal blood is fractionated into many vital end products
for numerous medical applications. Examples include
thrombin, which is used for blood coagulation agents and
skin graft procedures, fibrin used in surgical repair of
internal organs, and fibrinolysin, an enzyme used to assist
digestive and vaginal infections, as well as for wound
cleaning agents.
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Biological applications extend into uses for numerous
pharmaceuticals, neutraceuticals, nutritional supplements,
glandular extracts, and enzymes. Tissue implants, hor-
mones, organs, glands, and tissue meats are considered to
possess specific custom or health benefits. Other than
heart, tongue, liver, kidney, pancreas/thymus (sweet-
bread), brain, stomach (tripe), and intestines that are used
as food, all other noncarcass material, though edible
biologically, is generally referenced as by-product tissue.

GLANDULAR EXTRACTS, HORMONES,
AND ENZYMES

Glandular extracts, hormones, and enzyme collections are
specific to the species, age, and sex of respective animals.
Major products such as pepsin, rennin and other digestive
enzymes, lipase and trypsin enzymes extracted from the
pancreas, bile from the liver, adrenocortical steroids from
the adrenal glands, and female reproductive hormones
from the ovary are all medically significant products.
Though insulin has been referenced as one of the prime
pharmaceutical products derived from animal by-prod-
ucts, it is now synthesized by other procedures. This is true
for a number of other pharmaceuticals, but reliance on the
natural production and extraction is still an important
source of medical treatment and prevention compounds.

IMPLANTS AND GRAFTING

Tissue transplants and grafting with animal tissues are
routine human treatment regimes. Of particular note are
the use of skins for initial treatment of burn patients and
arteries, heart values, bone cartilage, and bone fragments,
which are used as substitutes for diseased or damaged
human tissue parts. In many of these treatment areas, there
are no synthetic products that function or perform equally
well. Historically, animal by-products have been used for
these pharmaceutical and biological medical treatments
for centuries. Rather crude applications based primarily
on folklore preceded the extensive medical research and
technology that guided their use in more modern times.
The biological properties of the component tissues and
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their extracts of animal by-products have provided the
scientific basis for the development of synthetic sub-
stitutes. Many of the animal by-products are still
indispensable as treatment regimes and research assets
for the development of new and improved applications. A
significant market has accompanied the biotechnical age
in research work related to cell media, bioactive peptides,
immunochemicals, molecular biology, tissue culture
media, and reagents.

NEUTRACEUTICALS

Much has been referenced recently regarding various
neutraceutical effects from a variety of foodstuffs that
include those derived from animal by-products. A
neutraceutical is vaguely defined. Though not defined as
a specific required nutrient, the effects of identified
compounds in specific tissues and their alleged benefit to
certain health conditions is an expanding market. The
majority of the neutraceuticals do not possess FDA
approval for specific indications, but are marketed over-
the-counter as nutritional supplements. Though the health
food shelves are laden with products for nearly all
ailments, an exemplary example of the product types are
glucosamine hydrochloride and chondroitin sulfate. The
supplements are labeled as an aid to the promotion of
healthy cartilage and joint support. These supplements are
extracts from animal by-product cartilage such as bovine
trachea. There are numerous such supplements extracted
or processed from animal by-products and made available
for domestic and international markets. The Asian market
has traditionally used and continues to expand its usage of
nutritional supplements.

GELATIN

Gelatins obtained from both inedible and edible tissues are
water-soluble protein derived from collagen extracted
from animal connective tissues such as bone, cartilage,
skin, and tendons. A variety of uses have been made of the
various grades and types of gelatin. These include the
primary use as food from edible processes and glue from
inedible processes. Other significant uses are photograph-
ic film, adhesives, and gelatin coatings for pharmaceutical
products. To dispel past beliefs, the only protein tissue
that can yield gelatin or animal glue is collagen.
Therefore, animal parts such as horns, hair, and hooves,
which are composed of distinctly different proteins,
cannot be used to make gelatin.

Animal By-Products: Biological and Industrial Products
HIDES, SKIN, AND WOOL/HAIR

The largest component, based on value and volume, of
animal by-products derived from the slaughter of food
animals is the hide, in particular the hides derived from
cattle. The skin of virtually every animal can be used to
produce leather. Animal skins have been the source of
clothing attire for man since historical times. Leather is
used in a remarkable number of applications, including
automobile and furniture upholstery, shoes, sporting
goods, luggage, garments, gloves, and purses. A repre-
sentative of the leather industry categorized leather
utilization as 40% for upholstery, 50% for shoes and
shoe leather, and 10% for other uses.[?! Leather garments
are again increasing in vogue around the world. A very
high percentage of hides, especially from cattle, produced
in the United States are currently exported to China and
Korea and, in lesser volume, to Mexico.

Pork skins are likewise a popular tissue used for
garments and footwear, as are other skins from a number
of minor species. Similarly, wool and hair have multiple
uses based on their fiber properties. These qualities guide
their usage into fabric, building insulation, and absorptive
products. Synthetically derived products have challenged
hide, skins, wool, and hair in nearly all of their traditional
uses and will undoubtedly continue to do so in the future.

INDUSTRIAL USE

Certain animal by-products have found complementary
outlets in many industrial niche markets, but with the
exception of tallow and other species fat, animal by-
product protein factions have been processed for their
utilization as livestock, poultry, companion animal, and
aquaculture feed ingredients. Tallow gained its promi-
nence as an industrial ingredient for the soap, candle,
cosmetic, and oleochemical industries. Animal fat utili-
zation typically involves the production of lubricants,
fatty acids, and glycerol. These fatty acids have primary
industrial manufacturing uses for surfactants, soaps,
plastics, resins, rubber, lubricants, and defoaming agents.
Actual volume utilization for industrial uses of animal fats
is not available. Worldwide, all the animal fats represent
approximately 15% of the total production of all fats and
oils. Tallow and grease are important commodities, and
when lard is added to the total volume, rendered meat fats
constitute the third largest commodity after soybean oil
and palm oil.*) The United States produces in excess of
50% of the world’s tallow and grease. Tallow has been the
primary animal fat for soap making, as lard and grease
yield lower-quality soap. The USDA estimate of the
current usage of tallow in producing soap is now less than
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6% of domestic production, compared to 72% in 1950
and 27% in 1965. Thus, the usage in soap is still an
important volume, but its use as feed ingredients both
domestically and as a product for export now commands
its largest utilization.

BIOENERGY USES

Renewable and recyclable sourced fuels are now recog-
nized as being an important part of U.S. as well as global
energy plans. As such, fats, oils, and recycled greases are
feedstocks now used as biofuels. Biodiesel is defined as a
monoalkyl ester of long-chain fatty acids that are derived
from animal fats, vegetable oils, and recycled cooking
oils/restaurant grease. Production by the reaction of a fat
or oil with an alcohol in the presence of a catalyst results
in an alternative or additive fuel to petroleum diesel. The
methyl esters produced by this same process are used in
a broad area of industrial chemicals for use as solvents
and cleaners.

The use of rendered animal fats as burner fuel
resources that are alternatives to natural gas, #2 fuel oil,
and #6 fuel oil has now evolved as a viable and often
economical use of feedstocks for energy alternatives. Both
the protein and fat fractions from rendered animal by-
products have potential for generation of captured energy.
The lipid factions, however, have many more opportuni-
ties for use of this resource.

CONCLUSIONS

Animal by-products are the direct result of the production
and processing of animals for food. Providing meat, milk,
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and eggs for the global table results in the ancillary
production of inedible by-products. The total volume of
such by-products approximates the total volume of edible
meat when these animals are processed. This volume is
increasing annually as the trend for more table-ready meat
preparations increases. The utilization and the exploration
for new utilizations as biological, industrial, and other
value-added products must remain a priority in concert
with the most economical, environmentally friendly,
biosecure, and ecologically appropriate production of
animal-derived foods.
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Animal Handling-Behavior
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INTRODUCTION

People who understand the natural behavior patterns of
farm animals will be able to handle them more easily. This
will help reduce stress, improve animal welfare, and
reduce accidents. Common domestic animals such as
cattle, sheep, pigs, goats, poultry, and horses are prey
species of grazing or foraging animals. Their wild
ancestors survived in the wild by flight from predators.
This is why domestic animals today are easily frightened
by potentially threatening stimuli such as sudden move-
ment. It is important to handle animals calmly; calm
animals are safer and easier to handle than excited ones. If
an animal becomes agitated, it is advisable to let it calm
down for 20 to 30 minutes.

WIDE-ANGLE VISION

Prey species animals have a wide-angle visual field that
enables them to scan their surroundings for signs of
danger. Both grazing mammals and birds are especially
sensitive to rapid movement and high contrasts of light
and dark. Most grazing mammals are dichromats and are
partially color-blind. Their eyes are most sensitive to
yellowish-green and blue-purple light.!"! However, some
birds have full-color vision. If an animal refuses to walk
through a handling facility it may be due to seeing small
distractions that people often do not notice. It may balk
and refuse to walk past a small swinging chain or shadows
that make harsh contrasts of light and dark.””! A leaf
blowing in the wind may make a horse ‘‘spook’ and
jump. To locate the distractions that impede animal
movement, people should walk through the chutes to see
what the animal sees. Ruminants, pigs, and equines may
refuse to move through a chute for veterinary procedures
if they see people moving up ahead, sparkling reflections
on a wet floor, or vehicles. One simple way to improve
animal movement through a handling facility is to put up a
solid fence, so that the animals do not see things that
frighten them through the fence."! This is especially
important for animals that are not accustomed to close
contact with people.

For wild ruminants such as bison, solid fences to block
vision will keep them calmer during vaccinations and other
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procedures. Covering the eyes with a completely opaque
blindfold also keeps them calmer. Deer and poultry
producers handle these animals in darkened rooms to
prevent excitement. [llumination with faint blue lights is
often used in poultry processing plants. The blue lights
provide sufficient illumination for people to see, and they
keep the birds calm.

Lighting in a handling facility will affect animal
movement. Animals are attracted to light unless it is
blinding sun. They may refuse to move through a chute
that is directly facing the sun. Chutes should face away
from the rising or setting sun. In indoor facilities, lamps
can be used to attract animals into chutes. On a bright,
sunny day, cattle and pigs may refuse to enter a dark
building. One of the best ways to solve this problem is to
install white translucent panels in the building to admit
abundant shadow-free light.

HEARING

Cattle, horses, and other grazing animals are much more
sensitive to high-pitched noise than people are. Cattle are
most sensitive at 8000 hz,"*! and people are most sensitive
at meq 1000 to 3000 hz. Research has shown that people
yelling will raise the heart rate of cattle more than the
sound of a gate slamming.”®! People working with animals
should be quiet and refrain from yelling and whistling. In
one study, cattle with an excitable temperament that
became agitated in an auction ring were more sensitive to
sudden movement and yelling, compared to calmer
cattle.!®

FLIGHT ZONE AND POINT OF BALANCE

A tame riding horse or a show dairy cow has no flight
zone, and leading it with a halter is the best way to move
it. Most mammals and birds that are used in production
agriculture are not completely tame, and they will keep a
certain distance from a person. This is the flight zone, or
the animal’s safety zone.”>"”! There are three basic factors
that determine the flight zone: 1) genetics; 2) the amount
of contact with people; and 3) the quality of the contact,
either calm and quiet or rough and aversive. Animal
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Fig. 1 Cattle will turn and face the handler when the person is
outside their flight zone. (Photo by Temple Grandin.)

movement patterns during herding are similar in herding
both mammals and poultry.

When a person is outside the flight zone, the animals
will turn and face the person (Fig. 1). When the person
enters the flight zone, both livestock and poultry will
move away (Fig. 2). If an animal rears up when it is
confined in a chute, this is usually due to a person deeply
penetrating the flight zone with the animal unable to move
away. The person should back up and get out of the flight
zone. The animal will usually settle back down when the
person backs away.

The point of balance is an imaginary line at the
animal’s shoulder. To induce an animal to move forward,
the person must be behind the point of balance at the
shoulder.®™! To back an animal up, the person should
stand in front of the shoulder. People handling animals
should not make the mistake of standing at the animal’s

Fig. 2 When the handler enters the flight zone, the cattle will
move away. The best place to work is on the edge of the flight
zone. (Photo by Temple Grandin.)
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head and poking it on the rear to make it go forward.
Doing this signals the animal to move forward and back at
the same time.

Ruminants, pigs, or equines standing in a chute can be
induced to move forward by quickly walking past the
point of balance in the direction opposite of desired
movement. The animal will move forward when the
balance line is crossed. This principle can also be used for
moving cattle in pens or on pasture. The handler walks
inside the group flight zone in the direction opposite of
desired movement and walks outside the flight zone in the
same direction as desired movement.

HANDLING FACILITIES AND RESTRAINT

Curved, single-file races (chutes) work efficiently because
they take advantage of the grazing animal’s natural
tendency to move back to where they came from. Large
ranches, feedlots, meat plants, and sheep operations have
used curved chute systems for years. To help keep animals
calmer and to facilitate movement through the facility, the
following areas should have solid fences to block vision:
the single-file chute (race); the restraining device for
holding the animal (squeeze chute); and the crowd pen,
crowd gate, and truck loading ramp. Solid sides are
especially important for extensively reared animals with a
large flight zone. If an animal is completely tame and can
be led with a halter, the use of solid sides is less important.
Figure 3 illustrates a well-designed curved, single-file
chute with solid sides.

Both mammals and poultry will be less stressed if they
are restrained in a comfortable, upright position. Inverting
either mammals or birds into an upside down position

Fig. 3 A curved, single file chute with solid sides is more ef
ficient than a straight chute for moving cattle. (Photo by Temple
Grandin.)
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is very stressful. In all species, an inverted animal will
attempt to right itself by raising its head.

HANDLING BULLS AND BOARS

Research has shown that bull calves reared in physical
isolation from their own species are more likely to be
aggressive and dangerous after they mature than bull
calves reared on a cow in a herd.!"”) Dairies have learned
from experience that bucket-fed Holstein bull calves can
be made safer by rearing them in group pens after they
reach six weeks of age. Young male calves must learn at a
young age that they are cattle. If they grow up without
social interactions with their own species, they may
attempt to exert dominance over people instead of fighting
with their own kind. Young bulls that are reared with
other cattle are less likely to direct dangerous behaviors
toward people.

People handling bulls should be trained to recognize a
broadside threat. A bull will stand sideways so that either
the person or the bull he intends to attack can see him
from the side. He does this to show his adversary how big
he is. This broadside threat will occur prior to an actual
attack. Bulls that threaten or attack people should be
culled, because bull attacks are a major cause of fatal
accidents with cattle. Accidents with boars can be reduced
by always handling the most dominant boar first. A boar is
more likely to attack if he smells a subordinate’s smell on
a person.

CONCLUSIONS

Understanding the natural behavior patterns of animals
will make handling more efficient and safer for both
persons and animals. Some of the most important points
are wide-angle vision, acute hearing, flight zone, and
point of balance. The use of curved chutes with solid sides
will help facilitate handling and keep mammals calmer.

Animal Handling-Behavior

Poultry will remain calmer in a darkened room. These
principles are especially important for extensively raised
animals. Finally, raising young bull calves in a social
group where they interact with their own species will help
prevent bulls from attacking people. The dominant male
should be handled first.
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Animal Health: Diagnostics
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INTRODUCTION

A healthy, productive animal is the most useful to its
owner. Disease constrains animal productivity in many
parts of the world. Accurate diagnosis of disease is
therefore an essential component of control of the disease,
and for this reliable diagnostic kits are required. Diag-
nostic reagents are usually based upon defined molecules
from either the infectious agent or the infected host.
Sometimes, a crude component of an infectious agent or
the infected host is used in diagnostic assays. In genetic
diseases, tissue from the affected host is normally used as
the analyte.

Diagnostics are required for assessment of disease
surveillance and control programmes, determining more
accurately the incidence of disease, and better defining
the factors that affect disease transmission. Diagnostics
1) make it possible to determine the health status of an
animal; 2) allow for collection of accurate data used in
impact assessment and modeling of health constraints to
animal production; 3) support deployment of vaccines and
therapeutics; and 4) enable access to domestic and
international markets through evaluation of the safety
and quality of animal products. Thus, affordable, rapid,
sensitive, and specific penside diagnostic tests for animal
diseases are desirable. However, such tests are currently
lacking for many of the animal diseases common in
developing countries, thus forming a major constraint to
effective disease control. This article focuses on diagnos-
tic tests for animal health care.

THE ROLE OF DIAGNOSTICS

Animals need to be protected from ravages of infection
and disease in order to remain healthy and productive.
This protection can be conferred most effectively through
vaccination. However, the development of vaccines and
the evaluation of their performance require relevant
diagnostics. Thus, companies that develop veterinary
products find diagnostics useful during product develop-
ment, validation, and deployment.""! Diagnostic technol-
ogies are recognized as one of the top ten most important
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biotechnology products likely to improve general human
and animal welfare.'* Diagnostics facilitate understand-
ing of the basis of pathology in relation to pathogens and
disease dynamics.

Diagnostic testing of animals and their products is
conducted for economic, public health, and environmental
reasons. Risk assessment is a central element in animal
disease management to ascertain their disease or pathogen
status. Therefore, keepers of animals benefit from the
availability of user-friendly and reliable diagnostics.

HEALTHY, PRODUCTIVE ANIMALS

Animals are kept for various purposes. In order to be
useful, the animals must be healthy, but constraints to
animal health vary with the production systems in which
they are kept. A majority of the constraints are in the
category of feeds and health. Feed quality and utilization
can be improved in ways that do not involve the use of
diagnostics. The threat of disease must be minimized or
removed in order for animals and their keepers to remain
healthy. Effective detection of pathogens and diagnosis of
diseases require appropriate and reliable diagnostics. An
important function of diagnostics in connection with ani-
mal disease is to contribute to improved welfare and pro-
ductivity of the animals through the control of diseases."!

A majority of animal diseases that occur in the
developed world have been controlled through a combi-
nation of effective diagnosis, treatment, and vaccination.
However, in the developing world, many diseases pose a
serious threat to the welfare of animals and their keepers.
A partial list of economically important animal diseases is
given in Table 1. Diagnostic tests that have been
developed for some of the listed diseases are not
efficiently linked with other indicator systems to provide
meaningful decision support tools for therapy, strategy
development, and trade in animal products.

To be appropriate for the tasks in animal health care,
diagnostic test components should be of known identity;
pure in quality, produced in vitro synthetically or through
recombinant DNA; precise and specific in identifying
disease; linked to important traits or phenotypes; and able
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to provide an index of host morbidity. Diseases for which
diagnostics are required include infectious diseases,
diseases with impact on general socioeconomic develop-
ment, zoonotic diseases, genetic diseases, and diseases of
intensification. A diagnostic test needs to have been
validated. The validation process quantifies the perform-
ance of the test, the possible errors, and the likelihood of
their occurrence. Additionally, it gives criteria of reliabil-
ity, reproducibility, and relevance.

DISCOVERY, DEVELOPMENT, AND
DEPLOYMENT OF DIAGNOSTICS

Methods for discovering diagnostics exploit the informa-
tion generated through research in physical genomics for
many animals and their pathogens. The strategy is to
search genome-wide for the appropriate molecules that
form the basis for development of the diagnostics.”!

The conceptual framework for development of the
diagnostics incorporates epidemiological considerations.
Selection of candidate molecules for further development
is based upon genomic information, followed by the
evaluation of fitness to function as a diagnostic. The
availability of diagnostics and the accompanying services
is determined largely by considerations of cost of the test
and returns to the investment made in their development.
This, in turn, depends on the purpose for which the
diagnosis is performed.

The availability of accurate and user-friendly diagnos-
tics usable at the point of care encourages the keeping of
only the most productive animals, provided that com-
mensurate disease intervention options are also available.
This discourages overstocking, spares the fragile environ-
ment, and improves the welfare of animals and their
owners. For general animal health care, the diagnostics
available should be suitable for use by veterinarians,
extension workers, and technicians operating in individual
country laboratories, regional laboratories, and commer-
cial laboratories.

DIAGNOSTIC TEST FORMAT

Diagnostics exist in various formats, depending on the
disease and the market. An ideal diagnostic should
differentiate animals that have been vaccinated or simply
exposed to antigenic molecules of an infectious agent
from those with an active infection. An ideal test is one
that can be conducted in a single-step procedure, with the
result observable in minutes as either clearly positive or
negative based on visual inspection, with minimal
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requirement for sophisticated equipment, processing, or
technical expertise.

CONCLUSION

Robust diagnostics have use in animal disease epidemi-
ology, control, surveillance, prevention, and treatment.
With the anticipated increase in the demand for animal
products,'® the intensification of animal produc-
tion, and the increase in human population and climate
change,!” the role of animal disease diagnostics will
gain greater prominence.
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INTRODUCTION

During the 20th century, animal foods played an
increasingly important role in the diets of Americans.
As household incomes increase and families find
themselves with more expendable income, consumption
of animal products tends to increase in the United States
as well as in other countries throughout the world.
Generally speaking, proteins from animal products more
closely match the amino acid requirements of humans
than do plant-derived foods. Currently, foods of animal
origin contribute a significant portion of daily calories to
the typical American diet. Animal products supply about
60% of dietary protein and 40% of dietary fat. Also, many
vitamins, especially water-soluble vitamins, are provided
primarily by foods of animal origin. Animal products are
the sole source of dietary cholesterol and provide about
70% of dietary saturated fatty acids.

MEAT

One of the most obvious foods of animal origin meat
includes all muscle foods. Beef, pork, and lamb are con-
sidered red meat. Chicken, turkey, and duck are poultry.
Finfish and shellfish are fish, but the two are of-
ten differentiated.

The protein composition of most meats is very similar.
The amino acid composition of muscle protein remains
relatively constant among animal species, so the value of
the protein as a food remains virtually unchanged between
species. The amount and type of fat in meat can vary
greatly depending on the source and cut of meat. Red meat
usually contains more total fat and saturated fatty acids
than does poultry or fish. This fact is probably the primary
reason for the decrease in per capita beef consumption and
the increase in poultry consumption in the past 25 years
(Fig. 1). During that time, per capita pork consumption
has remained stable. One possible reason for the stability
of pork consumption is the widely publicized theme that
pork is ‘‘the other white meat,”” is more healthful than
beef or lamb, and is as healthful as poultry. Ocean fish
have higher concentrations of the heart-healthy omega-3
fatty acids than do land animals or farmed fish, a finding
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that has slightly increased consumption of fish such as
tuna, halibut, and salmon in recent years.

Meats contain a variety of water-soluble vitamins and
minerals. The B family vitamins (except thiamine, which
is higher in pork) are present in about the same con-
centrations in most meats, whereas minerals, especially
phosphorus, zinc, and iron, are more variable and found
in higher concentrations in red meats. Vitamin B, is
found virtually only in foods of animal origin, and zinc
and iron in meats are more bioavailable than the same
minerals found in plant sources. Iron in meat is in the
heme form, which is much more easily digested than the
form found in plants.!" Zinc absorption is facilitated by
amino acids such as histidine, methionine, and cysteine.m
These amino acids are found in the protein of meat, so
zinc can be readily absorbed.

DAIRY

Dairy products include a vast array of products ranging
from fluid milk to ice cream and several foods in between.
Low-fat dairy products are often touted as being very
healthful food choices.

One nutrient that prevents some people from enjoying
dairy products is lactose. Many adults are lactose
intolerant and experience gastrointestinal disturbances if
they consume too much. There are products in stores, such
as acidophilus milk and products that contain lactase, that
can help alleviate this problem by converting each
molecule of lactose into glucose and galactose which
are easily absorbed.

Foods from ruminant animals, including milk, contain
conjugated linoleic acid (CLA), which has been reported
to have positive health benefits. Diets rich in CLA
decrease cardiac disease and the risk of cancer and
improve immune function."”’

One cup of reduced-fat (2%) milk provides balanced
amounts of carbohydrate (lactose), protein, and fat.
Choosing low-fat (1%) or fat-free (skim) milk can de-
crease dietary fat intake. All fluid milks, regardless of
fat content, have the same concentration of calcium. One
cup provides about 30% of the recommended daily intake
of calcium for healthy adults. Fluid milk is fortified with

Encyclopedia of Animal Science
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Fig. 1 Average annual meat comsumption. (Adapted from
Ref. 4.) (View this art in color at www.dekker.com.)

vitamin D (400 IU per quart) to prevent deficiencies of
this vitamin in the population.

One serving of yogurt provides as much calcium as a
cup of milk, but yogurts often contain large amounts of
added sucrose. Recently, yogurts that contain aspartame
or sucralose as low-calorie sweeteners have appeared on
store shelves. Some yogurts are made with low-calorie
sweeteners and skim milk to form a product with half the
calories of regular yogurt. All yogurts contain bacterial
cultures. Most cultures are alive and promote gastrointes-
tinal health by inoculating the intestines with bacteria that
aid in digestion of food.

The nutrients found in cheese vary greatly depending
on the kind of cheese. Some types, such as cottage and
ricotta, contain relatively low amounts of fat. Harder
cheeses, such as cheddar, contain higher concentrations
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of fat, making them more calorie-dense. All cheeses
provide protein and calcium, but the amounts are variable
between cheeses.

Other dairy products cream, half-and-half, sour
cream, ice cream, and butter, for example contain
varying amounts of fat, protein, and lactose. These
products generally are not consumed in large quantities,
so even though they may be more calorie-dense, they do
not contribute significantly to the diets of most people.

EGGS

Chicken eggs contain ovalbumin, which often is used as
the gold standard for comparison of proteins from other
sources. The ovalbumin of egg white is highly digestible
and has a good balance of amino acids to promote health.
The yolk contains primarily lipids as both triacylglycerols
and phospholipids. The lipids contain mostly heart-
friendly mono- and polyunsaturated fatty acids.””’ Egg
yolk contains fat-soluble vitamins that are essential for
proper health. Two of these vitamins are vitamin A (also
in the form of B-carotene) and vitamin E. Cholesterol also
is found in the egg yolk in relatively high concentrations.
One yolk from a large egg contains about 213 mg of
cholesterol.'! When you consider that the upper limit for
daily cholesterol consumption is 300 mg cholesterol per
day, consuming one egg a day does not allow for
consumption of many other animal-derived products.'®!
However, the cholesterol in egg yolk is not efficiently
absorbed, making it reasonable to consume eggs in
moderation. During the past 20 to 25 years, egg substitutes

Table 1 Nutritive value of animal foods and animal food alternatives

Component per 1 oz (28 g)

Measure of Calories Total fat Saturated fatty acids Cholesterol Protein

Product edible portion (kcal) (g) (2 (mg) (€3]
Lean beef 30z (85¢g) 54.7 2 0.8 25 8.6
Lean pork 30z(85¢g) 56.6 2.3 0.8 23 8.6
Poultry

White 30z (85¢g) 46.2 1 0.3 23.8 8.8

Dark 30z (85¢g) 48.4 1.3 0.4 26.1 7.6
Salmon 30z (85 g) 60.6 3 0.5 24.4 7.6
Milk

Whole 1 cup (244 g) 17 1 0.6 3.8 0.9

Skim 1 cup (245 g) 9.8 Tr® Tr Tr 0.9
Whole egg 1 large (50 g) 42 2.8 0.9 119 34
Kidney beans 1 cup (177 g) 37.9 0.2 Tr 0 24
Lentils 1 cup (198 g) 325 0.1 Tr 0 2.5
Tofu (firm) 0.25 block (81 g) 214 14 0.2 0 24
Peanut butter 1 tbs (16 g) 166 14 3 0 7

“Trace.
(Adapted from Ref. 7.)
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have emerged. These egg products are most often made of
egg whites and do not contain the lipids, including
cholesterol, present in yolk.

COMPARISON OF ANIMAL PRODUCTS
AND ALTERNATIVES

When people choose not to consume animal products,
they often cite nutrition as one of the major factors
affecting their decision. Table 1 shows the nutritive value
of some animal products as compared with some animal
food alternatives. Ounce for ounce, animal products have
approximately the same calorie density as plant products.
Fat content is less variable in low-fat animal products than
in vegetable products. Animal products do contain more
saturated fat, and cholesterol is found only in animal
products. The protein content in solid animal products is
higher than that in most plant products. Consuming low-
fat animal products can provide good-quality protein
without adding large amounts of fat or calories.

CONCERNS ABOUT CONSUMING
ANIMAL PRODUCTS

In the past decade, safety of animal products has become a
major factor in the consumption of these foods. Consum-
ers have become aware of the connection between animal
products, especially meat, and some diseases. Some
diseases worth noting are bovine spongiform encephalop-
athy (BSE), gastrointestinal disturbances caused by
Escherichia coli (E. coli), the parasite trichina, and colon
cancer. BSE is a neural disease that is caused by an altered
prion present in the brain and spinal cord of infected
cattle. BSE is only transferred by consumption of infected
tissue. E. coli is a bacteria found in all animals that can
cause illness when its pathogenic form is present in the
stomach and small intestine in addition to the colon.
Trichinosis is a disease caused by the parasite trichina.
Trichina used to be prevalent in the pork population but
has been eradicated. A small but significant increase in the
occurrence of colon cancer in people who consume red
and processed meat is evident.®!

IMPROVING NUTRITIONAL VALUE OF
ANIMAL PRODUCTS

With recent advances in the biological sciences, improv-
ing nutrition provided by animal products is becoming a
reality. In the near future, red meat might contain less total
fat, and the fat that is present might be of a more healthful

Animal Source Food: Nutritional Value

composition. Meats, beef especially, might be consistently
tender and therefore more palatable. Products from
ruminant animals might contain greater concentrations
of CLA and omega-3 fatty acids. The ideal egg would
have decreased cholesterol content and more unsaturated
and omega-3 fatty acids. Though these ideas may sound as
if they are many years away, researchers currently are
working to make them reality.

CONCLUSION

Foods of animal origin supply Americans with a large
proportion of their daily nutrient intakes. Animal products
supply protein of nearly unequalled quality, as well as fat
and carbohydrates (in milk). Along with these macro-
nutrients, foods of animal origin supply numerous
vitamins and minerals. Although the U.S. food supply is
among the safest in the world, some concerns about the
safety of consuming animal products remain. Consump-
tion of animal products helps people meet recommended
daily intakes of many required nutrients.
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INTRODUCTION

The quality of foods is influenced by chemical and
physical changes associated with their intrinsic properties
or environmental variables. Loss of quality may also occur
due to enzymatic changes brought about by intrinsic or
microbial enzymes. Food products of animal origin are
easily contaminated with microorganisms, the extent of
which depends on hygienic practices; sanitation and
processing procedures; and conditions under which the
products are harvested, processed, handled, distributed,
and stored. The levels and types of microorganisms
contaminating meat and poultry products at the end of
processing may have important consequences on the
spoilage and quality of the food. Furthermore, microbial
contamination of food products with foodborne patho-
gens, as well as chemical (e.g., chemical residues) and
physical (e.g., bone, glass, wood) hazards, may compro-
mise the safety of foods. Loss of food quality and
compromise of its safety lead to economic losses;
foodborne illness may also lead to human suffering
and death.

QUALITY

Meat quality is described by a range of physical and
chemical attributes including color, flavor, tenderness,
juiciness, and texture. These characteristics are influenced
by intrinsic and extrinsic factors such as animal species
and age, muscle structure and its chemical composition,
antemortem stress, product handling, processing, and stor-
age conditions. Color is an important attribute of meat,
as the consumer uses it to judge the product’s freshness
and wholesomeness. The concentration and chemical state
of the pigment myoglobin determines the color of
meat, and is dependent upon a number of antemortem
factors, including the animal species and age, the
physiological function of the muscle, the nutritional status
of the animal, and the dietary regime.'"! It is thus due to
these reasons that beef muscle has a bright, cherry-red
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color compared to the lighter color of pork or poultry
meat; that meat from an older animal appears darker than
that from a younger animal; and that breast meat from
poultry is lighter than its leg counterpart.”! The color of
meat is also affected by storage conditions, such as the
gaseous environment, storage time, and temperature. For
example, the lack of oxygen in vacuum-packaged beef
results in conversion of oxymyoglobin to deoxymyglobin
of purple-red or brown color, which is perceived as
undesirable by consumers.'”!

The flavor of meat is composed of: 1) meat flavors
derived from water-soluble compounds; 2) species flavors
derived from fat-soluble compounds that are stored in the
lipid depots of the animal; and 3) off-flavor development
due to lipid oxidation or other chemical reactions.'” Lipid
peroxidation or oxidative rancidity occurs when molecular
oxygen reacts with unsaturated lipids to form lipid
peroxides, which are colorless, tasteless, and odorless.
Decomposition of these primary products, however, gives
rise to a complex mixture of low-molecular weight
compounds that have distinctive flavor and odor charac-
teristics (e.g., rancid, fatty, pungent). Cooking of meat
results in an increase in lipid oxidation in muscle and to
the development of warmed-over flavor (WOF) in
refrigerated cooked meat. This flavor defect can also be
encountered in uncooked emulsion-type, ground, flaked,
or restructured meat products in which the muscle
structure is disrupted, exposing muscle lipids to a pro-
oxidative environment. Lipid peroxidation is positively
linked to pigment oxidation, and also affects the odor of
meat, its nutritive value, and potentially the safety of the
meat.”>?! Factors affecting the flavor of meat include
species, sex, age, and diet of the animal.!"->

Meat tenderness is a quality attribute determined by the
connective tissue and type and state of muscle fibers,
whereas texture is determined by the definition and
fineness of muscle fiber, as well as by the amount and
distribution of fat in the muscle. Juiciness is a sensory
term indicating the moisture content of meat, which is
critically affected by its water-holding capacity.'"! More
details on these aspects of quality can be found in other
sections of this encyclopedia.
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The quality of meat is also affected by the metabolic
activity of microorganisms.'* Substrates utilized for
growth by spoilage bacteria include glucose, glucose-6-
phosphate, amino acids, proteins, and lactic acid, whereas
major end products of metabolism of these bacteria
include sulfides, amines, acids (lactic, acetic, isovaleric,
isobutyric), esters, and nitriles.**! Spoilage character-
istics of meat and poultry are similar, despite the
differences in properties among muscle tissues of different
animal and bird species.!®’ Spoilage of meat and poultry is
characterized by an offensive appearance (e.g., green,
brown, or gray discolorations) and/or an off-odor (e.g.,
sour, fruity, cheesy, putrid) or off-flavor. The growth of
bacteria on the surface of meat reportedly accelerates the
oxidation of meat pigments, resulting in discoloration of
the product.”’! Off-odors are sensorially detectable first,
when bacterial numbers exceed 10’ per cm2, whereas
bacterial slime becomes evident when numbers reach 10®
per cm?.”!

The spoilage flora of refrigerated meat and poultry is
composed of psychrotrophic bacteria, including Pseudo-
monas spp., Enterobacteriaceae (Serratia liquefaciens,
Hafnia alvei, Enterobacter agglomerans), Brochothrix
thermosphacta, lactic acid bacteria (Lactobacillus, Car-
nobacterium, Pediococcus, Streptococcus, Lactococcus,
and Leuconostoc spp.), Shewanella putrefaciens, and
species of Moraxella, Psychrobacter, Acinetobacter, and
Aeromonas.'®! Under aerobic storage conditions, Pseudo-
monas spp., specifically Pseudomonas fragi, Pseudomo-
nas fluorescens, and Pseudomonas lundensis, usually
predominate (normally >50%), while under modified
atmosphere or vacuum conditions, lactic acid bacteria
(e.g., species of Carnobacterium, Lactobacillus, and
Leuconostoc) and Brochothrix thermosphacta are domi-
nant.!”8! Thus, under aerobic and chill conditions, Gram-
negative bacteria predominate, whereas under modified
atmospheres, Gram-positive bacteria form the major
portion of the spoilage flora. Processed meats (e.g.,
cooked ham, corned beef, emulsion-type sausages,
luncheon meats) stored at cold temperatures and packed
under vacuum or modified atmosphere are also predom-
inantly spoiled by lactic acid bacteria. Spoilage in these
products is characterized by a sour odor and flavor,
greening, gas production, and slime formation. Yeast and
mold spoilage of meat and poultry can also occur, but only
under conditions where bacterial competition is reduced
(e.g., reduced water activity, presence of preservatives or
antimicrobial treatments, and long-term storage)./**’

SAFETY

Three types of hazards can compromise the safety of meat
and poultry (i.e., physical, chemical, and biological). Bone
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chips and foreign materials such as metal, glass, wood,
plastic, stones, etc. are considered physical hazards.
Chemical hazards include natural and synthetic environ-
mental contaminants. Included in this category are
chemical residues, which result from the use of animal
drugs and pesticides, or from chemicals present in the
animal’s environment."””? Antimicrobials are administered
to animals for their therapeutic value, and also to enhance
their growth and feed efficiency. Regulatory agencies and
consumers are concerned about the presence of residues in
animal tissues and their products, as they may lead to
allergic reactions, hypersensitivity, and toxicity. Further-
more, there is increasing concern that subtherapeutic and
therapeutic use of antimicrobials in food animals gives
rise to antimicrobial-resistant bacteria and that these
antimicrobial-resistant bacteria may be transmitted from
animals to humans.""®! The United States has a complex
residue control program in an effort to prevent violative
residues from entering the food supply chain. The Food
and Drug Administration and Environmental Protection
Agency are responsible for establishing tolerances (max-
imum permissible levels) for chemical residues in foods,
while the U.S. Department of Agriculture Food and Safety
Inspection Service enforces these tolerances through its
various residue control programs. If a product containing
violative levels of residues is found, it is considered
adulterated and subject to condemnation (http://www.fsis.
usda.gov/OPHS/blue2000/).

Biological hazards associated with meat and poultry
are bacteria, viruses, parasites, and bovine spongiform
encephalopathy. It is estimated that bacterial agents are
responsible for 30% of human foodborne illnesses, while
viruses and parasites cause 67% and 3% of the illnesses,
respectively.''"! Biological hazards associated with foods
of animal origin are discussed in more detail in other
sections of this encyclopedia.

CONCLUSION

Animal source foods, including meat and poultry, are
highly perishable foods. Loss of quality occurs from
physical and chemical changes caused by their inherent
properties, as well as by extrinsic factors, including
processing, storage, and handling conditions. They are
also able to support the growth of spoilage micro-
organisms that are mainly acquired from the production
and processing environment; thus, loss of quality also
occurs as a result of their metabolic activities. Further-
more, due to their nature and origin, meat and poultry
products may also be associated with microorganisms that
cause foodborne illness. In addition, the presence of
chemical residues in these foods raises safety concerns.
Procedures to control the quality and safety of meat and
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poultry foods require an integrated approach encompass- 2.

ing all sectors of the food supply chain, including the
producers, processors, distributors, retailers, and consum-

ers. This includes, among others, good production 3.
practices on the farm, slaughtering of animals that are
disease-free, processing of carcasses under sanitary and 4
hygienic conditions, use of decontamination intervention '
strategies to reduce microbial levels, maintenance of the 5.
cold chain during distribution, and proper storage and
preparation procedures by the consumer.

6.
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INTRODUCTION

The quality of animal food products such as milk and
eggs, as well as foods, is largely based on their sensorial
characteristics. Loss of food quality is brought about by
chemical and physical changes to the food’s intrinsic
properties, which bring about deterioration in food
appearance, flavor and texture, and/or the development
of off-odors. These changes are the result of physical
phenomena or the action of intrinsic or microbial
enzymes, the latter resulting from the growth of spoilage
microorganisms that become associated with foods during
rearing, harvesting, processing, distribution, and/or stor-
age procedures.

The safety of foods may be compromised by three
types of hazards: physical, chemical, and biological.
Physical hazards (e.g., glass, plastic) tend to be of lower
safety risk than chemical or biological contaminants, as
they usually cause only injury and affect a small number
of consumers. Chemical hazards include chemical resi-
dues, which may be of environmental or synthetic nature,
whereas biological hazards include bacteria, viruses,
and parasites, which may lead to foodborne illness
and death.

MILK
Quality

Quality, in reference to milk, includes its composition
and aesthetic factors such as flavor, odor, and appearance.
Approximately 60% of variation in milk composition
is caused by genetic factors, with environmental factors
such as feeding, nutrition, climate, disease, processing,
etc. making up the remainder of the variation. Off-flavors
and/or odors may be: 1) feed induced; 2) environmentally
or chemically induced; 3) indigenous milk enzyme
induced; or 4) bacteria induced. Off-flavors or odors
described as cowy or barny may be a result of unsanitary
housing or milking conditions. Chemical or chemical-
induced off-flavors may result from improper use of
sanitizers, old or poorly maintained equipment, or
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prolonged exposure to sunlight, resulting in light-induced
oxidized off-flavors. Hydrolytic rancidity or rancid flavors
arise through the action of lipases, which originate from
indigenous milk lipoprotein lipase or from bacterial
contamination.!"!

Sources of bacterial contamination of raw milk include
the cow’s udder, the exterior of the animal (e.g., bedding,
soil, manure, feed residues), and the environment (e.g.,
milk-handling equipment and personnel, water, air).*~*
Raw milk is pasteurized to extend its shelf life, or quality,
during refrigerated storage (by minimizing numbers of
spoilage microorganisms), and to ensure its microbiolog-
ical safety (by eliminating pathogenic microorganisms,
which caused major health problems before pasteurization
was implemented). The extent to which pasteurization
reduces microbial levels depends on the initial number of
contaminants and the types of microorganisms. The
primary spoilage organisms of raw and pasteurized milk
are psychrotrophic bacteria, including species of Pseudo-
monas, Alcaligenes, and F lavobacterium.! Most of these
microorganisms are heat-labile, although some may
survive at low levels. Additional microorganisms may
be introduced as postpasteurization contaminants. During
refrigerated storage, these bacteria proliferate and pro-
duce proteinases and lipases, which affect the quality of
milk. Proteolysis results in bitter, putrid, fermented,
unclean, and fruity off-flavors and coagulation, while
lipolysis and lipid oxidation result in hydrolytic or
oxidative rancidity.""! Organoleptic defects become evi-
dent when microbial levels reach 10° to 107 per ml.
Pasteurized milk may also be spoiled by surviving spore-
formers (e.g., Bacillus and Clostridium spp.) or thermo-
duric species (microorganisms that survive pasteurization,
but do not grow at high temperatures).*! Lactic acid
bacteria (e.g., Lactococcus, Leuconostoc, Enterococcus,
Pediococcus, and Streptococcus spp.) become the dom-
inant spoilage organisms when milk is stored at high
enough temperatures that allow these organisms to
outgrow the psychrotrophs."! Lactic acid bacterial
spoilage results in sour odors, malty flavors, and
ropiness.'*! Spoiled raw milk may also exhibit ropiness
due to exopolysaccharide production by Alcaligenes
viscolatis.!**!
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Safety

Potential safety concerns associated with milk include
bacterial pathogens and chemical residues. Foodborne
pathogens associated with milk include those that may be
associated with cows, milk-handlers, equipment, and the
environment.”! Raw milk thus serves as an important
vehicle of transmission of several pathogens includ-
ing Campylobacter spp., Brucella spp., Shiga toxin-pro-
ducing Escherichia coli, Corynebacterium diphtheriae,
Salmonella (including multidrug-resistant strains), Myco-
bacterium bovis, Listeria monocytogenes, Yersinia en-
terocolitica, Staphylococcus aureus, and Clostridium
perfringens (http://www.cdc.gov/).">>! Pathogens that
have been involved in the majority of outbreaks linked
to the consumption of raw milk or pasteurized milk that
has been inadequately heat treated or contaminated
postpasteurization include Salmonella, Campylobacter
spp., and Listeria monocytogenes, among others.”> During
the period of 1972 2000, Salmonella was the cause of 17
out of 58 (29%) raw milk-associated outbreaks (http://
www.cdc.gov/).

Chemical residues in milk are caused by antibiotics
used on dairy cows to help control diseases such as
mastitis, hormones, disinfectants used to sterilize milking
and processing sites, pesticides, mycotoxins, toxic metals,
and dioxins.'” In order to regulate the level of these
residues in milk, authorities set maximum residue limits
that should not be exceeded if good agricultural practice is
followed by the dairy industry.

EGGS
Quality

The quality of shell eggs is described by external and
internal factors. External factors refer to the strength,
texture, porosity, shape, cleanliness, soundness, and color
of the shell, whereas internal factors refer to the presence
of inclusions (blood and meat spots, and chalazae), the
quality of the albumen, the color and uniformity of the
yolk, and the odor and taste of the egg. Extrinsic factors
affecting shell quality include temperature, hen age, and
nutrition. Loss of shell egg quality begins immediately
after the egg is laid, due to water loss, which leads to
thinning of the albumen and an increase in the size of the
air cell. Furthermore, due to migration of carbon dioxide
from the egg, an increase in albumen pH occurs as well as
a decrease in the strength of the vitelline (yolk)
membrane. Off-flavors and odors associated with eggs
may be caused by the ration fed to the hens.!”’

Loss of shell egg quality may also occur as a result of
microbial growth (i.e., spoilage). Freshly laid eggs may be
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contaminated through two primary routes: transovarian or
trans-shell infection.””! Transovarial transmission occurs
when bacteria infect the hen’s ovaries or oviducts,
resulting in contamination of the egg during its formation.
The more common route of microbial contamination of
eggs, however, is via trans-shell infection. This occurs
when the physical (e.g., the cuticle, shell, and shell
membranes) and chemical (e.g., lysozyme) antimicrobial
barriers of the egg are compromised, resulting in con-
tamination of the internal contents of the egg.'*> Micro-
organisms contaminating the egg after laying originate
from the intestines when the egg passes through the
cloaca, as well as from nest materials, litter, or incubator
surfaces.””! The rate at which microorganisms penetrate
the egg depends on factors such as storage temperature,
age of the eggs, and level of contamination."!

The most common form of bacterial spoilage of eggs is
rotting, caused primarily by Gram-negative bacteria; the
type of rot depends on the bacterial species/strain(s)
present. For example, fluorescent green rots are caused by
Pseudomonas putida; fluorescent blue rots by Pseudo-
monas aeruginosa; pink rots by Pseudomonas fluores-
cens; colorless rots by Acinetobacter/Moraxella spp.;
black rots by Proteus vulgaris, Aeromonas liquefaciens,
and species of Pseudomonas, Alcaligenes, and Enter-
obacter; and red rots by Serratia marcescens.>*>1 Mold
spoilage of eggs may also occur during refrigerated
storage when the humidity is high. Growth of molds on
the egg surface is referred to as whiskers and is often
associated with Cladosporium herbarum, whereas pins-
pots are caused when fungal (mycelia) growth occurs
inside the egg.'*!

Safety

An important safety aspect associated with eggs is their
contamination with Salmonella, and in particular, trans-
ovarial contamination with Salmonella Enteritidis. The
estimated rate of transovarian contamination of eggs with
this pathogen in the United States is one in 20,000 eggs.
During 1985 1998, raw or undercooked shell eggs were
reportedly responsible for 279 out of 360 (82%)
Salmonella Enteritidis outbreaks with a confirmed source
(http://www.cfsan.fda.gov/~dms/fs-eggs3.html-authors).
Other pathogens that have been recovered from egg shells
include species of Campylobacter, Listeria, and Aeromo-
nas (http://apresslp.gvpi.net/apfmicro/lpext.dl1?f=templa
tes&fn=main-hit-h.htmé&?2.0).

The presence of chemical residues is also a safety
concern in eggs as veterinary drugs and growth promoters
are administered to birds to prevent disease and enhance
their growth. A residue control program (http://www.fsis.
usda.gov/OPHS/blue2000/) is used by regulatory agencies
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in the United States to prevent eggs with illegal levels of
chemical residues from entering the food chain.

Although not regarded as a safety aspect per se, it is
worth mentioning the cholesterol content of egg yolks
(200 250 mg per egg), as it is a major health concern due
to its link to the development of coronary heart disease.
There have been countless efforts to reduce the cholesterol
content of whole eggs through genetic selection and
nutritional and pharmacological manipulation, with min-
imal success.”®! Feeding of hens with high levels of a
variety of grains reportedly can reduce the cholesterol
concentration by 15 to 20%. Higher reductions can be
achieved through the use of cholesterol synthesis blocking
agents. These blocking agents, however, may have
negative side effects, such as a reduction or complete
termination of egg production.!”!

CONCLUSION

Economic losses are incurred by the deterioration of
quality and compromise of safety of milk and eggs,
whether the loss results from product recalls or destruction
of product. Furthermore, consumption of products con-
taminated with pathogenic bacteria can also lead to human
suffering. In order to improve the quality and safety of
milk and eggs, a multifaceted approach is needed,
including good agricultural, hygienic, sanitation, process-
ing, distribution, and storage practices. More specifically,
with regard to milk, it is important that dairy cows are
disease-free, that milk-handling and pasteurization equip-
ment is clean and sanitized, and that environmental
contamination is controlled. Similarly, using Salmonella
Enteritidis free chicks or pullets, cleaning and disinfect-
ing hen houses between flocks, washing eggs properly,
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and refrigerating eggs promptly after collection can
improve the quality and safety of eggs.
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INTRODUCTION

Antibiotics are compounds that either inhibit or cease
the growth of microbes by targeting cellular functions
that are required for maintenance or replication.
Resistance to antibiotics can arise by point mutations
that alter the target such that the antibiotic no longer
exerts an inhibitory effect. Microbes can also acquire
a gene or genes that confer resistance to the antibi-
otic’s inhibitory effect. This acquisition is commonly
mediated by horizontal transfer of the resistance gene(s)
by a plethora of mechanisms. Microbial resistance to
antibiotics can emerge as a result of exposure to anti-
biotics in the environment or when they are used thera-
peutically to prevent or cure diseases. This exposure
exerts a selective pressure on the susceptible microbes
and can result in the selective advantage of the resist-
ant microbe, an up-regulation of the resistance pro-
tein, or an enhanced horizontal transfer of the resist-
ance gene(s).

GENERAL MODES OF RESISTANCE

Antibiotic resistance mechanisms fall into various cate-
gories for both resistance to specific antibiotics and for
multidrug resistance.[""?! In general, the mechanisms for
resistance to specific antibiotics include: 1) mutations that
prevent the antibiotic from affecting the target, 2) porins
or other cytoplasmic membrane proteins that actively
pump the antibiotic out of the cell, 3) enzymatic inac-
tivation of the antibiotic, 4) modification or protection of
the antibiotic target, 5) circumvention of the effects of
the antibiotic, and 6) failure to activate the antibiotic. The
mechanisms used for multidrug resistance include: 1)
efflux pumps in the cytoplasmic membrane that actively
pump multiple antibiotics out of the cell, 2) alterations to
the cytoplasmic membrane or cell wall such that the
antibiotics do not enter the cell, and 3) formation of
protective biofilms that restrict exposure of the microbes
to antibiotics.
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MAJOR CLASSES OF
ANTIBIOTICS: MODES OF
MICROBIAL RESISTANCE

B-Lactam Antibiotics

This class of antibiotic includes the penicillins,
cephalosporins, carbapenems, and monobactams, which
inhibit the formation of the bacterial cell wall by
inhibiting the transpeptidation step in peptidoglycan
synthesis. These antibiotics can also bind penicillin-
binding proteins and stimulate autolysins, which then
lyse the bacterial cell. Resistance to -lactam antibiotics
is commonly mediated by enzymatic inactivation of the
antibiotic by a class of enzymes called B-lactamases.!”’
The presence of a P-lactamase can be overcome by
combining a -lactam antibiotic with a B-lactamase
inhibitor such as clavulanic acid or sulbactam. How-
ever, bacteria can also become resistant to these [-
lactamase inhibitors. Resistance to B-lactams can also
be conferred by mutations to the penicillin-binding
proteins, which results in reduced affinity of these
proteins for the B-lactam antibiotic. Finally, bacteria
can alter the cell wall to reduce the uptake of B-lactams,
or use an active efflux pump system to remove the
antibiotic from the cytoplasm, although these mechanisms
are rare.

Glycopeptide Antibiotics

Glycopeptide antibiotics such as vancomycin and teicho-
planin bind the D-alanine dipeptide and inhibit the
transglycosylation and transpeptidation steps in peptido-
glycan synthesis of the cell wall. Gram-negative bacteria
are generally not affected by glycopeptide antibiotics
as these antibiotics cannot transverse the outer membrane
and gain access to the peptidoglycan in the cell wall.
Glycopeptide antibiotic resistance in Gram-positive
bacteria is most often mediated by changes in the pep-
tidoglycan side-chain thus circumventing the effects of
the antibiotic.'*¥
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Aminoglycosides

The commonly used aminoglycoside antibiotics, kanamy-
cin, gentamicin, streptomycin, tobramycin, and amikacin,
interfere with protein synthesis by binding to the 30S
ribosomal subunit. Resistance to aminoglycosides is
usually mediated by inactivation of the antibiotic by
glycoside-modifying enzymes. The covalent modification
of aminoglycosides can be carried out by aminoglycoside
acetyltransferases, aminoglycoside nucleotidyltrans-
ferases, or aminoglycoside phosphotransferases. There
are also reports of aminoglycoside resistance mediated
by mutations to ribosomal RNA, or by active efflux
systems.*”!

Tetracyclines

Tetracycline and the derivatives oxytetracycline, doxycy-
cline, and minocycline inhibit protein synthesis by
binding to the 30S ribosomal subunit. Resistance to
tetracyclines is mediated by one of two mechanisms. Both
energy-dependent efflux pumps and protection of the
ribosome by production of a protein that interacts with the
ribosome and renders it unaffected by tetracycline are
widely used by bacteria to confer resistance to these
antibiotics.”>®! There is also a rare resistance to tetracy-
cline that is mediated by inactivation of the antibiotic.
The significance of this mode of tetracycline resistance is
not known.

Macrolides, Lincosamides, and
Streptogramin (MLS) Antibiotics

MLS antibiotics that bind to the 50S ribosomal subunit
and inhibit protein synthesis include tylosin, tilmicosin,
erythromycin, clindamycin, and lincomycin. Strepto-
gramins are also part of the multiantibiotic formulation
Synercid. The most common resistance to macrolides and
lincosamides is by posttranscriptional covalent modifica-
tion of the 23S ribosomal RNA by adenine-N°-methyl-
transferase. Efflux pump systems for exporting MLS
antibiotics out of the cell have become increasingly
encountered, and these vary in their specificity, exporting
either specific MLS antibiotics only or groups of MLS
antibiotics. Moreover, resistance can be conferred by
inactivation of specific MLS antibiotics by hydrolysis or
removal of functional groups. Covalent modification of
lincosamides has also been detected.!

Fluoroquinolones
Antibiotics such as ciprofloxacin and norfloxacin inhibit

bacterial topoisomerases and DNA gyrase, thus affecting
DNA replication and partitioning. Mutations in the genes
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for these enzymes, affecting drug binding efficiencies, are
the most dominant mode of resistance to fluoroquino-
lones. There is also a report of fluoroquinolone resistance
mediated by an active efflux system.'”

Sulfonamides

Trimethoprim, Septra, and Bactrim inhibit folate me-
tabolism. Trimethoprim inhibits the enzyme dihydrofo-
late reductase, which is essential for tetrahydrofolate
synthesis, whereas sulfonamides inhibit dihydropteroate
synthase. Resistance to these antibiotics involves circum-
venting the effects of the antibiotic by either overpro-
tection of dihydrofolate reductase or acquisition of a
gene encoding a resistant form of the enzyme. Mutations
to dihydrofolate reductase structural gene can also confer
resistance.'”!

Chloramphenicols

Chloramphenicol and florfenicol affect protein synthesis
by binding to the 50S ribosomal subunit and inhibiting the
peptidyltransferase step. Resistance to chloramphenicol
can be mediated by inactivation of the antibiotic by an
acetyltransferase, but these enzymes are typically inactive
against florfenicol. Bacteria can also alter the cell
membrane to reduce the uptake of chloramphenicol and
florfenicol, or use an active efflux pump system to remove
the antibiotic from the cytoplasm.'

Others

Rifampin inhibits RNA synthesis by binding to the
B-subunit of RNA polymerase. As with fluoroquinolone
resistance, mutations in the target enzyme are the most
common mechanism of resistance.!”’

Metronidazole interferes with DNA replication and is
particularly useful against anaerobic bacteria and proto-
zoa. Resistance to metronidazole is via failure to activate
the antibiotic and apparently involves the decreased
production of flavadoxin, a protein that activates metro-
nidazole.'!

Oxazolidinones such as Zyvox inhibit protein synthesis
by binding to the 50S ribosomal subunit. Resistance to
oxazolidinones is mediated by mutations to the 23S
ribosomal RNA.

DEVELOPMENT AND TRANSFER OF
ANTIBIOTIC RESISTANCE

It is clear that the development of resistance to antibiotics
can be accomplished in many ways.!"*? Mutations that
alter antibiotic targets are a common mechanism, and
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these mutations occur at a background mutation rate in the
absence of selection pressure. Organisms can also become
resistant by acquiring a resistance gene or genes from
other organisms by horizontal transfer. DNA carrying
the gene(s) can be acquired from other microbes by:
1) conjugation, direct cell-to-cell transfer of DNA through
a membrane protein complex; 2) transduction with a
bacteriophage; and 3) transformation, the uptake of naked
DNA from the environment. Conjugative DNA elements
that carry antibiotic resistance genes include plasmids and
conjugative transposons. These genetic elements can carry
more than one antibiotic resistance gene, contributing to
multidrug resistance. In animal agriculture, these plasmids
containing multiple antibiotic resistance genes are often
seen in E. coli, and the plasmids can often be very large
(>50 kb). Tetracycline, florfenicol, and B-lactamase
resistance genes are often found on these plasmids.
Integrons are another genetic element responsible for the
evolution of multidrug resistance.!”! These elements carry
cassettes of genes that can integrate into plasmids or other
genetic elements, thus contributing to multidrug resist-
ance. Integrons commonly possess a sulfonamide resist-
ance gene, sull, in the 3’ conserved region, and thus
sulfonamide resistance is often used as a potential
indicator of the presence of integrons. Within the gene
cassettes, genes conferring resistance to extended-spec-
trum P-lactamases, aminoglycosides, trimethoprim, and
macrolides have been reported. Finally, the multidrug
resistance of Salmonella enterica typhimurium DT104
deserves special mention."™ The standard resistance
phenotype in Salmonella DT104 includes resistance to
ampicillin, chloramphenicol, streptomycin, sulfonamides,
and tetracylines (ACSSuT). Some of the genes conferring
this resistance in Salmonella DT104 are located within
gene cassettes within integrons. All of the resistance genes
are located together in the chromosome and form what is
known as a genomic island. Typically, this chromosomal
antibiotic resistance gene cluster is thought to be stable
and nonmobile, and thus a clonal spread of Salmonella
DT104 is required for the dissemination of this gene
cluster. However, recent evidence of very similar
multidrug resistance gene clusters in other Salmonella
suggests the possibility that this gene cluster can be
horizontally transferred.

CONCLUSION

Whenever an antibiotic is used, a selective pressure is
applied that affects the interactions and competitions of
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the microbial populations in contact with the antibiotic.
Due to selectively advantageous mutations or to the
acquisition of resistance determinants by horizontal
transfer, antibiotic resistance in the affected microbial
populations can be expected to increase following this
selective pressure. Moreover, the emergence of multidrug
resistance can be expected because of this selective
pressure. However, the long-term impacts of these
changes in the resistant and susceptible microbial
populations are unclear. Many of the resistance mecha-
nisms can persist in the absence of an obvious selection

9,10,11
pressure.[ 10.11]
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INTRODUCTION

The word ‘‘antibiotic,”” though meaning antilife, has been
commonly accepted as a term for antibacterial or
antimicrobial agents, particularly those synthesized by
bacteria or other microorganisms. Those antibacterial
agents produced by chemical synthesis are often referred
to as chemotherapeutics. Certain compounds containing
arsenic, sulfur, and copper are members of this grouping
and may be included in discussions of antibiotic usages.
Subtherapeutic use has been accepted as a term for using
these substances at relatively low levels in situations in
which there is no apparent or detectable disease involved.

EFFECTIVE SUBTHERAPEUTIC USE
OF ANTIBACTERIAL AGENTS IN
SWINE PRODUCTION

For 50 plus years, the subtherapeutic uses of antibacte-
rial agents have played a significant role in the efficiency
of animal production, particularly for swine and poultry.
The major discovery of antibiotic use for this purpose
came as a by-product of the evaluation of fermentation
products as sources of APF (animal protein factor or
antipernicious anemia factor). Following Fleming’s!"
report of the bacterial inhibitory effects of a certain mold,
it was a decade later before Chain and coworkers!!
identified the active substance, penicillin. The miraculous
effects of penicillin stimulated extensive searches for
other antimicrobial agents that might have similar uses. At
the same time, extensive research was in progress to find
alternative sources and to identify the active substance in
APF, a factor associated with animal protein. Researchers
at Lederle Laboratories (The American Cyanimid Co.)
had two independent teams, one involved in searching for
antibacterial agents and the other searching for APF
sources. The antibiotic team discovered the highly
effective antibiotic Aureomycin (chlortetracycline) pro-
duced by Streptomyces aureofaciens.! Some time passed
before the APF team tested the same organism. When
Stockstad and coresearchers™! tested the S. aureofaciens,
they found a growth-stimulating effect greater than
could be accredited to APF. Subsequent tests using crys-
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talline chlortetracycline and APF (by this time determined
to be vitamin B;,) demonstrated that the additional growth
stimulation was an effect of the antibacterial agent. This
naturally led others to confirm these results and to
determine if other antibiotics available at that time
resulted in similar improvements in performance.

These studies on antibiotics were taking place at a time
when other major changes were taking place in swine
production. Pigs were being weaned at a younger age,
major changes were being made in type and capacity of
housing, more pigs were being reared in close confine-
ment, herd sizes were increasing, and soybean meal was
becoming even more economically competitive with milk,
meat by-products, and fish meal as a supplemental pro-
tein. Antibiotics and vitamin B, allowed greater appli-
cation of these changes.

These observations were the forerunners of the
widespread testing and subsequent use of numerous
antimicrobial agents in swine and poultry production.
Rapers® reported that more than 300 antibacterial
substances had been identified. No doubt some of these
were duplications as the reports were often published
before complete identification of the active principle had
been established and verified. To date, the number of
antibiotics would far exceed this; however, a relatively
small number has been adequately tested and approved for
use as feed additives for the purposes of improving growth
and feed conversion in pigs.

The effective antibiotics vary in chemical structure and
in the relative amount absorbed. Some are readily
absorbed and others are hardly absorbed at all. The
absorptive capacity certainly influences their effective-
ness against systemic infections; however, the absorption
pattern is less readily associated with their effectiveness in
improving growth rate and efficiency of feed conversion
in apparently healthy animals. At least three modes of
action have been postulated and have varying degrees of
support: 1) a metabolic effect, in which the chemical
constituency of the antibiotic, in some way, alters the rate
or the pattern of the metabolic processes; 2) a nutrient-
sparing effect, which reduces the dietary requirement for
certain nutrients, either by allowing the growth of
desirable organisms that synthesize essential nutrients,
by depressing organisms that compete with the host
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animal for nutrients, or by improving the absorption of
nutrients by the host animal; and 3) a disease-control
effect through suppression of organism causing clinical or
subclinical manifestations of disease.

Due consideration should be given to the first two or
even other ways antibacterial agents may be affecting
improved performance in pigs and chicks. However, the
evidence for the first two modes of action would indi-
cate they are of relatively minor importance, highly
variable, and of questionable significance. Most diets
can be adequately fortified with appropriate levels of all
nutrients, though there may be some localities or
extenuating circumstances that would limit availability
of an optimum diet. There is evidence that the intestinal
wall is thinner and interpreted to be more healthy with
antibiotics and some experiments suggest this results in
improved absorption. The greatest benefits are from
limiting the effects of harmful organisms or preventing
adverse effects of organisms that may or may not result in
identifiable disease situations. At subtherapeutic or feed
additive levels, antibiotics improve performance in the
absence of clinical signs of harmful organisms.

There are numerous feeding, housing, and management
programs that will affect the observed response to
antibiotics. Also, the response is greater (percentage wise)
in younger animals than in animals that are more mature
or older. If it were economically and physically practical
to house animals in a germ-free environment or in an
environment free of any harmful organisms, there would
be no need for antibiotics as feed additives or for
therapeutic purposes. There are numerous reports that
demonstrate that cleanliness in the environment improves
performance and reduces the relative response to antibac-
terial agents. Wacholz and Heidenriech'® reported the
results of an experiment in which pigs were housed in
previously used dirt lots or in a clean barn. The observed
responses to antibiotics were much greater in the dirt lots;
however, the performance was much higher with the
combination of a clean barn plus antibiotics. Hays and
Speer'”! reported the results of trials in facilities that
differed in cleanliness at the start of the experiments. In
one, the building was completely emptied, thoroughly
cleaned, and all pigs moved in the same day. In the other
experiment, pens were emptied and cleaned for one
replication at a time, but the building was not completely
emptied and thoroughly cleaned. The response to anti-
biotics was less (33%) in the cleaner environment than in
the unclean barn (75%), but the overall performance was
greater for the clean environment plus the antibiotic.

Mixing pigs of different ages, mixing pigs from
different farms, or even mixing pigs from other build-
ings on the same farm can expose them to harmful
organisms and higher incidents of clinical and subclinical
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disease. When such exposure is necessary, the adverse
effects can be lessened with the appropriate use of anti-
biotics as feed additives.

CONTINUED EFFECTIVENESS
OF ANTIBIOTICS WHEN USED
AS FEED ADDITIVES

In the early years of antibiotic usage, there was concern
that the popularly used antibiotics, such as chlortetracy-
cline, oxytetracycline, penicillin, tylosin, and others
would eventually lose their effectiveness because of
resistance development in harmful organisms or by
selecting for harmful organisms that were naturally
resistant. Certain bacteria do develop resistance and this
should be considered in antibiotics use programs.
However, the problem is not as great as some suggest.
Appropriate management of therapeutic and subtherapeu-
tic use in combination with sound housing, management,
and nutrition programs has resulted in profitable benefits
from these antibacterial agents for more than half a
century. Comprehensive statistical evaluations of experi-
ments conducted over a period of more than 25 years show
that those antibiotics first introduced are still effective.'™!
This report®! also included the results of an experiment
that demonstrated positive responses to tetracycline in a
facility in which tetracycline had been used continuously
in the feed for three years prior to the experiment. The
pigs used in the experiment had been fed diets containing
tetracycline prior to being allocated to diets with or
without the tetracycline. A positive response to the
antibiotic continued. Over the years, numerous antibacte-
rial agents have been tested singly or in combination with
others. Some combinations provide greater antibacterial
activity and greater improvements in rates of gain or
efficiency of feed conversion. Some have been effective,
but never approved for use, either because they showed
no unique advantage or because they were uncompeti-
tive cost-wise.

CONCLUSION

After more than half a century of extensive usage
worldwide, the use of low levels of antibacterial agents
in the feed or water for livestock and poultry continues
to be effective in increasing growth rate, improving
feed conversion, and reducing morbidity and mortality.
Those first introduced, such as tetracyclines, penicillin,
streptomycin, and certain compounds containing arsenic
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continue to be effective. As would be expected, those

agents with a wide antibacterial spectrum are, on average,
more effective as routine additives.

ARTICLE OF FURTHER INTEREST

Feed Supplements: Antibiotics, p. 369
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INTRODUCTION

For over fifty years, antimicrobials have been used in
food-animal production to maintain animal health and to
increase productivity. The resulting increase in antimi-
crobial resistance among enteric bacteria has created two
principal concerns: 1) The prevalence of drug-resistant
pathogens leaves the producer with fewer tools to manage
disease; and 2) a reservoir of antimicrobial-resistant
bacteria has the potential for transmission to humans via
the food chain. The most logical intervention strategy to
combat the increase in antimicrobial resistance is to
reduce selection pressure by limiting the availability and
promoting prudent use of antimicrobial drugs, but such
measures may not be effective, because linkage of resist-
ance genes allows a single selection pressure to coselect
for resistance to multiple agents. Thus, simultaneous re-
ductions of all coselecting agents may be required to
reverse the persistence of antimicrobial resistance. This
necessitates the development of alternative, nonantimi-
crobial methods to maintain animal health and productiv-
ity. This article reviews some of the intervention strategies
that are being developed as alternatives to antimicrobials
for the control of enteric pathogens in food animals. The
application of alternative pathogen control measures will
decrease the total usage of antimicrobial drugs and should
reduce antimicrobial resistance among enteric bacteria in
food animals.

NONANTIMICROBIAL ALTERNATIVES
FOR NONSPECIFIC CONTROL OF
ENTERIC PATHOGENS

Competitive Exclusion

Competitive exclusion (CE) is the prophylactic treatment
of young animals with suspensions of enteric bacteria
obtained from healthy adults. It is a highly effective
method of controlling gut colonization by Salmonella and
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other enteric pathogens, particularly when cultures are
administered to animals shortly after birth while the
ecology of the gastrointestinal (GI) tract is relatively
naive.'! The mechanism by which CE cultures confer
protection is not clearly understood but may involve one
or more of the following factors: 1) blockage of potential
attachment sites; 2) production of bacteriocins by en-
dogenous bacterial species; 3) maintenance of gut pH by
volatile fatty acids; and 4) competition for nutrients.

In many countries, the use of undefined mixed bacterial
cultures for competitive exclusion is acceptable, but in the
United States, the Food and Drug Administration (FDA)
restricts the use of such cultures as undefined drugs. Use
of continuous-culture technology (i.e., continuous-flow
chemostats) has allowed for the selection, testing, and
maintenance of defined CE cultures, and has led to the
development of an efficacious CE culture, called CF3, for
use in controlling Salmonella in poultry.””! Similar
products are being developed for use in controlling
Salmonella and enterotoxigenic E. coli in swine."’

Prebiotics

Prebiotics are nondigestible food ingredients that benefit
the host by promoting the growth of beneficial bacteria in
the gastrointestinal tract. Beneficial species of bacteria
such as bifidobacteria and lactobacilli readily ferment the
prebiotic oligosaccharides (oligofructose and inulin),
whereas pathogenic bacteria such as Salmonella and
E. coli do not."™ The potential of prebiotics to replace
antimicrobials for pathogen control or performance
enhancement has not been proven conclusively, because
feed supplements can have mixed effects depending on
the bacterial species, the animal, and its age.'*! Existing
data from studies with chickens suggest that oligofructose
can reduce cecal concentrations of Salmonella but not
Campylobacter. In swine, oligofructose can reduce
mortality and morbidity due to infectious E. coli but
showed no effect on weight gain or feed efficiency in
neonatal and weaned pigs and only mixed effects in
growing pigs.
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Potentiators of Innate Immunity

The use of cytokines for the preventive activation of the
nonspecific innate immune system may be an effective
alternative to antibiotics, particularly in neonates whose
acquired immune system has yet to mature.”® Chickens,
for example, are extremely susceptible to opportunistic
pathogens in the first week post-hatch and rely primarily
on their innate immune system.'® Splenic T cells from
adult chickens immunized against Salmonella enteritidis
secrete factors, collectively called immune lymphokines
(ILK), that can activate the bactericidal activities of
heterophils, one of the main effector cells of the avian
innate response.!”! The activation of heterophils in ILK-
treated birds is strongly associated with protection against
Salmonella organ invasion and reduction of Salmonella-
induced mortality.”® A similar preparation for swine
has been shown to significantly reduce Salmonella colo-
nization and organ invasion in neonatal and weaned
pigs.”! Although the functional activities of ILK have
been well documented, the molecular composition of ILK
remains largely undefined. Identification of its active
components is still required for the development of a
defined cocktail of immunopotentiators that will fully
activate innate resistance.

NONANTIMICROBIAL ALTERNATIVES FOR
SPECIFIC CONTROL OF PATHOGENS

Exploitation of Facultative Metabolism in
Escherichia coli and Salmonella spp.

Some facultative gastrointestinal bacteria, including E.
coli and Salmonella, possess a respiratory nitrate reduc-
tase enzyme that allows the coupling of anaerobic nitrate
reduction to oxidative phosphorylation."'” This enzyme is
also capable of reducing chlorate, an analogue of nitrate,
to the cytotoxic product chlorite. Administration of
chlorate in feed or water should therefore selectively
eliminate facultative anaerobes from the gastrointestinal
tract but retain many of the beneficial obligate anaerobes.

Experimental chlorate products have been shown to
be effective for the control of E. coli O157:H7 and Sal-
monella in cattle, swine, and poultry.!"'~'*! They are being
developed primarily as preharvest interventions at termi-
nal feedings to reduce intestinal E. coli O157:H7 and
Salmonella levels in livestock before slaughter, which will
subsequently decrease the risk of transmission of these
pathogens to consumers via meat products.

Bacteriophage Therapy

Lytic bacteriophages are viruses that can infect and kill
bacteria. Their use for the prevention and treatment of
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infectious disease offers another attractive alternative to
antimicrobials, because they are highly specific to a
bacterial species, are nontoxic to the animal host, and can
increase in titre as they infect and kill their target
bacteria."* In experimentally infected animals, bacte-
riophages have been shown to prevent and treat E. coli
induced diarrhea in calves, piglets, and lambs, and to

prevent E. coli respiratory infections in broiler chick-
ens, [15:16]

Vaccines

Vaccines confer protection against specific pathogens by
exploiting the specificity and memory of the acquired
immune response. The host is first exposed to the pathogen
through a preparation of the pathogen’s antigens that
elicits a primary acquired immune response without
developing clinical symptoms of disease in the host.
Subsequent exposures to the same antigens elicit faster and
more effective secondary immune responses to the
offending microbe. Although many vaccines consist of
killed bacteria or of live attenuated strains,[”] the antigens
in the vaccine need not be associated with whole cells.
Recombinant forms of virulence factors, such as fimbriae
or heat-labile toxin from enterotoxigenic E. coli, may be
sufficient to induce an effective immunologic response.'®!

CONCLUSION

Despite the best efforts to control and treat infectious
disease with antimicrobials, bacteria will continue to
adapt and survive. As resistance to these drugs increases,
producers are left with fewer options for maintaining herd
health and productivity. This article has presented some of
the strategies that are being developed as alternatives to
antimicrobials for controlling enteric pathogens in food
animals. Chlorate supplementation, immune lymphokines,
and competitive exclusion cultures show promising com-
mercial potential, as do other areas of product develop-
ment including, prebiotics, vaccine development, and
bacteriophage. It is unlikely that any single product will
meet all the needs of the producer, but each alternative has
its effective place along the production continuum, and
combinations of alternatives may have synergistic effects.
Ultimately the application of these products will decrease
the need for antimicrobials and will likely have a large
impact on the reduction of antimicrobial resistance among
enteric bacteria in food animals.
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INTRODUCTION

Aquaculture is broadly defined as the culture of aquatic
organisms under controlled conditions. More than 210
species of finfish, crustaceans, mollusks, and aquatic
plants are raised, with the vast majority (99%) grown for
human consumption. Fish and other aquatic organisms
account for 16% of the animal protein consumed
worldwide, with an average per capita fish consumption
of 15.8 kg. In clear contrast to terrestrial animal
production, most fish consumed are caught from the
wild. However, the harvest from capture fisheries has
peaked. Declining populations of wild fish and restric-
tions on fishing vessels, effort, and gear have increased
costs, whereas new technologies have reduced the costs
of aquaculture production. Aquaculture has been the
source of continued increase in the world supply of
aquatic products, providing 34% (48.4 million mt; $61.7
billion) of the worldwide fisheries supply in 2001.

PAST AND CURRENT STATUS

OF AQUACULTURE

The earliest recorded evidence of aquaculture was 900 B.c.!"!
However, for most species of fish, scarcities due to
overfishing in the late 1900s provided adequate incentive
to domesticate aquatic plants and animals. Technologies
developed rapidly, and aquaculture industries have grown
rapidly through the 1990s (Fig. 1).

China leads the world in aquaculture production. With
the exception of Chile, the top 10 countries in world
aquaculture production are all Asian countries.”*! Most of
these (with the exception of Japan) are lesser-developed
nations. The majority of aquaculture production consists
of a mixture of carp species raised for family and local
consumption. However, aquaculture has increasingly
become a source of foreign exchange through export.
The United States alone imported $18.5 billion worth of
edible and nonedible fisheries products in 2001.

Once envisioned as a blue revolution that would save
the world from starvation, aquaculture has come under
increasing criticism from environmentalists who allege
biological, organic, and chemical pollution; habitat
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modification; and use of fish protein as a feed ingredi-
ent.!” Like other forms of agriculture supporting human
life, aquaculture modifies the natural environment and has
the potential to degrade it."!

UNIQUE ASPECTS

Aquaculture includes a wide diversity of species raised in
diverse aquatic environments that include freshwater,
brackish, and marine systems (Table 1).! Aquaculture
products are farmed for food consumption, for sportfish-
ing, for bait, for clothing (alligator skins), for pets
(ornamental fish and feeders), and for industrial processes
(seaweeds for agar and carrageenan).””’ Polyculture is an
appealing concept that maximizes production by stocking
different species in the same pond, thus exploiting various
trophic levels in a pond environment.

Aquaculture is limited by the nature of aquatic
organisms and the medium of their water environment.
Unlike all other domesticated livestock, fish and inverte-
brates are cold-blooded and require a narrow temperature
range for good growth. In water, gravity is nearly
overcome by the buoyancy of the medium, reducing
energy expended in daily movements. Oxygen is a
limiting factor because it is relatively insoluble in water.
Depending on temperature and salinity, water is saturated
with oxygen at 5.2 to 14.6 mg/L; in contrast, air contains
approximately 21% oxygen. Water is an excellent solvent
for nitrogenous wastes, which makes them difficult to
concentrate and remove. In ponds, fish wastes stimulate
growth of phytoplankton and bacteria that are difficult to
control or concentrate for removal. Water quality in
warmwater fishponds is to a large extent controlled by the
plankton community.'®!

PRODUCTION

Aquaculture production occurs in ponds, raceways, cages,
rafts, baskets, lines, recirculating systems, and by ocean
and reservoir ranching.”! The majority of finfish and
crustacean production worldwide occurs in earthen ponds,
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Fig.1 Volume of capture fisheries and aquaculture production.
(Figure courtesy of Ref. [2].)

but fish can be raised in open waters by confining them to
cages or net pens. Salmon and freshwater paddlefish are
ranched by releasing young into the wild for recapture and
sale as adults. Very intensive indoor recirculating systems
rely on biofilters or hydroponics to remove the dilute
nitrogenous waste products of fish. Shellfish are cultured
on rafts, in baskets, and on lines.

Species that are good aquaculture candidates: 1) are easy
to reproduce in a controlled fashion; 2) accept prepared
feeds; 3) are hardy; 4) tolerate a wide range of water quality
conditions; and 5) have high market value. Seed for
aquaculture production often closely resembles its wild
counterpart. Although some carp strains have undergone
selective breeding for decades, there has been little genetic
improvement of most aquaculture stocks. Recent bioengi-
neering advances have come under intense scrutiny by
those opposed to genetic manipulation. Seed production in
aquaculture is further complicated by complex life cycles
(as many as 20+ larval stages of some crustaceans) and the
small-sized larvae of many marine species.

Most forms of aquaculture production rely on
artificial feeds. Diet formulations are complex due to
the range of dietary habits. Fish such as tilapia and some
carp are primarily herbivores, fish such as catfish have
omnivorous dietary habits, and salmon are essentially
carnivores. There is no parallel in terrestrial agriculture
for large-scale production of carnivorous species as food.
In spite of the range of natural dietary habits, typical
crude protein levels in commercial, pelletized fish diets
range from 28 45% protein.

Mechanical aeration is used frequently to maintain
acceptable levels of dissolved oxygen. Ammonia removal
technologies are required in very intensive systems.
Harvesting, holding, and transportation of aquatic animals
are complicated by requirements to maintain adequate
water quality (Fig. 2).
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Management intensity and risk vary with the species
produced and the culture system employed. Some crops
require only a few months of production, whereas others
require several years. Increasing intensification can be
accompanied by increasing problems of fish health.
Aquaculture industries lag behind other forms of animal
agriculture in understanding disease transmission and in
development of effective control mechanisms.

Most aquaculture businesses are classified as small
businesses. In the United States, 84% of catfish, 93% of
baitfish, and 95% of trout farms are small businesses.!”!
Some integration has occurred, but the extent of
consolidation of aquaculture supply and marketing chains
has lagged behind that of other animal production
industries. The broiler industry has been widely cited as
a model path for aquaculture industry evolution, but the
nature of aquatic species, systems, and market channels is
more complex. The greater degree of perishability of
seafood products and the consequent consumer demand
for freshness have slowed consolidation of distribution
networks. Salmon, shrimp, and catfish are the commercial
large-scale aquaculture businesses most likely to follow
the poultry industry integration model.

In the United States, the U.S. Department of Agricul-
ture (USDA) is the lead agency in aquaculture and is
supported by the National Oceanic and Atmospheric
Association (NOAA). Private associations of producers,
such as the Catfish Farmers of America, the U.S. Trout
Farmers Association, and the American Tilapia Associa-
tion, are all affiliated with the umbrella trade group, the
National Aquaculture Association. The U.S. Aquaculture
Society, a chapter of the World Aquaculture Society,
provides professional support for aquaculture. The
gateway to aquaculture resources on the web is AquaNic:
the Aquaculture Network Information Center (http:/
aquanic.org).

PROCESSING

Aquaculture products are sold live, fresh, frozen, canned,
smoked, salted, pickled, and dried. Fish are processed as
whole-dressed or fillets, fresh (packed on ice), or frozen
[in blocks for wholesale markets or individually quick-
frozen (IQF)]. Crustaceans are sold head on or off, peeled,
or shell on. There is increasing interest in expanding
value-added offerings beyond the traditional breaded and
glazed products. Rapid processing and preservation are
necessary because fish and shellfish spoil easily. As
poikilotherms (cold-blooded organisms), fish contain
enzymes that function at relatively low temperatures,
which leads to the rapid decomposition of harvested fish.
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Table 1 Worldwide aquaculture production of selected species and groups for 2001, in

metric tons

Species/group

Quantity produced (mt)

Finfish

Freshwater
Cyprinids (carps, barbels, etc.)
Tilapia and other cichlids
Channel catfish
Other freshwater finfish
Freshwater finfish total

Diadromous

Atlantic salmon

Rainbow trout

Milkfish

Eels

Seabass (Lates calcarifer)
Other diadromous finfish
Diadromous finfish total

Marine finfish

Japanese seabream
Mandarin fish
European seabass and gilthead seabream
Mullets
Other marine finfish
Marine finfish total
Total finfish
Crustaceans
Marine shrimp
Crabs
Freshwater prawns and other crustaceans
Red swamp crawfish
Other crustaceans
Crustaceans total
Molluscs
Oysters
Clams, cockles
Scallops, pectens
Mussels
Freshwater molluscs
Abalones, winkles, conchs
Squids, cuttlefish, octopus
Other marine mollusks
Molluscs total

Miscellaneous animals (frogs, turtles, tunicates)

Seaweeds

Brown seaweeds

Red seaweeds

Green seaweeds

Miscellaneous aquatic plants

Seaweeds total

Aquaculture total, excluding seaweeds
Aquaculture total, including seaweeds

16,427,626
1,385,223
271,075
2,718,287
20,802,211

1,025,287
510,055
495,250
230,992

15,546
16,330
2,293,460

873
116,423
44,637
10,648
890,045
1,062,626
24,158,297

1,270,875
164,232
514,451

13,847
36,278
1,999,683

4,207,818
3,109,024
1,219,127
1,370,631
10,399
5,425

16
1,344,763
11,267,203
164,883

4,691,210
2,215,193
31,913
3,623,963
10,562,279
37,590,066
48,152,345

(From Ref. [2].)
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Fig. 2 Recording channel catfish biomass weights loaded per
tank on an 18 wheeled transport truck, after harvesting from a
commercial pond. (View this art in color at www.dekker.com.)

The rate of decomposition is species-dependent and
relatively faster in fattier, cold-water figh.[®

MARKETING

Unlike animal and row crop agriculture, aquaculture
growers find themselves competing in the marketplace
with wild-caught seafood products. Salmon and catfish are
two examples of aquaculture products whose supply has
grown to surpass that of the wild catch. Market channels
reflect the local nature of seafood product availability and
historically have tended to involve small-scale jobbers
that fulfilled wholesaling and transportation functions. In
more recent years, major seafood distributors have
consolidated and supply chains have become more
globalized as major buyers source seafood products from
around the world. In retail markets, seafood marketing
margins typically are high (25 35%), reflecting a
premium for risk of spoilage and the luxury nature of
most seafood in the United States.

Trade in aquaculture products has acquired an
important international focus. Shrimp is a global com-
modity, with over $8.4 billion traded internationally each
year. More than 27% of the shrimp traded internationally
is from aquaculture. Moreover, trade disputes related to
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salmon, crawfish, catfish, and shrimp have had major
international political ramifications in recent years.

CONCLUSION

Aquaculture is stunning in its diversity and complexity. It
is the equivalent of combining all forms of animal
agriculture together as what might be called terrestrial
culture. The growth of aquaculture has provided the
supply to fuel the increase in total growth of the world
supply of fisheries products. This growth is occurring
during times of increased environmental concerns and
continued population increases that challenge our ability
to feed populations. Aquaculture represents a mechanism
to contribute both to feeding the poor and to supplying a
diversity of high-valued products that generate economic
growth through business development. Continued growth,
however, will depend upon developing solutions to the
challenges posed by declining resource availability and
continued population pressure.
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INTRODUCTION

Aquaculture, the culture of aquatic organisms, has been
practiced by people for several thousand years. It is said
that the Romans cultured oysters, and China has been
growing fish in ponds for 3000 years. Globally, in 2001,
approximately 97 million tonnes (tonne=metric ton:
2205 pounds) of aquatic animals and mollusks (exclud-
ing aquatic plants) were harvested, of which 60 million
tonnes were derived from capture fisheries and 37 million
tonnes were derived from aquaculture. Global aquacul-
ture production consisted of 15.2 million tonnes from
marine areas and 22.6 million tonnes from inland areas.
In 2002, production of finfish represented more than
50% of all aquaculture production, mollusks were 23.4%,
aquatic plants were 22.2%, crustaceans were 3.6%, and
other species represented 0.3% (Fig. 1A). As a percent-
age of value, there are shifts in the percent compared by
each category. Finfish represent 55.9% of the value of all
aquaculture products, mollusks represent 16.8%, crusta-
ceans represent 16.6%, aquatic plants represent 9.9%, and
other aquaculture items represent 0.8% of the total value
(Fig. 1B).

Two hundred and ten different species of animals and
plants are currently cultured around the world. China
produces 71% of the total volume (Fig. 2A) and almost
50% of the total value (Fig. 2B) of global aquaculture
production. Carp production constitutes 68% of the
total global finfish aquaculture production; they are
grown and consumed mainly in China and India (Fig. 3).
Although there are many species of fish, shellfish, and
crustaceans cultured in the world, this article will focus on
the most commonly cultured fish species, their scientific
names, the amount produced, the country or region that is
the lead producer, and the types of culture systems most
commonly used in production. This listing is by no means
complete. There are fish species that may not be listed,
although they may have a large local or regional
production, but it is hoped that this list will serve as a
brief introduction to the fish that constitute the majority of
global finfish production.
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MOST COMMONLY CULTURED SPECIES

Atlantic salmon (Salmo salar) is one of the most-
produced fish in the global aquaculture industry, with
Norway and Chile being two of the largest producers. In
1980, only 10,000 tonnes were produced globally, but
by 2010 it is expected that over 2 million tonnes will
be produced.’"! Marine net pens are the most commonly
used culture system, and production reached 1.4 million
tonnes in 2002.

Bighead carp (Aristichthys nobilis) are native to
the lowland rivers of China and feed principally on
zooplankton (although they do eat larger phytoplankton
and detritus) in the upper layer of water in a pond.
Bighead carp are typically cultured in ponds and can
grow rapidly, although growth is dependent upon the
fertility of the water, or the quality and amount of
prepared food. Generally, bighead carp are not directly
fed a diet, and they are cultured extensively with other
carp species. Production for 2002 was approximately
1.75 million tonnes.

Catla (Catla catla) is one of the three Indian major
carps that are commercially cultured in India and the
Indian subcontinent. India is the second largest carp
producer in the world, next only to China, and produces
approximately 1.7 million tonnes of India major carps
each year. Catla are mostly grown in freshwater ponds;
however, some brackish water ponds have been used to
successfully grow catla in India. Production in 2002 was
approximately 546,000 tonnes (personal communication;
Dr. B.B. Jana, India).

Channel catfish (Ictalurus punctatus) are the most
widely cultured fish in the United States, representing
approximately 50% of that country’s aquaculture industry
(roughly $600,000 a year). Channel catfish are a popular
finfish and are most often grown in ponds, although small
farmers can grow the fish successfully in cages. It may not
be unreasonable to state that more is known of the nutrient
requirements of the channel catfish than any other fish
species in the world. Production is estimated to be
305,000 tonnes in 2003."!
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Fig. 1 (A) The percentage of major groups of cultured
organisms and plants in 2000 2002 (by weight). The total
amount of cultured products was 45.7 million tonnes. (B) The
percentage of value represented by the major groups of cultured
organisms and plants in 2002. Total value was $56.5 billion.
(Data adapted from FAO, accessed August 2003.)

Common carp (Cyprinus carpio) is a member of the
family Cyprinidae and is the third most commonly
produced fish in global aquaculture. In 2002, approxi-
mately 2.9 million tonnes were produced, with a value of
$2.8 billion. China is the largest single producer of
common carp. Common carp are traditionally cultured in
ponds or rice paddies. However, more intensive culture
systems have been used recently including irrigation
ponds, flow-through raceways, and net pens. In the past,
low-cost supplemental diets have been fed to carp, but as
production has intensified, especially in China, more
complete diets are being fed so as to maximize growth and
production yields.

Crucian carp (Carassius carassius) is another Chinese
carp, and most food-fish production of this fish occurs in
China, where 1.5 million tonnes were produced in 2002. As
in most carp production, ponds are used for grow-out of the
fish, generally in polyculture with other carp species. Crucian
carp feed on plants, zooplankton, and benthic invertebrates.
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Grass carp (Ctenopharyngodon idella), also called
white amur, is the most commonly produced fish in the
world. It is one of the Chinese carps and is native to large
rivers in China and Siberia, such as the Yangtze and
Amur, respectively. It has been extensively cultured in
ponds in China, but Thailand, Taiwan, Indonesia, the
Philippines, and Hong Kong also grow grass carp
commercially. It is a hearty fish that consumes many
species of aquatic vegetation. In some countries where
grass carp is not native, concern over the adverse
environmental impact that grass carp could cause if
established in the wild has led to the fish being banned
from pond stocking, unless they are certified triploid
(triploid grass carp cannot reproduce). Production in 2002
was approximately 3.75 million tonnes.

Milkfish (Chanos chanos) is an important food fish in
several countries in the Indo-Pacific region (principally
the Philippines, Indonesia, and Taiwan). Herbivorous by
nature, milkfish can consume prepared diets and can
tolerate a wide range of salinities (0 150 ppt). Milkfish
are most commonly grown in ponds or cages. Production
in 1999 was approximately 460,000 tonnes."!
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_.
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Fig. 2 (A) The percentage of total aquaculture production in
2000 2002, by country. (B) The percentage of value of cultured
products in 2000, by country. (Data adapted from FAO, accessed
August 2003.)
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Fig. 3 The percentage of total finfish production in 2000 2002
(23 million tonnes) that were comprising various species groups.
There are five major groups represented: carps, tilapias,
salmonids, trout, and channel catfish. All other fish species
cultured in the world are represented by Other. (Data adapted
from FAO, accessed August 2003.)

Mrigal (Cirrhinus mrigala) is another of the Indian
major carps (see Catla), and production in 2002 was
approximately 517,000 tonnes (personal communication;
Dr. B.B. Jana, India). Mrigal are mostly grown in ponds
and consumed locally within India.

Rainbow trout (Oncorhynchus mykiss) is an euryha-
line fish species that primarily inhabits fresh water. They
can adapt to seawater once they reach the juvenile stage
(approx. 100 g) by gradually increasing the salinity of the
culture water. Rainbow trout is the most widely cultured
trout in the world, being grown in the United States,
Canada, Britain, Denmark, France, Italy, and Chile. In
Chile, rainbow trout are grown in marine cages, whereas
in most other countries, including Chile, they are grown
in fresh water using raceways (a flow-through water
supply). France, Chile, Denmark, and Italy accounted
for approximately 50% of global production in 1995,
while the United States accounted for 7 8% of global
production. Production worldwide in 2000 was approxi-
mately 326,000 tonnes.

Rohu (Labeo rohita) is another of the Indian major
carps (see Catla), and production in 2002 was 567,000
tonnes (personal communication; Dr. B.B. Jana, India).
Rohu are produced in earthen ponds and mostly consumed
locally (within India).

Silver carp (Hypophthalmichthys molitrix) is the food
fish with the second-highest production of any cultured
finfish species in the world. The majority of production
occurs in China, although Japan and Poland grow a very
small percentage (<2%) of the global supply. For the most
part, silver carp are produced, sold, and consumed in
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China. Ponds are the principal culture method for silver
carp, generally in polyculture with other carp species.
Silver carp filter phytoplankton from the water, but they
can eat zooplankton and prepared diets. Production in
2002 was approximately 3.5 million tonnes.

Tilapia are a group of fish species that are the second-
largest group of farmed finfish in the world (behind carp
and ahead of salmon), with an annual growth rate of about
10% per year. There are two genera that compose the
cultured tilapias: Tilapia, which spawn on substrate and
are generally macrophagous feeders, and Oreochromis,
which are mouth-brooders and microphagous feeders. The
species most commonly cultured are Nile tilapia (Oreo-
ochromis niloticus), of which 1.3 million tonnes were
produced in 2002; Blue tilapia (O. aureus); Mossambique
tilapia (O. mossambicus); and hybrid (Red) tilapia (O.
niloticus x O. aureus). Tilapia are generally cultured in
ponds, but large floating cages are also a successful
culture method. Tilapia are grown in many countries
throughout the world, with some of the largest production
occurring in South and Central America. China is the
largest single producer.

CONCLUSION

The 13 fish species (or groups) described in this chapter
represent approximately 82% of the total global fish
production. These species will continue to be the massive
foundation of global aquaculture production into the
foreseeable future.
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INTRODUCTION

In the article ‘‘Aquatic Animals: Fishes Major,”” fish
species that represented the largest share of global
aquaculture were listed. In this article, fish species that
are produced in lesser quantities globally but are still vital
aquaculture industries are briefly discussed. Unlike the
species that dominate production data (which have had
large, stable production during the past decade), many of
these minor species have undergone dramatic increases in
production (e.g., gilthead sea bream and hybrid striped
bass). Further , the culture of some of those species has
taken commercial fishing pressure off wild stocks (e.g.,
European sea bass). Finally, production data are lacking
for a number of the listed species because the species has
only recently been considered a candidate for culture (e.g.,
pacu) or because production is more regional (Pangasius
catfish) with little recorded production data available.
However, many of these minor aquaculture species are
extremely important to local/regional economies and/or
diets, and production of some species may increase in the
future to high levels. Although this list is by no means
complete, it is hoped that it will serve as a brief intro-
duction to the fish that constitute the majority of global
finfish production.

MINOR FISH SPECIES

Arctic char (Salvelinus alpinus) has the most northern
distribution of any freshwater fish species and is common
in the Arctic and subarctic regions of North America,
Europe, and Asia. It is a relatively new aquaculture species
that, as yet, does not have much production. However, it is
easy to culture, has wide consumer acceptance, and should
return a fairly high price to producers.

Asian sea bass (Lates calcarifer), also known as
baramundi, is a carnivorous fish that spends its first 2 3
years in freshwater and then migrates into the ocean to
mature and spawn. Asian sea bass can be cultured in
freshwater and brackish-water ponds, as well as in marine
cages. Most production currently uses marine cages.
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Countries that produce Asian sea bass are Malaysia,
Indonesia, Taiwan, Thailand, Hong Kong, Singapore, and
Australia. Production for 2002 was 16,000 tonnes.!

Atlantic halibut (Hippoglossus hippoglossus) is pri-
marily produced in Norway, either in tanks or in marine
net pens. Fish reach market size (5 kg) in about 3 4 years.
Production for 1999 was approximately 400 tonnes.'!

Blue catfish (Ictalurus furcatus) has many of the same
desirable culture traits as channel catfish, yet most catfish
production is of the latter species (see Channel catfish).
This is probably due to the ease of spawning of channel
catfish at a younger age and smaller size. However, a blue
catfish/channel catfish hybrid is currently being evaluated
for commercial production.

Bluefin tuna (Southern, Thunnus maccoyii; North-
ern, T. thynnus). The southern bluefin tuna is being
developed as an aquaculture species in Australia, and
the northern bluefin tuna is being grown in the
Mediterranean, North America, and Japan. Tuna is grown
primarily in large marine net pens. In Australia, tuna is
caught from the wild, transferred to marine net pens, and
cultured until attaining market size. In 2002, approxi-
mately 9000 tonnes of Southern bluefin tuna was grown to
market size in Australia (personal communication; Dr.
Geoff Allen, Australia).

Clariid catfish (Clarias sp.) are a family of walking
catfish that have the ability to survive for extended periods
of time out of water because they can breathe air directly.
The pectoral fins are modified so that they can be used to
walk across land, often traveling from pond to pond.
Clarius batrachus and C. macrocephalus are important
species in Asia, where they are cultured in Thailand, India,
and the Philippines. In Africa, C. gariepinus (the
sharptooth catfish) is most commonly cultured. Several
hybrids are produced, but little production information on
these exists. Most production occurs in ponds, although
raceways with flow-through water are also used. Ponds
tend to have very steep banks and fencing around the pond
to keep the walking catfish from escaping. Production in
2002 was approximately 100,000 tonnes.

Cod (Gadus morhua) is a fish species that has attracted
great interest for culture in Europe and Canada due to the
overfishing of wild stocks. Cod can be grown in sea cages
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and can grow to market size (2.5 kg) in 18 28 months.
Little production data can be found, although the literature
is replete with potential production values. If financially
feasible, cod production could supply a highly desirable
product to consumers in the future.

Coho salmon (Oncorhynchus kisutch) is cultured
mainly in Chile and is the other major salmonid (second
to the Atlantic salmon) species grown for food. Atlantic
salmon and coho salmon represent approximately 98% of
the cultured salmonids. Marine cages are used as the most
popular method of producing Coho salmon, and produc-
tion in 2002 was approximately 110,000 tonnes.

European catfish (Silurus glanis) is the largest
freshwater fish in Europe, reaching a length of 2 meters
or more. Production occurs in ponds; however, data are
difficult to obtain. Poland produced approximately 70
tonnes in 2002; however, other countries’ production data
on this fish are lacking.

European eel (Anguilla anguilla) is produced in
several countries in Europe, with Italy as the major pro-
ducer, growing them in tanks or ponds. Recently, how-
ever, eels have been cultured in The Netherlands and
Denmark, which use recirculating indoor/outdoor sys-
tems. Production in 2002 was 10,000 tonnes.

European sea bass (Dicentrarchus labrax) is highly
prized throughout its native range where they have been
heavily fished. Aquaculture production exceeds the
wild catch by almost a 3:1 margin. Sea bass is grown
mostly in sea cages with Greece, Turkey, and Italy being
the largest producers. Production in 2002 was approxi-
mately 41,000 tonnes.

Gilthead sea bream (Sparus aurata) is generally
grown in sea cages, as this is more profitable than raising
the fish in ponds and raceways. The major producers are
Greece, Turkey, and Spain, which account for over 70%
of the production of approximately 64,000 tonnes in 2002.
The desirability of gilthead sea bream is shown by the
dramatic increase in production since the mid-1980s,
when 100 tonnes was cultured.

Hybrid striped bass is the fourth most valuable food-
fish species in the United States, with an estimated 5250
tonnes produced in 2002 (Fig. 1), for which consumers
paid $US 26 million (personal communication; Dr. Jim
Carlberg, United States). Hybrid striped bass can be either
Palmetto bass (female striped bass, Morone saxatilis
x male white bass, M. chrysops) or Sunshine bass (female
white bass x male striped bass). The Sunshine bass is the
most widely used cross due to the ease of obtaining white
bass females. Hybrid striped bass can be cultured in ponds
(57% of production) or tanks (43% of production).

Japanese flounder (Paralichthys olivaceus) is primar-
ily produced in Japan, where it is the fourth highest
produced marine finfish. Japanese flounder are generally
fed locally available trash fish; however, prepared dry
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Fig. 1 Annual production data (tonnes) for hybrid striped bass
in the United States.

diets are becoming more commonly used. Production in
1997 was approximately 8600 tonnes."

Pacu (Piaractus mesopotamicus). Great interest has
been shown in South America, especially Brazil, to grow
this desirable fish species for the food and for the fee-
fishing industries. A related fish, tambaqui (Colossoma
macropomum), is also cultured in Brazil. Pacu and
tambaqui are produced in ponds, but little information
on production data can be found.

Pangasius catfish is widely cultured in southeast
Asian countries. Two species are predominantly pro-
duced: striped catfish (Pangasius sutchi) and black-ear
catfish (P. lamaudii). Both species are fast-growing fish
that have a high dress-out percentage, similar to channel
catfish (Ictalurus punctatus). Pangasius catfish can be
grown in earthen ponds or cages moored in rivers or lakes.

Red drum (Sciaenops ocellatus), also known as
redfish or channel bass, is native to the Gulf of Mexico
and the Atlantic Ocean. Juvenile fish are primarily grown
in ponds before their release into the wild for stock
enhancement, but food-fish have been cultured in a wide
variety of systems including ponds, cages, net pens,
raceways, and tanks using recirculating systems. The
primary producer of red drum is the United States.
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Red sea bream (Pagrus major) is one of the most
popular food-fishes in Japan and its production ranks
second in Japan, behind only the yellowtail. Since the late
1980s, production of red sea bream has almost doubled in
Japan to 82,500 tonnes.[

Silver perch (Bidyanus bidyanus) is a freshwater fish
endemic to southeast Australia. It has attracted the interest
of Australian aquaculturists due to its ease of culture,
mild-flavored fillet, and 40% dress-out percentage. Most
production occurs in earthen ponds, although cage-culture
may be a feasible culture method. Approximately 454
tonnes was produced in 2002.

Snakehead (Channa striatus), also known as murrel or
serpent-headed fish, is found in South Africa, India,
Burma, Thailand, and several other southeast Asian
countries. Culture methods include growing fish in ponds
or in cages. In Thailand, snakehead represents 5 10% of
total freshwater-fish production and represents an industry
worth an estimated $US 5 10 million.

Sturgeon (Acipenser spp.) is a primitive fish with
several unique digestive features, including a spiral valve
(like a shark) and ciliated epithelium in the intestines.
Sturgeon is mostly prized for its caviar but is becoming
increasingly threatened as a species due to pollution,
overfishing, and poaching. Three main species are
cultured: the White sturgeon (Acipenser transmontanus),
the Siberian sturgeon (A. baeri), and the Adriatic sturgeon
(A. naccarii). About 1000 tonnes are grown in circular or
rectangular tanks and raceway systems, although cages
and ponds are used to a lesser extent.

Yellow perch (Perca flavescens) is an important
freshwater food-fish in the north-central region of the
United States. Ponds are the most commonly used method
of culture. Production in 2002 was approximately
2300 tonnes.

Yellowtail (Seriola quinqueradiata) is the most
cultured marine fish in Japan in terms of volume and
dollars, representing 70% of Japanese aquaculture pro-
duction in 1997. Market size is 2 5 kg and fish are
generally grown in marine net pens. Production in 2002
was approximately 145,000 tonnes.

Walleye (Stizostedion vitreum) is an important food-
fish in the north-central region of the United States. Ponds

57

are the most commonly used method to grow walleye
to market size. Production in 2002 was approximately
2300 tonnes.

CONCLUSION

The fish species described in this article represent between
3% and 10% of the global cultured fish production and are
among the species that have exhibited the greatest
increases in production during the past decade. Although
these species may account for a minor portion of global
production, their industries are nonetheless of vital
importance to local/regional economies.
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Beef: Carcass Composition and Quality
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INTRODUCTION

Beef carcasses are sorted in a grading system regulated
by the U.S. Department of Agriculture (USDA), Agricul-
tural Marketing Service (AMS), Livestock and Seed
Division (LSD). When officially graded, the grade of
steer, heifer, cow, or bullock carcass consists of the yield
grade and (or) quality grade. USDA Yield Grade is an
estimator of carcass composition, and USDA Quality
Grade is an indicator of carcass quality. USDA beef grades
were created with the intention of developing a uniform
marketing system for beef based on composition (red meat
yield) and quality (overall palatability).

CARCASS COMPOSITION
Beef Yield Grading

The indicated yield of closely trimmed (1/2 inch of fat or
less), boneless retail cuts expected to be derived from the
major wholesale cuts (round, sirloin, short loin, rib, and
square-cut chuck) of a carcass is indicated by the USDA
Yield Grade.!"! Yield grades are the most convenient and
practical indicators of carcass composition that are utilized
in the beef industry today. The beef yield-grading equation
utilizes four measurable traits of each individual carcass.
These include the amount of external fat (subcutaneous);
the amount of kidney, pelvic, and heart fat (perinephric);
the area of the ribeye (longissimus dorsi); and the hot
weight of the carcass. The measured values of each of
the four traits are placed into the yield-grading equation
and result in values ranging from 1.0 to 5.9. Generally, the
calculated value is considered solely by its whole-number
value. For example, if the computation results in a des-
ignation of 3.9, the final yield grade is 3; it is not rounded
to 4.1 The USDA Yield Grade equation is as follows:

USDA Yield Grade
= 2.50 + (2.50 x adjusted fat thickness in inches)
+ (0.20 x percent kidney, pelvic, and heart fat)
+ (0.0038 x hot carcass weight in pounds)

— (0.32 x ribeye area in square inches) (1)
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The amount of external fat is measured by the thickness
of the fat over the ribeye muscle, measured perpendicular
to the outside surface at a point three fourths of the length
of the ribeye from its chine bone end. This measurement
may be adjusted, as necessary, to reflect unusual amounts
of fat on other parts of the carcass. The amount of kid-
ney, pelvic, and heart fat is a subjective measurement
considered in the equation. It includes the kidney knob,
lumbar, and pelvic fat in the loin and round region, and
heart fat in the chuck and brisket area. The area of the
ribeye muscle is measured where this muscle is exposed
by ribbing the carcass between the 12th and 13th ribs.
The actual hot carcass weight (or chilled carcass
weight x 102%) is utilized in Eq. 1.

Beef Yield Grading and Its
Relevance to Composition

The yield grading equation has been shown to effectively
categorize and rank beef carcass in terms of composition
based on lean meat (muscle), fat (subcutaneous, inter-
muscular, and perinephric), and bone.'”! Beef carcasses
are expected to yield greater than 52.3%, 52.3 50.0%,
50.0 47.7%, 47.7 45.4%, and 45.4% or less of lean meat
after bone and excess fat have been removed for yield
grades 1, 2, 3, 4, and 5, respectively.[S]

Quality Grade and Its
Relevance to Composition

Even though the quality grade of a beef carcass does not
largely affect the composition, there are evident trends in
the overall composition of carcasses with higher and
lower marbling scores. Obviously, with an increase in
marbling score (intramuscular fat) there will be an
increase in the total amount of fat in the animal, also
contributing to lower percentages of moisture in the lean
tissues.'*! Beef animals tend to have increased numerical
yield grades and hot carcass weights with an increase in
marbling score.'™ This trend is due the animals’ ability to
produce greater amounts of marbling at a more mature age
while being on a higher plane of nutrition that results in
heavier slaughter weights and greater amounts of external
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fat. Moreover, animals that marble more readily also have
tendencies to deposit greater amounts of seam (intermus-
cular) fat.

BEEF QUALITY
Beef Quality Grading

The USDA Quality Grade is determined by considering
the degree of marbling, as observed in the cut surface of
the ribeye between the 12th and 13th ribs, in relation to the
overall maturity of the carcass. Marbling scores are
assigned to the carcass depending on the degree of
intramuscular fat that is present in the cut surface of the
ribeye. Marbling scores have been established by the LSD
and are referenced in the form of photographs'"! (Fig. 1).
The marbling scores are Abundant, Moderately Abundant,
Slightly Abundant, Moderate, Modest, Small, Slight,
Traces, and Practically Devoid. Mean percent chemical
fat has been determined in the ribeye muscle as 10.42%,
8.56%, 7.34%, 5.97%, 4.99%, 3.43%, 2.48%, and 1.77%
for marbling scores of Moderately Abundant, Slightly
Abundant, Moderate, Modest, Small, Slight, Traces, and
Practically Devoid, respectively.!*! Before the marbling
score is evaluated, the USDA has mandated a ten-minute
(minimum) bloom period between the time that the
carcass has been ribbed until grading, to allow for
consistency.!"!

Prior to assigning an official USDA Quality Grade, the
maturity of the carcass must be evaluated and deter-
mined. Maturity scores of A, B, C, D, and E are assigned
to each carcass. These scores correlate to the balance of
skeletal maturity (the ratio of cartilage to bone in the
cartilaginous buttons of the vertebral column) and the

Modest Small Slight

Fig. 1 USDA standard marbling scorecards. Reproductions of
the official USDA marbling photographs prepared by the
National Livestock and Meat Board for the U.S. Department
of Agriculture. (From Ref. 1.) (View this art in color at
www.dekker.com.)
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Table 1 Beef muscle color and texture of each maturity group

Maturity Muscle color Muscle texture
A Light cherry red Fine

B Slightly dark red Fine

C Slightly dark red Moderately fine
D Moderately dark red Slightly coarse
E Dark red Coarse

(From Ref. 6.)

lean maturity (based on the color and texture of the
exposed ribeye). As an animal matures, the cartilaginous
(soft, white, pliable) connective tissue of the skeletal
system is changed into bone (hard, dense, spongy) via the
ossification process. Such changes occur in a definite
sequence so that the relative degree of ossification
(cartilage to bone) is a reliable indicator of maturity.'®
A, B, C, D, and E scores for skeletal maturity have 0
10%, 11 35%, 36 70%, 71 90%, and greater than 90%
ossification in the first three thoracic buttons, respective-
ly.[®" A carcass in the A-lean maturity group has a bright,
cherry-red color of lean with a very fine texture, while a
carcass in the E-lean maturity group has a dark,
moderately brown-colored lean with extremely coarse
texture (Table 1). Carcasses with balanced maturity
scores of A, B, C, D, and E are 9 30, 30 42, 42 72,72
96, and greater than 96 months of age at slaughter,
respectively.'® Beef carcasses classified as B maturity
and younger are considered to be young, and maturity
scores of C and older are considered old.'”!

Marbling and maturity scores are combined to
determine the overall USDA Quality Grade. These are
combined as illustrated in Fig. 2" and may be referenced
to result in different levels of the final USDA Quality
Grades: Prime, Choice, Select, Standard, Commercial,
Utility, Cutter, and Canner. An exception to this system
includes carcasses classified as bulls, whose grade con-
sists of yield grade only. Additionally, bull and bullock
carcasses must be further identified.!"’

Even though wholesomeness, cleanliness, and nutri-
tional value are often confused as aspects of quality, the
eating quality or overall palatability of the beef is of
primary concern when dealing with ‘‘quality.”” USDA
Quality Grades are assigned to beef carcasses with the
intention of predicting overall palatability. The factors
used to determine the USDA Quality Grade, including
marbling and maturity scores, have been proven to have
effects on palatability. Research shows that with increased
marbling score, sensory panel ratings increase, including
factors such as juiciness, tenderness, flavor desirability,
and overall palatability.””! In support of this, increasing
marbling score also has shown lower shear force values
(less resistance).[7] Youthfulness (maturity) is also an
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Relationship Between Marbling, Maturity,

and Carcass Quality Grade*

Beef: Carcass Composition and Quality

Degrees of Maturity** Degrees of
Marbling A C D E Marbling
Slightly . Slightly
Abundant Prime Abundant
Moderate Commercial Moderate
Modest | Choice Modest
Small Small
slight | Select Utility Slight
Traces Cutter Traces
Practically | Standard Practically
Devoid Devoid

* Assumes that firmness of lean is comparably developed with the degree of marbling and that the

carcass is not a "dark cutter."

** Maturity increases from left to right (A through E).

*** The A maturity portion of the figure is the only portion applicable to bullock carcasses.

Fig. 2 USDA quality grading chart. (From Ref. 1.)

indicator of tenderness in beef carcasses due to the
minimal cross-linking of connective tissues (collagen) in
muscles of young animals.

CONCLUSION

The carcass beef grades identify two separate general
considerations: The estimated composition of carcasses in
terms of red meat yield predicted by USDA Yield Grades,
as well as the overall quality, or palatability, predicted by
USDA Quality Grades. Trends associated with each
yield and quality grade exist in terms of carcass
composition, primarily including variation in percentages
of fat, protein, and moisture.
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INTRODUCTION

Crossbreeding is one of the most beneficial management
strategies for commercial beef production. Heterosis may
significantly increase weaning weight per cow exposed
with only a minor increase in energy consumed by cow-
calf pairs. Exploiting heritable differences among breeds
involves using breeds in specialized roles as sire and dam
lines. Use of a terminal sire breed may further increase
the amount of retail product produced per cow in the
breeding herd. Beef producers may consequently derive
economic benefits from capturing heterosis and use of
specialized sire and dam lines in a planned crossbreeding
system. The primary concern of this article is to discuss
logistical factors affecting implementation of a cross-
breeding system on an individual farm or ranch operation.

GENERAL CHARACTERISTICS OF
CROSSBREEDING SYSTEMS

Rotational crossbreeding systems facilitate capture of a
sizeable fraction of the approximately 26% increase in
weaning weight per cow exposed resulting from hetero-
sis.!"! This increase in productivity may be realized with
only about a 1% increase in energy consumed by cow-calf
pairs.”! A two-breed rotation system is shown in Fig. 2.
All females sired by bulls of breed A are bred to bulls of
breed B, and vice versa. This system can be effectively
approximated by using bulls of breed A for two or three
years, switching to bulls of breed B for two or three years,
then back to bulls of breed A, and so on. The rotation
systems can also be expanded to include a third or fourth
breed, if desired. Breeds used in rotation systems should
combine both desirable maternal qualities and desirable
growth and carcass characteristics.

Use of a terminal sire breed may increase the amount of
retail product produced per cow in the breeding herd by
8.1 However, using a terminal sire breed adds an
additional level of complexity to rotational crossbreeding
systems. A terminal sire system is shown in Fig. 3. The
base cow herd is produced as a two-breed rotation. All
females less than four years of age (about 50% of the cow
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herd) are bred in the two-breed rotation, as described
above. Breeding young cows to bulls of compatible size
should keep calving difficulty at a manageable level.
Replacement females all come from this phase of the
system. Older cows, with their greater potential for milk
production and reduced likelihood of calving difficulty,
are bred to a terminal sire breed of bull. All calves sired by
the terminal sire breed are sold for ultimate harvest.
Terminal sire systems also give commercial producers an
opportunity to change sires rapidly, so calves can be
quickly changed in response to market demands.

Breeds are used in more specialized roles in a terminal
sire system. Therefore, greater attention should be given
to maternal qualities in choosing breeds for the rotation
part of the system. In choosing the terminal sire breed,
more attention should be given to growth rate and car-
cass composition.

Using composite breeds whose ancestry traces back to
several straightbreds is another viable crossbreeding
system. Using composites in place of a straightbred pro-
vides an opportunity to take some advantage of heterosis,
even in very small herds. For very large herds, composites
can simplify management relative to rotational cross-
breeding systems. Use of composites also facilitates fixing
the breed composition, thus holding the influence of each
breed constant. Net effects on income can be illustrated
comparing generic straightbred, rotation, multi-breed
composite, and terminal sire systems (Fig. 1). Heterosis
effects are particularly important for cow-calf producers
who market their produce at weaning. Use of specialized
sire and dam lines appears to be more advantageous when
ownership is retained through harvest.

FACTORS INVOLVED IN CHOOSING
A CROSSBREEDING SYSTEM

There are nine factors to consider in helping identify
a feasible crossbreeding system. Those factors are:
1) relative merit of breeds available; 2) market endpoint
for the calves produced; 3) pasture resources available;
4) size of the herd; 5) availability of labor at calving time;
6) availability of labor just before the breeding season;
7) method of obtaining replacements; 8) system of
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Fig. 1 Profit from breeding systems at weaning and har
vest endpoints.

identifying cows; and 9) managerial ability and desire to
make the system work.

Relative Merit of Breeds

What are the relative merits of breeds of cattle available?
This question is addressed by Cundiff in this volume."!
Growth rate is important in having cattle reach market
weights in a desirable length of time. However, more
rapid growth is generally associated with increased mature
size and the increased energy needed to sustain each
animal. Consumers are continually demanding leaner and
leaner meat products, but fat is important to the biological
function of the beef cow. External fat serves as insulation
and internal fat serves as reserve energy for continuing
productive function in times of restricted energy avail-
ability. The age at which a female attains sexual maturity
indicates her potential for reproduction. Overuse of late-
maturing types will result in inadequate conception rates
in yearling heifers. Adequate milking ability of the cow is
necessary for her calf to express its genetic potential for

Wl

Fig. 2 A two breed rotation crossbreeding system imple
mented with bulls of breeds A and B.
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Fig. 3 A crossbreeding system with a terminal sire breed (T)
used with females produced from a two breed rotation of breeds
A and B.

growth early in life. However, the cow must convert feed
energy to milk and maintain the machinery required to
produce the milk. Cows with high potential levels of milk
production and large mature size need better nutritive
environments than cows with lesser genetic potentials.

Some breeds are useful only at restricted levels. In
northern environments, some restriction on the percentage
of Bos indicus germplasm is prudent. Likewise, under
warmer and more humid conditions some restriction on
the percentage of Bos taurus germplasm is probably
warranted. When heterosis effects are large relative to
differences among breeds, there is less concern with using
breeds in specialized roles and more with using a number
of breeds in general-purpose roles. As breed differences
become more important, using a particular breed charac-
terized by high genetic potential for lean tissue growth
rate in the role of a terminal sire becomes increasingly
advantageous. When a terminal sire system is adopted,
heterosis and maternal characteristics should be further
emphasized in the cow herd.

Market Endpoint for Calves

If calves are sold at weaning, then heterosis is relatively
more important and breed differences are of lesser
importance. As ownership is retained to endpoints closer
to the ultimate consumer, heterosis becomes relatively
less important and breed differences are of increased
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importance. Calves also may be marketed to a middleman,
and a premium may be received based on their anticipated
future performance. Similarly, some producers will
choose to participate in branded beef programs that
specify breed composition. These marketing strategies
effectively reduce the importance of heterosis and
increase the importance of breed differences. However,
heterosis still results in a 7% increase in the production of
retail cuts per cow.

Pasture Resource Availability

The number of pastures and their relative sizes can have a
major influence on which crossbreeding systems are
feasible. Some very effective crossbreeding systems, such
as multibreed composites, can be conducted in a single
breeding pasture. These systems allow relatively efficient
use of heterosis, but do not allow as much opportunity to
exploit breed differences as when multiple breeding
pastures are available. In most cases, using a terminal
sire breed will require one breeding pasture that is larger
than the rest (or a group of breeding pastures that can be
used similarly). If artificial insemination is an option, then
the number of pastures available for use during the
breeding season is less important.

Size of the Herd

Herd size, as defined by the number of bulls required to
breed the cows, is of primary concern. The inventory of
cows is a secondary consideration. To efficiently
implement rotation or terminal sire systems minimally
requires the use of two to six bulls. Composite breeds are
appropriate for herds that require only one bull. If
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artificial insemination is feasible, then efficient use of
bulls is not a concern and more complex crossbreeding
systems can be implemented with fewer cows.

Availability of Labor at Calving Time

If labor is in short supply at calving time, then an option
would be to mate all yearling heifers to a smaller breed of
bull to reduce the frequency of assisted calving. This
complicates a crossbreeding system by effectively reduc-
ing the herd size, requiring additional pasture resources,
and producing calves with another breed composition.
Selecting bulls based on their expected progency differ-
ence or breeding value for direct calving ease may
accomplish the same goal without using a different breed
of bull on yearling heifers.

Availability of Labor Prior to Breeding

To implement rotation and terminal sire crossbreeding
systems, labor may be required to sort cows into different
breeding herds before the start of the breeding season.
Composite systems do not have this requirement.

Method of Obtaining Replacements

Producing replacement females may require the commit-
ment of 40 to 60% of the cow herd. However, that
proportion of the herd need not be dedicated to producing
replacement females if replacements are purchased. This
enables a greater proportion of cows to be bred to a
terminal sire. Scarcity of consistent, reliable, and
affordable sources for replacement females may make

Table 1 Resource and managerial requirements of crossbreeding systems

Pastures

System No. Sizes Sorting of cows Herd size®
Straightbred 1 None Vs
Composite breed 1 None Vs
Two breed rotation 2 1:1 Sire sm
Terminal sire on:

Straightbred 2 1:1 Age sm

Composite breed 2 1:1 Age sm
Three breed rotation 3 1:1:1 Sire md
Terminal sire on two breed rotation 3 2:1:1 Sire, age Ig
Four breed rotation 4 1:1:1:1 Sire Ig
Terminal sire on three breed rotation 4 3:1:1:1 Sire, age vl

A very small (vs) herd implies one bull, a small (sm) herd implies two bulls, a moderate (md) herd implies three bulls, a large (1) herd implies four bulls,

and a very large (vl) herd implies six bulls.
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purchasing them an unattractive option in many cases.
However, producing first-cross females to market as
commercial replacement heifers represents a significant
niche market.

System of Identifying Cows

There is no requirement for cow identification when using
a composite system, but implementing a rotation system
requires knowing each cow’s breed of sire. Terminal sires
can be used on composite females if the age of the cow is
known. More complex identification schemes that record
both age and breed of sire are required for using a terminal
sire breed on older cows from a rotation system.

Managerial Ability

Jointly considered, the factors just discussed are indicative
of feasible crossbreeding systems. Determining which
systems are practical requires a willingness to make the
selected system work. No benefit comes without an
expenditure of managerial capital. The previously dis-
cussed managerial and resource requirements of various
crossbreeding systems are summarized in Table 1. How
much, if any, managerial capital your customer will

Beef Cattle Management: Crossbreeding

invest in a crossbreeding system depends on the per-
ceived returns.

CONCLUSION

Crossbreeding can increase the efficiency of beef pro-
duction. Opportunities exist to use breed differences in
producing cattle that better fit market requirements than
existing breeds, and to exploit heterosis to do so more
efficiently. To select a workable crossbreeding system for
an individual operation requires matching physical and
natural resources of the ranch with genetic potentials of
the livestock. Almost all operations will find some
crossbreeding systems within their resource capabilities.
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INTRODUCTION

Extensive systems of beef production capitalize on land
resources that cannot be effectively used in crop produc-
tion. Precipitation is often sparse on such lands, which
limits forage production and, ultimately, beef production
per unit area of land. This in turn limits the number of
management interventions that are cost-effective in the
production system. In addition to the limited production
capacity of the natural resource base typically used for
extensive beef production systems, both the quantity and
the quality of forage produced tend to be highly and
sometimes unpredictably variable over time and space.
This variation encourages inclusion of various risk man-
agement strategies in designing successful management
systems to be employed in extensive beef production. Ex-
ploiting heterosis and additive breed differences through
crossbreeding facilitates achieving an optimal level of beef
production. Matching biological type of the cow to the
environment is important in managing risk and ensuring
optimal levels of animal performance, given constraints
imposed by the natural resource.

RESOURCE UTILIZATION

Grazing indigenous grasslands is considered one of the
most sustainable of all agricultural production systems.')
Dependence of extensive beef production on the underly-
ing natural resource base necessitates that the first level of
management addresses that foundation. Establishing a
constant or increasing long-term trend in carrying capacity
is seen as essential to economic sustainability of the
production system. This is accomplished by blending eco-
logical, economic, and animal management principles.'?!
Attention to stocking rate, grazing systems, class of cattle,
and season of use provide management with critical control
points to individually and collectively affect this trend.
Stocking rate is the primary determinant affecting the
relative success of any grazing management strategy.')
This is because stocking rate determines the amount of
forage available per animal. On a short-term basis,
increasing stocking rate above a site-specific threshold
results in forage intake per animal that is less than optimal,
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and thus individual animal performance declines (Fig. 1).
Moreover, because grazing animals such as beef cattle are
selective grazers (i.e., they prefer certain plants and plant
parts over others), the frequency and severity of defolia-
tion vary among individual plants. Thus, as stocking rate is
increased, competitive relationships among plant species
are altered, potentially causing changes in plant species
composition that favor undesirable plant species over
desirable species. The resulting long-term effect is a
further decline in animal performance.

The effect of stocking rate on production per unit area
of land is a direct function of individual animal
performance and stocking density. Thus, production per
unit area increases as stocking rate increases, up to some
maximum beyond which it rapidly declines (Fig. 1).

The fundamental relationships are further complicated
by variation over time and space in the amount of forage
available for animal consumption. Therefore, the optimal
stocking rate for maximizing production per unit area
varies broadly over time and space and only becomes
apparent in retrospect. In extensive beef production
systems, the management challenge to optimize produc-
tion in a highly variable (i.e., high risk) environment is
truly formidable.

Grazing systems serve to alter the distribution of
grazing intensities over time and space. Reducing grazing
pressure on plants when they are vegetative allows them
greater opportunity to accumulate energy reserves and
thus increase their vitality. Conversely, increasing grazing
pressure on plants when they are vegetative affords them
less opportunity to accumulate energy reserves and thus
decreases their vitality. However, the nutritional value of
perennial plants is greatest while they are vegetative.
Hence, a grazing system must manage the tradeoff to
achieve its maximum long-term benefit. A practical and
effective grazing system is characterized by six princi-
ples:®! 1) Tt satisfies physiological requirements and is
suited to life histories of primary forage species; 2) it
improves the vigor of desirable species that are low in
vigor or maintains desirable species in more vigorous
condition; 3) it is adapted to existing soil conditions; 4) it
will promote high forage productivity; 5) it is not overly
detrimental to animal performance; and 6) it is consistent
with operational constraints and managerial capabilities.
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Per Animal

Per Unit Area

Stocking Rate

Fig. 1 A conceptual model showing relationships between
stocking rate and livestock production. The upper panel
illustrates production per animal and the lower panel illustrates
production per unit land area. In each panel, the upper curve
indicates the functional relationship during periods of high forage
productivity relative to periods of more limited productivity
illustrated by the lower curve. Vertical dashed lines indicate the
relationship between maximum production per unit area (lower
panel) and production per animal (upper panel).

Fencing the resource into pastures facilitates grazing
management in many production systems. However, the
capital investment in fencing should be evaluated relative
to financial returns from the use of an appropriate grazing
system. Alternative management interventions may
achieve some goals usually attributed to grazing systems.
For example, developing additional watering points,
strategic placement of salt, and herding can also be used
to alter the distribution of grazing pressure and may be
more economically viable tactics in extensive beef
production systems. Shifts in the time of calving and
weaning can also affect grazing pressure, in response to
changes in the energy requirements of lactating versus
nonlactating cows.!

Grazing multiple classes of cattle may offer significant
advantages to beef producers. For example, a cow calf
enterprise of a magnitude that can be maintained by the
natural resource base in all but the least productive years
and a stocker enterprise that uses surplus forage when it is
available may be a more efficient production system than
either enterprise separately.

BREEDING SYSTEMS

Heterosis, which is of greater magnitude in harsh envi-
ronments than in environments that are more favorable,
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can return economic benefits to cow calf producers up-
wards of $70 per cow per year.”®! In low feed resource
situations, such as characterize extensive beef produc-
tion, heterosis and the risk associated with improperly
matching the biological type of cow with the environ-
ment tend to be greater than with more abundant feed
resources. Thus, crossbreeding is an important technol-
ogy for extensive beef production. Like all technologies,
successful implementation of a crossbreeding system
depends on management. Crossbreeding systems that use
sires of two or more breeds may increase variability in
the calves to be marketed. Some crossbreeding systems
also require multiple breeding pastures and the identifi-
cation of cows by their year of birth and/or the breed of
their sire.

It is important to match the biological type of cow to
the environment in which she is to produce.””! In an
environment characterized by high annual precipitation,
abundant high-quality forage during the grazing season,
and plentiful winter feed, the proper biological type would
be a high-milking and fast-growing cow with an early age
at puberty. However, if the environment is more limiting,
as would be typical of most extensive beef production
systems, then the proper biological type of cow would
have reduced potential for both milk production and
growth, but would retain the ability to reach puberty at an
early age. Figure 2 can be used as a way of visualizing this
matching process. Being conservative in the matching
process wastes feed resources and forgoes income. Over
matching the environment by using cows that require too
much energy for maintenance and production increases
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Fig. 2 Matching maternal biological type (as characterized by
weight and milk production) to the forage environment (as
determined by precipitation). Values within the shaded areas of
the figure reflect increments of annual precipitation and/or
represent availability of feed resources.
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sensitivity of output to the naturally occurring variation in
feed resources.

Using terminal sire breeds allows producers in
extensive production situations the opportunity to match
maternal genetic resources with the environment, and
simultaneously to match composition of the beef produced
with consumer expectations. Crossbreeding systems that
employ a terminal sire breed also provide greater
flexibility for rapid adaptation to changing markets.

MARKETING

Extensive beef production systems lack the energy dense
feeds currently used in finishing beef cattle for harvest.
However, participation in an alliance, forward contract-
ing, or retained ownership provide options to capture
benefits that result from improved feed conversion and
carcass merit due to the selection of breeding stock.
Alternatively, managers of extensive beef production
systems may choose to market their livestock through
competitive pricing at the time the cattle leave their
possession. The latter approach requires less managerial
input, and it may reduce risk relative to alternatives in
which the change in ownership occurs nearer harvest.

RISK MANAGEMENT

Variability in the profit (or loss) stream results from
variation in weather, forage production, livestock perfor-
mance, and prices; that is, these factors all contribute to
economic risk. In managing risk, variation in profit
derived from the production system is reduced, albeit
with a simultaneous reduction in average profit over time.
Thus, minimizing risk is inconsistent with maximizing
profit. However, managing risk may ensure the long run
economic sustainability of extensive beef production
systems. Commonly used risk management strategies
include: scaling production systems conservatively;
stockpiling feed for later use; choosing animal genetic
resources that have energy demands consistent with
the nutritional and climatic environment; and employing
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marketing strategies that capture the value of prod-
ucts produced.

CONCLUSION

Challenges to extensive beef production systems stem
from the use of highly variable natural resources with
limited agronomic production potential. Livestock pro-
duction from these resources justifies only limited
capital investment in technologically sophisticated pro-
duction systems. Naturally occurring variation in weath-
er, forage production, livestock performance, and prices
all indicate the importance of management tactics that
minimize economic risk while capturing the value of
livestock produced.
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INTRODUCTION

Intensive beef cattle management in the United States
consists of feedlots where cattle are managed more
efficiently and fed to gain more weight than in extensive
production systems. This article discusses technologies
and management issues common to U.S. feedlots.

INTENSIVE CATTLE PRODUCTION

Each year, approximately 28 million head of feedlot cattle
are marketed from feedlots for beef production. This
production phase is unique to the United States by virtue
of its large commercial cattle-feeding enterprises. In the
United States in 2001, 26.9 million head of cattle were fed
and 87% of those were from feedlots larger than 1000
head capacity. The total number of feedlots in the United
States has steadily decreased by approximately 3500 each
year. The amount of beef produced per animal has
increased, owing to increased carcass weights over this
same period. Figure 1 depicts cattle on feed by month for
2001, 2002, and 2003. Each year, the number of cattle in
feedlots varies some across months and is generally
lowest during summer months.

Cattle are fed diets that are energy-dense, consisting
primarily of grain. Current feedlot production and
management efficiently produce highly marbled beef that
is subsequently low in price for consumers. Cattle are
generally fed to an end point that is desirable by
consumers, i.e., safe, flavorful, and tender. This end point
is generally 28% to 30% carcass fat, U.S. Department of
Agriculture Choice grade (indication of marbling or
intramuscular fat), with 0.4 to 0.5 in. of backfat.

Numerous types of cattle are fed and generally
classified either as calves for finishing (also commonly
referred to as calf-feds) or as yearlings. However, many
variations exist from calves being weaned and directly
entering feedlots, to calves that are weaned and then
backgrounded on forage, pasture, or growing diets for 30
to 300 days prior to entering the feedlot. The different
classes of cattle have large impacts on health, initial and
market weights, amount of time in the feedlot, and overall
performance. Feedlot performance is measured as dry
matter intake (DMI), average daily gain (ADG), and
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efficiency of feed utilization, which can be measured as
ADG/DMI (feed efficiency) or DMI/ADG (feed conver-
sion). These three parameters are each important;
however, feed conversion is the most common measure
used by feedlots.

Performance data have been collected by Professional
Cattle Consultants as part of eMerge Interactive. Data
were summarized from 1996 to 2002 for cattle fed in U.S.
northern, central, and southern plains regions from
member feedlots. The dataset included 13.94 million head
of steers, with the average animal weighing 338 kg
initially, gaining 1.42 kg per day, consuming 8.84 kg of
DM per day, weighing 554 kg at market, and requiring
153 days on feed.'"

Cattle performance is dependent upon numerous
factors including cattle type, nutrition program, health,
overall management, and climate. A few of these
important management considerations will be outlined,
along with issues facing the feedlot industry now and in
the future.

Nutrition

Feeding grain is common in U.S. feedlots. Corn or maize
is the most prevalent, followed by grain sorghum (milo),
barley, and wheat. Grain use is based on price,
availability, and geographic region. Corn is a relatively
abundant and inexpensive energy source containing
approximately 70% starch. Feedlot diets generally contain
85% grain such as corn; 5 to 12% forage or roughage such
as alfalfa hay, corn silage, or grasses; and 3 to 8%
supplement. Diets may contain numerous types of by-
product feeds such as corn gluten feed, distiller’s grains,
potato wastes, molasses, beet pulp, etc. that may replace
5 40% of the grain, depending on supply, cost, protein,
and energy of the by-product feed. Supplements provide
protein, minerals, vitamins, and feed additives at appro-
priate levels based on nutrient requirements of cattle. In
feedlot diets, calcium supplementation is required in all
cases, owing to the low concentrations of calcium in basal
ingredients such as grain. In most cases, unless high-
protein by-products are fed, protein supplementation is
required to ensure optimal growth of both microbes and
the animal. For more information on nutrient require-
ments and protein nutrition, the reader is referred to the
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United States Cattle on Feed
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Fig. 1 Graph of cattle on feed or present in feedlots on the first
day of each month for 2001, 2002, and 2003. As a general rule,
cattle numbers tend to decrease in the summer months, and are
greatest in the fall when calves enter feedlots following weaning
and as yearlings are brought into feedlots from summer pastures.
(View this art in color at www.dekker.com.)

National Research Council’s 1996 publication, ‘‘Nutrient
Requirements of Beef Cattle.”” The average feedlot diet,
based on a survey of nutritionists, is provided in Table 1,[2]
which illustrates how diets are formulated to meet nu-
trient requirements.

To understand feedlot nutrition, a rudimentary knowl-
edge of ruminants is required. The distinguishing feature
for ruminants is the fermentation, digestion, and microbial
growth that occurs in the reticulo-rumen. During normal
fermentation, microbes digest feed, grow, and produce
acid compounds as by-products of their digestion. These
acids are referred to as volatile fatty acids (VFAs) and are
used by the animal for energy and growth. Common short-
chain VFAs produced during fermentation include acetic,
proprionic, and butyric acids.

The importance of understanding rumen fermentation
is critical for two reasons: 1) when starch (i.e., corn or
other grains) is digested too rapidly, cattle may experience

Table 1 Dietary assumptions on nutrients
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negative consequences referred to as subacute and acute
acidosis, or too much VFA; and 2) cattle must be slowly
adapted from forage diets to feedlot diets (grain-based)
over an 18- to 28-day period, commonly referred to as
grain adaptation or step-up programs. Acidosis is defined
as a series of biochemical events resulting in low rumen
pH and reduced DMI (pH <5.6; subacute acidosis) or more
severe symptoms including death at very low pH
(pH<5.0; acute acidosis). Acidosis is a critical condition
that feedlots manage daily to ensure good performance
and health.”!

Grain is normally processed, but can be fed whole. In
most large operations, grain may be dry-rolled, fed as
high-moisture (24 30% moisture) ensiled grain, or steam-
flaked. There is a cost to processing; however, animal
performance is improved through improved starch diges-
tion. The effects of corn processing on digestion*! and on
performance'™ has been reviewed, and direct comparisons
have been made.'®”! However, as processing intensity
increases, ruminal starch digestion will increase and may
cause acidosis-related challenges.

By-product feeding is important in intensive beef
production systems, particularly corn gluten feed,™”!
distiller’s grains,"'®' and potato by-products.!'!!

Other Technologies

Implants are steroids usually consisting of estrogenic and
androgenic hormones given to cattle for improved growth.
Implanting cattle is safe, cost-efficient, effective technol-
ogy for feedlot operators to utilize. Implants have little
impact on tenderness or quality grade of cattle if
compared at equal end points''?' and markedly increase
finished weight of cattle, by 20 to 40 kg.!'¥!

Feed additives are commonly used to control disease
challenges, improve feed efficiency, or increase weight.
Ionophores are a class of compounds that manipulate
rumen fermentation, resulting in more proprionic acid

Nutrient Average concentration Minimum concentration Maximum concentration
CP, % of DM 13.31 12.50 14.0
P, % of DM* 0.31 0.25 0.50
Ca, % of DM 0.70 0.60 0.90
K, % of DM 0.74 0.60 1.00
Mg, % of DM 0.21 0.15 0.30
S, % of DM 0.19 0.10 0.34
Na, % of DM 0.138 0.098 0.197
Cu, mg/kg 14.8 6.0 20.0
Zn, mg/kg 74 50 150

Se, mg/kg 0.21 0.10 0.30

“Maximum concentration of P increased to 0.50%, due to by product feeding in certain regions (From Ref. 2.)
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compared to acetic acid. The shift in VFA profiles
improves feed efficiency 4%"* to 7.5%!" in feedlot
diets for monensin. Antibiotics are occasionally fed to
beef cattle for health challenges, and for control of liver
abscesses. Another class of feed additives called beta-
agonists was recently approved for use in beef feedlot
cattle. Ractopamine was approved in 2003 for use during
the last 28 to 42 days before marketing for increased
weight gain and improved feed efficiency.

CONCLUSION

All indications are that beef production will continue to
consolidate, with fewer producers producing the same or
greater amounts of beef. Consumer demand and econom-
ics are currently favorable for beef. Three important
challenges facing the beef industry are food safety,
environmental challenges, and data management or
traceability. Food safety concerns are E. coli O157:H7
in beef products and the recent bovine spongiform
encephalopathy cases in North America. The predominant
environmental issues facing beef feedlots that are
currently being addressed are nitrogen volatilization and
P distribution. Some perceive runoff control from open-lot
production systems as an environmental challenge, but
most operations with greater than 1000-head capacity
already control runoff. Finally, numerous changes will be
initiated in beef production in the next few years related to
tracing beef products from conception to consumption.
Although tracing beef animals will create some chal-
lenges, it will be required to minimize repercussions from
foreign and domestic animal disease and food pathogen
outbreaks. Many positive steps have been taken by the
beef industry in the past 10 years, focusing on consumers
and beef products. Continued focus will only improve
beef demand in the future, because beef is a wholesome,
nutritious, and safe food product.
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INTRODUCTION

Managing beef cattle effectively requires substantial
knowledge of nutrition, health, reproduction, and behav-
ior. Beef cattle have specific requirements in each of the
mentioned categories, and deviations from these require-
ments can induce a state of impaired well-being. The
following information is designed to inform the reader of
normal behavior and to highlight areas that are prone to
cause poor well-being in cattle.

COW-CALF BEHAVIOR

Cows strive to isolate themselves at birth to allow for calf
bonding during the initial 24 to 48 hours after birth. When
cows are kept in close confinement, preventing isolation
from the herd, it is not uncommon for a calf to become
orphaned or to incompletely bond with its dam. This has
obvious well-being consequences because nonbonded
calves are unable to obtain milk from their dams and are
subject to starvation. Ensuring an isolated area for each
cow will prevent this problem. Another area of concern
for calves is unthriftiness, weak calf syndrome, and calves
that do not suck, a condition known as dummy calf
syndrome. Close observation of newborn calves will
identify these problems. If calves can be helped to suckle
during the first several days, they often learn to suck on
their own and regain a healthful status.

During the first week or more of life the calf will be left
on its own away from the herd, which is termed hiding
behavior. Good management dictates that producers find
each calf to ensure that it is in good health and receiving
adequate nutrition. The cow should respond to the
stockperson’s approach by coming to the side of her calf.
It is also common for calves to form nurseries, in which
calves congregate while their dams graze elsewhere. At
least one cow will stay close to the nursery. If they are
disturbed, the cow will vocalize, at which point her calf
comes to her and the cows in the herd return to their own
calves. Nursery formation is normal and should not be
taken as a sign that the cow has abandoned her calf.

In terms of maternal care, there is a necessary balance
between a protective dam and an aggressive dam. Cow
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calf production on the range requires that dams are
protective of their calves. However, overly aggressive
dams are dangerous to stockpersons and should be culled
to prevent injuries. Care should be taken by producers to
not select overly passive cows that may in turn neglect
their calves.

WEANING

Weaning is the next critical event in the calf’s life.
Weaning deprives the calf of nutrients derived from
suckling, but breaking the social attachment between calf
and dam is much more stressful. Research on wild and
feral cattle shows that calves may stay with their dams for
an entire year. Thus, weaning at six months is premature
to the nature of cattle and has the potential for distress.
The amount of stress the calf is experiencing can be
observed from the amount of fence pacing and bawling
the calf performs after weaning. These behaviors, along
with the stressful state, dissipate over a period of several
weeks. Researchers have used several methods to reduce
the stress of weaning. Price et al.'" found that separating
the dam and the calf, but allowing fence line contact,
reduced distress and minimized weight loss.!'! Haley et
al.'”” used nose rings that prevented the calf from nursing
for 14 days prior to weaning. Upon weaning, the calves
exhibited fewer signs of distress.

TRANSPORT

Transport of cattle to slaughter is a common practice in
modern agriculture. Cattle are predominantly shipped via
road transport, although rail transport is used when
distances exceed 800 km."! Transportation is generally
considered stressful to animals, as indicated by studies
employing physiological and behavioral techniques.
Reducing transport stress is of great interest to producers,
government, and consumers, because transport can result
in reduced meat quality, bruised carcasses which must be
trimmed, and potential suffering that compromises well-
being. Stressors from transport include irregular social
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interactions and physical fatigue from loading and
maintaining balance. The interaction between animals
and the individuals’ response to transport can greatly
affect how cattle cope with transport stress, thus
necessitating attention to behavior.

Cattle have definitive social hierarchies placing
individual cows above or below their herd mates. When
cows within this social order are confined in a trailer and
unable to distance themselves from each other, aggression
often results in the form of increased head-butting, pushes,
and fights. Similarly, unfamiliar animals that have not
established a social order will often interact aggressively.
Kenny and Tarrant™ demonstrated that transporting a
higher density of cattle resulted in a reduced appearance
of such interactions. Such a strategy offers obvious
financial benefits (i.e., fewer trips for more animals).
Higher stocking densities result in reduced aggressive
behaviors, most likely because the animals are less able to
move. Despite this benefit, particularly in high-density
groups where cows are unlikely to lie, the inability to
move is likely to induce physical fatigue, often causing
the animal to fall. Once the animal is down, it is nearly
impossible to regain a standing posture as other animals
““close over’’ it.!” Fallen animals can be severely bruised
or trampled, and can cause other animals to fall, which
makes loss of balance the major hazard during transport.'!
Despite these problems, critics of low stocking density
argue that more space per animal impairs animals from
providing physical support to each other during transport.

Cattle’s response to transport suggests that transporta-
tion is stressful. Such responses include increases in
cortisol, heart rate, and urination. Interestingly, once cattle
appear to adapt to the rigors of transport, associated stress
responses are reduced as well, suggesting that the initial
novelty of the experience is the major stressor for this
typically flighty animal. Trunkfield and Broom!® con-
cluded that appropriate social contact and positive
previous experiences with transportation and related
events could exploit this adaptive quality and reduce
transport-associated stress.

FEEDLOT CATTLE

Feedlot cattle are exposed to a variety of stressors, in-
cluding abnormal behaviors such as buller-steer syn-
drome, difficulties in adjusting to and finding the provided
diet, and effectively dealing with extreme temperatures.
Buller-steer syndrome, or the abnormal occurrence
of individual steers (bullers) to stand for mounting by
others, has long been known to occur. However, the phe-
nomenon appears to have increased with the develop-
ment of feedlot systems. It can become a major problem
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as the buller, unable to escape, becomes exhausted and
collapses. Although causes have not been identified (as
reviewed by Blackshaw et al., 1997),'7' high densities,
use of hormonal implants, and specific social interac-
tions, among other factors, have been correlated with
the syndrome.

When stocker cattle arrive at the feedlot, the transition
is typically stressful and coincides with decreased feed
intake, weight gain, and reduced benefit from the
antibiotics being administered. The source of this stress
may be a number of factors, but it most likely involves
difficulty in adapting to the new environment, regrouping
of animals, and feeding routines. Because many of these
cattle were previously on pasture, the use of a feed bunk is
foreign. Exploiting cattle’s gregarious behavior and
propensity for socially induced foraging behavior can
assist in getting cattle on feed. Loerch and Fluharty
(2000)"'”! found that housing newly arrived animals with
those already adapted to the feeding process facilitated
the feeding of these newly arrived animals.

Another problem for cattle in feedlot systems is
effective temperature management. Given the choice,
cattle will seek an environment to maintain thermal
homeostasis, such as shade when provided. Shade and
misters are often used in hot environments, and have been
studied extensively." However, the myriad environmen-
tal conditions call for careful application of each. Misting
during summer months must be applied appropriately or it
can result in excessive cooling of the cattle’s surface,
causing constriction of exterior vessels and preventing
dissipation of central heat."” Windbreaks, used to reduce
wind exposure in winter months, must be strategically
placed so as not to reduce evaporative cooling during the
summer. Lastly, feeding in the late afternoon will cause
cattle to have their metabolic peak during cooler parts of
the day, and thus reduce heat stress.!

WELL-BEING

The well-being of beef cattle can be ensured by attention
to health and the minimization of stress. Exposure to some
environments and management techniques may cause
both physical and psychological stress. In turn, stressful
states cause the animal to develop an impaired immune
system, thereby causing it to succumb to disease. Thus,
keeping basic behavioral principles in mind and allowing
cattle to exhibit normal behaviors, while at the same time
decreasing deleterious behaviors, will optimize well-
being. Some management procedures are inherently
stressful, such as weaning and transportation. Thus, care
should be taken during these times to minimize stress.
Keen behavioral observations of individual animals will
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allow the stockperson to detect stressed animals and act
accordingly to reduce this negative state.

CONCLUSIONS

Management of beef cattle includes multiple instances
when appropriate behavior management is required to
minimize exposure to stress and maintain healthy animals.
These instances can range from reducing transport stress
to providing for the expression of appropriate maternal
behavior. If successful, animals will be maintained in
conditions that optimize well-being.
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INTRODUCTION

Genetic variation has accrued between populations of
cattle throughout their evolution. Natural selection for
fitness in diverse environments or selection directed by
man toward different goals (e.g., draft, milk, meat, fat-
ness, size, color, horn characteristics) has led to signifi-
cant diversity among breeds of cattle.

HETEROSIS

Breeds can be considered as mildly inbred lines.
Inbreeding and genetic uniformity (homozygosity of
genes) have gradually and inevitably increased within
pure breeds since their formation. Even in breeds with a
large population size, it is not uncommon for inbreeding
levels to increase about 0.5% per generation. Heterosis,
the difference between the mean of reciprocal Fl
crosses (A xB and B x A) and the mean of two parental
breeds (breeds A and B), is the reverse of inbreeding
depression. Diallel crossing experiments with Bos taurus
(nonhumped cattle) breeds in temperate climates have
demonstrated that weaning weight per cow exposed to
breeding was increased by about 23%. This increase
was due to beneficial effects of heterosis on survival
and growth of crossbred calves and on reproduction rate
and weaning weight of calves from crossbred cows.!"
More than half of this advantage is due to the use of
crossbred cows. Effects of heterosis are greatest for
lifetime production of cows (30%), longevity (15%),
and calf crop percentages weaned (5 to 7% for
reproduction rate and 3 to 5% for calf survival). Effects
of heterosis are important, but they are of more
intermediate magnitude for growth rate (3 to 5%) and
maternal performance of F1 dams. Effects of heterosis
on carcass and meat traits have been relatively small
(3% or less). Crossing of Bos indicus (thoracic-humped
cattle) and Bos taurus breeds (e.g., Brahman x Hereford)
yields even higher levels of heterosis,'*! averaging about
twice as high as those reported for corresponding traits
in crosses of two Bos taurus breeds.
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BREED DIFFERENCES

Topcross performance of 36 different sire breeds has been
evaluated in the ongoing Germplasm Evaluation Program
at the U.S. Meat Animal Research Center."” Results have
provided the basis for classifying the breeds into biolog-
ical types (Table 1). In the table, increasing Xs indicate
relatively greater growth rate and mature size, lean-to-
fat ratios, marbling, beef tenderness, age at puberty of
females, milk production, and tropical adaptation.

In the 1970s Continental breeds (breeds that originated
in Continental Europe; e.g., Charolais, Simmental,
Braunvieh, Gelbvieh, Maine Anjou, Chianina) had
significantly greater growth rates and heavier body
weights at weaning, yearling, and mature ages than
British breeds (originating in the British Isles, e.g., Angus,
Hereford, Shorthorn, Red Poll). However, recent results
indicate that British breeds are comparable to Continental
breeds in growth rate."*) The advantage of Continental
breeds over British breeds in retail product yield is about
the same today as in the early 1970s. British breeds,
especially Angus, Red Angus, and Shorthorn, still excel in
marbling, relative to Continental breeds. Bos taurus
breeds have advantages over Bos indicus breeds or Bos
indicus-influenced breeds (Brangus, Beefmaster) in ten-
derness of longissimus steaks.

Females sired by breeds with large mature size and
relatively high lean-to-fat ratios (e.g., Chianina, Charo-
lais) have tended to be older at puberty than those sired by
breeds of smaller mature size and greater propensity to
fatten. However, the relationships between mature size
and age at puberty can be offset by increased genetic
potential for milk production. Breeds that have been
selected for milk production reach puberty earlier than
breeds that have not been selected for milk production.
Bos indicus breeds (Brahman, Nellore, Sahiwal, Boran)
reach puberty at older ages than Bos taurus breeds.

UTILIZATION OF BREEDS

Significant levels of heterosis are maintained by use
of rotational cross breeding systems'> or by use of
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Table 1 Breeds grouped into biological types for seven criteria®

Growth rate and Lean-to-fat Marbling Age at Milk Tropical
Breed group mature size ratio (Intramuscular fat) Tenderness puberty production adaptation
Jersey X X XXXX XXX X XXXXX XX
Longhorn X XXX XX XX XXX XX XX
Wagyu X XXX XXXX XXX XX XX XX
Angus XXXX XX XXXX XXX XX XXX X
Red angus XXXX XX XXXX XXX XX XXX X
Hereford XXXX XX XXX XXX XXX XX X
Red poll XX XX XXX XXX XX XXXX X
Devon XX XX XXX XXX XXX XX X
Shorthorn XXXX XX XXXX XXX XX XXX X
Galloway XX XXX XXX XXX XXX XX X
South devon XXX XXX XXXX XXX XX XXX X
Tarentaise XXX XXX XX XX XX XXX X
Pinzgauer XXXX XXX XXX XXX XX XXX X
Braunvieh XXX XXXX XXX XX XX XXXX XX
Gelbvieh XXXX XXXX X XX XX XXXX X
Holstein XXXXX XXXX XXX XX XX XXXXXX X
Simmental XXXXX XXXX XX XX XXX XXXX X
Maine anjou XXXXX XXXX XX XX XXX XXX X
Salers XXXX XXXX XX XX XXX XXX X
Norwegian red XXXX XXXX XXX XX XX XXXX X
Swed. red XXXX XXXX XXX XX XX XXXX X
and white
Friesian XXXX XXXX XXX XX XX XXXX X
Piedmontese XX XXXXXX X XXX XX XX XX
Belgian blue XXX XXXXXX X XXX XX XX X
Limousin XXX XXXXX X XX XXXX X X
Charolais XXXXX XXXXX XX XX XXXX XX X
Chianina XXXXX XXXXX XX XX XXXX X XX
Tuli XX XXX XXX XX XXX XXX XXX
Romosinuano X XXX XX XX XXX XXX XXX
Brangus XXXX XXX XXX XX XXX XXX XXX
Beefmaster XXXX XXX XX XX XXX XXX XXX
Bonsmara XXX XXX XX XX XXX XXX XXX
Brahman XXXX XXXX XX X XXXXX  XXXX XXXX
Nellore XXXX XXXX XX X XXXXX XXX XXXX
Sahiwal XX XXXX XX X XXXX XXXX XXXX
Boran XXX XXX XX X XXXX XXX XXXX

“Increasing numbers of Xs indicate relatively higher value.

composite populations.'® Two breed rotations involving
the use of two breeds of sire in alternate generations
maintain about 68% of F1 heterosis. Adding a third
breed to the rotation maintains 86%. Composite pop-
ulations are established by the inter se mating of animals
founded by crossing two or more breeds. Fifty percent
of F1 heterosis is retained in composite populations
founded by crossing two breeds, and 75% in composite
populations founded with equal contributions from four
breeds. Uniformity of cattle and consistency of end
product can be provided with greater precision using F1

seedstock or composite populations than by rotational
crossing of diverse breeds, in which breed composition
fluctuates from one generation to the next (e.g., 1/3 to
2/3 in two-breed rotations). For example, with current
pricing systems, cattle with 50:50 ratios of Continental to
British inheritance have more optimal carcass character-
istics experiencing fewer severe discounts for excessive
fatness (yield grade 4 or more) or for low levels of
marbling (USDA standard quality grades or less) than
cattle with lower or higher ratios of Continental to
British inheritance.
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Use of Bos indicus x Bos taurus crosses is favored
in the subtropical regions of the United States. In one
experiment, weaning weight per cow exposed was sig-
nificantly greater for Bos indicusx Bos taurus F1
crosses (Brahman x Hereford, Brahman x Angus, Sahi-
wal x Hereford, Sahiwal x Angus) than for Bos taurus X
Bos taurus F1 crosses (Hereford x Angus, Angus X
Hereford, Pinzgauer x Hereford, Pinzgauer x Angus) in
both Florida and Nebraska, but the advantage was 22%
greater in Florida than in Nebraska.!”! In the hotter and
more humid climates of the Gulf Coast, about 50:50 ratios
of Bos indicus to Bos taurus inheritance may be optimal.

SELECTION

Rate of change from selection has been greatly accelerated
by use of artificial insemination and expected progeny
differences (EPDs), computed from records performance
on individuals and their relatives.”® Significant progress
has been made to make calving easier in response to
selection for lighter-birthweight EPDs. Likewise, signif-
icant change has been made for direct and maternal
components of weaning weight, as well as for yearling
weight. Some breeds have used EPDs for measurements
of scrotal circumference in yearling bulls, primarily to
reduce age at puberty and improve the conception rate in
yearling females. EPDs have only recently been intro-
duced by a few breed associations for mature weight, and
as indicators of reproduction rate and longevity of cows.
EPDs have been introduced in some breeds based on use
of ultrasound technology to estimate fat thickness, rib-eye
area, and marbling in live animals.

Current research is focused on development of
molecular genetics approaches. Comprehensive genomic
maps including more than two thousand DNA markers
spanning all 30 chromosomes of the bovine have been
developed.”” Chromosomal regions (quantitative trait loci,
QTL) in cattle have been identified that possess genes
with a significant effect on expression of measures of
ovulation rate, growth, carcass composition, marbling, and
estimates of beef tenderness."'! DNA tests are being used
commercially to identify cattle with favorable genotypes
for leanness, marbling, polledness, and coat color. Mo-
lecular approaches will play an increasingly important
role in the genetic evaluation and selection of beef cattle.

CONCLUSIONS

The beef industry is challenged to: 1) reduce costs of
production to remain competitive in global markets;
2) match genetic potential with the climate and feed
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resources available in diverse environments; 3) reduce
fat and increase leanness of products to gain greater
acceptance by consumers; and 4) improve palatability,
tenderness, and consistency of beef products. Use of
heterosis and breed differences through the use of
crossbreeding or composite populations, and selection of
breeding stock to exploit genetic variation within breeds
can all be used to help meet these challenges. Selection
based on the use of EPDs has accelerated the rate of
genetic change for calving ease and growth rate in most
breeds of beef cattle. Effectiveness of selection is likely to
be enhanced by molecular genetic tools that are being
developed to provide for more accurate genetic prediction.
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INTRODUCTION

Cattle are among the most hardy domestic species with
respect to climatic conditions. It has been shown that the
lower critical temperature of a beef animal on feed is
below —20°C and upper threshold as high as 25 to 30°C,
depending on associated humidity, thermal radiation, and
wind speed. So why consider housing for beef cattle? If
selected, what features should be considered? These issues
are addressed in this article.

ENVIRONMENTAL
TEMPERATURE TOLERANCE

Full-fed beef animals have a very high tolerance for cold
temperatures.'' ! This is illustrated by the story of feeder
cattle brought into a loafing barn for routine observations
before noon one day, and later found to be strangely
affected by some unknown condition. A virulent disease
was feared and the animals were moved outside and
isolated for observation, where they quickly recovered.
The unknown condition was heat stress, and the stressful
temperature was 0°C. The animals had become acclimated
to —30°C over the previous month, which demonstrates
adaptability and acclimation. A second story involves
more than 5000 cattle that died in northeastern Nebraska
during a 1999 two-day heat wave.'*! When studying some
of the affected feedyards seven days later, we found very
few animals in distress, even though climatic conditions
were more severe than the area had experienced during the
heat wave. Again, adaptation and acclimation were
factors. Both stories demonstrate a climatic stressor that
may be more important than temperature alone: extreme
variability of thermal conditions.

COLD WEATHER HOUSING

The heat and moisture production and manure generation
of cattle combine to make ventilation primary in design of
beef housing, regardless of climatic conditions. Adequate
ventilation in cold climates means removal of mois-
ture generated by respiration and evaporated from urine
and feces. Given the limited moisture-holding capacity
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of cold air, insulation of the structure is important to
limit condensation.

The performance advantage for housing beef in cold
climates results from blocking wind, precipitation, and
accumulation of snow.">%! For very cold climates, warm
housing may be economically feasible, but results have
been mixed.

Regardless of climatic conditions or type of structure,
effective separation of accumulated waste from the animal
is the key to comfort and sanitation. Concerns over odor
issues have heightened interest in housing beef animals as
a tool for reducing and/or controlling odor and nitrogen
volatilization.””! The value of this management practice is
not fully known and requires additional research. Floor
design, space, and diet formulation are critical elements of
proper manure management.

FLOOR DESIGN

Floor design requires draining liquids from the surface as
quickly as possible to limit evaporation and odor gener-
ation. Firm surfaces and the absence of deep mud are
important factors in beef confinement.!'”’ Flooring types
range from dirt to concrete to slats over pits. Although
least complex in construction and least expensive, dirt and/
or concrete require the most maintenance to provide sani-
tary conditions, and require some type of bedding or very
low stocking density. When pen space is limited (<2.5 m*/
head), and animals are confined to the barn, a deep storage
manure pit covered with slats provides a suitable surface
without frequent maintenance.!”! If the deep pit option is
selected, extreme caution must be taken because hazard-
ous gases may be emitted from the pit and affect en-
vironment within the pit and structure during pump-out.
To prevent asphyxiation and possible death, no human
should ever enter pit without an approved self-contained
breathing apparatus and harness, with at least two people
outside the pit with a rescue line. Animals should be
removed from the structure during pump-out.'!!

DIET FORMULATION

Diet formulation is critical because characteristics of
manure reflect diet roughage level.''?! As digestibility
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Fig.1 Respiration rate and body temperature responses of a steer provided with no shade (days 208 and 210) during a heat wave near
Columbia, Missouri. (From Ref. 14.)

decreases, the volume of generated manure increases as from high-concentrate diets.!'*! Minimizing manure
much as 100%. Furthermore, moisture content and volume and higher moisture content is optimal for
handling characteristics are affected. Manure from cattle slatted floors, while drier manure is better suited to

fed high-roughage diets is more dry and bulky than bedded systems. This author helped move a drag the full

Fig. 2 Areas of the mainland United States having selected categories of yearly hours above 29.4°C (Ref. 4; taken from Ref. 17).
Nonshaded sections of the map indicate no significant yearly benefit of providing shade within the feedyard if less than 500 hours per
year of temperatures above 29.4°C. The dark areas represent locations expected to experience annual benefits from shaded feedlots with
an expected 750 hours of temperatures above 29.4°C. (View this art in color at www.dekker.com.)
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distance of the barn when a five-day accumulation of
manure directly behind/beneath the feedbunk was too
dry (high-roughage diet) for the drag to handle. That
same drag was prone to freezing during Nebraska
winters. Drags designed for heated dairy barns may not
be appropriate pit cleaners.

FLOOR SPACE

Although proportional to construction costs, floor space
impacts animal performance and health, as well as envi-
ronmental quality. During the surge in beef housing in the
mid-1970s, a minimum floor space of 1.8 m?/500 kg was
recommended. However, this animal spacing did not
support optimal performance, and many of those barns
were abandoned. Current recommendations are 2.5 to
3 mz/head,[”] but even with this amount of space,
producers report reduced performance compared to
outdoor penned animals (under ideal conditions). Floor
space can be effectively and efficiently increased by
extending pens beyond the structure, giving cattle shelter
during inclement periods, while protecting the feed line.'!
The primary drawback is the need to provide two types of
manure management to handle material within the shelter,
and to control precipitation runoff generated from out-
door areas.

HOT WEATHER HOUSING

The primary benefit of shelter in high-temperature
conditions is shade. Figure 1 shows results from an
animal instrumented with continuous body temperature
and respiration rate sensors under shade and no shade.!'¥
The figure shows the nearly instantaneous drop in core
body temperature and respiration rate as the animal is
moved into shade from direct sunlight. Responses can be
compared for the same animal on successive days under
shade one day and direct sunlight the next day (before the
animal was moved). Environmental temperatures were
comparable for four days, as shown in Fig. 1. Additional
information has supported these results in subsequent
studies,'">! and most recently in an unshaded feedlot in
which cattle with dark-pigmented skin had higher
respiration rates and surface temperatures than those with
light skin pigment, when environmental temperatures
exceeded 35°C."°' W. N. Garrett"'”! proposed that north-
ern latitudes experiencing fewer than 500 h per year above
29.4°C would not have an economically viable response
to shade, whereas those experiencing more than 750 h
per year above 29.4°C would benefit from shade (Fig. 2
from Ref. 4). Regardless of feedlot design, an adequate
supply of clean, fresh water is vital to survival and
performance.!
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CONCLUSIONS

There are advantages and disadvantages to beef housing.
Whereas housing provides shelter from winter winds and
precipitation, reduces solar heat loads during hot summer
conditions, reduces mud and dust problems of open
feedyards, and improves the operator’s control over
manure and possibly odors, there are substantial cost
increases. These include both capital and maintenance
costs, as well as possible performance reductions.
Reducing space allotment reduces the capital cost, but
at the expense of performance. Under current eco-
nomic conditions, the advantages of manure control
will most likely dictate the feasibility of beef housing
under moderate climates. However, shade structures
have been shown to be beneficial. Warm housing in
severe cold climates may be beneficial, but protection
from wind and precipitation provides the primary benefit
to performance.
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INTRODUCTION

In 2001, U.S. farm commodity cash receipts totaled
$207.7 billion.!"! Crop sales accounted for 46.4% and
livestock and livestock products for 53.6% of total
receipts. Cattle and calf cash receipts accounted for
$40.44 billion or 19.5% of total receipts. The production
of beef is the largest individual contributor to total U.S.
farm commodity cash receipts.

The marketing channel is complex. However, the
majority of slaughter cattle are sold on a direct cash basis.
A majority of cash sales are by pen and the transaction
price is an average price per head.

Large meat packing firms dominate the slaughter and
processing segment of the beef industry. Increasing
market concentration in the meat packing industry since
the late 1980s has been alluded to as a potential anti-
competitive trend in the beef industry.'?!

Consumer demand for beef products is dependent upon
how consumers make their purchases. Higher quality beef
products are desired in the hotel-restaurant and retail
markets. Fast-food industry firms, on the other hand,
purchase lower quality beef products. While total beef
consumption has increased over the last 40 years, beef’s
market share of total red meat consumption has been
declining since the late 1970s.

THE EFFECT OF INDUSTRIAL STRUCTURE
ON BEEF MARKETING

The structure of the beef industry’s supply chain, relative
to the pork and poultry industries, exhibits great diversity.
The beef industry’s supply chain contains a number of
different management and marketing alternatives coordi-
nated by market forces to move beef products from the
producer to the consumer. The majority of production and
processing of cattle is located in the central U.S. from
Texas north to the Canadian border. The structure of the
supply chain is outlined in Fig. 1.

Figure 1 provides a general overview of the present
feeding, marketing, and distribution alternatives in the
beef industry today. Small independent producers domi-
nate the cow-calf segment of the beef industry. Ownership
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and management responsibilities of beef cattle are often
transferred several times between the postweaning and the
preslaughter phases of an animal’s life cycle. For
example, 1) meat packers can act as integrators, acquiring
and maintaining ownership of an animal from the cow-
calf operation until the consumer purchases the beef
product from a retail outlet, or 2) cow-calf producers can
retain ownership until slaughter. However, ownership
across different production stages in the beef industry is
minimal relative to the pork and poultry industries.

The production and processing of slaughter cattle have
changed dramatically over the last 50 years. Increased
concentration in the packing and feedlot segments of the
beef industry has resulted in a dramatic decline of the
number of firms involved in both the feeding and
processing segments of the beef industry. In the feedlot
industry the number of firms declined from 104,000 in
1972 to 41,000 in 1995. In the meat packing industry, the
number of plants required (processing more than 2000
head annually) to report to GIPSAP! declined from 856 in
1974 to 204 in 1999.

In the feedlot industry, prior to 1962, almost 64% of
marketed fed cattle were fed in farmer-owned feedlots
with an annual capacity of less than 1,000 head. Today,
less than 25% are marketed from these small feedlots. The
largest 400 feedlots in the United States market 50% of
the fed cattle."”’

The USDA estimated that the four largest meat packing
firms slaughtered 81.5% of all marketed finished steers
and heifers in 2000. Increased concentration in the
processing segment of the beef industry has been driven
by firms seeking to reduce production costs. Meat packing
firms have moved from urban areas with terminal markets
to feed-grain production regions of the Midwest. As a
result, packer purchases from public markets (all cattle
types) declined from 46% in 1960 to 14% in 1999.5! This
structural shift has been driven by economics as it is more
cost-effective to process slaughter cattle in grain produc-
ing regions and ship boxed beef to urban areas than ship
live cattle to urban areas for processing. It is the general
consensus of agricultural economists and regulatory
authorities that increased concentration in the feeding
and processing segments of the beef industry has affected
price discovery in the slaughter cattle market. Recent
passage of federal livestock mandatory price reporting
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Fig. 1 U.S. beef industry supply chain.

legislation and ongoing Congressional hearings on the
competitive impact of packer ownership of slaughter cat-
tle provide anecdotal support for this statement.

THE PRICING OF BEEF CATTLE

Slaughter cattle, as indicted in Fig. 1, can be marketed
numerous ways. However, slaughter cattle are priced in
predominantly three ways: 1) live weight, 2) dressed
weight, or 3) by a value-based pricing system. The
premium and discount structure of a value-based pricing
system is firm-dependent and varies across the industry.
These value-based pricing systems are often referred to as
a grid pricing system.*!

The interaction of supply and demand for beef and beef
by-products determines the market price for slaughter

cattle or what economists refer to as price determination.
Price discovery is the process by which buyers and sellers
arrive at a transaction price for a given quality and
quantity of a product. Price discovery begins with the
market price level. The actual transaction price will be
dependent on: 1) pricing method, 2) number of buyers and
sellers in the market, and 3) the amount of information on
the quality of the product being sold. Price determination
and price discovery are interrelated economic concepts.
Market concentration, captive supply, and incomplete
information can all affect the price discovery process.
Feedlot and packer market concentration cannot affect
market price if competitive market forces are maintained
in the beef industry.

Meat packers represent the demand side of the
slaughter cattle market and the supply side of the box
beef and beef by-product markets. Therefore, a packer’s
profit is derived from the transformation of live cattle into
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beef products destined for consumer markets. When a
meat packing firm is making a slaughter cattle purchasing
decision, the firm begins by establishing a bid price for
slaughter cattle. First, the packer estimates sales revenue
from the sale of beef and beef by-products. Next, the
packer subtracts processing cost and a profit target to
determine the price the packer would be willing to pay for
slaughter cattle. Beginning with a basic profit equation,

Profit = Total Revenue — Total Cost (1)

Eq. 1 can be expanded to incorporate relevant variables
into the packer’s profit equation:
Profit = (Pboxed—beef Qboxed-beef

+ P byproduct Qbyproduct) - (P cattle Qcattle

+ Costs of slaughter and fabricating) 2)
where P is price and Q is quantity.

Eq. 2 can be rearranged into a general bid price
equation:

Bid price per head
= ((P boxed-beef Qboxed-beef

+ P byproduct Qbyproduct)

— (Costs of slaughter and fabricating

+ profit target))/No. of head (3)

Key points associated with the general bid equation:

1. When boxed beef and/or beef by-product prices
change, then the fed cattle bid price will change.

2. Bid price will vary across individual packers because
cost structure and profit targets vary across firms.

3. Profit targets shrink when fed cattle are in short
supply and increase when fed cattle supply is high.

The bid price presented in Eq. 3 is a starting point for
the packer. The actual offering price for a particular pen of
cattle will be dependent on the marketing method selected
by the seller.”!

THE MARKETING OF BEEF CATTLE

GIPSA reported that in 1999 the packing industry
purchased only 3% of the steers and heifers slaughtered
through public markets. The sale of slaughter cattle in a
public market is conducted on a live weight basis, and
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cattle are usually sold by lot or pen. This implies that
individual animals are sold at an average per-head price.

Direct purchases of slaughter cattle either in the cash
market or through one of the contractual methods listed in
Fig. 1 can be conducted on a live, dressed-weight, or
value-based pricing system. GIPSA reported that in 1991
48% of slaughter cattle were purchased on a live-weight
basis. This implies that 52% were purchased on a carcass
basis. However, Ward'® reported that only 20% of direct
purchases are made on individual carcass quality merit
basis. Therefore, approximately 32% of slaughter cattle
are purchased on a dressed-weight basis. Ward’s findings
indicate that approximately 80% of slaughter cattle are
purchased at an average price per head.

The issue of average pricing of slaughter cattle has
been named as a major contributor to the beef industry’s
continuing problem of inconsistent product quality and
excess fat production.!”’ Recent research on the economic
consequences of average pricing of slaughter cattle
suggests that average pricing introduces carcass quality
estimation error into the pricing mechanism for slaughter
cattle."¥ Average pricing favors producers who sell
below-average quality cattle and penalizes producers
who sell above-average quality cattle. Average pricing
therefore interferes with the transmission of consumer
preferences for specific type of beef product to producers
because producers are receiving the same price for above
and below average animals when sold by the pen at an
average price.

The beef industry’s solution to the average pricing
problem has been a movement toward marketing slaughter
cattle on a value-based marketing pricing system. Value-
based pricing systems today are commonly referred to as
grid pricing systems. A typical grid will apply premiums
and discounts based on the following carcass quality
characteristics: 1) quality grade, 2) yield grade, and 3) hot
carcass weight. A grid pricing system begins with the
packer establishing the market value for yield grade 3,
quality grade choice carcass weighing between 550 and
950 pounds. This industry standard for carcass quality is
then used to establish the grid system’s base price.
Carcasses failing to meet any of the minimum yield,
quality, or weight specifications of the grid are dis-
counted. Carcasses that exceed the minimum yield and
quality specifications are given a premium.

CONCLUSION

The marketing of beef will continue to be affected by
concentration in the feeding and packing segments of the
beef industry. Agricultural economists expect that average



84

pricing will continue to dominate the market for slaughter
cattle in the future. Unfortunately, grid pricing has captured
only approximately 20% of total slaughter after a decade of
promotion by beef industry groups and agricultural
economists. This implies that excess fat production and
product quality problems will be issues the beef industry
will continue to grapple with in the future.
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INTRODUCTION

Humans have managed cattle for thousands of years. Bos
indicus was domesticated somewhere between 4,000
6,000 years ago, and Bos taurus was domesticated in
Europe about 2000 years ago. This long tradition gives
cattle management an important role in human culture that
continues today; the lives and language of human herders
in North and South America, Europe, Africa, and Asia
revolve around the activities and business of managing
cattle. Therefore, economic and social success depend on
successful management techniques.

There are four main segments of cattle production of
food (beef) for human consumption in the United States:
1) production of weaned calves from herds of brood cows,
2) growing weaned calves until they weigh about 350 kg,
3) finishing the growth process when the animals weigh
about 550 kg, and 4) production of purebred males and
females of specific breeds or other genetic criteria for use
as replacements in the herds that produce calves.

Because the cost of feeding animals usually accounts
for 40 80% of all operating costs, nutritional management
is a topic of major interest to cattle producers. Nutritional
management revolves around three major themes: 1) the
nutritional needs of the animal in a given situation; 2) the
availability of feeds to meet those nutritional needs; and 3)
the economics, or profitability, of a given feeding system
or production strategy. Successful beef cattle managers
are highly skilled and motivated people who balance these
nutritional themes with other variables such as weather,
market conditions, and ecological concerns.

MANAGEMENT BY CLASSES OF NUTRIENTS
Water

Good management requires access to clean water at all
times. For a given size (body weight) and production
status, water intake will change as ambient temperature
changes and as amount and type of feed consumed
changes (Table 1). Water sources should allow adequate
access for the size of the herd, and should be constructed
or managed to prevent damage to pastures or riparian
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areas, and to avoid conditions that promote propagation
of disease.

Energy and Protein

Energy is not a nutrient, but managers evaluate diets and
animals’ requirements on an energy basis. Usually,
optimal economic return from this conversion is predi-
cated upon maximizing consumption of forage; the more
forage they eat, the better. Managing forages as energy
and protein sources centers on managing the agronomic
aspects of the forage to take full advantage of its nutrient
potential, and on predicting the nutrient content of a given
forage at the time it is grazed or harvested as hay.
Knowing nutrient content (Table 2) and accurately
predicting forage consumption allow a good manager to
formulate a supplement that complements the forage
nutrient supply to meet nutritional requirements and
minimizes feed costs. Nutrition-related diseases, such as
grass tetany, acute bovine pulmonary emphysema, or
nitrate toxicity, can have lethal effects on grazing
ruminants.'>?! Legumes, such as alfalfa and clover, are
good sources of energy and protein for beef cattle;
however, beef cattle may die from bloat caused by rapid
consumption of legumes.!"

An important aspect of beef production is the use of by-
products as feedstuffs. By-products such as recycled
poultry bedding, whole cottonseeds, and soybean hulls are
cost-efficient sources of energy and protein. In fact, many
of these unusual feed sources are rated for their value
relative to corn grain, soybean meal, or alfalfa hay, which
allows managers to make intelligent feed purchase
decisions."!

Beef cattle gain weight rapidly on high-grain diets, but
excessive consumption of grain can upset the fermen-
tation balance in the rumen, which can lead to potentially
lethal acidosis.!"! Acidosis is controlled by feeding
approved compounds (ionophores, buffers) as well as by
astute management of feed composition and supply to
the animals.

The relatively high cost of supplemental protein
obliges a manager to consult technical information and
formulate diets that meet but do not exceed the animal’s
requirements. Degradability of dietary protein in the
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Table 1 Nominal daily dry matter intake and nutrient requirements for beef cattle®

Weaned calf

Growing finishing,

200 350 kg BW 350 500 kg BW Mature cow Mature bull

Dry matter, kg 4 10 10 12 6 12 69
Nutrient

Water, L 15 56 28 78 23 61 30 78
Protein, g 400 1000 600 1000 500 1300 800 1000
Metabolizable energy, Mcal 12 17 15 27 12 27 21 28
Calcium, g 12 35 15 29 12 42 27 33
Phosphorus, g 9 18 13 21 12 31 22 33
Sodium chloride, g 10 20 10 15 36 15 36

3Specific requirements!* for a given type of animal and productive purpose should be used for formulating and evaluating diets.

rumen varies among feedstuffs.*) Managers can mix
protein sources of differing ruminal degradabilities to
optimize efficiency of nutrient use for weight gain.
Concern about the contribution of animal waste to nutrient
loads in ecosystems encourages managers to tightly
manage nitrogen supply and use.

Energy and protein requirements vary with age,
environment, and productive state (Table 1). In general,
if forage intake equals 2 3% of the animal’s live weight,
the forage will be close to providing the animal’s
maintenance energy needs, and if that forage contains at
least 8% crude protein, it will be close to providing the
animal’s maintenance protein needs.

Minerals

Several essential minerals may be limited in beef cattle
diets. Supplemental feeds usually contain minerals to
meet nutritional requirements (Table 1). Supplements
usually provide salt (NaCl), Ca, P, and trace minerals such
as Mn, Cu, Co, Zn, I, and Se. Concentrations of each
mineral are based on estimates of voluntary intake and
daily requirements.””) Supplements can contain supple-
mental protein or energy as well as minerals, or can
contain other compounds (e.g., ionophores) that modulate

fermentation to improve nutrient use or reduce the chance
of a nutrition-related disease, depending on the manage-
ment scheme.

Mineral deficiencies or imbalances are the most likely
problems, but isolated areas may have toxic levels of
minerals, such as Se."! In most instances, problems linked
to improper mineral nutrition are subtle, such as slightly
reduced weight gain and reduced probability of pregnancy
in breeding females. Effective managers need to know
local conditions and need to routinely analyze feedstuffs
to distinguish problems caused by improper mineral
nutrition from problems with other causes unrelated to
nutrition. Blood, liver, and hair samples are taken from
cattle to pinpoint potential problems with mineral status.

Vitamins

Essentially all the water-soluble vitamins (B-vitamins)
and fat-soluble vitamin K required by beef cattle are
synthesized by the ruminal microbes.”®! These vitamins
are provided in mother’s milk to young calves before their
rumens begin functioning. At normal intakes, fat-soluble
vitamins A, D, and E are adequate in common feedstuffs.
In most situations, animals are exposed to sufficient
sunlight to adequately synthesize vitamin D to supplement

Table 2 Dry matter (DM) and nutrient composition of examples of feedstuffs for beef cattle

Recycled

Soybean Whole poultry

Bromegrass Bermudagrass Alfalfa Corn grain meal cottonseed bedding

DM, g/kg 270 920 290 900 200 910 770 890 890 900 870 900 770 820
Protein, g/kg DM 60 171 70 140 149 225 890 112 477 540 200 244 225 320
Metabolizable energy, 1.8 2.8 1.5 23 2.1 24 32 37 29 34 3235 1.5 2.1

Mcal/kg DM

Calcium, g’kg DM 2.6 3.8 42 5.5 11.9 169 0.2 0.3 29 4.0 1.5 20 15 40
Phosphorus, g/kg DM 1.6 2.6 1.8 2.7 2.1 33 33 6.8 7.1 575 7 25

Source: Ref. [3], personal experience of authors.
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dietary sources. Managers need to respond to unusual
conditions, when the diet or ambient conditions are not
compatible with adequate supplies of vitamins. For
example, animals fed poor-quality, old hay, or animals
that have access to sparse, mature grass in pastures may
need supplemental vitamin A. Animals housed indoors
may need supplemental vitamin D. Animals eating
forages in geographic areas with soils low in Se may
need supplemental vitamin E. The relatively low cost and
minimal risk of toxicity of vitamins A, D, and E prompt
many managers to routinely include them in completely
mixed diets or supplements to meet requirements.!

Lipids and Fats

Fats and fatty acids can be added to diets of beef cattle to
increase the energy density, but the amount is limited to
about 5% of the dietary dry matter. Fats are toxic to some
ruminal bacteria, specifically those involved in fermenta-
tion of fiber, so levels higher than 5% have unacceptable
negative effects on fiber fermentation and hence voluntary
intake of high-fiber feeds.'”!

MANAGEMENT BY NUTRIENT NEEDS

Information on nutrient requirements is available for
almost all possible animal classifications and production
levels.*! The annual cycle of reproduction is a useful
calendar to formulate nutritional schemes to meet the
animals’ requirements. A nationally accepted and imple-
mented system of visual body condition scores is a simple
yet powerful evaluation tool.>** Successful implementa-
tion of the tool keeps animals from becoming too thin or
too fat to meet production goals. For example, during the
100 days around calving (30 days before calving, 70 days
after), nutrient requirements of females increase to about
1.5 times their maintenance needs. The manager monitors
body condition scores of the females and provides access
to feed accordingly.

Both bulls and breeding females may be fed extra feed
to improve probability of conception. However, it is
important that virgin (first calf) heifers gain weight at a
prescribed rate to avoid over- or under-condition at their
first calving. Available tables'' allow managers to fit
breed, age, weather, and other conditions to recommended
ration formulations and feeding levels.
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Specific information on postweaning growth of calves
likewise is available to match a variety of genetic, phys-
iological, and ambient conditions to desired rates of
weight gain."¥ These factors, plus nutrient composition of
feedstuffs, are factored into equations that help managers
provide amounts of feed that are compatible with the ani-
mals’ nutrient requirements and economic considerations.

Managers of purebred herds have special nutrient
considerations that center on the physical appearance of
the animals. Much of this management is subjective and
has more to do with the reputation of the breeder than the
nutrient requirements of the animals.

CONCLUSION

Effective nutritional management of beef cattle depends
on skillful integration of the animal’s nutrient needs, the
environment, feed composition and supply, and the
economics of growth and production. Information and
recommendations are readily available from governmen-
tal, university, and private sources.
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INTRODUCTION

Successful reproduction management of beef cattle results
from decisions and actions made by a manager. Without
goals, production systems drift and decisions involve
reacting to situations rather than making positive, goal-
driven actions. The goal is profitable beef cattle
production and it is achieved by correctly manipulat-
ing genetic and environmental variables to obtain pre-
dicted outcomes.

GENETICS

The beef herd can be straightbred or crossbred, or com-
binations thereof.!'>! Heterosis (hybrid vigor) derived
from breed crossing increases reproductive performance
in cows and bulls. Production involving crossbred cows
bred to a bull of a third breed can increase total production
by up to 20%. Genetic goals can be attained through
planned matings, culling, and selection. Selection prog-
ress depends on trait heritability, accuracy of trait mea-
surement, and intensity of selection.'*! Heritabilities of
reproductive performance are low, but must not be ig-
nored. Heritabilities of reproduction components, e.g.,
age at puberty, are higher, and selection response is more
rapid. A selection/culling strategy for improving repro-
duction should include: 1) selecting cows and replace-
ment females that calve early in the calving season, that
calve with minimal obstetrical difficulty, that have su-
perior maternal ability and sound udders with moderate
milk production, and are physically sound; and 2) culling
nonpregnant and late-calving females. Sires (natural
service) must exceed minimum criteria for testicle size
(scrotal circumference), semen quality, mating capacity,
and physical soundness, in addition to desired growth
and carcass traits. Sires used for artificial insemina-
tion (AI) are selected on individual and offspring per-
formance records appropriate for achieving manage-
ment goals.
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ENVIRONMENT
Puberty

Replacement beef heifers are bred to produce their first
calf at approximately 2 years of age, requiring attainment
of puberty and conception by 14 to 16 months of age.'!!
Heifers conceiving and calving early their first breeding
and calving season, respectively, will produce more and
heavier calves during their lifetime. Puberty is critically
dependent on adequate nutrition.”™ Heifers should reach a
target weight equal to approximately 65% of their mature
body weight a minimum of three weeks prior to breeding.
Example: A replacement heifer weighs 225 kg on
November 1, three weeks before breeding occurs on
May 1, 180 days later. Assuming the target weight is
340 kg, the heifer must gain 115 kg in 180 days, for a daily
gain of 0.64 kg. Heifers must reach this weight and
puberty goal prior to the breeding season to prevent
breeding at their first (pubertal) estrus (heat), because
conception rates improve approximately 15% from
breeding at a later estrus, compared to breeding at the
pubertal estrus. Excessive feeding is costly and has
detrimental effects on fertility, subsequent calving ease,
and milk production. Ionophore feed additives will
improve weight gains and hasten puberty. Separation of
heifers into heavy- and lightweight groups for feeding can
improve the puberty percentage by reducing social
competition. Commercial heifer development and breed-
ing companies are available.

Gestation

Pregnancy diagnosis is performed by manual palpation or
ultrasound examination of the reproductive tract, or by
analyzing blood or milk samples for hormone content.
Manual tract manipulation should not be attempted before
50 days after breeding to prevent damage to the
developing fetus. Once pregnancy is established in a
disease-free animal the probability is high that it will be
maintained to calving, but if excessive losses occur a
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disease or toxic nutritional problem (e.g., pine needle-
induced abortion) should be suspected. Gestation is the
physiological period during which the fetus develops and
the dam prepares for a short postpartum interval (calving
to first estrus) and successful rebreeding. All nutrient
requirements must be met.”! Body condition scores are
used to determine adequacy of gestation management
and rebreeding potential. Scores are visual or palpated
estimates of body fleshing and fat cover of the dam.
Numerical values are assigned, from 1=very thin and
emaciated to 9=very fat.’! Separating pregnant females
into heifers, females with low condition scores, and
females with high condition scores is excellent, because
feeding levels can be adjusted critically and social
competition minimized. The key condition score goal is
a minimum 5 at calving, indicating gestation nutrient
requirements for dam and fetus have been met. Calves
from 5-score dams are more vigorous and less suscepti-
ble to disease than calves from lower-score dams. The 5
score indicates that body reserves are present to main-
tain the dam during the critical postpartum nutritional
period, from calving until forage is adequate to maintain
bodyweight in the lactating dam. Maintaining dams
in condition scores higher than 7 is costly and results in
increased dystocia. Nutrient requirements, feed intake,
and digestibility are negatively affected by cold temper-
atures. In dams with a heavy winter hair coat, a 6°C
decrease (includes chill factor) in temperature increases
the metabolizable energy requirement for maintenance
by approximately 8%. Physical activity (e.g., walking)
increases nutrient requirements. High environmental
temperatures reduce birth weights and the subsequent
milk production and fertility of the dam.

Parturition (Calving)

Perinatal calf deaths rank second in importance of factors
depressing the net calf crop. Dystocia (calving difficulty)
is the major cause of calf deaths up to 72 hours
postpartum, occurring most frequently in primaparous
(first-calf) heifers. Severe dystocia also depresses post-
partum dam fertility and calf gains. Up to 45% of heifers
may require obstetrical assistance to complete the birth
process, emphasizing the need for close observation,
adequate obstetrical facilities and equipment, and trained
personnel available throughout the calving season.
Knowledge of parturition physiology (stages 1, 2, and 3
of labor) is mandatory to determine when and how correct
obstetrical assistance must be given.'”! The major cause of
dystocia is a disproportion between the size of the calf and
the size of the birth canal. Careful sire selection can
control birth weight and dystocia. Adequate nutrition for
developing replacement heifers will maximize skeletal
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growth, resulting in larger birth canal openings. Selection
of heifers with large pelvic openings to reduce dystocia is
only partially successful, but will result in increased body
frame size. Feeding the pregnant dam late in the evening
can prevent calving from 1 AM. to 6 AM., but this
practice is not 100% successful.

Postpartum/Lactation

Adequate nutrition®’ is essential both before and after
calving if timely estrus and rebreeding are to be obtained.
Lactation increases nutrient requirements of the dam,
which can be met with pastures containing sufficient
nutrients. If pastures are inadequate, lactation will
continue at the expense of the dam’s body tissue stores,
and supplemental hay and/or grain feeding is required.
Calf deaths from pneumonia or scours (diarrhea) can be
high during the first six weeks postcalving and may result
from poor nutrition of the dam during the last trimester of
gestation. Suckling delays return to estrus, and primapar-
ous dams have longer postpartum intervals than cows.
Breeding replacement heifers to calve 20 to 30 days
before the cow herd allows more time for recovery.

Breeding

Whether breeding will be by natural service or Al, the
season, and duration of the breeding period are important
decisions. Artificial insemination requires planning for
facilities, animal management, labor, and sire selection.
Sire records can be used to predict offspring performance
to attain production goals for either Al or natural service
breeding. Sire selection based entirely on visual appraisal
decreases the probability of goal attainment. Minimum
scrotal circumference in yearling breeding bulls should
exceed 33 cm.

A 60-day breeding season is considered maximum.
Estrous synchronization can shorten the breeding season
to 45 days using one Al and two subsequent natural
service breedings. Synchronization of estrus with proges-
togen prostaglandin combinations or intravaginal devices
can be used for either Al or natural service breeding. If
natural service is used in synchronized herds, a bull ratio
of 1:15 is adequate, whereas a ratio of 1:30 is adequate for
nonsynchronized herds. Bull ratios of 2:80 cows in natural
service have given high pregnancy rates. Some synchro-
nization protocols involve 48-hour calf removal, requiring
management of calves during this period. Early weaning
terminates suckling effects and lactation nutrient de-
mands, and stimulates occurrence of estrus in females.
This practice can be used in adverse feeding conditions
(e.g., drought), but requires management of the early-
weaned calf.
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Season of breeding (spring or fall) must be evaluated
for forage availability and supplemental feeding require-
ments. Combining spring and fall breeding seasons can
perpetuate poor reproductive performance if cows that
do not conceive in one breeding season are moved to the
later breeding period and given another chance for
conception. Season consideration must include when and
where marketing will occur as well as evaluation of re-
tained ownership.

Bull Management

Natural service requires bull management to ensure
optimum semen production and libido. Nutrient require-
ments for a 770-kg bull are approximately equivalent to
that of a 545-kg lactating cow producing 4.5 kg of milk
daily. Unless severe, effects of nutrition on sperm
production are inconclusive, but underfeeding and over-
feeding are detrimental to libido. The testicular sperm-
production cycle in the bull requires eight weeks to
complete, so concern for body condition and nutrient
requirements’>’ must begin well before the breeding
season. A breeding soundness examination (BSE) is a
wise investment, particularly in young bulls or if the bull
is used in a single-sire herd. If a socially dominant bull in
a multiple-sire herd is of low fertility, herd pregnancy
rates will be depressed. The exam will detect abnormal
sperm morphology, testicular and tract abnormalities, and
damage from conditions including fever or frozen
scrotum. The BSE results in classification of the bull
as a satisfactory or an unsatisfactory breeder.'* Bulls
classifying unsatisfactory can be retested in approximately
two weeks, as classification can change, especially in
young bulls.

Diseases

A disease prevention and control program for bulls, cows,
and calves must be developed in consultation with a
qualified veterinarian. The plan must include all common
reproductive diseases, calf diseases, and control of both
internal and external parasites.

Beef Cattle: Reproduction Management
Records

Effective reproductive management depends on records,
including individual animal identification and records that
identify poor and high producers. A livestock scale allows
for determining the adequacy of feeding regimens.
Computer software programs are available for formulating
and balancing diets, evaluating changes in production
protocols, determining applicable cost benefit ratios, etc.
University beef extension specialists can supply valuable
record-keeping information.

CONCLUSIONS

Reproduction management includes using existing tech-
nology, being aware of horizon technology, and predicting
how new developments can be used to attain desired
goals. Responsibilities of the manager are increasing
exponentially and include choices not directly related to
production. These include environmental and ethical
issues, political decisions, international market and
production changes, population growth and consumer
attitudes, and pressures from various advocacy groups.
But goal setting and attainment will be the key to
successful reproduction management in beef cattle.
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INTRODUCTION

Aberrant refers to something that deviates from the usual
or natural type. Interchanged in the literature with the
term aberrant is the term abnormal in reference to
deviations from normal behaviors. Abnormal behavior
has been defined as behavior ‘that deviates in form,
frequency, or sequence from a defined, comparable
standard. Such a standard may be a behavioral inventory
typical for a given genotype, age group, sex, nutritional
level, housing condition, or management system, etc.”’ 2!

Behaviors are not classified as aberrant or abnormal
simply because of their level of behavioral frequency or
duration. Some behaviors are expressed at a low fre-
quency, yet they are critical (example: defecation is an
infrequent, yet critical behavior). In contrast, tongue
rolling in calves may be expressed at a low frequency, but
it lacks purpose and thus can be classified as an aberrant
behavior. To be classified as aberrant, a behavior must be
lacking purpose; harmful to the animal, other animals, or
property; or maladaptive. To suggest a behavior lacks
purpose requires a complete understanding of the context
of the behavior and the evolutionary development of the
species. For example, some ritualized sexual displays
may at first seem to lack purpose, but they have been
incorporated into sequences of behaviors that on the
whole are adaptive.

TYPES OF ABERRANT BEHAVIORS
Self-Directed Aberrant Behaviors

These are directed at the animal or at inanimate objects.
These may or may not injure the animal.""*!

Stereotyped behaviors are behaviors that vary little in
form, sequence, and time. Chewing food is a stereotyped
behavior. Rumination is a variation of chewing that is
found in a highly stereotyped form in cattle. Some be-
haviors occur regularly, but are a special form of stereo-
typed behavior referred to as stereotypies. Stereotypies are
stereotyped behaviors composed of relatively invariant
sequences of movements that serve no obvious purpose.

Many examples of self-directed aberrant behaviors are
given in Table 1. Some behaviors are directed toward
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the animal itself (including to the air)[4’5] and some are
directed toward components of the environment. Some
self-directed aberrant behaviors can be harmful to the
animal. Others seem obsessive-compulsive in nature.

Some stereotypies are thought to be related to feeding
motivation'® in that restricted feeding may increase the
rate of expression of stereotypies. In sows, stereotypies
can be present 10 15% of the time; in horses, the average
can be 8%, but can reach 30% in racing stables.!”!
Ruminants express less stereotyped behaviors,™®! but they
may show tongue rolling or other forms of oral behaviors.
Brain mechanisms that cause stereotypies are not known,
but they may be related to the brain dopamine system
involved in the control of movements and to opiate
peptides.!

Social Aberrant Behaviors

These are directed toward other animals of the same
species or toward other species.

Aberrant behaviors directed toward others can be
damaging to the body of animals receiving the behav-
ior.""% Tail biting,"""! feather pecking, and wool-pulling
are relatively common aberrant behaviors. Other aberrant
social behaviors that do not involve oral behaviors include
excessive mounting as in the Buller Steer Syndrome.!'?!
The Buller Steer Syndrome is not considered a reproduc-
tive behavior because it is usually observed among
castrated males. Injury from oral and nonoral aberrant
behaviors can be severe because modern confinement
systems have limited space that does not allow flight from
the offending animal(s).

Parental-Neonatal Aberrant Behaviors

These include those shown by the mother or father toward
the young, or of the young toward their mother.!'*'*

The mother may not accept her newborn. This problem
can have life-threatening consequences to the neonatal
animal. Lack of acceptance of the neonate is found in all
farm mammal species. Besides ambivalence of the mother
toward her newborn, some mothers (and fathers) actually
attack and, if allowed, will kill their offspring.
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Table 1 Examples of aberrant behaviors and possible causes among farm animals

Behavior: Aberrant

Type of behavior

Description of the behavior

Possible causes

Overeating, anorexia, polydipsia

Abnormal standing and lying or
abnormal postures; changes in
activity (hyper or hypo active);
hysteria; pacing; weaving

Self mutilation; mutilation of others

Oral nasal facial (ONF) behaviors
such as sham chewing, tongue rolling,
bar biting, licking, cribbing, drinker
pressing, anal massage, belly nosing,
intersucking, wind sucking, eye rolling
Aggressive/agonistic behaviors

Neonatal rejection; maternal failure;
stealing young; killing young/cannibalism

Reproductive behaviors; mounting;
silent heat, impotence;

coital disorientation; intromission
impotence, inappropriate mounting

Excess or reduced eating

or drinking

Aberrant frequency, duration,

or sequence of standing, lying,
posture or locomotion; ataxia;
head shaking or nodding

Vigorous body mutilation;
excessive rubbing, licking,

biting, chewing; kicking

directed at self or other

animals; feather or body pecking;
wool pulling; tail biting; egg eating;
Buller Steer Syndrome (excessive
mounting to the point of injury)
Movements of the mouth without
food present. Generally associated
with standing, sitting, or lying,
mouth and face movements; may
have frothing and foaming
Excessive threat or attack of
another animal (or of human);
movements of head (bite), butting
and kicking (cattle, horses),

biting (horses), chasing (poultry),
charging (goats and sheep)

First day postpartum desertion or
aggression (butting, striking, driving
away, biting); more common in first
parity; unresponsiveness of the mother

Mounting, Excessive dysfunctional
sexual technique

Abnormal brain chemistry,

(ex. of hypothalamus?)
Slippery floors

Lack of space

(therefore, weakness)

and movement, weak legs because
lack of calcium (osteomyelitis,
osteoporosis), infectious disease
Parasitism, gastrointestinal
problems, pain, confinement
and isolation; early weaning

Individual housing, lack of oral
stimulation or enrichment

Confinement, housing system
effects; inappropriate olfactory
environment; restricted space

Separation from newborn, breed,
disturbance at parturition,

genetic, stress, crowding,

Rearing system (isolation),

possibly low estrogens or progesterone
Isolation in monosexual groups

High densities, hormone administration,
vaccine, stress, genetics,

inexperience, confinement

The precise physiological mechanisms of aberrant behaviors are not known.

(Adapted from Ref. [3].)

Reproductive Aberrant Behaviors

Several aberrant reproductive behaviors can be observed
among farm animals. One class involves a lack of appro-
priate sexual behavior.!'™ This may be due to inexperience
or lack of ability. While these aberrant reproductive
behaviors do not directly threaten the animal’s health, they
cause problems for completing reproductive cycles.

Feeding Aberrant Behaviors

Feeding behaviors may become aberrant. Aberrant
feeding behaviors include those associated with the

mouth, face, or snout with or without ingestion of
substrate. Also, feed or water intake may be excessive
(hyper) or inadequate (hypo) for body maintenance.

POSSIBLE CAUSES OF
ABNORMAL BEHAVIORS

Aberrant behavior can be provoked by a range of
environmental factors such as limited space, high animal
density, competition for feeding space, reduced flight or
escape opportunities, slippery floors, and by neuronal
diseases (e.g., transmissible spongiform encephalopathy),
metabolic diseases (e.g., milk fever), specific nutrient
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deficiencies, transportation, and traumatic experiences.
Because stress-induced behaviors generally serve a pur-
pose such as to reduce negative effects of stress, they are
not generally considered aberrant behaviors. Some aber-
rant behaviors appear more often among confined farm
animals (they may not exist at all in natural conditions),
and some are an excessive expression of a natural be-
havior, but the frequency, intensity, context, and con-
sequences make the behavior aberrant.

CONCLUSION

Many aberrant behaviors are common in several farm
animal species. Among some of the common causes are
heredity, housing systems, nutrient deficiencies, and lack
of enrichment. Providing enriched environments or more
space may alleviate some aberrant behaviors.
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INTRODUCTION

All animals supply their nutritional needs by eating feed in
such a way that the internal body expenditure of nutrients
for energy purposes, growth, and other body uses (such as
milk production) is balanced by the quantity and quality of
feed eaten. This balance is determined by several
physiological control systems that determine when and
how much feed will be eaten. This results in a stable body
weight or in the young, a steady uniform growth.
However, the feeding behavior and digestive mechanisms
of the common domestic animals vary widely, from the
relatively simple food of a typical carnivore (such as the
cat) to the bulky, tough, and difficult-to-digest feed of the
herbivorous cow or horse. This wide variety of eating
habits and diet and the accompanying modifications of
the digestive system calls for a corresponding variety of
physiological mechanisms to bring about the desirable
matching of body needs and eating behavior.

THE PIG AS A MODEL OF
OMNIVOROUS MAMMALS

The eating habits of the domestic pig closely resemble
those of the human, with respect to both what it eats and
the pattern of meals. In young pigs, the pattern of eating
consists of periodic meals separated by intermeal intervals
of a few hours’ duration. Much of the water consumed is
drunk in close association with meals.

It is presumed that during the intermeal intervals
deficits of nutrients slowly develop as they are consumed
in body metabolism. These deficits are then corrected at
subsequent meals. The physiological mechanisms using
hormonal and neural pathways will be emphasized here as
determining how much food will be consumed in the
meals. It should be recognized, however, that the body
learns through previous experience how much food should
be consumed to satisfy the deficit. In other words, eating
is calibrated by experience to match the amount eaten with
the metabolic need. This learned control of food intake is
difficult to evaluate as part of the combination that
includes the mechanistic, physiological control of eating.
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It is instructive to consider what kinds of signals could
be used by the body to initiate satiation, so that the amount
eaten as the meal proceeds matches the need (deficit).
These physiological feedback signals that are activated by
the presence of food in the digestive tract and that
determine the size of each meal are summarized for a
typical mammal in Fig. 1. The first and most obvious
change caused by the foodstuff as it passes into the mouth,
pharynx, and esophagus is distention of these structures
and tactile stimulation of their inner surfaces. This
oropharyngeal metering of food ingestion plays a small
role in controlling the amount eaten in the meal. If this
metering acted alone to limit the size of the meal, the meal
size would be excessive as much as two or three times
the normal size. But such metering does not act alone;
there are other signals from the mouth and the rest of the
gastrointesinal tract. The taste of the food as it is chewed
may oppose further eating, or an attractive taste may act as
positive feedback and increase the amount eaten in the
meal. An extremely bitter or unpleasant taste (perhaps
resembling a toxin) may block eating entirely.

The arrival of the ingested meal in the stomach causes
further distension, which is detected by the numerous
stretch or distension receptors in the mucosa and wall of
the stomach. This distension is a powerful inhibitory
influence on eating behavior. By the time the foodstuffs
arrive at the small intestine much liquification has
occurred, with solubilization of many products of
digestion. The duodenum is the site of many sensory
receptors, as well as endocrine cells. Most important are
the release of the hormone cholecystokinin (CCK), the
response of osmoreceptive mechanisms to the concentrat-
ed intestinal content, and the absorption of glucose from
the chyme. All have a satiation effect that generally
strengthens as the meal proceeds, until strong enough to
bring the meal to an end.!"

In addition to these rapid, short-term control systems
that operate in the time span of a meal, there are long-term
controls that operate over days and weeks. An example is
the leptin system. Leptin is released from body fat stores
and acts centrally to inhibit eating. Over time, as the fat
stores slowly increase, the levels of leptin increase. Leptin
depresses food intake and limits body weight increase.
Note that the controls of food intake are predominantly
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Fig. 1 Controls of food intake in the pig.

inhibitory. Eating is a tonic activity interupted periodi-
cally by these inhibitory signals that are initiated by the
presence of food in the digestive tract.”! An intermeal
interval follows, and not until those satiety signals weaken
does the next meal begin.

THE COW AS AN EXAMPLE OF THE
LARGE HERBIVORES

In contrast to the eating habits of the omnivorous pig,
most herbivores eat food of quite a different character and
follow a different pattern of eating. The plant material
eaten by herbivores is in large part not digestible by the
ordinary mammalian digestive enzymes that is, not by
the digestive juices of the salivary glands (amylase),
stomach (pepsin), pancreas (amylase, lipase, etc.), intes-
tine (peptidases), and so on. For the usual omnivore or
carnivore such as the pig or dog, this means that the
enormous store of nutritionally usable chemical energy
stored up in plant structure, and originally derived from
the energy of the sun, is not available. For access to these
stores of energy the cow is dependent upon the enzymes
synthesized by the symbiotic microorganisms that inhabit
the gastrointestinal tract, particularly the rumen. These
microbial digestive enzymes can make much of the plant
energy available.

The prime example of these plant materials is cellulose,
the most abundant carbohydrate on earth. Cellulose is
abundant, but nutritionally inaccessible to the nonherbi-
vore. The key problem for the mammal who ingests
cellulose is that the usual digestive enzymes do not have
the ability to break up the long polymers of glucose that
compose the cellulose molecules. Although the starch can
be split by the salivary and pancreatic amylases into the
component glucose molecules, the mammalian digestive
enzymes cannot break the bonds between glucose mol-
ecules in cellulose. The result is that although cellulose
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contains about the same amount of glucose as an equiv-
alent amount of cornstarch, its glucose is unavailable to
the mammals that ingest it.

The herbivores, such as the cow, have solved this
problem of the nutritional inaccessibility of cellulose by
anatomical and physiological adaptations that permit the
development of large populations of microorganisms
within the body. Many of these associated microorga-
nisms bacteria and protozoa mainly can synthesize the
enzyme cellulase, which can attack the cellulose mole-
cules. Breakdown of these molecules results in making
glucose available for absorption and utilization in the
metabolic machinery of the animal.

The calorically dilute nature of the plant material
consumed by the cow requires that large amounts must be
ingested. A cow can spend eight or more hours grazing on
pasture or consuming hay in the barn, and then another
eight hours in the process of rumination, where the ingesta
is retrieved from the rumen and remasticated. This
extensive grinding of plant material is necessary to make
cellulose and other complex carbohydrates located within
the plant structure accessible to microbial action. The
unique process of digestion and absorption of nutrients in
ruminants requires unique satiety signals, summarized for
the cow in Fig. 2 as the following three steps:

1. As the bulky plant material is ingested, the immediate
consequence is distension of the GI tract. There are
ample stretch receptors located in the wall of the
reticulorumen. When distended, they give rise to in-
hibitory impulses to the CNS, limiting further eating.
As indicated in the figure, the degree of distention
depends on the amount of bulky food ingested and the
rate of removal of the ingesta, either by fermentative
breakdown or by passage from the reticulorumen into
the omasum.

e—h— SATIETY SIGNAL TO CNS Q\
FEED INPUT A At 1 [N
\
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[DISTENTION] = [FEED INPUT] — [FERMENTATIVE DIGESTION] — [OUTPUT TO OMASUM]

Fig. 2 Controls of food intake in the ruminant.
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2. If the food being ingested is of a more concentrated,
water-soluble nature, then the osmolality of the ru-
minal fluid rises significantly, due to both the solutes
in the feed going into solution and the release of ions
and molecules in the microbial fermentation of the
foodstuffs. This change in the ruminal fluid acts as a
satiety signal to the CNS that, as it grows stronger,
brings the meal to an appropriate end. The exact site
of reception of this hyperosmolality is unclear.

3. The fermentative action of the ruminal microbes
results in the endproducts acetic acid, propionic acid,
and butyric acid. These short-chain fatty acids are
known as volatile fatty acids (VFAs). There is some
evidence that these VFAs act at receptor sites either in
the ruminal wall (acetic acid) or in the vascular bed of
the liver (propionic acid), giving rise to satiety signals
to the CNS that inhibit further eating.'*’

CONCLUSIONS

Body weight depends on equality between food intake and
expenditures of nutrients and energy. This balance is
largely achieved by controlling the intake of nutrients

Behavior: Feeding

based on the size and frequency of meals. Intake is as-
sessed by a pattern of signals eminating from the digestive
tract as a meal is in progress. The characteristics of the
food and the products of its digestion are used to inform
the CNS continuously as to the amounts of nutrient
ingested. This information is in the form of satiety signals
that may be chemical signals or nerve impulses. As the
meal proceeds, these satiety signals become progressively
stronger, until they cause the meal to end at an appropriate
size. In the subsequent intermeal interval, these satiety
signals weaken as nutrients are consumed within the body
again until the tonic influences driving eating behavior
initiate eating.
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INTRODUCTION

Maternal behaviors include all those behaviors carried out
by a parturient mother that influence the lives of her
offspring, both those that indirectly affect the offspring
(e.g., nest site selection, increased food intake in
pregnancy) and behaviors that are directly displayed to
the offspring. Maternal behaviors have evolved as they
promote the survival of the offspring, and they are
expressed by nearly all mammals and birds, and by some
fish, reptile, and invertebrate species. Maternal behaviors
are species-specific, but they serve a similar purpose in all
species: that is, to protect, feed, and nurture the young
until they are able to perform these behaviors themselves.
Behavioral expression is affected by species factors:
maternal social behavior, reproductive strategy, offspring
development at birth, environmental niche, and paternal
care. Typically, man has domesticated animals that are
social, polygynous (one male mates with several females),
and show exclusively maternal care.

MATERNAL CARE IN MAMMALS

Mammalian mothers express a high degree of maternal
behavior. Offspring are dependent on their mothers and
are fed from her bodily resources via lactation. This
maternal strategy has reduced the need for male assistance
to raise the young, and only 3% of mammalian species
show paternal care. The degree and type of maternal
care provided are related to offspring need, whether
the young are immature (altricial) or well-developed at
birth (precocial).

Behavior of Mothers of Altricial Offspring

These species are often predators and frequently solitary,
or they live in family groups (e.g., rodents, dogs, cats).
Altricial offspring are generally born in large litters, and
individuals are small relative to maternal bodyweight.
Maternal investment in each individual is, therefore,
relatively low, and the survival of some of the litter takes
precedence over the survival of all offspring. Mothers of
altricial offspring construct a den or nest in which to give
birth and maintain the litter for the initial period of
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development. The nest is important to provide warmth and
protection for the vulnerable young, and mothers show a
high degree of defensive aggression to intruders. Altricial
offspring are largely helpless at birth, so other maternal
behaviors consist of licking or grooming (sometimes to
stimulate voiding in the young), retrieval of offspring to
the nest if they become scattered, gathering the young
together to suck, and the adoption of a nursing posture to
aid their sucking. The young do, however, have some
influence over the expression of maternal behavior by
their responses (e.g., vocalizations), which may indicate
their degree of need to the mother.

Behavior of Mothers of Precocial Offspring

These species are generally grazing prey animals and
live in large social groups of several females with a male
(e.g., horse) or matrilineal groups (e.g., sheep). Litters
comprise one or two large (relative to the maternal body
weight), well-developed, and mobile young. A specific
birth site may be selected, sometimes remote from the
social group, but nest building does not occur. Behaviors
immediately following birth are usually directed toward
recognition of their individual offspring and formation of
a social bond between mother and young. Delivery of the
young is quick and frequently followed by a period of
intense maternal licking (Fig. 1), when the mother forms
an olfactory memory of her offspring. Social prey species
often breed seasonally, thus all the young are born within
a short period. This behavior allows the dam to reliably
recognize her own young among other similar young
within the group.

Within this class of maternal behavior there are two
main maternal strategies, termed hiders and followers.!!
Follower species (e.g., horse, sheep) are accompanied by
their offspring from birth, are seldom more than a few
meters from their young, and show frequent sucking
bouts. Both partners show intense distress on separation.
Hider species (e.g., cattle, deer), following birth and initial
licking of the young, leave the young concealed and the
mother rejoins the social group. Mothers return to their
young to suckle on a few occasions during the day and
maintain large spatial distances from their offspring. The
young animals eventually join the social group with their
mothers but still maintain large mother young distances,
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Fig. 1 Average amount of time spent licking lambs by maternal ewes in a four hour period after the birth of the lamb (lamb born at
time zero). Intense licking occurs in the first hour after delivery (ewes spent 38 minutes of the first hour licking the lamb), but ewes are
still spending some time licking the lamb four hours after birth. (From C. M. Dwyer, drawn from unpublished data.) (View this art in

color at www.dekker.com.)

forming peer groups with similarly aged calves some-
times as a creche under the supervision of a single mother.

Intermediate Mothers

A few species do not fall easily into either of these groups.
These include the pig, where the piglets are well
developed and mobile, but have poor thermoregulatory
abilities and are born into a large litter. The sow,
therefore, builds a large nest to group the piglets together
and keep them warm. Sows are extremely passive and
non-responsive mothers (Fig. 2), which may reduce piglet
deaths from maternal crushing. They also have an unusual
lactation pattern, where milk ejection occurs only for a
few seconds each suckle, and the piglets are called to the
udder before milk ejection by a specific vocalization a
suckling grunt. Other intermediate groups include pri-
mates, with relatively developed semiprecocial offspring
that have limited locomotor abilities. An important
maternal behavior in these species is carrying of the
young, which may facilitate observational learning.

CONTROL AND REGULATION OF
MATERNAL BEHAVIOR

Species-specific maternal behavior appears spontaneous-
ly after delivery, even in naive animals. Prior to birth
many females are indifferent, or even aggressive, to

neonates, but maternal behavior is expressed immediately
at the birth of their own young. The rapid onset of
maternal care requires hormonal priming by an increase
in ovarian hormones (estrogen and progesterone) and

i
sl o rg’v»

Fig. 2 Passive maternal behavior shown by the pig (a) in
comparison to the active behaviors shown by sheep (b). [Photos
by S. Jarvis (a) and C. M. Dwyer (b).] (View this art in color at
www.dekker.com.)
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Fig. 3 Schematic diagram of the neuroendocrine events
occurring during pregnancy and at birth that lead to the onset
of maternal behavior in mammals. (Derived from data given in
Ref. [2].) (View this art in color at www.dekker.com.)

particularly by the substantial changes in the relative
concentrations of these hormones that precedes birth.
This priming functions to prepare the maternal brain by
increasing oxytocin receptors in key brain regions. At
birth, neural impulses travel up through the spinal cord
when the birth canal stretches by the passage of the
foetus (the Ferguson Reflex) and these impulses stimulate
the release of oxytocin in the brain and into the periphery
(Fig. 3). This acts as a trigger for the expression of the
suite of maternal behaviors."*! For example, in the sheep
it causes maternal licking of the newborn lamb and many
low-pitched bleats or ‘‘rumbles’’ (a specific vocalization
made by ewes to their lambs). Other chemicals (e.g.,
opioids, glucocorticoids) act as modulators of maternal
behavior expression.

In many species, females that are maternal for the first
time (primiparas) often show poorer expression of
maternal behavior, and mortality of offspring of these
mothers is higher than with experienced dams. For most
species, the act of giving birth and showing maternal care
causes a maturation of the hormonal processes described
above.®! In some species, such as primates, young
females can gain experience of maternal behavior through
allomothering, where they share in the care of their
younger siblings or the offspring of their older siblings.
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Birds express a diversity of parental styles: nest para-
sitism, maternal care, paternal care, and biparental care.
Paternal care in birds is more common than in mammals,
and 90% of bird species show paternal behavior. Birds
need to provision their chicks after hatching because, with
the exception of some birds (e.g., pigeon) that produce
crop milk, they are unable to feed their young from their
own bodily resources. Maternal behavior in birds is
affected by the risks of the environment, the social group,
and the stage of development of the chicks at hatch.
Species that hatch altricial chicks (blind, featherless)
require biparental care to ensure the survival of the young
by providing food simultaneously with keeping the chicks
warm and protected. Bird species that hatch precocious
chicks (e.g., galliforms) can show just maternal behav-
ior, because the hen is able to rear her chicks without
paternal assistance.

Maternal behavior commences before lay with the
selection of a nest site and the construction of a nest. After
egg-laying, the eggs are incubated and the hen shows
broodiness, crouching over the eggs and emitting specific
clucks or vocalizations. In some species a brood patch
develops: An area of the chest becomes highly vascular-
ized and devoid of feathers to enhance heat transfer to the
eggs and chicks. After hatch, precocial chicks imprint
onto their mothers and accompany her immediately.
Maternal behaviors are concerned with defense against
predators, ensuring that the chicks remain with her, and
teaching the chicks about appropriate food sources: what
to eat, where to find it, and how to obtain it. Parents of
altricial chicks also show defense of the nest and chicks
against predators, and are strongly motivated to feed the
chicks by their gaping mouths.

ROLE OF MATERNAL BEHAVIOR IN
OFFSPRING DEVELOPMENT

Recent interest in maternal behavior has focused on the
role played by maternal behavior in the development of
offspring responses. Mothers teach offspring about food
acquisition and associated skills (e.g., hunting). However,
offspring also learn about social interactions from their
mothers, acquiring sexual preferences and social status,
and learning species-specific social cues and signals.
Cultural transmission of environmental information from
mother to young also occurs (from shelter and water
locations in hefted hill sheep to tool use in chimpanzees).
Variation in the expression of maternal behavior, or its
absence, can have a profound effect on the development of
stress-coping behaviors in the offspring as adults, and can
influence their reactivity to the environment.!*) Under
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domestication, this process is often disrupted or entirely
prevented by early weaning of offspring (e.g., dairy
calves, pigs) or by artificial incubation and rearing in
same-age groups (e.g., chickens).

CONCLUSIONS

The function of maternal behavior is to facilitate the
survival of her offspring. What is required to ensure
offspring survival is influenced by the riskiness of the
environment and the degree of development or vulnera-
bility of the young. As a result, maternal behaviors are very
diverse across species. Common features of maternal be-
havior are the provision of food and warmth to the young,
and their protection from harm. Maternal behavior is also
important to teach the young animal about its environment,
and to equip the adult with the skills it requires to survive.
Recent research suggests this also includes modification of
offspring responses to stress, and even the subsequent
expression of maternal behaviour by the offspring.

Behavior: Maternal
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INTRODUCTION

Animal scientists study reproductive behavior for a
variety of reasons, including seeking tools for obtaining
direct economic benefit through improved reproductive
performance. Learning how reproductive behavior devel-
ops and is regulated affords the ability to facilitate the
expression of sexual behavior, a goal in many breeding
systems. Also, understanding how to inhibit reproductive
behavior is advantageous in some production systems,
such as feedlots. Domesticated livestock are also useful
models for understanding the behavior of non-domesti-
cated species or even humans.

Reproductive behavior, like other behaviors, is shaped
by the ongoing interplay of the genotype, environment,
and experience. An animal takes part in a continuous
dialogue with the environment, which includes external
stimuli such as social interactions or interspecific ex-
changes, contact with humans or predatory interactions,
and relations with the inanimate world. In addition to
developmental events, livestock reproductive behaviors
like other traits are subject to both artificial selection
and natural selection in the domesticated environment.
Intensively managed livestock that are used in hand-
breeding, artificial insemination, or single-sire mating
schemes have experienced reduced selective pressure for
traits such as sexual motivation or other physiological or
structural attributes that enhance mating efficiency.

Many studies have been published that reveal the
multiple physiological mechanisms controlling the ex-
pression of sexual behavior. These studies include
descriptions of how the endocrine system facilitates the
development of neural substrates involved in sexual
behavior, referred to as the organizational actions of
hormones. Also, studies have addressed the activational
actions of hormones, i.e., how hormones stimulate
sexual behaviors in adulthood. A smaller body of lit-
erature describes the physiological adjustments an animal
makes in response to the expression of reproductive
behavior. New findings in this area will help us more
fully understand the range of behavioral and physiolo-
gical adaptations animals can make. The topics presented
in this article are primarily ethological (behavioral) in
focus, and relate to production problems that may have
behavioral solutions. The topics include courtship and
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mating systems; the sexual performance, motivation, and
stimulation of males; and female attractivity, proceptivity,
and receptivity.

COURTSHIP AND MATING SYSTEMS
Courtship

The specific motor patterns and physical displays
associated with courtship behavior vary among livestock
species and can also vary among individuals within a
species. Some individuals may display frequent precop-
ulatory behaviors, whereas others may attempt to copulate
with little or no courtship. Detailed descriptions of
courtship displays of domesticated animals are avail-
able.!"! In many nondomesticated species these displays
serve to: regulate species recognition and ensure repro-
ductive isolation; bring males and females into close
proximity; synchronize the pair to bring about sexual
readiness; and lead to actual fertilization or copulation.
Breeding practices extending over many generations in
domesticated species have modified the selective pres-
sures that influence the frequency, but not necessarily the
form, of courtship displays. In intensively managed
livestock systems, animals that mate quickly with few
precopulatory courtship displays may have been selected
as the preferred behavioral phenotype. Thus, over time,
courtship displays have become less pronounced in many
domesticated species.

Mating Systems

Ecological and evolutionary considerations, such as the
availability of food resources and unequal investment by
the sexes in offspring, underlie differences in the mating
systems employed by most species. Mating systems
include promiscuity, polygamy (either polygyny or
polyandry), and monogamy. These systems can manifest
themselves in a simultaneous or serial manner, and can be
expressed annually or seasonally. Farm animals are
typically promiscuous or polygynous. Promiscuous ani-
mals have no exclusive breeding rights over any other
individual. Typically, much copulation occurs during
periods of female receptivity, yet no pair bonds or
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extended associations are formed. This is the mating
system most commonly observed among cattle, sheep,
goats, swine, and chickens. Some promiscuous species
can also show simultaneous polygyny, in which the
mating system may involve a male forming a bond with
many females for variable periods. Simultaneous polyg-
yny is typical of species in which the male forms harems,
such as in horses. Mating systems in intensive confine-
ment may differ from those in a more natural environment
due to housing and management. Domestic fowl, for
example, are really a polygynous species, but in intensive
production systems the male is unable to maintain a
harem, and the mating system becomes promiscuous
instead. The promiscuous and polygynous mating systems
of most livestock species served as a preadaptation that
contributed to the success of domestication, because
monogamy or other pair bond formation would likely
have hindered animal breeding programs.

SEXUAL PERFORMANCE, MOTIVATION,
AND STIMULATION OF MALES

Within a species, motor patterns associated with
courtship and copulation are species-specific and rela-
tively invariant, although the sequence of behaviors
exhibited varies within and among individuals. Large
variation in the frequency or intensity of displays of
sexual behavior does occur in farm animals and is likely
due to relaxation of natural selection.”™”! For example,
single-sire mating systems enable animals with poor sex-
ual performance to produce large numbers of offspring.
This would not occur normally in wild animals, because
competition among males would continue to exert in-
tense selective pressure for high sexual performance. The
number of males displaying inadequate sexual perform-
ance is significant, and this lack of performance has direct
economic consequences.

This variation in sexual performance has contributed to
the need for animal scientists and producers to develop
tests of sexual behavior in males. With animal agriculture
the need still exists for males that express high levels of
sexual activity. This is true for those used for semen
collection and for those used for natural service. In natural
breeding systems, males with high sexual performance
and a combination of high sexual motivation and superior
endurance, strength, and coordination will likely breed
more females early in the breeding season. Males with
lower sexual motivation and/or low sexual performance
will inseminate fewer females, thus either reducing herd
production or extending the breeding season, as more
estrous cycles will be required to impregnate the group.
Sexual performance tests, also referred to as serving
capacity tests, have been developed to identify and select
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high performers and to cull low performers.”~' These
tests measure copulation frequency within a short period,
but they are inconsistent in predicting either field
reproductive performance or how well young males will
perform when they are mature. High sexual performance
depends on a male having high motivation to mate and
also possessing the physical ability to do so. Low sexual
performance may be caused by low sexual motivation, or
by physical attributes such as poor structural conformation
or genital abnormalities."”! Current tests identify physical
limitations but not necessarily motivational ones. New
behavior tests to measure sexual motivation in farm
animals are necessary to develop better behavioral tools
for assessing reproductive performance and thus enhance
animal productivity.

Research on the sexual performance of males has
yielded interesting findings that remind us that the
domesticated animal is a social animal with species-
typical perceptual abilities and responses. Providing
sexual arousal for males improves the efficiency of sexual
performance tests. Male pigs, horses, goats, and cattle
but not sheep are sexually stimulated by the opportunity
to view estrous females or other sexual activity. Male
sheep are aroused, however, when exposed to other male
sheep that have either recently mated or recently
contacted estrous females.'®’ Promiscuous farm species,
if given the opportunity, will form social systems
consisting of groups of mature females with their
offspring, bands of juvenile males, and individual adult
males. Cows and female goats, respectively, will engage
in female-to-female sexual activity. This activity provides
a visual signal that attracts and arouses the males. In
contrast, estrual sheep do not form groups of mounting
females. Instead, female sheep seek the male. Thus the
selective forces shaping the development of arousal
mechanisms differ among farm species.

FEMALE ATTRACTIVITY, PROCEPTIVITY,
AND RECEPTIVITY

Artificial insemination requires that humans, in lieu of
conspecific males, detect estrus in females.!”! However,
developing techniques to regulate timing of ovulation
and artificial insemination might eliminate the need for
managers to detect estrus in females in the near future.'™!
Nevertheless, understanding the ethology and physiology
of female sexual and social behavior can improve female
fertility, health, and welfare. Attractivity, proceptivity,
and receptivity are three components of female sexual
behavior that have been defined.””! Attractivity refers
to the stimulus value of the female. It is measured by
observing the behaviors performed by the male that
are directed toward the female. Proceptivity includes
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behaviors performed by the female that bring the male
into closer proximity and maintain his proximity and
sexual motivation in order for mating to occur. Finally,
receptivity describes the behaviors and postures exhibited
by a female that allow successful intromission and
intravaginal ejaculation to occur. Production demands
and housing systems can interfere with the expression of
female reproductive behavior. Studies aimed at learning
how physiological and environmental signals are inte-
grated could improve reproductive performance.!'”!

CONCLUSION

Ethology is the field of study that describes animal
behavior and attempts to understand an animal’s
continuous interaction with its environment. Natural
selection affected the ancestors of domesticated live-
stock and continues to operate on farmed species. In
addition, artificial selection and its correlated unintended
selective pressures influence genotypic and phenotypic
variations in behavior. Studies of reproductive behavior
that can aid in the identification of high-performing
males and females will contribute to improved animal
fertility and productivity.
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INTRODUCTION

Beta adrenergic agonists (f-agonists, repartitioning
agents) have been studied in livestock species for more
than two decades for their effects as lean efficiency
enhancing agents. Work began at several pharmaceutical
laboratories in the late 1970s. Patents were issued and
initial reports were made in the mid-1980s."*! More
recently, data have been generated to meet registration
requirements, define the physiological effects, and define
parameters needed to optimize responses. Two com-
pounds have regulatory approval to be used in livestock.
Zilpaterol is approved for cattle in South Africa and
Mexico (Intervet), and ractopamine is approved for use in
swine in 21 countries including the United States and for
use in cattle in the United States (Elanco Animal Health).
Several reviews of B-agonist use in livestock have been
published. Anderson et al." provide an extensive review
with over 360 citations, Moloney et al.® provide an
especially complete summarization of efficacy for various
compounds, and an updated review of mechanism of
action is provided by Mersmann'® and Moody et al.”!

B-AGONIST LEAN EFFICIENCY
ENHANCING AGENTS

The compounds most commonly studied include: cima-
terol, clenbuterol, L-644-969, ractopamine, salbutamol,
and zilpaterol (Fig. 1). They are orally active and
administered as feed ingredients. They belong to a class
of compounds called phenethanolamines. This class of
compounds has been used safely and effectively in human
medicine for more than 30 years as bronchodilators for
asthma treatment, uterine relaxants to treat pregnant
women to arrest premature labor, and cardiostimulants
to treat cardiac irregularities.’® The compounds that have
been studied for their effects on lean efficiency (Fig. 1)
have demonstrated effects on the metabolism of fat and
muscle in livestock species. They have no antibiotic
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activity and, therefore, are not acting as antibiotic growth
promoters, nor are they anabolic steroids.

SUMMARY OF EFFICACY

B-agonist lean efficiency enhancing agents are often
referred to as repartitioning agents because of their ability
to redirect nutrients away from adipose tissue and toward
muscle.””’ In general, the effects of P-agonists are
improved feed utilization efficiency, increased leanness,
increased dressing percentage (carcass weight/live
weight), and increased rate of weight gain. These effects
have been demonstrated in lambs, broilers, turkeys, beef
cattle, and swine.*! Several factors including diet, dosage
and duration of treatment, age, weight, and genetics have
been shown to influence the response to [-agonists
(Table 1) and are important to the successful implemen-
tation of B-agonists to livestock.

HOW B-AGONISTS WORK

[B-agonists specifically enhance the growth of muscle and
give a small reduction in the growth of fat. -agonists’
effects are mediated by modifying specific metabolic
signals in muscle and fat cells with a resulting increase in
nutrients directed toward lean growth. Directing nutrients
to tissues of highest priority is a normal metabolic
process. This nutritive flow takes place as an ongoing
hourly, daily, and weekly adjustment directed by internal
body signals. In young growing pigs, more energy is
directed toward lean than fat; however, in more mature,
heavier pigs, a larger proportion of energy is directed
toward fat. B-agonists modify the metabolic signals within
muscle and fat cells to direct more nutrients to lean
growth (Fig. 2).

The binding of B-agonists with specific receptors on
the surface of muscle and fat cells (B-adrenergic
receptors) generates these signals. When B-agonists bind
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Fig. 1 Structure of several phenethanolamines evaluated as leanness enhancers in livestock. Current classifications of receptor subtype

selectivity (B1 or B2 adrenergic receptor) are indicated.

to these receptors on the surface of the fat cell,
biochemical signals are produced inside the cell that
decrease fat synthesis and increase fat degradation,
resulting in a slower rate of fat deposition. In muscle
cells, the outcome of the internal signaling is a substantial
increase in the rate of muscle protein synthesis and
deposition. As a result, muscle synthesis is faster and fat
synthesis is slower. Because it takes only half the energy
to deposit lean compared to fat, the outcome is a leaner
animal that utilizes feed more efficiently. Because this

effect is primarily on muscle in the carcass, dressing
percentage is increased.

A more detailed description of the proposed mecha-
nism by which B-agonists affect muscle and fat cell
synthesis through interaction with B-adrenergic receptors
on the surface of muscle and fat cells is shown in Fig. 3.
Activation of B-adrenergic receptors is coupled to Gs
proteins and activation of adenyl cyclase (AC), which
converts adenosine triphosphate (ATP) to cyclic adeno-
sine monophosphate (cAMP), an intracellular signaling

Table 1 Factors that influence response to treatment with 3 agonists

Factor Requirement

Compounds studied Species studied

Dietary protein

Duration of treatment

Dosage
Age or weight

Genetics

Greater response with higher dietary protein

Greater response during final finishing phase

Differential effect on growth and leanness
Greater response with older, heavier animals

Effective in both fat and lean genetics

Clenbuterol
BRLA47672
Ractopamine
Cimaterol
Clenbuterol
L 644969
Ractopamine
Ractopamine Pigs
Cimaterol Pigs, cattle
Ractopamine
Cimaterol
Ractopamine

Pigs, broilers, rats

Pigs, cattle, sheep

Pigs, mice

(From Ref. [7].)
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Fig. 2 P agonists modify the metabolic signals in muscle and
fat cell to enhance the rate of lean (muscle) growth.

molecule. The cAMP binds to the regulatory subunit of
protein kinase A (PKA) to release its catalytic subunit.
Regulation of intracellular enzymes is then accomplished
through phosphorylation by protein kinase A. Activation
of B-adrenergic receptors and the cAMP signaling
pathway by P-agonists results in the activation of rate-
limiting enzymes in lipolysis and inactivation of lipogenic
enzymes involved in de novo synthesis of fatty acids and
triglycerides.!”

The effects of B-agonists on muscle result in muscle
cell hypertrophy (Table 2) and increased lean mass. This
effect is generally attributed to activation of the f-
adrenergic receptor pathway. The outcome of the
intracellular signaling in muscle is an increase in the
abundance of total RNA and mRNA for myofibrillar

Beta Adrenergic Agonists

Table 2 Effect of B agonists on myofiber diameter in swine

Paylean treatment (ppm)

0 20
Number of animals 23 22
Red, p? 2,480 2,564
Intermediate, > 1,783 2,216%
White, p? 3,467 4,048

“Significantly different from control (P<0.05).
(From Ref. [10].)

proteins, which is reflected in an increase in the fractional
rate of protein synthesis in vivo. Results from these
studies support the hypotheses that protein synthesis is
substantially enhanced and that B-agonists do not affect
protein degradation in muscle.!”)

SAFETY ISSUES

The B-agonist clenbuterol was the subject of considerable
negative publicity in the early 1990s when its illegal use
was linked to cases of acute food poisoning in Europe.!'!)
Clenbuterol was initially designed with a long half-life as
a pharmaceutical medicine used in treatment of respira-
tory and other diseases, and the desired properties of such
medicines are totally opposite to what is required for a
feed ingredient. Later generation B-agonists were devel-
oped with structural differences that resulted in shorter
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Fig. 3 Mechanism of signal transduction from 3 adrenergic receptors (BAR). The B adrenergic receptor is activated by an agonist and
interacts with Gs proteins. The Gs proteins stimulate adenylyl cyclase (AC) to convert adenosine triphosphate (ATP) to cyclic adenosine
monophosphate (cAMP), which acts as an intracellular signaling molecule. Increased levels of cAMP activate protein kinase A (PKA) to
phosphorylate many enzymes and regulatory factors important in metabolic regulation. (From Ref. [7].)
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half-lives and lower oral potencies allowing safe devel-
opment for use in livestock.!'?! Therefore, the problems
that arose from the illegal treatment of animals with
clenbuterol are no longer problems with current [-
agonists. Any approved p-agonists’ lean efficiency
enhancer must meet or exceed stringent human food
safety standards.

CONCLUSIONS

-agonists that have been approved as feed ingredients for
livestock feeds have been shown to benefit the producer,
the packer, the processor, the consumer, and the
environment.'*~" The development and use of B-agonists
have the potential to impact all aspects of the meat and
livestock industries. Producers will be able to raise
livestock more efficiently, meat packers will have
higher-yielding carcasses, and meat processors will have
the opportunity to more efficiently develop new low-fat
meat products.m In addition, consumers will benefit from
products with reduced cholesterol'"*! and reduced calo-
ries. Finally, the use of -agonist lean enhancing agents
will provide environmental benefits. Less land will be
required to produce the feedstuffs needed for the meat that
is consumed, and the greater nitrogen retention in the
animal for lean tissue growth will result in less nitrogen
excreted as waste.!'#! B-agonist lean enhancing agents that
are demonstrated to be safe and efficacious will provide
the meat industry with a powerful tool to aid in the
production of health-conscious meat products.
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INTRODUCTION

The main goal in formulating animal feeds is to supply
nutrients in amounts and relative proportions that optimize
performance. This is particularly important with respect to
amino acids (AAs), as the feed ingredients used to supply
AA are often expensive. Furthermore, any AA supplied in
excess is deaminated and the resulting nitrogen excreted,
thus posing a potential environmental problem. Because
animals do not store excess AAs in the body, the exact
needs for protein synthesis need to be supplied each day.
Therefore, the AA requirements of the animal and the
dietary concentration of AAs need to be known. However,
availability of AAs in many feedstuffs is not known, and
thus, digestibility measurements are used as reasonable
estimates of availability. This article covers aspects of
bioavailability of AAs in feed ingredients with particular
emphasis on pig nutrition. The determination of AA
digestibility coefficients and the application to estimate
bioavailability are discussed.

DIETARY SUPPLY OF AMINO ACIDS

Bound protein in feedstuffs and pure forms of crystalline
AA supply AAs in pig diets. Crystalline AAs are assumed
to be completely absorbed from the gut and utilized by the
animal. In contrast, animals are only able to utilize a
portion of the AAs contained in bound protein for
metabolic functions. Therefore, the total amount of AAs
in a diet is not equal to the amount of AAs that are
available to the animal for metabolic functions. As a
consequence, estimates of bioavailability of dietary AAs
are used in formulating swine diets to match the supply
with requirements.

The Concept of Bioavailability

The bioavailability of an AA refers to the proportion of
that AA that is in a form that can be digested, absorbed,
and used for metabolic functions.!"! Bioavailability

coefficients of AAs in feedstuffs are determined in slope
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ratio growth assays. These assays are laborious and time
consuming and only allow determination of the bioavail-
ability of a single AA at a time, which is costly. Con-
sequently, there are only a limited number of ingredients
and AAs for which bioavailability coefficients have been
determined and such coefficients of AA are not routinely
used in feed formulation.

The use of bioavailability coefficients is important for
heat-processed or long-stored ingredients because of the
negative impact of these treatments on the bioavailability
of the AA lysine. Lysine is rendered biologically
unavailable by complexing with reducing compounds in
the feed.

There are considerable efforts to develop simpler
methods for estimating AA bioavailability in feedstuffs.
A method known as the reactive lysine technique for
assessing the bioavailability of lysine in feedstuffs that
have undergone heat processing or that have been stored
for a long time under conditions that might compromise
lysine availability has been proposed.”” A method for
determining the so-called metabolic availability of AAs in
feed ingredients has also been developed.”®! Thus far, this
method has been used to estimate the metabolic
availability (i.e., the proportion that is used for body
protein synthesis) of lysine in a small number of
ingredients and there are still several questions that must
be addressed before it can find use in routine assessment
of AA bioavailability in feedstuffs.

The Concept of Digestibility

Digestibility is a measure of the disappearance of a
nutrient from the digestive tract and is assumed to equate
the degree of absorption of the nutrient from the gut
lumen. Digestibility measurements do not provide any
indication of the fate of the absorbed nutrient, but they are
used as a reasonable estimate of AA availability.'*!

Amino acid digestibility

Ileal AA digestibility coefficients provide better estimates
of AA availability in swine feed ingredients than faecal
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Table 1 Techniques used in
collecting ileal digesta from pigs

Cannulation techniques
Simple T cannula
Post valve T cannula (PVTC)
Steered ileal caecal valve cannula
Re entrant cannula

Isolation of the large bowel
Ileo rectal anastomosis
[leostomy

Slaughter and ileal dissection

digestibility coefficients'® because AAs that disappear
from the hindgut are not available to the animal. The
measurement of ileal AA digestibility coefficients re-
quires sampling of digesta at the distal ileum. Techniques
used for this purpose have been reviewed in detail.!!
The techniques can be grouped into three main categories,
namely those that involve cannulation, isolation of the
large bowel, and slaughter of the animal (Table 1). Each
of these techniques has limitations that create specific
challenges in their use as discussed elsewhere.”’

Estimating Bioavailable Amino Acid
Content in Feedstuffs

Apparent ileal digestibility coefficients

In conventional digestibility studies, it is not possible to
distinguish between nondigested dietary AAs and non-
reabsorbed endogenous AAs that are present in the digesta
captured at the distal ileum. Calculated digestibility
coefficients are, therefore, referred to as apparent
digestibility coefficients. However, apparent ileal digest-
ibility coefficients of AAs in a mixed diet may
underestimate the amount of AAs that are actually
available to the pig. This is particularly true if low-
protein feed ingredients such as cereal grains are included
in the diet.!” The reason for this underestimation is that
apparent ileal digestibility coefficients may not be
additive in a mixture of feed ingredients (Fig. 1), thus
creating challenges in accurately formulating diets to
supply the desired amount of AAs in the diet. The use of
digestibility coefficients to estimate bioavailability is
improved considerably when apparent ileal digestibility
coefficients are corrected for endogenous gut AA losses.
For a complete review of endogenous gut AA losses in
pigs and the methods used for their estimation, please
refer to Nyachoti et al.”! and Boisen and Moughan."”)
Endogenous gut AA losses can be divided into two
categories, namely, basal (diet-independent) losses and
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diet-specific (additional) losses. Basal endogenous AA
losses are obligatory losses closely associated with the
metabolic functions of the animal and are independent of
the type of diet fed. Specific endogenous AA losses are
dependent on the composition of the diet.

Standardized ileal amino acid
digestibility coefficients

Standardized ileal AA digestibility coefficients, which are
sometimes incorrectly referred to as true ileal digestibility
coefficients, are derived by correcting apparent ileal di-
gestibility coefficients for basal endogenous AA losses."™
Compared with apparent digestibility coefficients, stan-
dardized ileal digestibility coefficients are believed to
provide a better estimate of AA bioavailability in pig
feeds. It is important, however, to recognize that estimates
of basal endogenous AA losses vary widely among studies
and that there is no general agreement on the best estimate
of basal endogenous AA losses.!”!

True ileal amino acid digestibility coefficients

True ileal AA digestibility coefficients are estimated
when the recovery of specific endogenous AAs in the
ileal digesta is determined and used to correct apparent
digestibility coefficients. This requires that the specific
endogenous gut AA losses in ileal digesta be quantified.
The required techniques are relatively tedious, thus
making it more difficult to generate true ileal digestibil-
ity coefficients for routine feed formulation. However,
when the goal is to understand how different feed
ingredients or dietary components influence AA utiliza-
tion in pigs, true ileal digestibility coefficients should
be determined.

100
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Fig. 1 Observed and calculated apparent and true ileal lysine
digestibilities in a barley canola meal based diet fed to growing
pigs. (Adapted from Ref. [9].) (View this art in color at www.
dekker.com.)
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Effects of gut microbes on estimation of amino
acid digestibility

Although the majority of the gut microflora in monogas-
tric animals reside in the hindgut, a large microbial
population also inhabits the upper gut (i.e., small
intestine). Gut microbes may deaminate dietary AAs or
synthesize new AAs. This will influence the digestibility
measurements. The significance of such an effect on
determining ileal AA digestibility coefficients is not
known yet and deserves further attention.

CONCLUSION

Formulating pig diets to closely match the supply of AAs
with the AA requirements of the animals presents a
significant economic benefit and helps minimize nitrogen
excretion in pig manure, thus reducing the environmental
impact of livestock production on the environment. To
achieve this goal, knowledge of the bioavailability of AAs
in pig feed ingredients is required. Due to the difficulties
involved in determining the content of bioavailable AAs
in feedstuffs on a routine basis, ileal digestible AAs are
used. To this end, it is recommended to use standardized
ileal digestible AA coefficients as estimates of bioavail-
able AA. Such values should be determined for the
specific feeding situation. Continued efforts to develop
and/or refine current methods for determining bioavail-
ability of AAs for routine application are warranted.

Bioavailability: Amino Acids
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INTRODUCTION

Energy is defined as the potential to perform work and is
required by the animal to perform the ‘‘work of living.”’
Some of the more obvious examples of the expenses of
living include thermoregulation, voluntary and involun-
tary muscular activity, ingestion of food, digestion,
absorption, excretion, metabolite transport, cell turnover,
tissue or product formation (e.g., wool, milk, eggs), etc.
There are inefficiencies or waste associated with all of
these processes. Energy requirements depend on the ad-
ditive needs of individual cells, which vary according to
physiological needs imposed upon them. Gross dietary
requirement is the sum of all cellular needs plus losses.
Bioavailability of energy is an expression of the value of
an energy source toward meeting the cumulative energy
needs of all cells to perform the ‘‘work of living’’ of
the animal.

Energy is an abstraction that can only be measured in
its transformation from one form to another. Bioenerget-
ics, the study of energy transformations in biological
systems, is based on the fundamental principles stated
by the laws of thermodynamics and the law of Hess.
Simply stated, these laws assert that: 1) energy can be
neither created nor destroyed, but may be converted from
one form to another, 2) all forms of energy can be quan-
titatively converted to heat, and 3) heat generated in a
net transformation is independent of the path of
conversion. Energy is available to the animal from three
sources: diet, body reserves, and to some extent, from
its external environment (via radiation, convection, and
conduction). This article will concentrate primarily on
energy availability from dietary sources and, to a lesser
extent, from body tissues.

PARTITION OF DIETARY ENERGY

A generalized flow of energy in the animal is shown in
Fig. 1. Briefly, heat of combustion of food consumed is
termed intake energy (IE). A substantial 20 80% of the
food energy consumed is voided from the animal as fecal
energy (FE) and the difference (IE—FE) is termed
apparently digested energy (DE). Portions of IE are also
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lost as combustible gaseous energy (GE) and as urinary
energy (UE). The remainder (IE—FE—-GE—-UE) is
termed metabolizable energy (ME). ME may be recovered
(RE) as product such as tissue (TE), milk (LE), conceptus
(YE), egg or ovum (OE), wool or hair (VE), etc., or may
be transferred to the environment as heat (HE). Heat
energy may be the result of a variety of functions in-
cluding digestion and absorption (H4E), fermentation
(H{E), waste formation and excretion (H,E), basal
metabolism (HE), activity (H;E), thermal regulation
(H.E), and product formation (H,E). An increase in heat
production following feeding is termed heat increment
(H;E) and includes increases in H4E, H(E, H,,E, and H,E.
This scheme may be summarized by the equation:
IE=FE + UE + GE + HE + RE. This identity partitions
the food energy into the major components associated
with animal energetics. It may be expanded to include a
few or many of the intermediate steps involved, and each
component can be divided into component parts. The
inclusion or exclusion of intermediate transformations
does not prejudice the balance of the equation. All energy
balance techniques and all systems of expressing relation-
ships between the animal’s requirements and the useful-
ness of a food to supply those needs are related to this
classical energy balance identity (see Ref. [1]).

GROSS ENERGY

The gross energy content or total energy contained in
dry feed (IE) varies depending on the carbohydrate,
protein, lipid, and mineral content, but is of little value in
assessing the value of a diet or dietary component as a
source of energy for the animal. For example, starch and
cellulose, both polymers of glucose, have similar heats of
combustion. Starch is readily digested by most mamma-
lian species, eventually to glucose. In contrast, cellulose
is not attacked by mammalian digestive enzymes, and
thus does not provide energy substrates to animals such
as humans. In contrast, starch or cellulose may be digest-
ed in animals having pregastric microbial fermentation
(e.g., ruminants) by amylolytic and cellulolytic microbes,
resulting in the production of volatile fatty acids (VFA),
CH,, water, and CO,, but the patterns of VFA and

111



112

Bioavailability: Energy

Intake Energy (IE)

Digestion and Absorption (H,E) dmmmmmmmmme

v

Fermentation (H,E)

v

Waste Formation, Excretion (H_E) “”

v

Basal Metabolism (H_E)
Voluntary Activity (HjE)

Thermal Regulation (HE) ~ ¢-----------------1

Product Formation (H,E)

Heat Production (HE)

Recovered Energy (RE)

Fecal Energy (FE)

- - Undigested Food (F.E)

Metabolic (F_E)

v

Digestible Energy (DE)

—» Methane Energy (GE)

- Urinary Energy (UE)

"

Metabolizable Energy (ME)

Tissue Energy (TE)

Milk Energy (LE)
Conceptus (YE), Hair, Wool
(VE), Ovum (egg, OE)

Fig. 1 Schematic partition of energy in the animal.

quantities produced differ.””! Starch and cellulose may
also be digested in animals having a postgastric fer-
mentation (e.g., horse, rabbit), such that much of the
starch is digested and absorbed in the stomach and small
intestine. Some starch, as well as the cellulose, is digested
by microbial fermentation in the cecum and large
intestine, but availability of the VFAs produced is reduced
compared to the ruminant.

DIGESTIBLE ENERGY

Digestible energy is defined as intake energy minus fecal
energy (DE =1E FE). The word ‘‘apparent’ is often
associated with this definition, which acknowledges that
FE includes materials of metabolic (F,E) as well as of
food (F,E) origin. There are additional losses of energy
associated with the digestion of food that are not included
in the conventional determination of DE. These losses
include methane (GE), heat of fermentation (H(E), and
heat of digestion and absorption (H4E). ‘“True’’ digest-
ibility, which attempts to account for those additional
losses, is greater than estimated by apparent digestibility
for most feeds.

Fecal energy represents a major loss of dietary energy.
In herbivores that consume a wide variety of diets, FE
varies from 15 20% of dietary intake on a high grain diet

to about 80% of intake on a low-quality forage diet. The
primary determinants of FE, hence DE, are the physical
and chemical characteristics of the food consumed, both
of which may be influenced extensively by processing.
These characteristics influence the site of digestion, rate
and extent of digestion, and the amounts and propor-
tions of products available for absorption. Total tract
digestibility, as measured in most digestion studies,
considers only total disappearance, and may not reflect
the nature of the products absorbed from the gut. Site
and rate of digestion, as well as total tract digestibility of
dietary energy may differ among animals due to species,
age, breed, intake level, and temperature. For species of
animals or feeding situations in which a relatively few
dietary ingredients are used and the animals’ dietary
requirements have been determined using similar feeds,
levels of intake and animal production, DE may be a
satisfactory method of assessing energy available to the
animal. Digestible energy has been used extensively as
the basis to formulate diets and estimate the energy
requirements of swine, as well as other species. However,
for ruminants, a major weakness is that DE overvalues
high-fiber (hays, straws) in relation to low-fiber (grains)
feedstuffs. A substantial portion of this discrepancy may
be attributable to energy losses unaccounted for by
apparent digestibility and to differences in digestive
end-products.
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METABOLIZABLE ENERGY

Metabolizable energy (ME) is an estimate of the dietary
energy available for metabolism by the tissues of the
animal and is defined by the relationship: ME=IE
(FE+UE+GE). Metabolizable energy is an improvement
over DE for use as a measure of energy available to the
animal and animal requirements because it incorporates
urinary and gaseous losses, but has some of the same
limitations as DE. The total digestible nutrient (TDN)
system of feed evaluation accounts for the higher
energy concentration of lipids by multiplying digested
lipid by 2.25, but does not incorporate a similar correction
for protein. As a result, TDN is a hybrid measure (not
precisely DE or ME) that maintains many of the lim-
itations of DE. Physiological fuel values (PFV) are
essentially ME values derived by the use of average heats
of combustion and average digestion coefficients for
protein, fat, and carbohydrates, with values for protein
corrected for urinary nitrogen loss. The physiological fuel
values commonly quoted (4, 4, and 9 kcal/g of protein,
carbohydrate, and fat) may give reasonable estimates
of ME and have long served as the basis to formulate
diets and express requirements of humans. Metabolizable
energy has major significance as a reference unit and
as a starting point for nearly all systems that are based
on the net energy concept.

NET ENERGY

The equations and energy balance identity indicate
that ME can appear in only two forms: heat (HE) or
in formed products (RE). Thus, ME = HE + RE. Total
heat production (HE) includes all energy that is trans-
ferred from the animal to the environment in a form
other than combustible energy. Recovered energy (RE)
is the heat of combustion of all animal products (TE,
LE, YE, OE, VE, etc.) that may be produced or lost with
a given energy intake not accounted for in any other
category. It is evident that if two of the three terms in
the previous equation are measured, the third may be
obtained by difference. Thus, by measurement of ME and
HE (as done in indirect or direct calorimetry) RE may
be determined, or by measurement of ME and RE (as
done by comparative slaughter approaches) HE can be
determined.” ™!

The general relationships between RE and HE to ME
intake are shown in Fig. 2. At zero food intake, body
tissues are metabolized to provide energy for necessary
body functions. Fasting heat production (FHP) is the
heat produced at zero food or ME intake and is about
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70 kecal/kg®"°/d. Estimates of FHP vary with animal age
or maturity, physiological state, prior nutritional status,
environmental adaptation, breed, gender, etc. As ME
intake increases, dietary energy provides increasingly
higher proportion of the required energy supply, and body
tissues provide a lower proportion. The ME intake at
which net recovered energy is zero, or HE is equal to
ME intake, is termed maintenance. Maintenance is often
considered to be a constant, but in actuality may vary
substantially for numerous reasons. It is also important to
note that maintenance refers to the whole system, whereas
components of the system may not equal zero. For example,
a lactating animal may have a net loss of body tissue
in combination with milk production, with the sum of those
processes resulting in zero RE.

Although the relationship between RE and ME intake
is nonlinear over the full range of intake (as shown in
Fig. 2), the relationship is usually approximated by two
linear relationships, which intersect at maintenance.
Efficiency of dietary energy use below maintenance is
high, in part because its efficiency of use is relative to
efficiency of use of body tissue energy. Estimates of the
efficiency of use of body tissues for maintenance or milk
production are typically 0.80 to 0.90, whereas typical
estimates of efficiency of ME use below maintenance
(k;,) are about 0.70, but vary depending on dietary
source, environmental temperature, etc. Efficiency of ME
use above maintenance for milk production (k;) is similar
to k,,, whereas efficiencies of use for accretion of body
tissue (kg; 0.40), conceptus development (kp,; 0.13), etc.,
are generally lower. Dietary differences, contributing to
differences in metabolites available, and variation in
functions for which those metabolites are used contribute
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Fig. 2 Relation of heat production and retained energy to
metabolizable energy intake.



114

to variation in efficiencies of ME use by the animal.
Some of those issues have been reviewed.!>®

CONCLUSIONS

A brief synopsis of classical approaches for assessing
the availability of energy for meeting the cumulative
energy needs of all cells to perform the ‘‘work of living”’
of the animal has been presented. These concepts and
approaches remain the standards on which animal re-
quirements and the value of energy sources to meet those
requirements are based. As knowledge of energy trans-
actions in the animal increases, and systems to describe
those transactions become more refined and complex, the
classical notions of requirements and feed value become
less clear. The classical separation of energy from other
nutrients, such as amino acids, becomes more difficult to
justify. Mathematical modeling approaches, such as those
described by Baldwin,!'! are valuable to incorporate

Bioavailability: Energy

knowledge of the entire system for describing animal
needs and the value of energy sources to meet those needs.
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INTRODUCTION

Bioavailability of fat-soluble vitamins in their crystalline
state or as they exist in foods and feeds is influenced by
heat, moisture, oxidation, and trace minerals. These
factors are reviewed in this article, and readers are
referred to previous reviews for more detailed informa-
tion on bioavailability of fat-soluble vitamins.

VITAMIN A

Vitamin nomenclature policy!'™! dictates that the term
““vitamin A’’ be used for all B-ionone derivatives, other
than provitamin A carotenoids, exhibiting the biological
activity of all-frans retinol (i.e., vitamin A alcohol or
vitamin A,). Esters of all-trans retinol should be referred
to as retinyl esters.

Vitamin A is present in animal tissues, whereas most
plant materials contain only provitamin A carotenoids,
which must be split in the intestinal tract to form
vitamin A. In blood, vitamin A is transported as retinol,
but it is stored, primarily in the liver, as retinyl palmitate.
Absorption efficiency of vitamin A is relatively constant
over a wide range of doses, but higher doses of
carotenoids are absorbed much less efficiently than lower
doses.!

Vitamin A esters are more stable in feeds and premixes
than retinol. The hydroxyl group as well as the four double
bonds on the retinol side chain are subject to oxidative
losses. Thus, esterification of vitamin A alcohol does not
totally protect this vitamin from oxidative losses. Current
commercial sources of vitamin A are generally ‘‘coated’’
esters (e.g., acetate or palmitate) that contain an added
antioxidant such as ethoxyquin or butylated hyroxytol-
uene (BHT).

The water content of premixes and feedstuffs has a
negative effect on vitamin A stability. Moisture causes
vitamin A beadlets to soften and become more permeable
to oxygen. Thus, both high humidity and the presence of
free choline chloride (hygroscopic) enhance vitamin A
destruction. Trace minerals also exacerbate vitamin A
losses in premixes exposed to moisture. For maximum
retention of vitamin A activity, premixes should be as
moisture-free as possible and should be made to have a
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pH above 5. Low pH causes isomerization of all-trans
vitamin A to less potent cis forms and also results in
de-esterification of vitamin A esters to retinol. Likewise,
heat processing, especially extrusion, can reduce vita-
min A bioavailability.

Crystalline ff-carotene is absorbed from the gut more
efficiently than f-carotene existing in foods and feeds.
Some of the f-carotene in foods is complexed with
protein. Fiber components of feeds, especially pectins,
have been shown to reduce f3-carotene absorption from the
gut in chicks.

Ullrey"! reviewed the bioavailability aspects of
vitamin A precursor materials for swine and reported that
pigs were far less efficient than rats or chicks in
converting carotenoid precursors to active vitamin A.
Thus, bioefficacies (wt/wt) ranging from 7 to 14% were
observed for corn carotenes in pigs relative to all-trans
retinyl palmitate. Hence, carotenoid precursors in corn
(also corn gluten meal) have no more than 261 IU/mg
vitamin A activity when consumed by swine. This is
decidedly less than the theoretical potency of 1667 IU/mg
(assuming all the carotenoids are all-trans-f§ carotene),
which is assumed for the rat.) Corn carotenoids consist
of about 50% cryptoxanthin, 25% [-zeacarotene, and
25% [-carotene.

Quantification of vitamin A bioavailability is difficult.
Accumulation of vitamin A in the liver may be the most
acceptable method."!

VITAMIN D

The term ‘‘vitamin D’’ is appropriate for all steroids
having cholecalciferol biological activity. Cholecalciferol
itself is synonymous with vitamin D3, as distinguished
from ergocalciferol, which is also called vitamin D,.
Commercially, vitamin D5 is available as a spray-dried
product or (frequently in combination with vitamin A) as
gelatin-coated beadlets; one international unit is equal to
0.025 pg of cholecalciferol.” These products are quite
stable if stored as the vitamin itself at room temperature.
In complete feeds and mineral-vitamin premixes, 4 to
6 mo. of storage may cause activity losses of up to 30%.!

Vitamin D precursors are present in plant (ergosterol)
and animal (7-dehydrocholesterol) feedstuffs, but they
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require ultraviolet irradiation for conversion into active D,
and Dj, respectively. Vitamin D3 has more biological
activity than D,. Hydroxylated forms of cholecalciferol
[25-OH Dj3, 12-OH D3, 1,25(0OH), D3] contain more Dj
bioactivity than Dj itself.

VITAMIN E

Vitamin E is the generic term for all tocol and tocotrienol
derivatives having o-tocopherol biological activity. There
are eight naturally occurring forms of vitamin E: o-, -, y-,
and J- tocopherols and «-, f-, y-, and J-tocotrienols.
Among these, D-a-tocopherol possesses the greatest
biological activity.!® One international unit of vitamin E
is the activity of 1 mg of DL-a-tocopheryl acetate. All
racemic (i.e., DL-o-tocopherol) has about 70% of the
activity of pure D-o-tocopherol. Bieri and McKenna'®
consider f-tocopherol and y-tocopherol to have only 40
and 10% of the activity, respectively, of a-tocopherol (set
at 100%). The only other natural form to possess activity
is a-tocotrienol, which on the rating scale used above was
estimated to contain a biopotency of 25%.

Vitamin E is subject to destruction by oxidation, and
this process is accelerated by heat, moisture, unsaturated
fat, and trace minerals. Losses of 50 70% have been
observed to occur in alfalfa hay stored at 32°C for 12 wk;
losses up to 30% have been known to occur during
dehydration of alfalfa. Treatment of high-moisture grains
with organic acids also greatly enhances vitamin E
destruction. However, even mildly alkaline conditions
of vitamin E storage are detrimental to vitamin E sta-
bility. Thus, finely ground limestone or MgO coming
in direct contact with vitamin E can markedly reduce
its bioavailability.

VITAMIN K

This fat-soluble vitamin exists in three series: phylloqui-
nones (K;) in plants, menaquinones (K,) formed by
microbial fermentation, and menadiones (K5), which are
synthetic. All three forms of vitamin K are biologically
active. Only water-soluble forms of menadione are used to
supplement animal diets. The commercially available
forms of Kj3 supplements are menadione sodium bisulfite
(MSB), menadione sodium bisulfate complex (MSBC),
menadione dimethyl pyrimidinol bisulfite (MPB), and
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menadione nicotinamide bisulfite (MNB). These contain
52, 33, 46, and 46% menadione, respectively. Stability of
these K3 supplements in premixes and diets is impaired by
moisture, choline chloride, trace elements, and alkaline
conditions. It has been suggested that MSBC or MPB may
lose almost 80% of bioactivity if stored for 3 mo. in a
vitamin-trace-mineral premix containing choline, but
losses are lower if stored in a similar premix containing
no choline.”” Coated K5 supplements are generally more
stable than uncoated supplements. Bioactivity of MPB and
MNB is greater than either MSB or MSBC for chicks and
pigs."?! Although certain feed ingredients are known to be
rich in vitamin K activity (e.g., alfalfa meal), little
quantitative information exists on the bioavailability of
vitamin K in feedstuffs.

CONCLUSIONS

Bioavailability of fat-soluble vitamins and their precursors
needs greater attention. Potential metabolic functions for
carotenoids such as lutein and lycopene as well as cis- and
trans- forms of provitamin A carotenoids are important
issues in nutrition. Also, the bioavailability and antioxi-
dant capacity of the various forms and isomers of vitamin
E are in need of attention.
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INTRODUCTION

Bioavailability of minerals or any group of nutrients has
been defined in a variety of ways. It usually refers to the
portion of a given source of mineral that can be absorbed
and/or utilized for a specific biochemical or an integrated
metabolic function by a given species. Recently, body
immunity and health values of animal products have also
been considered criteria of mineral bioavailability. In
practice, bioavailability of minerals is listed in percentage,
either as absolute values that represent the actual
proportion of the mineral that can be absorbed or utilized,
or relative values that are in relation to a response
obtained with a highly available standard reference
mineral source.

METHODOLOGY FOR MINERAL
BIOAVAILABILITY ESTIMATION

Many different methods have been used to determine
mineral bioavailability because of its broad definition or
interpretation.”’zl Traditionally, a large portion of data
has been derived from whole-body responses including
absorption, retention, growth, reproduction, and preven-
tion of deficiency disease. There are some data based
on tissue responses such as bone strength and blood
hormone levels. Recently, more data have been generated
from impacts of minerals on gene expression, protein
synthesis, enzyme activity, and immune function.>*
Radioactive or stable isotopes and in vitro cell culture
models have become increasingly used in mineral
bioavailability assays.

Digestion and Balance Study

Digestion trials are used to estimate the absorption rate of
an element by animals. There are apparent and true ab-
sorptions. Apparent absorption is defined as total intake
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minus total fecal excretion of the element, and that
difference is often expressed as a percentage of the total
intake. Fecal excretion of the element consists of the
unabsorbed portion of the element and the absorbed
portion that is subsequently excreted into the gastrointes-
tinal tract. The latter portion of the total fecal excretion is
designated as ‘‘total endogenous fecal excretion.”” It can
be estimated by extrapolating responses of fecal losses of
the element to zero dietary intake or by monitoring fecal
loss of an injected element isotope. True absorption
corrects for the portion of total endogenous excretion and
is calculated as follows:

True absorption = [total intake — (total fecal excretion
— total endogenous fecal excretion)]
/total intake x 100

The value for true absorption is greater than that for
apparent absorption. True absorption is more accurate
than apparent absorption for elements such as calcium,
phosphorus, zinc, and copper, as the gastrointestinal tract
is a major pathway of excretion for these elements.”! For
both apparent and true absorption measures, the limitation
lies in the fact that not all the absorbed elements are
available for storage or physiological use by the animals.

Balance trials are used to estimate the retention of an
element. It is defined as total intake minus total excretion
(total fecal plus total urinary) of the element. As urine is a
major pathway of excretion for minerals such as
potassium, magnesium, and iodine,"! retention is a useful
indicator of their bioavailability. However, in many
situations, the mineral element excreted in the urine
represents a portion that has been utilized in metabolism.
In such cases, net retention is not a good indicator
of bioavailability.

Both radioactive and stable isotopes can be used to
determine absorption and retention of mineral elements.')
The procedure usually involves a single oral dose, fol-
lowed by measurements of the administered radioactive or
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stable isotope in blood, target organs, or whole body. This
approach is specific so it can sort out the unavailable
portion from the endogenous loss of the testing elements.
The disadvantage of this method is the need for special
equipment to detect both types of isotopes and the very
limited manipulating time.

Animal Feeding Trial

Comparing responses of animals fed a particular mineral
in purified or practical diets with those fed a reference
mineral is a routine method for determining mineral
bioavailability. As an important economic trait, growth
performance is often used to measure mineral bioavail-
ability. Young chicks have been frequently chosen, as
larger animals are somewhat less desirable for this
purpose. Milk production and reproduction can also be
bioavailability indicators. Bone ash and bone breaking
strength are considered two of the most reliable response
criteria for estimating bioavailability of calcium and
phosphorus. Tibia in chicken and metacarpals and
metatarsals in swine are the commonly sampled bones
for these assays.'”) Accumulation of the mineral elements
such as copper and iron in target organs has also been
found to be well-related to their bioavailability. Tissue
uptake of the element can be measured following dietary
supplementation of physiological doses for a long period
or supplementation of high (pharmacological) levels for a
short period. Both methods may provide similar tissue
concentrations of the test elements.”! The pharmacolog-
ical type of assay can be performed with high dietary
mineral levels formulated with natural ingredients and
relatively short period of time. The physiological type of
assay may require semipurified diets.

Many minerals are essential components of catalytic
enzymes or hormones. Examples include iron in hemo-
globin and selenium in glutathione peroxidases. Thus,
effects of minerals on the gene, protein, and activity
expressions of those factors are good bioavailability
measures for these minerals.™!

In Vitro or Cultured-Cell Models

Because of the cost and other issues of using animals for
mineral bioavailability determination, in vitro systems and
cultured cells have been explored as alternative testing
models. An in vitro system has been developed to assay
for feed phosphorus bioavailability."”! Ferritin analysis of
Caco-2 cells cultured with filtered samples treated with
simulated stomach and intestine digestions has been used
to determine iron bioavailability."™ Although it is con-
venient to use these systems to screen for large numbers
of samples at relatively low costs, caution should be given
in relating the data to physiological conditions.

Bioavailability: Mineral Elements

DETERMINANTS OF
MINERAL BIOAVAILABILITY

Bioavailability of a given mineral depends on many
factors. All these factors can be simply classified into
three categories: the mineral itself, the target animals,
and the dietary conditions. In many cases, bioavailability
of any particular mineral is a function of these three-
way interactions.

Nature and Level of Testing Mineral

Animals receive their mineral supply mainly from feed-
stuffs and mineral supplements. In most cases, minerals
from the former are less bioavailable than those from the
latter. Bioavailability of the naturally occurring minerals
in feedstuffs varies with their sources. For example,
phosphorus bioavailability in soybean meal to simple-
stomached species is approximately tenfold greater than
that in sunflower seed meal or cottonseed meal.'”! Mineral
supplements are primarily inorganic salts of sulfate, oxide,
and carbonates. Chemical forms of mineral affect its
bioavailability. Recently, a number of ‘‘organic’’ trace
mineral complexes have been developed as mineral
supplements. These complexes include metal polysac-
charide, metal proteinate, and metal amino acid, along
with metal amino acid chelates. A limited amount of
research has shown that ‘‘organic’’ minerals are more
available than corresponding inorganic reference sources.
However, bioavailability estimates of organic mineral
complexes are not well defined and are rather inconsistent
among different experiments. It seems true to all mineral
elements that bioavailability is higher when the elements
are deficient than when the elements meet or exceed the
requirements of the animal.

Species, Age, and Physiological
State of Target Animals

Bioavailability of some minerals such as phytate-phos-
phorus differs between ruminant and nonruminants
because of differences in their digestive systems. True
digestibility of phytate-phosphorus can be as high as 63%
in sheep, but usually less than 30% in nonruminants."
Bioavailability of minerals appears to be lower for adult
than for young animals. Copper absorption is low (<1.0

10.0%) in weaned lambs, but high (70 85%) in young,
milk-fed lambs that do not have a functional rumen.!'”!
The low absorption of copper in adult ruminants is largely
due to complex interactions that occur in rumen. Early
growth, gestation, and lactation use minerals more
efficiently than occurs at later stages. Duodenal coccid-
iosis caused by Eimeria acervulina inoculation in the
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young broiler decreased zinc bioavailability, but increased
bioavailability of manganese, copper, cobalt, and iron.

Dietary Factors

Normal utilization of dietary calcium and phosphorus by
animals requires adequate active vitamin D and an
appropriate ratio of these two elements. Mineral inter-
actions often result in a reduced absorption and retention
of one mineral under the influence of another. High
dietary calcium levels, in particular in the presence of high
levels of phytate, reduce zinc bioavailability. Occasion-
ally, interactions may be beneficial, as in the case of
improvement of iron utilization by a small amount of
copper supplementation. But, a large amount of copper
supplementation can decrease iron bioavailability."’
Dietary fiber may affect mineral bioavailability due to
its association with minerals in the feedstuff and/or
binding of minerals to undigested fiber constituents in
the gastrointestinal tract. Furthermore, dietary fiber may
accelerate the rate of digesta passage through the gastro-
intestinal tract and thus reduce absorption of minerals.
Ascorbic acid decreases copper absorption and utilization,
but enhances absorption of iron in several species.'”!
Adding citric acid and phytase to a corn soy diet for
growing pigs improves their phytate-phosphorus utiliza-
tion.'" Feeding monensin has been shown to improve
absorption of magnesium, phosphorus, zinc, and seleni-
um, but has inconsistent effect on absorption of calcium,
potassium, and sodium.'? Processing may affect both the
total quantity of the mineral and its bioavailability.
Grinding adds metals such as iron, copper, and zinc to
the feed, and pelleting improves the availability of
phosphorus in plant ingredients to chicks.

CONCLUSION

Bioavailability of minerals has been defined and deter-
mined in many different ways. In general, it refers to the
portion of a given source of mineral that can be absorbed,
retained, or utilized for a specific function. Thus, the
values of mineral bioavailability are often derived from
digestion, balance, and feeding trials, using a highly
available mineral as a reference. Cultured-cell and in vitro
models have also been developed for assay of mineral

119

bioavailability. Modifying factors of mineral bioavailabil-
ity include the chemical form, source, and level of the
testing compound; the species, age, and physiological
states of the target animals; and the conditions of diets to
which the testing mineral is added.
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INTRODUCTION

There are two primary concerns regarding bioavailability
of water-soluble vitamins in animal diets and premixes:
1) stability of crystalline vitamins in vitamin and vitamin-
mineral premixes as well as in diets and supplements;
and 2) utilization efficiency of B-vitamin precursors
contained in plant- and animal-source feed ingredients.
Readers are referred to other reviews for details concerning
factors affecting the stability of crystalline vitamins in diets
and premixes. Regarding bioavailability of water-soluble
vitamins in feed ingredients, a paucity of research data
exists, and few feed ingredients have been evaluated.
Feedstuffs contain B-vitamins in precursor, coenzyme, or
bound forms, and enzymes are required to release the free
form of these vitamins prior to absorption from the gut.

BIOTIN

Commercial D-biotin has no specific unit of activity. Thus,
1 g of D-biotin equals 1 g of activity. Pelleting or heat has
little effect on biotin activity in feeds, but oxidative
rancidity severely reduces biotin bioavailability. Much of
the biotin in feed ingredients exists in a bound form, g-N-
biotinyl-L-lysine (biocytin), which is a component of
protein. Crystalline biotin is absorbed well from the small
intestine, but the bioavailability of biotin in biocytin
varies widely and is dependent on the digestibility of the
proteins in which it is found."""*! Avidin, a glycoprotein
found in egg albumen, binds biotin and makes it totally
unavailable. Proper heat treatment of egg white will
denature avidin and prevent it from binding biotin. Based
on bioassay results using biotin-depleted chicks, it is
apparent that among the cereal grains, bioavailability of
biotin in corn is high (100%), whereas that in wheat, barley,
and sorghum is about 50%."”! Buenostro and Kratzer!”
estimated that biotin is 100% available in soybean meal and
86% available in meat-and-bone meal for laying hens.

CHOLINE

In mammalian but not avian species, the dietary need for
choline can be replaced by excess methionine. In
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crystalline form, choline chloride (74.6% choline) is
hygroscopic, and therefore it is considered a stress agent
to other vitamins in a vitamin-mineral premix. Crystalline
choline is considered quite stable in animal feeds and
premixes. Crude plant oils (e.g., corn and soybean oil)
contain choline as phospholipid-bound phosphatidyl
choline. The bioavailability of choline in this form is at
least 100%."1 Refined plant oils generally have been
subjected to alkaline treatment and bleaching, and these
processes almost totally remove phospholipids, including
phospholipid-bound choline.

Choline bioavailability (relative to crystalline choline
chloride) in oilseed meals for chicks has been estimated at
83% in soybean meal, 76% in peanut meal, and only 24%
in canola meal.”! Also in chicks, excess dietary protein
has been observed to markedly increase the dietary
requirement for choline.

FOLACIN

The folacin present in feeds and foods exists largely as
polyglutamates. In plants, folacin exists as a polygluta-
mate conjugate containing a y-linked polypeptide chain of
(primarily) seven glutamic acid residues. The normal gut
proteases do not cleave the glutamate residues from this
compound. Instead, a group of intestinal enzymes known
as conjugases (folyl polyglutamate hydrolases) removes
all but the last glutamate residue. Only the monoglutamyl
form is thought to be absorbed into the enterocyte. Most of
the folic acid taken up by the brush border is reduced to
tetrahydrofolate (FH4) and then methylated to N>-methyl-
FH,, the predominant form of folate in blood plasma.
The majority of the N°-methyl-FH, in plasma is bound
to protein.

Like thiamin, folic acid has a free amino group (on the
pteridine ring), and this makes it very sensitive to losses in
activity due to heat treatment, particularly if heat is
applied to foods or feeds containing reducing sugars such
as lactose or glucose. Whether the free amino group of
folacin (or thiamin) can bind to the free aldehyde moiety
of pyridoxal or pyridoxalphosphate is not known.
Intestinal conjugase inhibitors may be present in certain
beans and pulses, and these may impede folacin
absorption.”! Only 38% retention of folacin activity
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occurs when folic acid is stored for 3 wk at 45°C in a
mineral-free premix; even greater losses occur when
minerals are included in the premix.™!

NIACIN

Niacin is a very stable vitamin when added to feed or
premixes, being little affected by heat, oxygen, moisture,
or light. In plant-source feed ingredients, much of the
niacin activity, mostly nicotinamide nucleotides, is bound
and therefore unavailable. Roughly 85 90% of the niacin
activity in cereal grains and 40% in oilseeds is in a bound
unavailable form.'?! Alkaline hydrolysis is the only means
by which niacin can be efficiently released from its bound
state in these ingredients. Meat and milk products, on
the other hand, contain no bound niacin, but instead
contain free nicotinic acid, nicotinamide, and nico-
tinamide nucleotides.

Because excess tryptophan is converted to nicotinic
acid and because all common feed ingredients contain
tryptophan as well as nicotinic acid, there is no good way
to assess the bioavailability of niacin per se. Thus, 50 mg
of tryptophan yields 1 mg of nicotinic acid.'®”" Tron is
required in two metabolic reactions in the pathway of
tryptophan to nicotinate mononucleotide. Oduho et al.®!
established that Fe deficiency in chicks will reduce the
conversion efficiency of tryptophan to niacin [i.e., from
42:1 to 56:1 (wt:wt)].

Niacin activity can be purchased as either free nicotinic
acid or free nicotinamide. Relative to nicotinic acid,
nicotinamide has been observed to be roughly 120%
bioavailable in delivering niacin bioactivity.”*'"}

PANTOTHENIC ACID

This B vitamin is generally sold as either D- or DL-Ca
pantothenate, and only the D-isomer has bioactivity.!
Thus, 1 g of D-Ca pantothenate equals 0.92 g pantothenic
acid (PA) activity, and 1 g pL-Ca pantothenate equals
0.46 g of PA activity. Crystalline PA is relatively stable to
heat, oxygen, and light, but it can lose activity rapidly
when exposed to moisture.

Feed ingredients contain PA in the form of coenzyme
A, and in this form it may not be fully available for
gut absorption. Chick bioassay work has suggested that
the PA in corn and soybean meal is 100% bioavailable,
whereas that in barley, wheat, and sorghum is about 60%
bioavailable."'"! Processed feed ingredients may exhibit
losses in PA bioavailability, although definitive animal
data are lacking on this subject. Sauberlich!'*! estimated
that PA in the typical adult American diet was only 50%
bioavailable. He further suggested that processing
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(freezing, canning, refining, etc.) may decrease bioavail-
ability further.

RIBOFLAVIN

This vitamin is relatively labile, being reduced in
bioactivity by light, alkali, and oxygen. In feedstuffs, it
exists primarily as nucleotide coenzymes, in which form
the bioavailability is probably less than 100%. Chung and
Baker''?! estimated that riboflavin bioavailability in a
corn-soybean meal diet is 60% for chicks relative to
crystalline riboflavin. Gadient!'* suggested that 95 100%
of riboflavin bioactivity in pelleted feeds remains fol-
lowing storage for 3 mo at room temperature.

Sauberlich"'?! suggested that several factors may
reduce the bioavailability of riboflavin in foods. Among
the suggested factors antagonizing riboflavin were excess
dietary levels of tetracycline, Fe, Zn, Cu, ascorbate, and
caffeine. Patel and Baker!'”! used chick growth bioassays
to evaluate dietary excesses of Fe (420 mg/kg), Zn
(448 mg/kg), Cu (245 mg/kg), ascorbic acid (1000 mg/kg),
caffeine (200 mg/kg), and chortetracycline (500 mg/kg),
which were added to riboflavin-deficient soy-isolate
semipurified diets. None of these supplements was found
to decrease the utilization of crystalline riboflavin.

THIAMIN

Thiamin is available to the food and feed industries as
thiamin-CI-HCl (79% thiamin) or thiamin-NO; (81%
thiamin). These compounds are stable up to 100°C and are
readily soluble in water.""® One international unit of
thiamin activity is equivalent to 3 pg of crystalline
thiamin-HCI. Because it contains a free amino group, heat
processing can rapidly destroy thiamin bioactivity via the
Maillard reaction. Likewise, any processing procedure
that involves alkaline treatment leads to loss of thiamin
activity. The thiamin contained in feed ingredients is
present largely in phosphorylated forms, either as protein-
phosphate complexes or as thiamin mono-, di-, or
triphosphates. Some raw ingredients (e.g., fish) contain
thiaminases, which can destroy thiamin in diets to which it
is added. Whereas thiaminases are of particular concern in
the nutrition of cats and fur-bearing animals, they are of
little consequence in food-animal production. Fish and
meat meals have essentially no bioavailable thiamin
activity, primarily due to high-temperature processing of
these products.

Pelleting results in some loss of thiamin activity, as
does premix storage in the presence of minerals.!'¥ About
48 and 95% retention of thiamin activity occurs when
thiamin is stored in the form of the HCl and NO;,
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respectively, in a premix for 21 days at 40°C and 85%
relative humidity.”” In a complete feed stored under
similar conditions, thiamin-HCI retains only 21% of its
activity, whereas thiamin-NOj retains 97% of its activity.
Thus, the mononitrate form of thiamin would seem to be
the more stable form when storage in hot environments
is anticipated.

VITAMIN B¢

Vitamin Bg is not routinely added in supplemental
crystalline form to practical-type diets for swine and
poultry, because both corn and soybean meal are plentiful
in this B vitamin. Vitamin Bg is about 40% bioavailable in
corn and about 60% bioavailable in soybean meal.!'”}
Moderate heat treatment (80 120°C) of corn seems to
enhance B¢ bioavailability, whereas greater heat treatment
(160°C) decreases availability. Most of the vitamin Bg
activity in corn exists as pyridoxal and pyridoxamine,
forms that are more heat-labile than pyridoxine. Plant-
source feedstuffs may contain Bg as either pyridoxine
glucoside or pyridoxallysine, and both of these com-
pounds have minimal B bioactivity.!'®!

In premixes, vitamin B¢ can lose bioactivity, partic-
ularly when minerals in the form of carbonates or oxides
are present. High temperatures enhance loss of activity.
Loss of Bg activity in stored, pelleted complete feeds
averages about 20% during 3 mo of storage at room
temperature.m]

When vitamin Bg is added at supplemental levels to
animal diets, it is generally added in the form of
pyridoxine-HCl. To become active metabolically, pyr-
idoxine must be converted to pyridoxal phosphate, and
riboflavin is required for this conversion. Thus, riboflavin
deficiency can markedly reduce the effectiveness of
supplemental pyridoxine.!'”!

VITAMIN B,

Cyanocobalamin, or By,, is available in crystalline form,
but this vitamin is essentially devoid in plant-source feed
ingredients, existing instead in animal-source proteins and
fermentation products, where it is considered (but not
proved) to be 100% available.

Both animal- and fermentation-based feedstuffs con-
tain B, as methylcobalamin or adenosylcobalamin, which
are bound to protein. As in humans, but unlike in sheep
and horses, an intrinsic factor is required for gut absorp-
tion of By, in swine and poultry. Crystalline vitamin B,
is considered quite stable in feeds and premixes."!

Bioavailability: Water-Soluble Vitamins
VITAMIN C

There is little concern about the bioavailability of vitamin
C (ascorbic acid), because food animals (unlike humans,
apes, and guinea pigs) are capable of synthesizing this
vitamin. Nonetheless, vitamin C is often included in
vitamin premixes for use in purified animal diets because
of its antioxidant and putative antistress properties. Stored
diets or premixes can lose vitamin C activity. Coating
ascorbate with ethylcellulose minimizes the loss.
Gadient!'*! noted that both pelleting and extruding can
markedly reduce the bioactivity of supplemental ascorbate
added to feeds or premixes. Losses due to oxidation are
well known, as ascorbic acid (reduced form) can be
reversibly oxidized to dehydroascorbic acid, which in turn
can be further irreversibly oxidized to diketogulonic acid.
Both reduced and oxidized forms of ascorbate retain
scurvy-preventing ascorbate activity, but diketogulonic
acid has no activity. Both ascorbate and dehydroascorbate
are heat labile, particularly when heat is applied in the
presence of trace minerals such as Cu, Fe, or Zn.

CONCLUSIONS

Most of the B vitamins in foods and feeds exist as
precursor compounds or coenzymes that are often bound
or complexed in some manner. Hence, gut processes are
required to either release or convert vitamin precursors or
complexes to usable and absorbable chemical entities.
Generally speaking, these processes are not 100% effi-
cient. Moreover, storage, as well as feed and food pro-
cessing, can also reduce the utilization of food-containing
vitamins. Bioavailability of water-soluble vitamins in
foodstuffs relative to that of crystalline forms of the same
vitamins is an issue that deserves greater attention.
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INTRODUCTION

Germplasm banking (genetic resource banking, GRB)
refers to the storage of gametes or embryos for future use
in the breeding of a species or breed, as a means of
combating the extinction of groups of animals because of
human activity. This generally means cryopreservation by
storage at —196°C, although other methods such as
vitrification or freeze-drying are possible.

AIMS

Germplasm banking has two important applications,
which differ in their overall aims and therefore in the
choice of material to store: GRB for species conservation
and maintaining biodiversity, and GRB for rare and
traditional breeds to enable the recovery of the breed after
a total wipe-out. The aim of the former is to contribute to
the conservation of the genetic diversity of a particular
species and involves harvesting a wide representation of
the genes of the species without consideration of the
phenotype. In contrast, GRB for breed conservation aims
to store the particular gene combinations that represent the
breed most aptly, and therefore selects the best examples
for preservation. The key contrast lies in the terms
“‘diversity’” and ‘‘gene combination’’; in the one
instance, the desire is to store genetic variations of the
representative population in the frequencies in which they
occur, and in the second instance, the plan is to preserve a
desirable combination of genes representing a particular
subpopulation of the species (i.e., breed). Although the
techniques are similar, the genetic management is
determined by the aims.

METHODS
Freezing

The methods available are those developed for sperm,
oocyte, and embryo freezing or vitrification.!'! In prin-

124

ciple, the material is suspended in a supportive solution of
ions and other additives, of the correct osmotic strength
and the appropriate pH. One or more cryoprotective
agents are added and the suspension is packaged into
plastic straws or tubes designed to withstand cooling to
—200°C and rewarming. The samples are frozen carefully
by cooling in a controlled-rate freezer designed for the
purpose, or in the vapour phase over the surface of liquid
nitrogen. The material is stored under the surface of liquid
nitrogen (—196°C) or more recently, responding to
concerns about cross contamination, in the vapour phase.
For recovery of the material, thawing is generally rapid (to
avoid damaging recrystallization of ice) often in a water
bath to increase the rate of heat transfer. Stored material
has an indefinite time-span estimated at hundreds of years
because metabolic processes are arrested, leaving only
cosmic radiation to cause DNA damage.

However, the frozen sample is subjected to severe
stresses during cooling and rewarming that result in
considerable cell damage. Only about 50% of spermato-
zoa will survive an optimized cryopreservation protocol,
and success with embryos depends on species. Oocytes
have been cryopreserved with only modest success.
The stresses arise from one or more of the following:
1) osmotically driven water movements across the cell
membranes caused by the addition and removal of
cryoprotectant; 2) the removal of water as ice during
freezing and its dissolution during rewarming; and
3) cytotoxicity from high concentrations of cryoprotect-
ants used.

Vitrification

Vitrification? eliminates the removal of water as ice.
However, it requires combinations of cryoprotectants
allowing greater concentration whilst avoiding toxicity,
and a sufficient cooling rate to prevent removal of water
as ice; instead, the entire solution reaches its glass
transition temperature and forms a solid, trapping the
cells. It has been found to offer promise for oocytes and
embryos but the toxicity of cryoprotectants remains a
problem for spermatozoa.
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ORGANIZATIONAL CONSIDERATIONS

Germplasm banking has its greatest value as part of an
integrated strategy for maintaining the availability of the
genetics of today for the benefit of tomorrow. Thus, there
is a need to develop a planned genetic management of the
total resources including the in situ resources, the ex situ
resources (zoos, wildlife parks, botanic gardens), and the
frozen resources.!”’ Because they are expected to be
available and utilized over a period of many years, the
frozen resources need to be updated and replaced as use
dictates. For long-term success, there are a number of
considerations to be taken into account: disease control,
genetic management, curatorship and record keeping,
ownership, and security. Too often, enthusiasm to develop
such resources has not addressed these issues, and the
collection has soon become unusable.

Disease Control

Disease transgresses national borders. Living tissues can
harbor viruses, bacteria, and prions responsible for
transmissible encephalopathies. Cryostorage does not
destroy such infectious agents. Indeed, evidence is
accumulating to suggest that infectious agents released
into the liquid nitrogen may pass to uncontaminated
specimens and result in cross-infection.

Consequently, the international exchange of frozen
germplasm is governed by restrictions regarding the
health status of the donor animal. For some countries,
e.g., Australia, stringent import restrictions apply to
protect local animal health. In other countries, the
requirements vary depending on the history of the material
and the animals from which it was derived. As a
precaution before material is stored, as much information
as possible about the health status of the donor animal
should be obtained. Inevitably, regulations continue to be
updated as new disease organisms are identified and
situations arise that could not have been foreseen. A blood
sample should also be stored for future investigations of
health status. It is not possible to predict whether material
stored today could be transferred in the future, and
therefore it is best to store germplasm in the country (or at
least continent) of origin or of likely intended use.

Genetic Management

The management of a biodiversity germplasm bank
should be based upon knowledge of the genetics of the
population being resourced. Planned utilization can then
be arranged to ensure the least inbreeding and preserve the
genetic diversity of the population.”! For this approach, a
skin or blood sample should be stored for future analysis
of novel genetic markers. For conservation of breeds, the
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Food and Agriculture Organization of the United Nations
(FAO) has been formulating a global strategy for domestic
animal genetic management including the use of germ-
plasm banking.'®!

Curatorship and Record Keeping

A GRB needs to have clear management responsibility. If
there are competing needs, what priorities are set and who
judges their relative importance? On these decisions the
success of the venture hangs. For these judgements,
detailed records need to be maintained reliably in the long
term. Failure of record keeping has limited the value of
several GRBs in the past.

Ownership

When gametes are collected and stored from exotic
locations, the question of ownership (and, therefore,
involvement in the subsequent utilization of the resource)
becomes an issue. Are the stored gametes the property of
the agency of the country in which they are harvested,
the technical team whose expertise made this possible,
or the funding body that provided financial support?
These issues should be considered and resolved before

Fig. 1 Rough Fell (above) and Herdwick (below) sheep,
heritage breeds being conserved by the Heritage Genebank
Project. (Photo kindly provided by The Sheep Trust.) (View this
art in color at www.dekker.com.)



126

the collection is established to avoid legal disputes in
the future.

Security

Breakdown of nitrogen storage vessels is the most
common catastrophe facing frozen storage. Another crisis
can arise from outbreak of notifiable animal disease (e.g.,
foot-and-mouth disease in the U.K.) resulting in a
movement restriction of material in or out of the store;
while this persists, the bank becomes unusable. Apart
from proper alarms fitted to storage dewars, it is a good
policy for the collection to be divided between two storage
sites geographically separated from each other.

UTILIZATION OF THE FROZEN GERMPLASM

Stored genetic resources should be used on a regular and
systematic basis, and not considered a frozen museum
archive. The strategies for maintaining genetic diversity
should be managed by a governing body, as exemplified
by the Conservation Breeding Specialist Group of the
International Union for Conservation of Nature and Natu-
ral Resources, now known as IUCN-The World Conser-
vation Union.!”! In Great Britain, the Heritage Genebank
Project, managed by The Sheep Trust,”®! was established
during the recent foot-and-mouth disease outbreak to
ensure the survival of rare and regional breeds of sheep,
e.g., the Rough Fell and the Herdwick breeds (Fig. 1).
Examples where a germplasm bank has been valuable
are the black-footed ferret in North America and the
cheetah. Artificial insemination has been used successfully
in the giant panda’ and the elephant!'”’ although in the
latter, cryopreserved semen was not used. These examples
of flagship species help to publicize the importance of

Fig. 2 Koalas born after artificial insemination with fresh
semen a promise for the future for germplasm banking.
(Photograph supplied by Dr. Steve Johnston, courtesy of the
Lone Pine Koala Sanctuary, Queensland, Australia.) (View this
art in color at www.dekker.com.)
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GRB and give promise of future developments. However,
there is currently need for further research to develop
suitable methods for each species since existing methods
are rarely applicable without modification."”! In some
instances (e.g., the koala), basic sperm cell physiology is
largely unknown and requires more extensive research, but
some work is in progress (Fig. 2).

CONCLUSION

Germplasm banks have produced only a few successes so
far, but these have stimulated much thought about the
proper establishment of the banks for the long-term future.
There is a need for clear planning in the establishment of a
useful resource, and the limited knowledge currently
available calls for continued research. If the concept of
GRBs is utilized, they have much to contribute to the
maintenance of biodiversity.
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INTRODUCTION

Grazing by livestock, or any other herbivore, has the
potential to impact biodiversity. Biodiversity is simply
defined as the great variety of life-forms present. The term
can be scale-dependent, referring to a backyard, a
landscape, a continent, or the planet. Scientists generally
recognize two scales, community (alpha diversity) and
landscape (beta diversity). There are three types of
biodiversity: habitat diversity, genetic diversity, and
species diversity. Livestock grazing has the potential to
affect all three (either positively or negatively), but can
have the most direct effect on habitat diversity. All
herbivores consume selected plants and plant parts from
their environment. This selective defoliation through the
removal of photosynthetic or reproductive tissues impedes
the grazed plant’s ability to compete with other ungrazed
plants in the community. Grazing animals are important
agents of environmental change, acting to create spatial
heterogeneity, accelerate successional processes, and
control switching between alternative states. Chronic
herbivory can change composition, structure, and produc-
tion of plant communities (habitat). With a decline in
habitat diversity a concomitant decline in species diversity
can be expected; some species simply have no place to
live. If populations of individual species fail to persist
because of declining habitat diversity, then genetic
diversity is reduced. However, one must consider that
some changes in plant structure, composition, and
production may in fact improve or have no effect on
species diversity because new habitats are created. Some
species may decline, but others will increase. Such
variables as season of use, intensity of defoliation,
frequency of defoliation, and forage selectivity separately
and together impact the grazed plant community. Know-
ledge of these variables can be of use to managers designing
grazing systems to minimize the impacts on biodiversity.

ECOLOGICAL DISTURBANCE

Most ecosystems across the planet are disturbance based.
That means that periodically some form of disturbance,
usually fire, decimates all or selected portions of plant
communities, and the process of plant colonization must
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occur in the aftermath of the disturbance. Typically, if the
disturbance is severe enough to destroy most plants in the
community, the first recolonizing plant communities are
simplistic and over time increase in complexity. This
progression of plant communities is termed succession.
Disturbance does not usually destroy or uniformly modify
a given landscape. Therefore, at any one time there are
varying communities that exist at different time intervals
from the last disturbance event. These different stages of
succession provide habitat diversity across the landscape
and provide the potential for species diversity. As species
occupy various habitats that may be somewhat dissimilar,
over time their genes are altered through selection to adapt
to the different habitats, providing genetic diversity.

Humans have drastically altered landscapes through
their management. Livestock grazing certainly has been a
major force of change, both in the past and today,
particularly in parts of the world where education in land
management has not occurred. Livestock grazing in the
western United States in the late nineteenth and early
twentieth centuries devastated ecosystems. Damages still
persist. Unmanaged livestock grazing can lead to a
dominance of unpalatable, chemically defended plants,
some of which may be invasive. Other management
practices have also greatly influenced landscapes; fire
suppression in forests and rangelands, alteration of stream
channels for irrigation, and logging forests are a few
examples. To assess the influence of livestock grazing on
biodiversity, one must also take into consideration human
actions on the landscape. Wild herbivores provide yet
another confounding influence. In the western United
States deer and elk are significant forces of influence on
plant community structure and composition; in the East, it
is primarily white-tailed deer. These other confounding
influences may, in some cases, have greater impacts than
livestock grazing.

PLANT COMMUNITY STRUCTURE
AND COMPOSITION

Species composition of plant communities can be altered
by selective foraging of ungulates, and this phenomenon is
a trademark of plant-ungulate relations."'*! By altering the
competitive relations among plants, differential tolerances
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of co-occurring plant species appear to be important
determinants of how woody and herbaceous plants
respond to herbivory. On a landscape inhabited by
herbivores that prefer one class of forage, that preferred
forage will, through the defoliation process, be less
competitive than those species not grazed. In areas grazed
by cattle without a mitigating grazing system, grasses can
be expected to decline while unpalatable shrubs and trees
should increase. Poorly managed cattle grazing often
reduces the cover of grasses, forbs, and shrubs, as well as
vegetation biomass."*! Additionally, this reduction in plant
cover coupled with soil disturbance from animal traffick-
ing provides the potential for invasion of undesirable
exotic plant species.

Because livestock grazing has the potential to alter
structure and composition of plant communities, habitat
diversity can be directly affected by reducing the structure
of vegetation short-term through the eating process, and
long-term by changing and simplifying the composition.
Therefore, some species will decline due to a reduction in
habitat required by them, new species may colonize
because new habitats are created, and still others may
be unaffected.

NUTRIENT CYCLING

When grazing animals reduce biomass and litter and/or
change plant species composition, nutrient cycling and
energy flow can also be altered. This alteration has an
indirect effect on biodiversity in that changes in nutrient
cycling can initiate changes in habitat diversity. If grazing
animals suppress nitrogen-fixing plants, less nitrogen may
be available to the system. Because herbivores feed
selectively, their food items usually have higher nutrient
content than vegetation not selected. These same highly
digestible plants are also those that, if allowed to become
litter, would decompose relatively rapidly. If grazing is
not managed to prevent the decline of preferred forage
plants and the concomitant increase of unpalatable, less-
degradable plants, rates of nutrient cycling may decline.
Aboveground herbivory can decrease aboveground bio-
mass, belowground production, soil elevation, and ex-
pansion of the root zone. Grazing can have a negative
effect on the soil-building process.

Conversely, grazing can increase nutrient cycling
through the deposition of urine and dung to contribute
to the pool of nitrogen in the soil that is readily available
for plant growth. This process decreases the carbon-to-
nitrogen ratio of the soil, which increases litter decompo-
sition rates. Also in some cases, higher availability of soil
nitrogen enhances the productivity of deciduous species,
while low availability enhances conifer production.

Biodiversity: Grazing Management

Deciduous species have more potential as forage plants
and themselves provide more readily decomposed litter
than conifers.

MANAGEMENT IMPLICATIONS

Unrestricted livestock grazing can have potentially
negative impacts on biodiversity. However, grazing sys-
tems can be established that mitigate the potential neg-
ative effects and may enhance some aspects of diversity.
Grazing systems can provide rest or deferment from
defoliation, thereby providing improved physiological
and ecological fitness for grazed plants. This improved
fitness levels the competition playing field between
grazed and ungrazed plants and can prevent species com-
position changes. Declines in habitat diversity can then
be prevented.

Livestock do not graze rangelands or pastures uni-
formly. Preferred foraging areas are selected because of a
variety of characteristics. Likewise, other areas are
avoided for another set of characteristics, at least until
preferred areas are fully exploited and animals are forced
to go elsewhere. This is a typical occurrence on range-
lands simply because of the physical characteristics of the
landscape: steepness of slopes, limited water availability,
or areas of unpalatable forages. Variation in vertical
structure and canopy cover of the herb layer, as well as
areas of species composition change, all occur as a result
of an uneven pattern of grazing across a landscape. The
disturbance of grazing has the potential to improve the
habitat diversity of a community and a landscape, and this
knowledge can be incorporated into specifically designed
grazing systems. In fact strategic livestock grazing
systems can be designed as manipulative tools to create
specific habitats.'*!

CONCLUSIONS

Livestock grazing can be viewed as a chronic disturbance
factor on landscapes with the potential to have positive,
neutral, or negative impacts on biodiversity. Habitat
diversity is the most directly affected attribute of
biodiversity. A decline in habitat diversity leads to a
decline in species diversity, which, in turn, leads to a
decline in genetic diversity. Grazing can have an effect on
habitat diversity through the process of selective grazing.
Changes in plant community structure and function can
occur from the lack of proper grazing management.
Grazing may also have indirect effects on plant commu-
nity composition by impacting nutrient cycling and energy
flow. However, other land management practices, both
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past and present, or other natural events, often interact
with grazing to affect biodiversity. Grazing managers can
mitigate the potential negative effects of grazing with the
implementation of grazing systems designed to provide
for the physiological and ecological needs of forage
species. Additionally, with knowledge of animal behavior
traits, vegetation, and landscape variables, managers can
design grazing systems that are neutral or even comple-
mentary to biodiversity.
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INTRODUCTION

Genetic improvement is the main reason artificial
insemination is used in breeding programs. Ejaculates
from most male livestock contain more spermatozoa than
are needed to achieve adequate fertility. As a result, if
semen is collected and diluted, a greater number of
females can be bred with artificial insemination than with
natural service. In order to accomplish successful artificial
insemination, semen must be collected, extended, stored,
and inseminated.

SEMEN COLLECTION

Digital pressure or massage and use of an artificial vagina
are the two most common methods of semen collection in
livestock species.!"! The decision as to which one is best
for a given animal is based on several factors, including
male reproductive physiology and behavior, quality of
semen obtained, and the technical expertise required for a
successful collection. The best collection procedure for a
given animal is the one that most closely simulates the
social and physiological stimuli that occur during natural
mating (Table 1).

Digital Pressure or Massage

Pressure applied to the end of the penis is the most
common collection technique for swine and poultry. The
primary stimulus for mounting behavior in boars is an
object that resembles an immobile sow, and the primary
stimulus for ejaculation is pressure on the end of the
penis. Therefore, most boars can be trained to mount a
bench called a collection dummy, or dummy sow. After
mounting, boars will begin to thrust forward until the
penis protrudes from the sheath. Manual pressure is
applied by grasping the tip of the penis with a gloved
hand. The pressure on the tip of the penis mimics cervical
contractions during natural mating and results in full
extension of the penis and ejaculation. In male birds, the
cloaca is the exit for the reproductive system and contains
small nipple-like projections called papillae. Collection of
semen is achieved by massaging the papillae. The area
surrounding the vent is massaged while simultaneously
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stroking the back. These actions stimulate a spinal reflex
arc that causes the male to become aroused sexually and
causes the papillae to become erect. Once erect, the
papillae are gently massaged until ejaculation occurs.

Artificial Vagina

An artificial vagina is a device that imitates the female
vagina and provides the appropriate thermal and mechan-
ical stimulation required for ejaculation in horses, sheep,
goats, and cattle. Most artificial vaginas have the same
basic design, which includes an outer casing, an inner
lining, and an insulated pouch that is attached to one end
of the outer casing. Water added to the space between the
outer casing and inner lining prior to collection is used to
regulate the temperature and pressure to which the penis is
exposed during collection. During collection from bulls,
rams, or bucks, the male is allowed to mount a female or a
neutered male. Stallions can be trained to mount a mare or
a collection dummy called a phantom. When the male
mounts, his sheath is gently deflected to the side and, as he
thrusts forward to breed, the artificial vagina is placed
over the end of his penis. The male ejaculates into the
artificial vagina.

SEMEN EXTENSION AND PRESERVATION

After collection, semen is diluted with semen extender
and stored prior to insemination (Table 1). For horses,
swine, poultry, sheep, and goats, semen is stored at
temperatures above 0°C and is referred to as fresh semen.
For cattle, semen is stored at temperatures below 0°C and
is referred to as frozen semen. The decision to use fresh or
frozen semen is based primarily on fertility. In most
species, fertility is considerably lower with frozen than
with fresh semen. Therefore, fresh semen is the preferred
choice. In cattle, frozen semen is equivalent to fresh
semen in terms of fertility. As a result, frozen semen is
used with cattle because it allows for much longer periods
of storage prior to insemination, compared to fresh semen.

Extenders used in the preservation of semen perform
several basic functions, including providing nutrients for
sperm metabolism, neutralizing metabolic wastes, stabi-
lizing sperm membranes, preventing drastic changes in
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Table 1 Preferred collection and storage conditions for semen from cattle, chickens, horses, sheep and goats, swine, and turkeys

Animal Collection technique Type of semen Storage temperature Maximum storage length
Cattle Artificial vagina Frozen —196°C >1 year

Chickens Manual massage Fresh 5°C 24 48 hours
Horses Artificial vagina Fresh 5 to 20°C 24 36 hours

Swine Digital pressure Fresh 15 to 18°C 2 5 days
Sheep/goats Artificial vagina Fresh 5°C 4 6 days

Turkeys Manual massage Fresh 5°C with aeration 12 24 hours

the osmolarity of semen, and retarding bacterial growth.
The chemical compositions of semen extenders are similar
across species. Common ingredients in extenders include
glucose, sodium bicarbonate, phosphate buffers, organic
zwitterionic compounds, sodium citrate, potassium chlo-
ride, albumin and other proteins, and antibiotics."!
Extenders used for preparing frozen semen include these
ingredients as well as cryoprotectants, which protect
spermatozoa during freezing and thawing.

INSEMINATION

Decisions associated with the insemination process are
considered to be the most important components of
artificial insemination. These include the insemination
dose, the insemination regimen (frequency and timing),
and the insemination technique.

Insemination Dose and
Insemination Regimen

The insemination dose consists of the number of
spermatozoa and the total volume of extended semen.
Semen processing procedures, viability of spermatozoa,

and the insemination technique are the main factors that
influence the individual characteristics of insemination
doses. Likewise, the insemination regimen is determined
by the length of estrus, the timing of ovulation during
estrus, and the viability of spermatozoa in the female
reproductive tract. Characteristics of insemination doses
and regimens most commonly used in cattle, sheep, goats,
horses, chickens, turkeys, and swine are summarized in
Table 2.

Insemination Technique

Female reproductive anatomy determines the type of
insemination technique that is used.'”! From an anatomical
perspective, the goal of insemination is to deposit semen
as close as possible to the uterus or in the posterior portion
of it.

Cattle

In cattle, a rectovaginal procedure is used. One hand is
positioned so that it grasps the cervix through the ventral
floor of the rectum. An insemination gun or rod, which
resembles a long, thin needle with a blunt end, is inserted
into the vulva and guided by the other hand through the

Table 2 Characteristics of insemination of cattle, chickens, horses, sheep and goats, swine, and turkeys

Insemination Normal

Animal Insemination dose location Insemination strategies pregnancy rates

Cattle 15 25 million sperm Uterus Once, 12 18 hours 60 70%
in 0.5 1.0 ml after detected estrus

Chickens 150 200 million sperm Caudal portion Once per week during 80 90%
in 0.2 0.5 ml of oviduct breeding season

Horses 250 500 million sperm Uterus or cervix Every other day of estrus, 65 75%
in 10 25 ml beginning on day 2 or 3

Swine 2 4 billion sperm Cervix Once each day of estrus 80 90%
in 60 80 ml

Sheep/goats 100 300 million sperm Cervix Once each day of estrus 70 80%
in 0.1 0.5 ml

Turkeys 150 250 million sperm Caudal portion Once per week during 80 90%
in 0.2 0.5 ml of oviduct breeding season
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vagina and cervix and into the uterus. Gentle manipulation
of the cervix through the rectum facilitates movement of
the insemination rod through the cervical rings. Semen is
deposited by pushing the plunger forward, which
physically pushes the semen out of the tip of the
insemination rod. Gentle massaging of the clitoris for at
least 10 seconds prior to insemination is a technique that
has been shown to improve conception rates in beef cows,
and it is a practice often used on repeat breeders.

Sheep and Goats

In sheep and goats, an instrument called a speculum and a
long, narrow insemination rod are used to deposit semen
in the cervix. The speculum is inserted into the vagina and
positioned just caudal to the external opening of the
cervix. Visualization of the cervical os is enhanced by the
use of a standard medical head lamp. When the cervix is
located, the insemination rod is inserted through the
speculum and threaded into the cervix at least 3 cm. Once
the insemination rod is correctly positioned, a syringe or
bottle with semen is attached to the other end of the
insemination rod and semen is deposited.

Horses

The insemination catheter, or pipette, used in mares is a
flexible plastic tube with a rounded tip. The insemination
dose is loaded into a syringe with a plastic plunger and
connected to the catheter with a short piece of pliable
tubing. The tip of the catheter is placed in the palm of the
hand with the index finger covering the tip. The gloved
hand and insemination pipette are then passed into the
cranial portion of the vagina, where the index finger is
used to locate the cervix. The insemination catheter is
advanced through the cervix into the uterine body and
semen is slowly deposited.

Swine

In swine, the vagina becomes progressively smaller as it
approaches the cervix and forms a smooth junction. The
central canal of the cervix in the pig is a left-handed, or
counterclockwise spiral. Specialized catheters with left-
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handed spirals or compressible foam tips are used for
insemination. Insemination doses are packaged in small
bottles, tubes, or flexible bags. With the tip pointed up, the
catheter is passed through the vulva and into the vagina
until resistance is encountered. The catheter is then rotated
counterclockwise. When rotation becomes difficult,
insertion is stopped the insemination dose is connected,
and the semen is slowly deposited. Physical stimulation of
the sow by massaging her back and rear enhances sperm
deposition and transport of semen inside the sow.

Turkeys and Chickens

For birds, the insemination rod resembles a medicine
dropper or small plastic rod connected to a 1 ml syringe by
flexible tubing. The female is held so that her vent is
exposed, and the area around the vent is massaged at the
same time her back is stroked. As the hen become sexually
aroused, the vent turns inside out and an opening
resembling a rosette appears on the left side. The tip of
the insemination rod is inserted about lcm into the
opening and semen is deposited.

CONCLUSION

Artificial insemination currently is used successfully in
most livestock species for genetic improvement, because
semen from superior males can be used to breed increased
numbers of females. For most species, fertility with
artificial insemination is equivalent to or exceeds that
normally achieved with natural service, if it is per-
formed correctly.
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INTRODUCTION

Animal cloning has been the subject of scientific experi-
ments for many years, but garnered little attention until
the birth of the first mammal cloned from an adult cell, a
sheep named Dolly.""! Since Dolly, scientists have cloned
other animals, including cows,”?! mice,”®! pigs,' goats,!!
cats,[6] and rabbits.””! The ability to clone animals has
many important applications, but has also sparked fierce
debates among scientists, politicians, and the general
public about the use and morality of cloning plants,
animals, and possibly humans.

DEFINITION

Cloning is making a biological copy of another organism
with the identical genetic makeup of the founding
individual. It is an asexual method of reproduction.
Natural examples of cloning include organisms such as
bacteria and yeast. Bacteria that result from asexual
reproduction are genetically identical. Specifically, ani-
mal cloning refers to the creation of a new genetic replica
of an original living or dead animal. The only clones
produced naturally in mammals are identical twins. These
are formed when cells produced by the early divisions of
the fertilized egg separate and independently develop into
two new individuals. They are therefore genetically
identical to each other but not identical to their parents.
Animals can be cloned by three processes: embryo
splitting, blastomere dispersal, and nuclear transfer. Our
focus will be cloning by nuclear transfer (NT). Nuclear
transfer involves the complete removal of genetic
material (chromosomes) from an egg to produce an
enucleated cell (cytoplast). It is replaced by a nucleus
containing a full complement of chromosomes from a
suitable donor cell (the karyoplast), which is introduced
into the recipient cytoplast by direct microinjection or by
fusion of the donor and recipient cells. The egg is then
implanted in another adult female for normal gestation
and delivery (Fig. 1). Depending upon the source of
donor nuclei, cloning by nuclear transfer can be
classified into embryonic cell (unspecialized) NT and
somatic cell (differentiated) NT. Somatic cell NT is the

Encyclopedia of Animal Science
DOIL: 10.1081/E EAS 120019482
Copyright © 2005 by Marcel Dekker, Inc. All rights reserved.

most important process used for animal cloning and has
most potential applications.

HISTORY OF ANIMAL CLONING

The first successful cloning experiments in vertebrates
arose from the desire of embryologists to know whether
the process of cell differentiation from an egg involved
permanent or stable changes in the genome. One idea was
that, as cells differentiate, the genes no longer needed
(such as skin genes in intestinal cells) could be lost or
permanently repressed. The other idea was that all genes
are present in all cell types, and that cell differentiation
involved the selective activation and repression of genes
appropriate to the cell type. The transfer of nuclei from
differentiated cells to an egg could answer these important
questions. In 1952, the first successful transplantation of
nuclei from early embryo cells was achieved with the
American frog Rana pipiens.'®!

In the late 1980s, scientists took cloning to the next
stage by cloning other mammals (cattle, sheep, pigs, mice,
and rhesus monkeys).””! This is seen as the first step
toward the cloning of mammals closest to humans. But
they were limited in their success to using the early
unspecialized embryo cells, i.e., not adult cells. All this
background work led to Dolly, the first mammal to
develop from the nucleus of an adult somatic cell.'"!

SUCCESSFULLY CLONED SPECIES

We have seen that the published data suggest that nuclear
transfer in some animals is much less successful than in
other species. Part of this difference may reflect the
intensity of research, and part may be real and reflect
another component critical for the successful reprogram-
ming of the donor nucleus nuclear remodeling. In order
for a differentiated nucleus to redirect development in the
environment of the egg, its particular constellation of
regulatory proteins must be replaced by those of the egg in
time for the embryo to be able to use the genome of the
donor nucleus to transcribe the genes it needs for normal
development. It should be noted that scientists have not

133



134
& et
Ty - 3
¢ * — '5 ?
T o Let
)] 1\)) .39
Egg Donor Egg

Cultured
Cells

Surrogate
Mother

Culture of Embryos

Biotechnology: Cloning Animals

Enucleation
l of Egg

njection of
Cultured
Cell

!

3

Fusion and Activation

Fig. 1 Schematic of procedures for cloning by nuclear transfer. Nuclear transfer requires a source of recipient eggs. The genetic
material is removed from the recipient egg (enucleation) using a glass micropipette. Donor cells are collected, cultured, and transferred
next to the cytoplast. The cytoplast and donor cell are then fused together and activated so that development begins. The resulting NT

embryo is cultured prior to transfer to a surrogate mother.

yet succeeded in making cloned dogs or monkeys by
somatic cell NT cloning.

FACTORS AFFECTING EFFICIENCY OF
SOMATIC NUCLEAR TRANSFER

The efficiency of somatic cell nuclear transfer, when
measured as development to term as a proportion of
oocytes used, has been very low (1 2%). A number of
variables influence the ability to reproduce a specific
genotype by cloning. These include species, source of
recipient ova, cell type of nuclei donor, treatment of donor
cells prior to NT, method of artificial oocyte activation,
embryo culture, possible loss of somatic imprinting in the
nuclei of reconstructed embryos, failure of reprogram-
ming the transplanted nucleus adequately, and techniques
employed for NT.!!

APPLICATIONS OF SOMATIC
NUCLEAR TRANSFER

Making Clones for Research Purposes

Inbred strains of animals have been a major mainstay of
biological research for years. These animals have been
bred by brother-sister mating for many generations until
they are essentially all genetically identical within each
sex. Experimental analysis is then simplified, because
variations in response to experimental treatment due to
variations in genetic background can be eliminated.

Clearly, generating homozygous inbred lines in larger
animals with long generation times and small numbers of
offspring is not readily achievable. By somatic cell
nuclear transfer, we can produce larger numbers of
genetically identical animals, which reduces variability
in experiments. This consequently reduces the number of
animals needed for an experiment.

Propagating Desirable Stocks

In animal breeding strategies, rapid spread of desirable
traits within stocks of domestic animals is of obvious
commercial importance. Nuclear transfer cloning, espe-
cially from adult nuclei, could provide an additional
means of increasing the genetic merit of a given
generation of animals. The ability to make identical
copies of adult prize cows, sheep, and pigs is a feature
unique to nuclear transfer technologies.

Improving Generation and Propagation
of Transgenic Livestock

Transgenic technology developed to add genes has been
widely applied to livestock species because it is
technically simple, although it is inefficient. Not all
injected eggs will develop into transgenic animals, and
then not all transgenic animals will express the transgene
in the desired manner. Characterizing a transgenic line of
livestock is a slow and expensive business. Nuclear
transfer would speed the expansion of a successful
transgenic line, but perhaps more important it would
allow more efficient generation of transgenic animals in
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the first place. Foreign DNA could be introduced into cell
lines in culture, and cells containing the transgene in the
correct configuration could be grown and used as a source
of nuclei for transfer, ensuring that all offspring are
transgenic.!'' 13!

Generating Targeted Gene Alterations

The most powerful technology for genetic manipulation in
mammals gene targeting was developed in mice, and
depends on the ability of mammalian DNA, when added
to cells in culture, to recombine homologously with
identical DNA sequences in the genome and to replace
them. In mice, this can be achieved by the use of
embryonic stem (ES) cells. However to date, there are no
fully validated ES cell lines in domestic animals. Nuclear
transfer from nonpluripotent cell lines provides an
alternative to the ES cell route for the introduction of
targeted gene alterations into the germ line. Successful
production of cloned pigs for xenotransplantation result-
ing from the combination of somatic nuclear transfer with
specific modification (knock out) of fetal fibroblasts has
been reported."'"!

Rederiving Endangered and Extinct Animals

Endangered species such as the giant panda that have
difficulty reproducing in zoos may be preserved using this
nuclear transfer technology. This underscores the impor-
tance of such conservation efforts as preserving cells of
animals that are in danger of extinction to create a genetic
trust for future cloning. In addition, cross-species NT
technology confers certain advantages over traditional
conservation efforts, such as the possibility of cloning
extinct animals such as the wooly mammoth.

CONCLUSION

Although somatic nuclear transfer cloning has helped
answer many fundamental questions in developmental
biology and has many potential applications, the efficien-
cy of somatic cell nuclear transfer is very low. Scientists
are currently working on improving the efficiency of the
procedures and applying the technology to the creation of
animals with targeted genetic modifications.

ACKNOWLEDGMENTS

The authors would like to acknowledge support from
Food for the 21 Century, and the National Institutes
of Health (RR13438).

135
REFERENCES

1. Wilmut, I.; Schnieke, A.E.; McWhir, J.; Kind, A.J;
Campbell, K.H.S. Viable offspring derived from fetal and
adult mammalian cells. Nature 1997, 385, 810 813.

2. Kato, Y.; Tani, T.; Sotomaru, Y.; Kurokawa, K.; Kato, J.;
Doguchi, H.; Yasue, H.; Tsunoda, Y. Eight calves cloned
from somatic cells of a single adult. Science 1998, 282,
2095 2098.

3. Wakayama, T.; Perry, A.C.; Zuccotti, M.; Johnson, K.R.;
Yanagimachi, R. Full term development of mice from
enucleated oocytes injected with cumulus cell nuclei.
Nature 1998, 394, 369 374.

4. Onishi, A.; Iwamoto, M.; Akita, T.; Mikawa, S.; Takeda,
K.; Awata, T.; Hanada, H.; Perry, A.C.F. Pig cloning by
microinjection of fetal fibroblast nuclei. Science 2000,
289, 1188 1190.

5. Baguisi, A.; Behboodi, E.; Melican, D.T.; Pollock, J.S.;
Destrempes, M.M.; Cammuso, C.; Williams, J.L..; Nims,
S.D.; Porter, C.A.; Midura, P.; Palacios, M.J.; Ayres, S.L.;
Denniston, R.S.; Hayes, M.L.; Ziomek, C.A.; Meade,
H.M.; Godke, R.A.; Gavin, W.G.; Overstrom, E.-W.;
Echelard, Y. Production of goats by somatic cell nuclear
transfer. Nat. Biotechnol. 1999, 17, 456 461.

6. Shin, T.; Kraemer, D.; Pryor, J.; Liu, L.; Rugila, J.; Howe,
L.; Buck, S.; Murphy, K.; Lyons, L.; Westhusin, M. A cat
cloned by nuclear transplantation. Nature 2002, 475, 859.

7. Chesne, P.; Adenot, P.; Viglietta, C.; Baratte, M.;
Boulanger, L.; Renard, J.P. Cloned rabbits produced by
nuclear transfer from adult somatic cells. Nat. Biotechnol.
2002, 20 (4), 366 369.

8. Briggs, R.; King, T.J. Transplantation of living cell nuclei
from blastula cells into enucleated frogs’ eggs. Proc. Natl.
Acad. Sci. U. S. A. 1952, 38, 455 463.

9. Lai, L.; Prather, R.S. Progress in producing knockout
models for xenotransplantation by nuclear transfer. Annal.
Med. 2002, 34, 501 506.

10. Prather, R.S.; Kuhholzer, B.; Lai, L.; Park, K. W. Changes
in the structure of nuclei after transfer to oocytes. Cloning
2000, 2 (3), 117 122.

11. Cibelli, J.B.; Stice, S.L.; Golueke, P.J.; Kane, J.J.; Jerry,
J.; Blackwell, C.; Ponce de Leon, F.A.; Robl, J.M.
Cloned transgenic calves produced from nonquiescent
fetal fibroblasts. Science 1998, 280, 1256 1258.

12. Zou, X.; Wang, Y.; Cheng, Y.; Yang, Y.; Ju, H.; Tang, H.;
Shen, Y.; Mu, Z.; Xu, S.; Du, M. Generation of cloned
goats (Capra hircus) from transfected foetal fibroblast
cells, the effect of donor cell cycle. Mol. Reprod. Dev.
2002, 61 (2), 164 172.

13. Park, K.W.; Cheong, H.T.; Lai, L.; Im, G.S.; Kiihholzer,
B.; Bonk, A.; Samuel, M.; Rieke, A.; Day, B.N.; Murphy,
C.N.; Carter, D.B.; Prather, R.S. Production of nuclear
transfer derived swine that express the enhanced green
fluorescent protein. Anim. Biotechnol. 2001, 72, 173 181.

14. Lai, L.; Kolber Simonds, D.; Park, K.W.; Cheong, HT.;
Greenstein, J.L.; Im, G.S.; Samuel, M.; Bonk, A.; Rieke,
A.; Day, B.N.; Murphy, C.N.; Carter, D.B.; Hawley, R.J.;
Prather, R.S. Production of alpha 1,3 galactosyltransfer
ase knockout pigs by nuclear transfer cloning. Science
2002, 295, 1089 1092.



Biotechnology: Embryo Technology for Cattle

Robert A. Godke

Louisiana State University, Baton Rouge, Louisiana, U.S.A.

Curtis R. Youngs
lowa State University, Ames, lowa, U.S.A.

INTRODUCTION

Embryo transfer in food animals began in the 1930s using
sheep and goats; however, it was not until the early 1950s,
following successful embryo transfers producing live
offspring in cattle and swine, that agricultural interest
began to develop for this assisted reproductive technol-
ogy. The first use of embryo transfer by commercial units
in North America did not occur until the early 1970s.
Initially, embryos were recovered from valuable donor
cattle and transferred to recipient females by time-
consuming and labor-intensive surgical collection and
surgical transfer methods. The popularity of embryo
transfer increased markedly when the nonsurgical embryo
collection and transfer procedures became available to the
commercial industry in 1976. Currently, embryo transfer
is more often used today by the dairy producers than by
beef cattle producers.

EMBRYO TRANSFER UPDATE

Historically, the process of embryo transfer involved the
selection of genetically superior cows followed by a five-
day treatment with follicle-stimulating hormone to cause
the release of multiple ova (instead of one) at the time of
ovulation. This donor female was artificially inseminated
with semen from a genetically elite bull, and after 7 or
8 days the embryos were recovered and transferred to
recipient females whose estrous cycles were synchronized
with that of the donor female.

Embryo transplantation has evolved from a few
centralized transplant stations to many smaller clinics
offering on-farm services. Although actual methodology
has changed little since the 1970s, two major improve-
ments are the use of less follicle-stimulating agent over
fewer days in donor cows and the need for fewer sperm for
donor insemination. With experienced professionals, the
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embryo recovery rates are expected to be >75%, with four
to eight good-quality embryos per donor collection.

In recent years, a single-embryo on-the-farm collection
approach has become popular with progressive dairymen.
This approach uses no follicle stimulatory hormones to
treat donor cows. Single embryos are collected from the
highest producing cows in the herd and are then
transferred individually to cows in the lowest producing
group of the herd. Also, frozen embryos can be purchased
commercially by producers for transplantation on a year-
round basis. Pregnancy rates following transfer of
excellent-quality frozen-thawed embryos are similar to
those obtained after transfer of fresh embryos. The use of
cryopreserved embryos is predicted to be the market
growth area, with the potential for the use of frozen
embryos in cattle herds being virtually unlimited.

IN VITRO FERTILIZATION

For over two decades researchers have been fine tuning
in vitro (test-tube) fertilization (IVF) procedures for
cattle. The IVF technology has only been commercially
available at embryo transplant stations for cattle
producers since the early 1990s because IVF is a
complex multi-step process that requires a well-equipped
laboratory and a skilled technician. From good-quality
oocytes harvested from cattle ovaries, one would expect
a 90% in vitro maturation rate and >80% cleavage rates.

The resulting IVF-derived embryos are held at cow
body temperature in an incubator for 7 or 8 days, with the
expectation of 35 50% reaching the morula and blastocyst
stages of development. Embryos are then nonsurgically
transferred to females at the appropriate stage of their
estrous cycle. The pregnancy rate obtained with good-
quality IVF-derived embryos is expected to range from 50
65%. Although viable healthy calves have been produced
from frozen-thawed IVF-derived embryos, the pregnancy
rate is generally lower than with unfrozen embryos.
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OOCYTE COLLECTION FROM
DONOR FEMALES

The IVF procedure offers an alternative to producers who
have genetically valuable cows that for some reason are
unable to produce viable embryos through standard
embryo collection procedures. This technology can be
used with oocytes harvested from older nonovulating
cows, females with physical injuries (e.g., lameness), and
problem breeding cows (e.g., abnormal cervix). Good
success has been reported using IVF procedures on
supplemental oocytes harvested from cows with cystic
ovarian disease.

Today, oocytes are harvested from females by trans-
vaginal ultrasound-guided collection procedures. To
retrieve the oocytes for IVF, a trained professional inserts
an ultrasound-guided stainless steel needle through the
wall of the vagina near the cervix to extract oocytes from
both ovaries of the donor female. This approach can also
be used to harvest oocytes from prepubertal heifers and
during the first trimester of gestation in pregnant cows.

With IVF the potential exists for more embryos to be
produced in a shorter period of time because the collection
procedure can be repeated on the same cow multiple times
per month. Oocytes can be harvested from an early
postpartum cow before the female begins cyclic activity.
Good-quality embryos have been produced with IVF from
oocytes harvested from cows as early as 10 days after
calving. The approach allows the opportunity to produce
one or more extra calves from the cow before she is mated
to establish a pregnancy.

EMBRYO SEXING

Microsurgical methods have been developed to extract
individual cells (blastomeres) from early stage embryos.
The cells remaining in the biopsied embryo generally
survive and develop into a viable offspring. The
individual cells removed from both early- and later-stage
embryos can be used to determine the sex of each embryo
prior to its transfer to a recipient female. Embryo sexing
using the DNA amplification procedure known as the
polymerase chain reaction (PCR), with specific Y-
chromosome DNA probes, is remarkably accurate for
sexing cattle embryos.!"’ This procedure is now user-
friendly, and can be completed within 5 hours after the
embryos are harvested from donor animals. Sexing later-
stage embryos (6 to 8 days of age) before transplantation
is now possible at embryo transplant stations. The
capability of sexing embryos gives producers the option
of selecting bull or heifer calves for market and for
reproductive management purposes.
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In the 1980s, procedures were developed to produce
genetically identical twin offspring (clones) by bisecting
or splitting individual sheep, goat, swine, cattle, and horse
embryos (5 8 days of age). A glass needle or a razor blade
is used to bisect the embryo, and the pregnancy rates (45
70%) obtained in cattle after the transfer of one-half of a
bisected embryo (‘‘half’”> embryo or demi-embryo) are
similar to those obtained with intact embryos from the
same donor female. Today, methods are available to bisect
animal embryos with a glass microscope slide and a hand-
held razor blade."! This low-cost microsurgery procedure
is simple and relatively easy to learn.

Embryo bisection offers the potential of doubling the
number of viable embryo transplant offspring produced
from valuable donor females. For example, 100 good-
quality cattle embryos may result in 65 transplant
offspring born, whereas 100 similar-quality embryos
divided into halves would yield 200 demi-embryos, which
then may result in 130 demi-embryo transplant calves
born (130% pregnancy rate from 100 embryos). Twin
calves produced by microsurgery will result in genetically
identical offspring of the same sex. This removes the
concern for freemartinism, if both demi-embryos are
transferred to the same recipient female.

A new cloning method called nuclear transfer (trans-
ferring individual undifferentiated embryonic cells to
enucleated oocytes) emerged in the mid 1980s.”*! Multiple
nuclear transfer-derived offspring from individual blasto-
meres from a single early-stage embryo have been
produced in several farm animal species (e.g., sheep,
cattle). Nuclear transfer-derived offspring have been
produced four generations from a single cattle embryo.
Unexpectedly, some of the nuclear transplant calves have
extended gestation lengths, and there are reports of
abnormally large term offspring (e.g., calves, lambs) that
need assistance at birth. The reason for these problems is
not clear, although laboratory culture conditions have
been implicated as a potential cause. Even though
improvements in the nuclear transfer methodology are
still needed, this approach has a lot of potential for
seedstock producers.

SOMATIC CELL CLONING

More recently, there has been a major breakthrough in
the animal nuclear transfer procedure. With Dolly, the
famous sheep, cells were harvested from the mammary
gland (adult cells) of a mature ewe for cloning. These
cells were multiplied to produce a larger cell population
for the cloning procedure. The production of cloned
sheep was important because Dolly was the first mammal
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ever produced from an adult differentiated body cell
(somatic cell).

The cloning of an adult sheep, reported in 1997,
stimulated strong interest in nuclear transfer technology
by the livestock industry. To construct cloned embryos
with this new approach, a somatic cell is taken from a
developing fetus or an adult animal (male or female) and
microsurgically transferred into an unfertilized oocyte
from which the nuclear DNA has been removed
(enucleation). The enucleated oocyte with a newly
introduced donor cell becomes activated, and then the
reprogrammed nucleus directs embryonic development
into a cloned embryo for recipient transplantation. Once
the donor cell population has been prepared, hundreds of
cloned embryos can be produced weekly in the laboratory,
using oocytes extracted from abattoir ovaries.

The potential for the use of this new technology has
left the world in amazement. Somatic cell clones have
been produced in mice, rabbits, cats, sheep, goats, swine,
domestic beef and dairy cattle, as well as exotic cattle
and sheep. Most recently, cloned mules and a cloned
horse have been produced. Cloning would provide the
cattle producer an opportunity to reproduce valuable
seedstock, clone animals that have suffered an injury and
can no longer reproduce, or clone males that had been
castrated. Cloning technology would also provide live-
stock producers with ready access to production-tested
breeding stock, thus increasing the accuracy of selection
in their breeding herds.

Biotechnology: Embryo Technology for Cattle
CONCLUSION

Advances in the development and application of assisted
reproductive technologies have accelerated over the past
decade. Although the availability and cost-effectiveness of
some of these new technologies still remain in question,
there is little doubt about their potential impact on
livestock production in the future.”*! Utilization of these
emerging technologies will require more intensive
management by the cattle producer. These new technol-
ogies, if economically practical, will provide producers
with the opportunity to change the genetic potential of
cattle at a faster rate than is possible by the conventional
methods presently in use.
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INTRODUCTION

Genetic modification (GM) is the transfer of genes across
barriers that are normally impervious. Transfer within or
across species, genera, and kingdoms results in transgenic
or genetically modified organisms (GMOs). These genes
can change crop characteristics or nutritive value.
Transgenic crops can alter the supply and quality of feed,
diet formulation, and animal productivity.

BACKGROUND

Production of transgenic crops increased more than
thirtyfold from 1996 to 2002,!"! primarily from four crops
(soybeans, 63%; corn, 19%; cotton, 13%; canola, 3% of
total transgenic crops) grown primarily in four countries
(United States, 63%; Argentina, 23%; Canada, 6%; China,
4% of transgenic cropland). Land area devoted to trans-
genic crops in the United States is shown in Fig. 1.1

IMPACTS OF GM ON LIVESTOCK
FEED QUALITY AND COST

Production Traits

Most transgenic plants possess traits that alter crop
production (often called input traits; Table 1). Through
altering crop production procedures, they reduce feed
contaminants (e.g., pesticides and herbicides). By reduc-
ing crop damage from insect pests, viruses, and fungi, they
stabilize feed supplies and help modulate volatility in feed
prices. By reducing the need for soil tillage, they help to
conserve water and soil and expand crop production into
new regions.”>*

Product Traits

Transgenic crops with improved product (also called
output) traits have altered value for animal feeding or for
industrial use. These include increased content or avail-
ability of energy and nutrients or compounds that improve
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animal health or value of animal products (improved
flavor and tenderness, extended shelf life)."””! For example,
both increased phosphorus availability and improved
amino acid balance reduce dietary needs and excretion
of nutrients by nonruminants.'® Unfortunately, ruminants
benefit from neither of these traits, illustrating how value
of a trait can differ among end users. A product trait has
value when the crop is identity-preserved during produc-
tion, handling, and marketing a challenge to traditional
grain handlers who blend commercial grains. Further-
more, rapid assay procedures are needed to verify
presence of the desired trait.

Limitations of Feeds from GM Crops

In most countries, products from transgenic plants are
considered acceptable when they are substantially equiv-
alent to products not derived by GM. However, consumer
concerns have precipitated governmental restrictions in
certain countries; these hamper the international trade of
GM crops. Because GM food crops have been grown on
more than 230 million cumulative hectares worldwide
over the past seven years!'! without any verified instances
of adverse nutritional effects on livestock or humans, most
researchers have become convinced that products from
transgenic plants are safe.!”’

Safety of transgenic crops entails two scientific
questions. First, can an introduced gene be transferred to
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Fig. 1 Percentage of land area in the United States devoted to
transgenic crops. (From Ref. 2.) (View this art in color at
www.dekker.com.)
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Table 1 Current and pending transgenic agricultural products

Biotechnology: Genetically Modified Feeds

Characteristic Target crop Company Trade name or biological function
Herbicide tolerance
Glufosinate tolerance Canola, cotton® Bayer Libertylink products
Rice,” soybeans”
Corn Aventis Libertylink corn
Alfalfa,* canola,
corn, cotton, lettuce®
soybeans, sugar beets®
Glyphosate tolerance Turf grass,” wheat Monsanto Roundup ready products
Corn® Syngenta Glyphosate tolerant

Insect resistance
Corn borer resistance

Rootworm protection

Borer and rootworm resistant
Bollworm protection
Broad spectrum pest resistance
Broad spectrum pest resistance
Codling moth protection
Insect protection

Fungi resistant
Black sigatoka fungus resistance
Fusarium blight (scab) resistant
Fungi resistant
Ringspot virus resistant
Sclerotina resistant

Altered composition
Amylase expression
Greater digestibility
Higher energy density
Improved protein functionality
Increased phosphorus digestion
Lauric acid rich seed
Lengthened shelf life
No trans fatty acids
No trans fatty acids
Oleic acid rich nuts

Altered growth or appearance
Delayed ripening, longer lasting

Drought resistance
Mauve (violet) color

Strawberries®

Corn

Corn

Corn

Corn

Corn
Sweet corn
Corn
Corn®
Corn®
Cotton
Cotton®
Cotton®
Apples®
Soybeans®

Bananas®
Wheat®
Strawberries®
Papaya
Canola®

Corn®
Corn®
Corn®
Soybeans®
Feeds®
Rapeseed
Bananas®
Canola
Sunflowers
Peanuts

Raspberries®
Tomatoes®
Corn®
Carnations

DNA Plant Tech

Bayer
Dow/Pioneer
Monsanto
Mycogen
Syngenta
Syngenta
Monsanto
Dow/Pioneer
Syngenta
Monsanto
Dow
Syngenta
Monsanto
Monsanto

DNA Plant Tech
Syngenta

DNA Plant Tech
Cornell

DuPont

Syngenta
DuPont
Dow
DuPont
Syngenta
Calgene
Syngenta
Dow
Mycogen
Mycogen

Agritrope

DuPont
Florigene

Libertylink corn
Herculex 1

Yieldgard

Natureguard

Knockout, yieldgard
Attribute

Maxgard

Rootworm resistant
Insect resistant corn
Bollgard

Insect protected cotton
Vegetative insecticidal protein
Bt insect protected

Insect protected soybeans

Disease resistant bananas
Fusarium resistant wheat

Rainbow, sunup
Disease resistant canola

Amylase for enhanced ethanol
Increased energy availability
Nutritionally enhanced
Improved protein function
Phytase for animal feed
Laurical

Long shelf life bananas
Natreon naturally stable
Naturally stable

Flavor runner naturally stable

Long shelf life fruits and vegetables

Improved drought response
Moondust

“Transgenic crops expected to be produced commercially by 2008.

(From Ref. 4.)
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animals and alter genetics or productivity? Second, will
protein synthesized by the transferred gene cause adverse
reactions (e.g., allergies, toxicoses)?

Gene Transfer

Nature has endowed animals with barriers that prevent
foreign DNA from entering the genome or synthesizing
foreign proteins. Compositionally, the DNA of a trans-
genic plant is the same as DNA consumed as part of
normal diets; it shares a similar fate. Food processing and
ingredient extraction remove or inactivate some DNA.
Next, DNA is degraded within the digestive tract.'®
Transfer of genes from normal or altered plants to the
intestinal microflora and enterocytes has been speculat-
ed.””! Using methods to detect ultratrace gene fragments,
no transfer of transgenes to humans could be detected.'™
Considering that animals and humans have been exposed
to DNA from plants and bacteria for centuries, dietary
genes appear innocuous.!'”’

ALTERED PROTEINS

Allergic reactions among commercial livestock are rare
even though many traditional feed ingredients contain
allergenic proteins, e.g., milk, eggs, legumes (peanut and
soy), tree nuts, and cereals. To avoid allergens in
transgenic crops, safety tests are conducted, e.g., suscep-
tibility of transgenic protein to acidified pepsin. The
development of GM crops has advanced scientific
understanding about allergens and led to crops devoid of
their normal allergens. Reducing digestion inhibitors (e.g.,
trypsin inhibitors, lectins, and viscous compounds) and
eliminating indigestible components (e.g., oligosaccha-
rides) can enhance digestibility and reduce the need for
extensive feed processing. This can improve amino acid
availability and energy availability. Transgenic crops are
monitored for presence of compounds that adversely
affect nontarget species and gastrointestinal microbes, but
organisms closely related to a target can be impacted. For
example, because the genus Coleoptera includes both the
corn borer a target species and the Monarch butterfly,
crops toxic for the corn borer are toxic to both species.
Fortunately, differences in habitat and food selection
patterns between target and nontarget species generally
avoid adverse effects.

SAFEGUARDS

In the United States, the safety of transgenic crops is
monitored by biotech firms, academia, and governmental
regulators from the Food and Drug Administration, the
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Environmental Protection Agency, and the Department of
Agriculture.!"'~'3) Test strategies are scientifically robust
and proportionate to other areas of safety evaluation.!'*!!
To become commercial, a GM crop must be considered as
safe as crops currently produced and nonobjections from
governmental agencies must be on file. In addition,
isolation zones can be imposed to avoid pollen transfer,
refuge areas specified to postpone insect resistance, and
prohibition regions established to avoid habitats of
endangered species. The benefits of a transgenic crop
e.g., increased yield or nutritional value, reduced insec-
ticide and herbicide use, reduced fungal damage, de-
creased nutrient waste by animals must outweigh
adverse effects on other plants or nontarget species.
Safety evaluation is more stringent and more extensive for
GM crops than for conventional crops. Biotech companies
and academic groups conduct voluntary stewardship trials
to test the nutritive value of transgenic crops and products.
In numerous trials and field tests with poultry, swine,
dairy and beef cattle, and fish,[z’m*w] no adverse effects
of transgenic plants or plant products on productivity have
been detected.!'”!

CONCLUSION

Close scrutiny by the biotech industry, academicians,
governmental regulators, and consumer advocacy groups
has helped assure that GM plant and animal products are
as safe as crops developed by other selection procedures.
Through transgenic modification, the use of pesticides and
herbicides on crops is being reduced, the stability of yields
and crop supplies is being improved, and the nutritive
value and potential health benefits of plant products are
being enhanced. Combined, these effects help reduce the
environmental footprints of animal and plant production.
The potential to further improve the nutritive value,
safety, and quality of food and feed resources through
GM alteration of plants is limited only by the imagination
of researchers.
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Biotechnology: Sexing Sperm
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INTRODUCTION

Sex can be predetermined in the offspring of mammals
by separating the sex-determining sperm prior to
insemination with a flow cytometer/cell sorter. This
sexing technology has advanced to commercialization in
cattle with marketable applications in other domestic
species impending.

BIOLOGICAL BASIS OF SPERM SEXING

Separation of sperm according to the sex chromosome is
based on the DNA content of the sperm. Mammalian
semen can be sexed because the X-chromosome-bearing
sperm that produce females contain about 4% more DNA
than do the Y-chromosome-bearing sperm that produce
males. The procedure is 85-95% accurate for the selected
sex.'" Sorting of live mammalian sperm according to
their DNA content first was developed the USDA
Beltsville Agricultural Research Center.! This flow
cytometric sorting procedure for sperm™®! is patented
and exclusively licensed worldwide for non-human
mammals to XY, Inc., a private company. For the sorting
procedure, freshly collected sperm are stained with a
DNA-specific bisbenzimidazole dye, Hoechst 33342, for
approximately 1 hr prior to sorting.””! Hoechst 33342-
stained sperm fluoresce bright blue when exposed to a
laser beam of short wavelength light and the X-bearing
sperm are differentiated from the Y-bearing sperm
because they fluoresce brighter due to their greater DNA
content. The fluorescence of each stained sperm is
measured in a stream of fluid as it passes in front of a
photomultiplier tube (PMT).['” The resultant data are
integrated using a powerful computer. Only the DNA
content of properly oriented sperm can be measured
because the flat surface of each sperm head must be
properly oriented relative to the PMT.!?!

FLOW SORTING SYSTEM

As the liquid stream containing sperm exits the sorter
nozzle, it is vibrated at about 75,000 to 85,000 oscillations/

Encyclopedia of Animal Science
DOI: 10.1081/E EAS 120019487
Copyright © 2005 by Marcel Dekker, Inc. All rights reserved.

sec to break the stream into individual droplets.'”’ Although
not all of these formed droplets contain sperm, those that do
are electrically charged, either positive or negative,
according to the DNA content information previously
provided by detector. Droplets containing improperly
oriented sperm, more than one sperm, or dead sperm, as
determined by uptake of a vital dye, are disposed of as
waste because no charge is applied to these droplets. As the
droplets pass by an oppositely charged plate they are
deflected into a collection vessel according to the DNA
content of the sperm. Those droplets containing Y-sperm
are simultaneously directed to a separate collection vessel
by applying an opposite charge to those drops to deflect
them toward the opposing-charged plate. Opposing
charges are applied to droplets containing X-sperm so that
they are directed toward a separate vessel. Three streams of
droplets containing X-sperm, Y-sperm, or no sperm as well
as too many sperm are collected into separate vessels.
Approximately 40% of the living sperm going through the
sorter at a speed of approximately 75 km/hr can be
accurately sexed and collected. Thus, at an event rate of
28,000 total sperm/sec, nearly 5000 live sperm/sec of each
sex can be sorted simultaneously with 85 95% accura-
cy.’™ The current system can produce approximately 10
to 15 x 10° live bovine sperm/hr of each sex-determining
gamete. Considerable numbers of sperm are, however,
lost in the centrifugation and other postsorting steps
making actual yields somewhat lower."* Sperm of
other species tend to sort at somewhat slower rates. Sorted
sperm are dilute so they must be reconcentrated prior
to being used for artificial insemination (Al) or in vitro
fertilization (IVF).

UTILIZATION OF SEX-SORTED SPERM

The first sex-selected mammalian offspring were rabbits
born following surgical insemination of sexed sperm."!
Later, in a milestone achievement, a similar system was
used to produce sex-selected piglets, demonstrating the
utility of the system for pre-selecting the sex of offspring
in domestic livestock.'®’ The first calves born were
from embryos derived from IVF with sex-sorted sperm,

but most of the recent work in cattle has been done using
AL!1:2:89]
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Cattle

Sex-sorted bovine sperm must be reconcentrated by
centrifugation'""! before they can be properly packaged
in 0.25-ml French straws at doses of 1 to 6x 10° sperm/
straw. This is contrasted to conventional Al procedures
that use at least 20x 10° sperm/straw making the
insemination dose for sex-sorted bovine sperm about 1/20
to 1/3 that of a normal AI dose. This is necessary be-
cause it takes some time to sort each dose, even at the
high sort rates now being achieved. Fortunately, sexed
bovine sperm can be cryopreserved, thereby allowing
efficient use in Al Current sexing technology has been
applied mainly in heifers due to their inherently higher
fertility. Several regimens have been used successfully
to synchronize estrus to optimize insemination with low
doses of sexed sperm.”®! Pregnancy rates from the use of
sexed, cryopreserved sperm have been about 60 80% of
controls inseminated with 7 20 times more sperm or
higher insemination dose.”**! With sex-sorted sperm,
some differences in pregnancy rates have been noted
among bulls, suggesting that only sperm from highly
fertile bulls should be sorted for predetermining sex of
their offspring. Until recently, field trials with sexed
sperm were conducted by sorting the gametes in fluid
pressurized to 50 psi. This pressure level, however, was
found to be detrimental to sperm.'¥ With the latest
procedures, where the pressure has been lowered to 40
psi, pregnancy rates in heifers inseminated with sexed
sperm have been 60 80% of controls, depending on the
particular bull, inseminator skills, and management level
of the herd."!

Swine

The first sexed piglets were from sows surgically
inseminated with sex-sorted sperm.'” Even with recent
technological improvements in sorting efficiency, pro-
duction of adequate numbers of boar sperm for uterine
insemination of swine is limiting because normally 3 to
5x 10° sperm/dose are used with the insemination being
repeated two to three times during each estrus.'?! A
system must be developed to deliver fewer sperm deeper
into the porcine reproductive tract before sex-sorted sperm
can be used effectively with Al of swine. Recently, this
endoscopic approach has been replaced with a newly
designed, flexible catheter for deep nonsurgical insemi-
nation."* A 1.3-m-deep uterine insemination catheter
was used to deposit 7.5 ml containing 150 x 10° unsexed
sperm in the upper end of the uterine horn of sows in
natural postweaning estrus. Sows inseminated one time 32
hr post onset of estrus achieved pregnancy rates of 83.3%
(50/60 sows) for sexed sperm and 87.3% (48/55) unsexed
sperm.''¥ Adequate fertility rates were achieved with only
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2 5% of the sperm used conventionally for Al in pigs.
These preliminary data suggest that this approach may be
suitable for efficiently producing single sex litters.

Sheep

Early efforts to predetermine the sex of lambs used low
doses of freshly sorted ram sperm that were surgically
deposited directly into the uteri of estrous-synchronized
ewes."™ Pregnancy rates were low, but demonstrated that
live lambs could be produced with sex-sorted ram sperm.
Recent trials in Australia with sex-sorted ram sperm
resulted in pregnancy rates of 25% for ewes inseminated
with 4 x 10° X-sorted sperm and 15% for Y-sorted sperm.
Control inseminations with 140x 10° cryopreserved,
thawed sperm yielded 54% pregnant ewes.!">! In this
trial, thawed sperm were deposited either by standard
laproscopic methods or placed into the uterotubal junction
with a catheter after minilaparotomy. It is likely that
pregnancy rates with sexed sperm could be improved by
increasing sperm/dose and precisely controlling the time
of insemination relative to ovulation.

Horses

The first sex-selected filly was produced by surgical
insemination with a limited number of flow-sorted X-
sperm. This effort was followed by nonsurgical artificial
insemination of mares with flow-sorted sperm. Reason-
able conception rates with sorted stallion sperm have been
achieved only if the timing of insemination was optimized
relative to ovulation induced with hCG or GnRH.
Although stallion sperm do not sort as efficiently as those
from bulls, semen from some stallions can be sorted at
rates greater than 2000 sperm/sec producing nearly
5% 10° live sperm/hr of each sex. Thus, with low-dose
insemination, several doses of sexed sperm can be
produced with a sorter each day.'™

A hysteroscopic insemination technique, which arose
from clinical examination of the mare’s reproductive tract
using the videoendoscope, has been used to inseminate
mares with many fewer sperm than used with conven-
tional equine artificial insemination.!'® Very low numbers
of sperm are placed directly onto the oviductal papillus at
the uterotubal junction with the videoendoscope. Appli-
cation of this technique to deposit small numbers of sex-
sorted sperm deep into the reproductive tract appears to
make predetermination of sex a practical possibility in
horses. Recently, 38% of mares hysteroscopically
inseminated with 5 x 10° fresh, sex-sorted motile sperm
became pregnant compared to 40% when mares were
inseminated with 5 million nonsorted motile sperm.''”!
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Other Mammals

Living sperm from several other mammalian species have
been successfully sorted according to their DNA content
including sperm from humans, rabbits, bison, elk, cats,
and even sperm from white-sided dolphins.'

CONCLUSION

Additional refinements in the system are needed, but
sexing sperm using flow sorting has been commercialized
for cattle in Great Britain and is being developed for
commercial application in horses, swine, sheep, and some
exotic mammalian species.
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INTRODUCTION

In mammals, stem cells are defined as a unique cell
population characterized by nearly unlimited self-renewal
and capacity to differentiate via progenitor cells into
terminally differentiated somatic cells. Stem cells may be
of embryonic or adult origin. Adult stem cells are located
in many specialized tissues, including the liver, skin,
brain, fat, bone marrow, and muscle. As a result of stem
cell activity, adult tissues are continuously renewed, even
in the absence of injury, to ensure maintenance of cell
type throughout the life of the animal. Pluripotency in
mammals is restricted to the zygote, early embryonic
cells, primordial germ cells, and the stem cells derived
from embryonic carcinomas. Embryonic stem (ES) cells
are derived from the inner cell mass of the blastocyst. In
contrast to adult stem cells, ES cells are pluripotent,
contribute to all three primary germ layers (endoderm,
mesoderm, and ectoderm), indefinitely proliferate, and
maintain an undifferentiated phenotype. Embryonic germ
(EG) cells are derived from primordial germ cells, which
are progenitor cells of the sperm and egg in the adult
animal. EG cells reintroduced to the early embryo are
capable, like ES cells, of colonizing fetal cell lineages and
also possess the ability to differentiate in vitro to a variety
of cell types. ES and EG cell lines from mammalian
species other than the mouse have not been reported in
published literature to successfully colonize the germ line
of chimeric animals. The potential of stem-cell technology
makes it a valuable and exciting science. Adult and
embryonic stem cells may possess the ability to restore or
replace tissue that has been damaged by disease or injury.
Pluripotent, in vitro cell lines offer an opportunity to study
the early stages of embryonic development not accessible
in utero and are a powerful tool to facilitate genetic
modification of animal genomes.

ADULT STEM CELLS

Adult stem cells are anchored permanent residents of a
particular tissue that are involved in repair and mainte-
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nance. Adult bone marrow, brain, skeletal muscle, liver,
pancreas, fat, skin, and gastrointestinal tract have all been
shown to possess stem or progenitor cells."! It was
originally believed that adult stem-cell function was
restricted to cell lineages present in the organ from
which they were derived. Recent studies suggest that these
adult stem cells are multipotent and can transdifferentiate
into different cell lineages.””! Adult stem cells have a
reduced differentiation potential compared to embryo-
derived stem cells. Among all presently known adult stem
or progenitor cells, cell populations from bone marrow
have shown the highest potential with respect to multi-
lineage differentiation. Potential adult stem cells are
progenitors arising from a hierarchal pathway of cells
dependent upon the tissue type and, in a healthy state, are
part of the transit population. Injury can induce these
potential stem cells to regenerate the entire lineage
through clonal expansion, including the anchored stem
cell, to maintain tissue integrity. Effective markers for
anchored stem cells or potential stem cells do not exist
outside of the hematopoietic lineage. The absence of a
reliable identification system has made the study of these
crucial cells limited.

EMBRYONIC STEM CELLS
Teratocarcinoma and Embryonic Carcinoma

The first pluripotent embryonic cells were isolated from
teratocarcinomas, a spontaneous tumor of the testes in
mice and humans. The tumors resembled a disorganized
fetus consisting of a wide variety of tissues including hair,
muscle, bone, and teeth. Developmental biologists dis-
covered teratocarcinomas could be artificially induced
by transferring mouse embryos to extrauterine sites and
that they contained undifferentiated stem cells.!” These
embryonic carcinoma (EC) stem cells, once isolated,
could grow in culture without losing the capacity to
differentiate. When these cells were introduced into a
blastocyst, they formed chimeras and could contribute to
all somatic tissues. EC cells exhibit an unstable karyotype,
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which reduces their experimental value despite their
capacity to differentiate into all three germ layers.

Embryonic Stem Cells

The early mammalian embryo is composed of cells that
have the potential to contribute to all tissue types in the
body, a property termed pluripotency. As the embryo
develops to blastocyst stage, it forms an outer cell layer
and an inner cluster of cells referred to as the inner cell
mass (ICM). The outer cells become the trophectoderm
and ultimately the placenta. The ICM cells create all
tissues in the body, as well as nontrophoblast structures
that support the embryo. Embryonic stem cells are derived
in vitro from the ICM. ES cells were successfully
developed from mouse blastocysts in 1981.1*°! ES cells
contribute to all three germ layers in the developing fetus,
proving that they are pluripotent, but ES cells fail to
contribute to the trophectoderm, revealing that they are
not totipotent. ES cells, when removed from feeder layers,
begin to differentiate into multilayered differentiated

Adult Animal

Embryonic Carcinoma
(EC) Cells

&5

Somatic Stem Cells
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structures called embryoid bodies. In addition to blasto-
cyst injection, the in vivo developmental potential of ES
cells can be tested by injecting ES cells into severe
combined immunodeficient (SCID) mice.'! Benign ter-
atomas form where the cells are injected and contain
tumors representing all three germ layers.

Embryonic stem cell criteria

Pluripotent cells do not all possess the same character-
istics. Listed below are defining properties of mouse
ES cells:

e Stable diploid karyotype

¢ Clonogenic property

e Ability to recover after freezing and thawing

e Ability to survive and proliferate in vivo indefinitely
e High telomerase activity

e Teratoma and embryoid body formation

e Chimera formation and germ line colonization

e Undifferentiated state

Blastocyst Stage Embryo

Inner Cell Mass
(ICM)

Primordial Germ

Cells l

Stem Cell Self-Renewal | Expansion and Differentiation

of Adult Stem Cells
Cell differentiation

Toxicology testing

Cell and tissue therapy, transplantation
Tissue engineering

Cancer

Disease models

Developmental studies

| Differentiation of ES, EG, EC Cells |

| Transgenic ES, EG, EC Cells |

Q Transgenic Founder

l Animal

Enhanced prolificacy/reproduction
Increased feed utilization and growth Bio-pharmaceuticals
Improved carcass composition
Increased milk production

Increased disease resistance

Biomedical models
Xenotransplantation

Fig. 1 Sources and applications of stem cells. (View this art in color at www.dekker.com.)
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Pluripotent embryonic germ cells can be isolated from the
genital ridge of the developing mammalian fetus. EG cells
closely resemble ES cell lines in the morphology of
colonies, response to induced differentiation, and ability
to create chimeric offspring. ES and EG cells are not the
same in all respects. Differences exist in the conditions
required for their isolation, culture, lifespan in vitro, and
differentiation capacity. An important difference is ge-
netic modifications that occur in the deoxyribonucleic
acid (DNA) of primordial germ (PG) cells that result in
erasure of genomic imprints. The DNA modifications that
occur can compromise the developmental potential of the
EG cells.

Agricultural Applications for
ES and EG Cells

The establishment of ES and/or EG cells from a wide
variety of species will allow more flexibility in direct
genetic manipulation of livestock as well as agricultural,
gene-regulation, and developmental biology research. The
use of ES cells in mouse developmental biology research
is well documented. However, the production of a
chimeric livestock species (swine and cattle) produced
from ES cells has only recently been reported.”*! The
use of ES or EG cells for the production of transgenic
animals from DNA-transformed, individually derived and
screened embryonic cell lines could allow large numbers
of genetically identical animals to be established. There
are many potential applications of stem cell mediated
transgenesis to develop new and improved strains of
livestock. Practical applications of stem cell transgenic
technology in livestock production include enhanced
prolificacy and reproductive performance, increased feed
utilization and growth rate, improved carcass composi-
tion, improved milk production and/or composition, and
increased disease resistance (Fig. 1).

CONCLUSION

Stem cells have revolutionized many areas of biology, and
with continued research more information will be learned
regarding these unique cells. Comparisons of prospective
applications between mammalian adult, ES, EG, and EC
cells indicate varying levels of potential. Adult stem
cell potential has not been as extensively investigated
compared to ES cells due to the difficulty of identifying
adult stem cells in a population of cells. EG cells have
limited ability to recapitulate normal development due to
genetic modifications affecting imprinting status of the
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cells. EC cells contain karyotypic abnormalities and have
limited potential to transmit through the germ line of
chimeric animals. ES cells do not possess any major
limiting characteristics in comparison to the other cell
types, which demonstrates their preferential use in sci-
entific studies. ES cells offer a multitude of applications
including access to a population of precursor cells difficult
to identify in vivo, ability to identify novel genes during
early embryonic development and differentiation pro-
cesses, use as a standardized in vitro model to test em-
bryotoxic effects of chemicals,'”’ the study of targeted
mutations of genes that may be lethal in vivo but can be
studied in vitro, and less expensive teratogen testing that
does not involve isolating embryos or sacrificing animals.
The potential applications of stem-cell technology in
livestock production are tremendous. The utility of this
technology is limited only by our ability to identify
appropriate genes and gene functions to manipulate in our
production of livestock species.
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INTRODUCTION

The genetic composition of all living creatures is
continually undergoing alteration by mutation, natural
selection, and genetic drift. Beginning at the onset of plant
and animal domestication, humans have further manipu-
lated the genetic composition of plant and animals to
enhance their health and usefulness to humans by
selecting for specific phenotypic traits. Development of
recombinant DNA technology has enabled scientists to
isolate single genes, analyze and modify their nucleotide
structures, make copies of these isolated genes, and insert
copies of these genes into the genome of plants or animals.
The procedure used to insert these isolated genes is called
gene transfer; an animal that contains the inserted gene or
genes is called a transgenic animal; and the transferred
gene is called a transgene.

The first intentional transfer of a transgene into the
genome of an animal was achieved in 1980 in mice.'")
Gene transfer methodology was subsequently successfully
applied to pigs, sheep, and rabbits.””! Gene transfer has
thus far been used most extensively for basic research on
all aspects of biology and genetics, but it has numerous
potential applications for genetic improvement of farm
animals. Practical applications of gene transfer in
livestock production include improved milk production
and composition, increased growth rate, improved feed
use and carcass composition, increased disease resistance,
enhanced reproductive performance, and increased pro-
lificacy. Gene transfer in farm animals has also been
investigated extensively for potential to produce human
pharmaceutical products, and the alteration of cell or
tissue characteristics has been investigated for potential
use in organ transplantation in humans.

GENE TRANSFER METHODS
Pronuclear Microinjection

The primary method used to produce transgenic farm
mammals has been the direct microinjection of the
transgene into the pronucleus of a zygote (recently
fertilized ovum or egg). As in the mouse, pronuclei of
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rabbit, sheep, and goat zygotes can be readily seen using
phase-contrast microscopy or differential interference
contrast (DIC) microscopy. Lipid granules in the cyto-
plasm interfere with visualization of pronuclei in pig and
cow zygotes. Centrifugation of pig and cow zygotes can
be used to stratify the cytoplasm so that pronuclei are
visible with the use of DIC microscopy."

To permit microinjection, ova are placed on a
depression slide in a microdrop of media that is overlaid
with silicone or paraffin oil to prevent evaporation. The
microscope must be equipped with two micromanipula-
tors, one for an egg-holding pipette and the other for an
injection pipette. The holding pipette and injection pipette
are each fitted with a tube leading to a syringe that permits
either gentle suction or carefully controlled fluid injection.
As an ovum is held with light suction by the holding
pipette, the tip of the injection pipette is inserted through
the zona pellucida and cytoplasm into the most visible
pronucleus. Several hundred copies of the gene are
expelled into the pronucleus. The person performing the
injection carefully observes the pronucleus and withdraws
the pipette when the pronuclear structure has visibly
enlarged. After microinjection, cow embryos are usually
cultured in vitro until they are morulae or blastocysts
before nonsurgical transfer into the uterus of a synchro-
nous host cow. The injected zygotes of other species are
usually cultured only a few hours before they are sur-
gically transferred directly into the oviduct of synchro-
nous host females.

The mechanism by which a transgene integrates into a
chromosome is unknown. A transgene usually integrates
in a single site on a chromosome, but multiple integrations
can occur. Frequently, multiple copies of the transgene
integrate in head-to-tail array. Breeding studies with
transgenic pigs and sheep indicate mosaicism is a definite
problem, with about 20% of founder transgenics failing to
transmit the transgene to progeny and another 20 30%
transmitting the transgene to less than 50% of their
progeny, presumably due to mosaicism in the germ cells
as a consequence of integration occurring a few cleavage
cycles after microinjection.

The efficiency is usually lower for integration of trans-
genes into farm animals than into mice. The percentage of
gene-injected zygotes that develop into transgenic animals
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varies from 0.8—4.0% for pigs, 0.1-4.4% for sheep, 1.0—
1.7% for goatd, and 0.3-2.6% for cattle. A few transgenic
chickens have been produced by microinjection of genes
into the gernjinal disk of the recently fertilized egg.'¥!
- After microinjection, the chick embryos were cultured in a

techniques [to make them replication-defective and to
replace parf of the viral DNA with a desired transgene so

_ it can then|be used as a gene vector. Retroviral-mediated

- gene transfer was originally used to insert transgenes into
mice embrlyos"! and blostodermal cells of chicken eggs.'!
In compagison to microinjection, retroviral infection of-
fers the following advantages: 1) integration of single
copies of fthe gene; and 2) retroviral DNA integrates into a
high percentage of embryos when exposed to high
concentrations of viral stock by coculture with infected
cells in yitro, or in the case of chickens, by microinjection
into the [blastodisk. The disadvantages are: 1) it requires
added work to produce a retrovirus carrying the transgene;
2) the gene being transferred must be smaller than 10 kb
in sizej 3) resulting transgenic animals are frequently
highly [mosaic, which necessitates extensive outbreeding
to estaplish pure transgenic lines; and 4) unresolved prob-
lems wath-hypermethylation can interfere with expression
of the(transgene.

Mgre recently, retrovirus-mediated gene transfer has
been [used to produce transgenic cattle by insertion of
retroyiruses into metaphase II oocytes to avoid mosaicism
and pnsure that a high percentage of the offspring are
tranggenic.!”’

any laboratories involved in the production of
transgenic livestock have not embraced the use of
retrpviral insertion technology because of concerns about
puflic perception and the potential consequences of re-
combination events between the viral vectors and endo-
gefious retroviruses to generate new pathogenic agents.

Cellular Insertion

The third method of introducing genes into the germ
line is a two-step process involving first the transfection
f a transgene into embryonic stem (ES) cells, em-
ryonic germ (EG) cells (also known as primordial germ
ells), or fetal somatic cells during in vitro culture, and
hen the incorporation of the transgenic ES or EG cells
into an inner-cell mass of an embryo or the insertion of
the transgenic cell’s nucleus into an enucleated oocyte
by nuclear transfer (NT). The advantage of this pro-
cedure is that a particular genotype can be selected
during in vitro culture before introduction of the cells
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into the embryo or NT. In addition, this technique pro- - -
vides the ability for site-specific insertion of a transgene - -
by homologous recombination. :
This approach with ES cells has been used extensively
in the mouse but has not been effective in other mam-
malian animals because of extreme difficulty in isolating
and maintaining ES or EG cells in the undifferentiated
state during in vitro culture. Nuclear transfer (also known
as animal cloning) is currently being extensively inves- -

tigated in cattle, goats, and pigs. Consequently, cellular _-

insertion by NT may become the method of choice -
for gene transfer in these species, because relatively -
few recipient hosts are required to produce transgenic
founder animals.

Sperm-Mediated Gene Transfer

The simplest, but most controversial, method of gene
transfer involves merely mixing a transgene with
spermatozoa and using them to fertilize oocytes, either
in vitro or by artificial insemination. The use of sperm-
mediated transfer in mice by Dr. Lavitrano'® was initially
discounted as unrepeatable by many investigators. During
the past decade, research on this procedure has persisted
and many investigators report successful gene transfers by
this technique. Unfortunately, only a few studies have
provided convincing evidence that the transgene was
unaltered before or during the integration process and
capable of expressing appropriately in the resulting
transgenic animals.

EVALUATION OF TRANSGENIC ANIMALS
Integration

The primary way that presence of the transgene is
confirmed is by removing a piece of tail tissue at birth,
extracting the DNA from the tissue, and analyzing the
DNA for the presence of the transgene by Southern blot
hybridization, slot-blot hybridization, or polymerase chain
reaction using a unique segment of the transgene as a
probe. If performed correctly, the Southern blot analysis
provides information on presence, intactness, copy num-
ber, and orientation of the transgene.

Expression

Mere presence of the transgene in the transgenic animal
does not guarantee that the transgene will be expressed or
expressed appropriately. Expression is usually evaluated
by assay of appropriate tissues or fluids recovered from
the transgenic animal for presence of the transgene
transcription by Northern blot analysis of the mRNA, by
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INTRODUCTION

Xenotransplantation refers to transplantation of cells,
tissues, or organs from individuals of one species into
individuals of another species. Xenotransplantation has
long been envisioned as a way of addressing the severe
shortage of human organs and tissues for transplantation,
as the number of available organs is as low as 5% of the
number needed.

The first serious efforts at xenotransplantation were
made in the early 20th century; however, these attempts at
xenotransplantation failed, as did early attempts at human-
to-human transplantation (allotransplantation), because
the immune system of the recipients inevitably rejected
the graft. This barrier was addressed in part by the advent
of immunosuppressive drugs in the late 1950s, and the era
of clinical allotransplantation began. However, as human
donors were limited, animals, such as chimpanzees and
baboons, were used once again as a source. Those
primate-to-human xenografts functioned for weeks to
months, but ultimately failed, whereas human-to-human
transplants sometimes functioned indefinitely. This expe-
rience suggested that the immunological barrier to
xenotransplantation was more severe than the barrier to
allotransplantation. Recent years have brought a better
understanding of the barriers to xenotransplantation and
have raised the possibility of applying genetic engineering
to that barrier.

RATIONALE FOR XENOTRANSPLANTATION

Xenotransplantation has been viewed as a plentiful source
of organs and tissues for transplantation (Table 1).!'
However, xenotransplantation may even be preferred over
allotransplantation in certain circumstances. Where organ
failure is caused by a viral infection, e.g., hepatitis,
xenotransplantation might be preferred because the
transplant would resist reinfection by the virus that caused
organ failure.®’ Xenotransplantation might also be
preferred as a way of delivering genes of therapeutic
importance. For example, an animal source might be
genetically engineered to express a gene at a high level or
under regulated conditions.

An important consideration today is how to weigh
xenotransplantation against other potential approaches to
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treating organ failure (Table 2)."*) Though some new
technologies, such as stem cells, tissue engineering, and
cardiac assist devices, have received much attention, they
have also received less scrutiny than xenotransplantation
because their development is so recent. Most likely, these
technologies will be applied in ways that fill therapeutic
niches, such as repairing local defects or injury of tissues.
Devices may eventually be used to replace the heart, but
application for other organs is more remote. On the other
hand, cell transplantation, stem-cell transplantation, and
tissue engineering seem less promising for replacement of
the function of structurally complex organs such as the
kidney, lungs, and heart. For replacement of these organs,
organogenesis (the de novo formation of organs) or
xenotransplantation may be necessary. Xenotransplanta-
tion may also find application in conjunction with
organogenesis. For example, one might envision growing
human organs, perhaps derived from stem cells, as a
xenograft in an animal host and then transplanting the
organs to human patients."!

SOURCE OF XENOGRAFTS

Many species have been used as sources of tissues and
organs for xenotransplantation. Xenografts from sources
phylogenetically closer to the recipient would be expected
to provoke less immunity and be more physiologically
compatible with the recipient. Consistent with that idea,
experimental cardiac xenografts from monkeys to ba-
boons have survived greater than a year, and renal xeno-
grafts from chimpanzees in humans have survived and
functioned up to 9 months (Table 1). However, some
biological barriers to xenotransplantation derive from ex-
pression of one or very few genes in the donor or re-
cipient. These barriers do not relate directly to overall
genetic difference.

The genetic barrier of greatest current interest and im-
portance is the expression of a1,3-galactosyltransferase, a
glycosyltransferase that catalyzes synthesis of Gala1-3Gal
(Table 3). Gala1-3Gal is a saccharide expressed by lower
mammals and New World monkeys but not by humans or
Old World monkeys. Humans and Old World monkeys
have natural antibodies specific for this saccharide that
trigger severe reactions when organs containing Galol-
3Gal are transplanted. Indeed, many of the efforts in
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Table 1 Some clinical attempts at xenotransplantation

Year Donor Organ Maximum survival
1906 Pig, goat Kidney 2 Days

1964 Chimpanzee Kidney 9 Months
1964 Baboon Kidney 60 Days

1984 Baboon Kidney 20 Days

1992 Baboon Liver 70 Days

(Adapted from Ref. 8.)

genetic engineering and immunosuppression for xeno-
transplantation are directed respectively at eradicating
expression of the sugar or suppressing immunity directed
against it.

Today most efforts in xenotransplantation focus on the
pig as a potential source of tissues and organs. The most
important reason for favoring the pig is that pigs are
available in large numbers. (It is estimated that more than
1 million would be needed for transplants worldwide each
year.) Another reason for favoring pigs as a source of
xenografts is that pigs can be bred and genetically
manipulated, as described later in this article. Still another
reason for favoring the pig is that the organs are large
enough to fulfill the needs of full-sized humans, and some
strains of pigs, such as the mini-pig, may at maturity
approximate human size. Finally, the microorganisms
harbored by pigs that are potentially infectious for humans
are well known, and measures for screening for these
organisms are well established.” In contrast, some
viruses of non-human primates are poorly known and
potentially lethal for humans.

Although the experience is limited, the best current
evidence suggests that the heart, lung, and kidneys of the
pig would function sufficiently to sustain the life of a
human. Whether the liver would function sufficiently is a
matter of controversy because of the metabolic complex-
ity of that organ and because of the possibility that
complex cascades, such as complementing coagulation,
could be incompatible between pig and human.

HURDLES TO XENOTRANSPLANTATION

The main hurdle to xenotransplantation is the immune
reaction of the recipient against the graft (see Ref. 2 for a
review). Much of the immune response is directed against
Gala1-3Gal. Another problem with the pig is that the
proteins of that species are so different from the proteins
of humans that they too provoke strong immune reactions,
thus increasing the challenge of developing an effective
approach to immunosuppression. Still another hurdle to
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using pigs as a source of xenografts in humans is the
possibility that infectious agents might transfer from the
graft to the recipient. As indicated above, most infectious
agents potentially transmitted from pigs to humans are
known, and the means exist to eliminate those agents from
potential sources of xenografts. One exception, however,
may be the porcine endogenous retrovirus (PERV), which
exists in the porcine genome. PERV has been transmitted
from porcine cells to the cells of humans and nonhuman
primates under a variety of experimental circumstances.
Although the subject of much investigation, to date no
evidence has emerged that PERV can be transmitted to
human cells in vivo as a result of xenotransplantation.'!
This subject will be an active area of investigation until a
decisive answer is achieved.

GENETIC ENGINEERING
AND XENOTRANSPLANTATION

The ability to genetically engineer and breed animals has
stimulated recent excitement about xenotransplantation.
This excitement stems in part from the idea that if genetic
engineering might be used to optimally modify the source
of a transplant to make it compatible with the recipient,
then the need for immunosuppression might be decreased
or eliminated. This has been achieved only in part.

Transgenic techniques have been used to express
human genes for complement regulatory proteins and
carbohydrate-modifying enzymes in lines of pigs. For
example, the human decay-accelerating factor and CD59
genes, which inhibit complement reactions, have been
introduced into lines of pigs in an effort to prevent
complement-mediated tissue injury. These efforts have
prevented the severest form of complement-mediated
rejection, hyperacute rejection.’”! Genes that would
modify synthesis of Galal-3Gal, such as H transferase,
have also been expressed, but expression of that sugar has
not been fully eradicated by this approach.

Table 2 Technologies for organ replacement

Technology Potential applications

Allotransplantation
Implantable devices
Cell transplantation

Heart, lung, liver, kidney, pancreas
Heart, pancreas
Heart, liver, pancreas

Stem cells Heart, liver, pancreas

Tissue engineering Liver

Organogenesis Kidney, lung

Transplantation Heart, lung, liver, kidney, pancreas

(Adapted from Ref. 9.)
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Table 3 Phylogeny of expression of Galal 3Gal

Functional AntiGalal-3Gal

Species o1,3GT Galal-3Gal antibodies
Mouse + + —

Pig + + —

New World + + —
monkey

Baboon - — +

Human — — +

(Adapted from Ref. 10.)

Recent efforts have focused on eliminating o1,-3-ga-
lactosyltransferase by gene targeting. Gene targeting in
pigs was recently made feasible by advances in reproduc-
tive cloning. At the time of this writing, several groups
have targeted one allele and one group has generated pigs
fully deficient in o1,3-galactosyltransferase. Though these
advances have stimulated excitement, preliminary work in
several laboratories suggests that targeting this gene will
not fully eradicate immune reactions against pig cells.

Genetic engineering may be applied in other ways in
xenotransplantation. One potential application is to
eliminate endogenous viruses, such as PERYV, should
these viruses be found to cause human pathology. Another
potential application of genetic engineering is to eliminate
or replace porcine genes that pose a physiologic hurdle
to the success of transplantation or toxicity to the recip-
ient. For example, porcine coagulation factors may be
incompatible with human control proteins, and hence
genes for human coagulation factors might replace the
genes for these factors in pigs. Still another application
might be to introduce genes whose expression could
provide therapeutic benefit for the recipient of a trans-
plant. For example, human genes might be expressed in a
pig, potentially under specific regulation. The genes
would then be expressed in the human individual who
receives a transplant from the pig. In this way, a ge-
netically engineered pig cell might be used as a vehicle for
expressing genes of therapeutic interest, such as enzymes,
growth factors, antitumor agents, etc.

CONCLUSION

At the time of this writing, Xenotransplantation is not
applied routinely for any medical purpose. However,
clinical trials using porcine cells for the treatment of
Parkinson’s disease and various metabolic diseases have
been conducted, and new trials of various types are
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planned. Because the immune reactions suffered by
transplanted cells are far less severe than the immune
reactions suffered by transplanted organs, it can be
anticipated that xenogeneic cellular transplants may
provide a first step toward full clinical application. It is
hoped that new insights gained from the immune response
to cellular xenografts and application of gene targeting in
swine will eventually allow the transplantation of intact
porcine organs into humans. Such an advance would
certainly revolutionize the treatment of organ failure.

ARTICLE OF FURTHER INTEREST

Xenotransplantation: Biological Barriers, p. 894
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INTRODUCTION

Body composition of agricultural animals is described by
proportions of muscle, fat, and bone in the carcass or by
proportions of chemically measured amounts of water,
protein, lipid, and ash in the whole body. Animals with
better conformation have been assumed to produce
carcasses with more meat in the high-priced cuts, but
dissection studies in cattle and sheep have shown little
variation in muscle distribution among breeds of widely
different shapes. The principal determinant of composi-
tion at a given weight is stage of growth, which is defined
as weight in relation to mature weight. Thus, mature size
is the genetic trait that determines the composition, use,
and economic value of domestic farm animals.

MATURE SIZE

Body composition is a primary determinant of the value of
agricultural animals, because composition determines
nutrient requirements as well as the value of meat. There
is wide variation among breeds within species in body
composition at specific weights. Most of this variation is
due to differences in mature size. The amounts of carcass
muscle, fat and bone for a hypothetically large-mature-
size and a hypothetically small-mature-size animal are
plotted against carcass weight in Fig. 1. The underlying
allometry square!' shows the different patterns of tissue
growth. The mature carcasses of both large-mature-size
and small-mature-size animals contain 50% muscle, 35%
fat, and 15% bone,"! but the mature carcass of the small-
mature-size animal is 75% of the weight of the mature
carcass of the large-mature-size animal.

As an animal grows, bone and muscle are gained
rapidly at first. The rate of bone and muscle growth slows
as the animal approaches its genetically predetermined
maximum skeletal size and muscle weight. Well-fed
animals can continue gaining weight after reaching maxi-
mum bone and muscle size, but the gain consists mostly
of fat. The percentage of fat in mature animals varies
with stage of reproduction and lactation. Although there
is variation of mature fat concentration among breeds
and among animals within breeds, it is not clear what
proportion of this variation is independent of mature size.
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Dietary and environmental effects on composition in time-
limited growth studies are primarily a function of differ-
ences in stage of growth at slaughter because animals
that grow faster reach heavier weights than animals that
grow slower.

The effect of mature size on growth has been modeled
into genetic size scaling rules’® and has important
implications for speed and efficiency of growth and for
carcass composition. Although about 75 kJ of metaboliz-
able energy is required to gain a gram of either protein or
lipid,w the water content of muscle is about 70%, whereas
that of fat is only about 20%. Thus, muscle is accumulated
much more efficiently than fat. At comparable immature
weights, large-mature-size animals will have gained more
muscle and less fat than small-mature-size animals
(Fig. 1), so they have leaner carcasses, their maintenance
requirements will have been similar, and they will have
required less feed per unit of gain than small-mature-size
animals. Because the large-mature-size animals will have
consumed at least as much feed per day as small-mature-
size animals, they will have grown faster.

An example of the effects of stage of growth and
mature size on composition, efficiency, and growth of
lambs'™ is given in Table 1. As expected based upon the
relationships shown in Fig. 1, lighter lambs were leaner
and accumulated more weight per unit of feed than lambs
slaughtered at heavier weights. Also as expected, lambs
from large-mature-size rams and ewes were leaner and
accumulated more weight per unit of feed than lambs
from small-mature-size rams and ewes slaughtered at the
same weight.

Identifying genetic variation of body composition
independently of mature weight could be important for
improving the value of agricultural animals. As an
example, chemical composition of small-mature-size
Dorset rams was compared with that of large-mature-size
Suffolk rams slaughtered across a range of ages from 1 to
600 days.'" Because the rams were continuously fed a
high-energy diet, the oldest and heaviest rams contained
almost 50% lipid. This provides an example of how
choosing mature weight is difficult, because mature
animals gain and lose lipid in response to nutrient
demands and availability. In place of the mature-body-
weight estimates for the rams, four lipid-free estimates of
breed mature-size were used: 1) mature amount of water;
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Fig. 1 Growth of the carcass to mature proportions of 50% muscle, 35% fat, and 15% bone."™ Solid lines represent data for a large
mature size animal. Dashed lines represent data for a small mature size animal. Note that muscle, fat, and bone weights must add to
carcass weight. Inset: The underlying genetically standardized allometry square'"! with ¢ values of 1.8, 0.1, and 2.0 for muscle, fat, and

bone, respectively.

2) mature amount of the combination of water, protein,
and ash; 3) metacarpal bone length; and 4) metacarpal
bone weight. When the chemical composition of the
Dorset and Suffolk rams was described in genetically
standardized allometry squares, the same conclusion was
reached using any of the lipid-free estimates of breed
mature-size: Water, protein, and ash had about the same
standardized growth, whereas lipid accumulated faster
than expected in Suffolk rams at advanced stages
of growth.

MUSCLE DISTRIBUTION

Given that mature size is the primary trait affecting the
amount of muscle at a particular weight, the other possible
effect on carcass value could be differences in muscle
distribution. In their classic book on cattle growth, Berg
and Butterfield!”! summarized several studies of dissec-
tible muscle distribution of breeds with widely different
conformations. Data from one of those studies are
summarized in Table 2. Similar data were summarized
for sheep by Butterfield.!

The breeds in Table 2 represent widely different
shapes and purposes. For example, Hereford cattle have
been selected over centuries for beef, whereas Holstein
and Jersey cattle have been selected for milk produc-
tion and against the supposedly more meaty shape asso-
ciated with Herefords and Shorthorns. And yet, the
proportion of muscle weight in the high-priced cuts has
not been changed through selection. The small differ-
ences among breeds of cattle and sheep and the ne-
cessity for anatomical dissection of progeny to detect
genetic differences of muscle-weight distribution of
breeding stock make the payoff unlikely to be prof-
itable. Selection for animals with bulgier and shorter
muscles (better conformation) may be important in situa-
tions where shape can be used as a marketing tool, as in
the case of lambs produced for rib chops. Some beef
cattle slaughtered at heavy weights, however, contain
such bulgy muscles that they produce steaks unaccept-
ably large for most consumers.

In addition to increased breast muscle size in selected
turkeys and chickens, there are two examples of increased
proportions of carcass muscle in cattle and sheep.
Generalized muscle hypertrophy in double-muscled cattle
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Table 1 Effect of mature size on growth and body composition of sheep
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Ewe size: Small Large
Lambs: Single Twins Single Twins

Item Slaughter weight kg: 36 54 36 54 36 54 36 54
54 kg ram

Number of ewes 9 2 5 5

Ewe weight, kg 47 44 65 67

Total feed per ewe, kg 448 510 538 609

Lamb slaughter weight, kg 36.2 54.2 38.2 55.6 36.2 53.8 36.9 53.9

Total feed per lamb, kg 143 391 118 537 130 365 83 513

Lamb weight/feed 0.25 0.14 0.32 0.10 0.28 0.15 0.45 0.11

Fat trim per lamb, kg 1.5 5.5 2.2 6.9 1.5 4.3 1.3 5.0
118 kg ram

Number of ewes 10 1 4 9

Ewe weight, kg 49 49 68 72

Total feed per ewe, kg 450 513 574 622

Lamb slaughter weight, kg 44.0 53.9 37.0 55.6 36.3 542 35.7 552

Total feed per lamb, kg 118 350 91 459 78 279 73 421

Lamb weight/feed 0.37 0.15 0.41 0.12 0.47 0.19 0.49 0.13

Fat trim per lamb, kg 1.0 4.6 1.3 53 0.7 39 0.7 39

(Adapted from Table 8 of Ref. 5.)

results from mutations in the myostatin gene."™ The in-
creased muscle of purebred animals is associated with so
much calving difficulty that delivery by cesarean section
is common in countries, such as France, with a high pro-
portion of breeds carrying one of the mutations. An ideal
increase in muscle hypertrophy occurs in heterozygous

lambs inheriting the Callipyge mutation from their sires.

[91

Differentially faster muscle growth in the high-priced cuts
of the loin and leg in Callipyge lambs begins when the
lambs are about three weeks old. Unfortunately, this

ideal mutation comes at the expense of tougher mea

t’[lO]

and such lambs are discriminated against commercially.

Table 2 Distribution of muscle weight in breed groups of bulls and steers

Hybrid and
Item Hereford Shorthorn cross other crosses Holstein Jersey
Bulls:
Number of animals 13 12 22 8 8
Days of age 461 361 430 386 407
Live weight, kg 465 386 489 415 294
Expensive muscles, % 53.2 533 53.2 53.7 53.2
Hind quarter, % 46.7 47.8 47.6 48.7 47.6
Fore quarter, % 533 52.2 52.4 513 52.4

Hybrid and Brown
Item Hereford Shorthorn cross other crosses Holstein Swiss cross
Steers:
Number of animals 11 22 32 6 14
Days of age 402 383 434 480 404
Live weight, kg 373 376 461 466 456
Expensive muscles, % 54.3 54.2 54.4 54.4 54.7
Hind quarter, % 50.2 49.9 49.5 49.5 49.7
Fore quarter, % 49.8 50.1 50.5 50.5 50.3

(Adapted from Table 5.7 of Ref. 7.)
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CONCLUSIONS

Body composition of agricultural animals is mainly de-
termined by the stage of growth at which the animals are
slaughtered. Large-mature-size animals are leaner and
grow faster and more efficiently to acceptable slaughter
weights than small-mature-size animals. Large-mature-
size breeding stock require more nutrients for mainte-
nance, so efficient production systems breed small-to
moderate-mature-size females to large-mature-size termi-
nal sires to produce animals for slaughter. In cattle and
sheep, obvious differences in muscle shape do not
translate into differences in muscle-weight distribution,
although there are some genetic exceptions that may be
useful in the future if associated problems in manage-
ment and meat toughness can be solved. Animal scientists
need to look for additional opportunities to improve body
composition of agricultural animals independently of
mature size.
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Body Composition: Chemical Analysis
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INTRODUCTION

The primary purpose of animal production is to generate
skeletal muscle, a palatable and economically acceptable
protein source for human consumption, milk, or hair.
Regardless of the desired endpoint, products of lesser
economic value, such as fat and bone, are a burden to the
producer’s profitability.

To measure the value of a particular genetic, hus-
bandry, nutritional, or pharmacological practice, body
composition analysis is necessary. Thus, an intervention
that increases body mass might not be very profitable if it
increases fat to a greater extent than muscle. Usually, the
carcass is used for body composition analysis, because it
contains most of the products for human consumption.
However, from a biological standpoint, the empty body
(entire animal but with gastrointestinal contents removed),
water content or water compartments (extracellular and
intracellular), specific elements in the mineral fraction,
individual amino acids in proteins, and fatty acids in lipids
may be important. Also, the composition of secondary
products such as the head, feet, viscera, blood, skin, hair,
etc. might be necessary endpoints for a complete un-
derstanding of the utilization of feed resources for ani-
mal growth.

BODY COMPARTMENTS

Body composition analysis must divide the whole into
component parts (Fig. 1). Depending on the scientific
question, those parts are different. They might be the
chemical elements, e.g., carbon, hydrogen, oxygen,
sodium, etc.; they might be anatomical entities, e.g.,
intestinal tract, liver, muscles, skeleton, etc.; or they might
be defined by cellular location, e.g., cell mass, extracel-
lular space, extracellular water, etc. Of pragmatic interest
to animal scientists is the division of the eviscerated body
or carcass into skeletal muscle, fat, bone, and sometimes
skin. Dissection of the carcass into these components is a
viable but laborious approach for large animals. The
water, protein, fat, and mineral content of the body or
carcass is an approximation of the muscle, fat, and bone
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mass. Carbohydrate is a very small percentage of the total
and usually is not analyzed. The simplest compartmen-
talization of the body or carcass is into fat mass plus fat-
free mass. This two-compartment model can be obtained
by underwater weighing using estimates of the density of
the two compartments.

Extensive reviews of body composition are available
although they usually are slanted toward a single species,
e.g., humans'! or pigs."”! Techniques have been devel-
oped to approximate body composition without the la-
borious procedures necessary for chemical composition.
The fat-free mass (muscle plus bone) may be approxi-
mated using 40K determination of intact animals, assum-
ing that ions, including potassium, are primarily present in
tissues with a high water concentration, e.g., muscle,
bone, internal organs, but are present at very low
concentrations in fat. Some methods determine the water
or ionic compartment to approximate muscle mass using
techniques based on the water space or electrical
conductance (bioelectric impedance). Other techniques
employ imaging by ultrasound, X-ray based computer-
assisted tomography, or magnetic resonance imaging. The
latter two techniques can evaluate internal organs in an
intact animal, as well as the muscle, fat, and bone mass.
Most of these techniques can be used with a live animal,
although the imaging techniques require anesthesia to
eliminate movement.

COMMINUTION OF SAMPLES

To analyze animal body composition or composition of a
specific portion of an animal, a homogeneous sample
representing the total must be produced. Large animals
can be ground in screw-type grinders with powerful
motors. Grinding is facilitated by freezing the specimen.
To obtain homogeneity, the sample must be ground
several times with progressively smaller face-plate open-
ings and then thoroughly mixed to ensure that the small
analytical sample represents the whole. Because large
grinders are unavailable for very large animals, or to
diminish the labor involved or to reduce the economic
loss, a representative portion of the animal might be used;
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Fig. 1 Body composition compartmentalization.
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it is rather common to analyze a rib section to estimate the
composition of cattle.®* Small animals, such as rodents,
or small animal parts can be homogenized in a blender
with a measured amount of water and an aliquant of the
homogenate used as a sample. Hair is difficult to
uniformly distribute in ground or homogenized samples
and should be removed, collected, and weighed and/or
further analyzed separately.

TECHNIQUES FOR CHEMICAL ANALYSIS

Many techniques are available to analyze the chemical
components of the body. It is strongly recommended that
only tested and reproducible methods be used.”! A
general scheme for analysis is presented in Fig. 2.

Water

Total water is usually measured by oven-drying to
constant weight; the sample can also be lyophilized or
dried by microwave heating. Water spaces can be
measured by dilution techniques using the appropriate
markers. For example, total body water may be measured
by dilution of a known dose of urea or water labelled with
2H, 3H, or '80. The extracellular water space can be
measured using bromine, which does not enter cells.

Fat

Fat is determined by extraction with solvents. Most
methods use a dried sample that has been ground or
homogenized, because fine particles increase the efficien-
cy of extraction. The classical approach is the Soxhlet
method, wherein a weighed sample is continuously
extracted in a specialized apparatus to heat, condense,
and cycle the solvent over the sample in a continuous
process for 18 24 hours. The sample is then dried; the
difference between pre- and postextraction weights is the

Body Composition: Chemical Analysis

lipid weight. Diethyl ether is the standard solvent for these
extractions, but petroleum ether may be substituted to
reduce the danger of fire and explosion. Wet samples are
usually extracted with chloroform-methanol or sometimes
petroleum ether-diethyl ether. The solvent dictates the
efficiency and composition of the extracted lipids.
Chloroform-methanol completely extracts all neutral
lipids (triglycerides, cholesterol, etc.), plus most phos-
pholipids. Extraction with petroleum ether, chloroform, or
methylene chloride alone will not remove the more
hydrophilic phospholipids.

Protein

The diverse physical properties of proteins preclude a
simple extraction method. Protein usually is not deter-
mined directly, but nitrogen is determined on the totally
hydrolyzed sample. The nitrogen concentration of the
average protein is 16%; consequently, the nitrogen
concentration is multiplied by 6.25 to give the protein
concentration. This average factor (6.25) may not be
applicable to unique samples that contain a large amount
of a specialized protein, e.g., collagen. There are other
compounds in the body that contain nitrogen, e.g., nucleic
acids, some phospholipids, etc., but these represent a
small portion of the total nitrogen and are ignored in body
composition determinations.

Usually nitrogen is determined after fat extraction.
Heated sulfuric acid digestion of the sample is the most
common approach, with clarification of the charred
material by addition of hydrogen peroxide or other

Whole animal or part

commute to
homogeneous sample
sample

dry
A = water

dry sample

extract
A = fat

fat-free sample

Nitrogen /\ Heat-muffle furnace

determination ash

(X 6.25 = protein) (weight = mineral)

Fig. 2 Chemical determination of body composition.
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Table 1 Body composition during growth

161

Cattle® Pigs" Sheep®
Weight, kg 45 364 682 5 27 92 5 32 82
Water, % 72 58 44 68 58 39 76 59 53
Protein, % 20 19 16 12 15 12 15 18 18
Fat, % 4 19 38 13 24 47 4 18 24
Ash, % 4 4 3 3 3 2 5 6 6

“Adapted from Ref. 8 and based on empty body weight.
Adapted from Ref. 9 and based on empty body weight.
“Adapted from Ref. 10 and based on carcass weight.

oxidizing agents. Perchloric acid digestion is sometimes
used. The hydrolysis product is ammonia. In the standard
Kjeldahl nitrogen method, the ammonia is distilled into
weak sulfuric acid that is then titrated. In some cases, the
nitrogen is determined using a colorimetric method that
can readily be automated.

There are alternative methods to determine protein
concentration. These colorimetric methods, e.g., biuret,
Lowry, Bradford, etc., are faster than the nitrogen
methods, but many interfering substances are a major
problem when using complex samples from an entire
animal. Consequently, these methods are not used for
body composition, but are generally reserved for deter-
mination of protein concentration in more specialized
samples in the laboratory.

The total amino acid content could be used to
determine the protein content, but this approach is
cumbersome, complex, and difficult with a heterogeneous
sample from an entire animal. Determination of the amino
acid composition of particular organs is very important to
understand metabolic interrelationships among the diet,
the animal, and the individual organs.

Minerals

The mineral concentration of the body is determined by
weighing a sample before and after heating to a very high
temperature to convert complex molecules to individual
elements. The carbon, nitrogen, oxygen, etc. are volatil-
ized, leaving the heavier mineral elements, i.e., the ash. A
fat-free sample is generally used. Although there are
minerals in every cell in the body, the bulk of the mineral
content is derived from the skeleton. Thus, the ash
concentration is used to represent the skeletal mass.
Individual minerals may be determined on the ash
sample. Generally, atomic absorption methods are
used, but specialized chemical methods are available for
some elements. Whole-body techniques using detection
of natural radiation from particular elements, e.g., 4OK,

or elements made radioactive by neutron activation
are available.

DISTRIBUTION OF PROTEIN,
FAT, AND BONE

Protein, fat, and minerals are concentrated in skeletal
muscle, adipose tissue, and bone, respectively. However,
all tissues, including the adipose tissue and bone, contain
protein and all tissues contain minerals and fat. The
proportion of the whole represented by muscle, fat, and
bone changes as animals grow.!®”! The bone and muscle
masses increase until the animal reaches the adult body
size, whereas the fat mass continues to grow as long as the
animal is fed a balanced diet containing more energy than
necessary to achieve maintenance (Table 1).

CONCLUSION

Body composition is an important endpoint in animal
growth research and in estimation of the economics of
animal production. The labor involved in the determi-
nation of chemical composition has elicited many less
intense methods using instrumental determinations or
prediction equations based on measurement of fat
depths, areas, or weights coupled with measurement of
specific muscle depth or area (usually the longissimus
muscle). For economic estimates of meat production, the
carcass (minus head, hide, feet, and viscera) is used.
However, from a biological or an energetic perspective,
all components are important. Prediction equations used
to extrapolate to the whole animal should be tailored to
the specific species and perhaps need to account for
age, breed, diet, sex, treatment, etc. Ultimately, using
established methods and good sample preparation, chem-
ical analysis is the gold standard for all body composi-
tion measurements.
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Body Composition: Genetic Influence
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INTRODUCTION

The variety of domesticated animal breeds within any
given species existing worldwide indicates great diversity
of body size and composition. In domesticated animals,
intense genetic selection for body composition was not
applied until the 20th century. In developed countries,
genetic selection produced remarkable changes in the
body composition of the common species raised for meat
production, particularly in the latter decades of the
century. Currently, cattle, pigs, and sheep are considerably
more muscular and less fat than in earlier times. The
impetus for these changes was to increase the economic
return for the producer by increasing the marketable
product, muscle, and concomitantly reducing the fat mass,
a product whose value declined with the replacement of
by-products made from fat by oil-derived moieties.
During the last quarter of the 20th century, consumers
began to demand that retail meat products have less fat, so
fat was trimmed as a waste product and animals were bred
for less fat mass.

GENETIC DIVERSITY

There is obvious divergence in body composition between
breeds in cattle, pigs, and sheep.''! Perhaps the most
extreme example is the difference in the market pig in
the early 1900s compared to the early 2000s. The earlier
pig was extremely fat, because fat was a valued product,
not only as a source of fat-based by-products, but also
because it provided an energy-dense dietary component
required by the human consumer who performed very
energy-intensive work in the home and in the workplace.
Fatty meats provided much of the caloric density required
for survival. During the 1900s, with the development of
oil-based products and especially as humans automated
many of the energy-intensive types of work, demand for
fat became limited. Carcass fat is highly heritable, so
much progress was made to produce leaner, more
muscular animals.

In addition to the genetic selection for muscle mass and
against fat mass within breeds, there are breeds of cattle,
e.g., Belgian Blue, and sheep, e.g., Callipyge, that are
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extremely muscular.”*! In pigs, the majority of marketed
animals are cross-breeds, and the sires are usually more
muscular breeds, e.g., Hampshire or Duroc, or some cross-
breed with a considerable contribution from muscular
breeds. There have been several experimental selection
projects in pigs to study the heritability of fat deposition;
these have produced extremely fat pigs (also lightly
muscled) in relatively few generations."!

BREED DIFFERENCES

The proportion of fat to muscle in animals continually
changes during growth so that comparison of breeds must
consider whether animals are being compared at constant
weight or constant chronological age.”>*! Comparison at
constant weight is often used, because the weight chosen
approximates the market weight for that species. This
comparison has practical outcomes regarding production
of lean meat. The difficulty with constant-weight com-
parisons is that different breeds have different mature size
and growth rates and reach maturity of body composition
at different ages. Thus, comparison at a given weight can
represent comparison of animals at divergent stages of
maturity. Because fat deposition is a predominant aspect
of later-stage growth, earlier maturing animals will be
fatter than later maturing animals at a given weight. For
example, comparison of two breeds with mature body
weights of 100 and 125 kg at 95-kg body weight would
show one breed at 95% of mature composition (i.e., more
fat) and the other breed at 76% of mature composition
(i.e., less fat). This is the result of comparing early matur-
ing cattle, e.g., Angus, with later maturing cattle, e.g.,
Simmental, at constant weight. Comparison at constant
age contrasts breeds that may have different weights or
maturity, i.e., stages of achieving mature body composi-
tion; these comparisons have important biological impli-
cations regarding growth.

Comparison of different breeds of cattle at constant age
(Table 1) indicates considerable diversity in weight,
fatness, and yield of retail product. If these animals are
examined at later ages, they have more fat and less retail
product.'®! The earlier maturing breeds, e.g., Angus, have
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Table 1 Growth of cattle®

Body Composition: Genetic Influence

Breed Carcass weight, kg Fat thickness, mm Fat trim, % Retail product, % Marbling score
Angus 277 14.6 21.5 66.97 13.3
Hereford 273 14.2 19.0 68.4 9.1
Gelbvieh cross 303 9.3 16.6 70.7 9.2
Chianina cross 304 8.0 12.3 73.8 8.0

dCarcass composition at constant age (473 days).
(Adapted from Ref. 6.)

a higher percentage of fat and a lower percentage of retail
product than the later maturing breeds, e.g., Chianina,
regardless of the time of comparison. An approximation of
maturity can be made at constant fat-trim percentage;'!
the assumption is that all breeds will eventually achieve
the same percentage carcass fat. This assumption may not
apply when extremes in mature body composition are
compared, e.g., Angus vs. Chianina.

Comparison of breeds of pigs at constant weight
(Table 2) indicates that the rate of gain is quite divergent,
as is the rate of gain for lean, fat, and nonfat viscera. The
larger and faster growing Landrace breed also has greater
gain of lean mass than the Duroc breed; both Landrace
and Duroc are considerably greater than the fat breed
shown in Table 2. The lean gain/total gain is 43 and 42%
for Landrace and Duroc, respectively, during growth
from 85 to 105 kg. However, the fat gain is 26 and 32%
of the total gain, respectively, for the two breeds during
the same period of growth. Also, the gain in viscera
during this period is 6.4% of the total gain in the
Landrace breed, but 8.9% in the Duroc breed; this has
implications on the efficiency of growth because the
viscera require considerable energetic input.

The Callipyge lamb represents an animal with a single
gene mutation that produces exceptional muscle growth.
When compared at constant weight, the Callipyge carcass
is slightly heavier than the normal carcass and has more
muscle and less fat. The accretion rates (g/day) for protein
are higher in Callipyge lambs than in normal lambs,
whereas fat accretion rates are lower in Callipyge lambs
than normal lambs (Table 3). The differences between
Callipyge lambs and normal lambs were observed at

Table 2 Growth of pigs (g/d)*

Carcass Nonfat
Breed Weight lean Fat  viscera
Landrace 1049 454 277 67
Duroc 906 381 291 81
Fat, slow grow line 817 301 348 73

4Growth rate between 85 and 105 kg.
(Adapted from Ref. 10.)

constant weight, constant age, and constant 12th-rib fat
depth. 1"}

DISTRIBUTION OF FAT

Species differ greatly in the distribution of fat in the body.
Rats have small omental and perivisceral depots, modest
subcutaneous depots, and large perigonadal and perirenal
depots. In contrast, pigs deposit approximately 70% of
fat in the subcutaneous depots with a modest perirenal
depot and smaller omental, perivisceral, and perigonadal
depots. Cattle and sheep deposit much less fat in the
subcutaneous depot than pigs, and deposit more fat in the
perirenal and especially the omental and perivisceral
depots. The deposition of fat in intermuscular depots
(between the individual muscles) is common in cattle,
pigs, and sheep and tends to be accentuated in the
forequarters. In developed countries, intermuscular fat can
be a negative factor in the marketing of meat cuts because
of the aversion to dietary intake of fat. By contrast, there
are market segments that favor considerable fat deposition
in the intramuscular depot (i.e., marbling), at least in
specific retail meat cuts. Interestingly, there are no great
differences between breeds within a species in the dis-
tribution of fat, although Japanese Kobe beef have a very
high level of intramuscular fat. Also, cattle breeds bred for
muscle production have more subcutaneous and less
internal fat, whereas the breeds bred for milk production
have less subcutaneous and more internal fat. No other
species have been selected for such extreme product pro-
duction as cattle; perhaps if such selection were practiced

Table 3 Growth of Callipyge lambs

Accretion rate, g/day

Breed Protein Fat
Callipyge 12.5 35.2
Normal 10.2 42.1

(Adapted from Ref. 7.)
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in other species, the same extremes of fat distribution
would ensue.

RELATION BETWEEN BODY COMPOSITION
AND NUTRIENT REQUIREMENTS

To achieve maximal growth, the nutritional input must be
optimal. The protein content and amino-acid composition
must be appropriate to foster muscle and bone growth.
Thus, animals selected for increased rates of muscle
growth have an increased requirement for dietary protein
and amino acids to maintain maximal growth. The energy
content must be sufficient to support the desired anabolic
processes for muscle and bone growth, and the vitamin
and mineral content must be adequate. However, excess
energy and even amino-acid intake relative to needs of the
animal produce excess fat accretion. For most domesti-
cated species, access to high-quality rations ad libitum
results in excess fat accretion. Limiting intake to less than
ad libitum can produce essentially the same deposition of
muscle, but less deposition of fat.!®* For example, pigs
fed 100, 92.5 or 85% of ad libitum had daily gains of 833,
802, and 771 g/d, respectively.”! The protein deposition
was 47, 48, and 48% of the total gain, respectively,
whereas the fat gain was 25, 22, and 20% of the total gain,
respectively. Thus, feeding less than ad libitum can
emphasize the maximal production of the desired muscle
product and reduce the undesired fat product. Amino-acid,
vitamin, and mineral intake must be maintained at optimal
concentrations, and the energy-to-protein ratio must also
be optimal.

CONCLUSION

Modern breeds of cattle, pigs, and sheep have been
selected for production of muscle mass and against pro-
duction of fat mass. Within a species, there is consid-
erable diversity among breeds in body composition.
Much of the diversity results from different rates of
growth and the age at which mature body composition is
achieved. Thus, a comparison of breeds at a given weight
may compare breeds at different stages of maturity.

165

Genetic selection has been and continues to be very
effective in changing the composition within a breed.
The high degree of heritability of fat growth is a
major contributing factor. There are extremes of muscling
in several breeds of cattle and in sheep. Several
experimental strains of pigs have been genetically selected
for extreme fatness.
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INTRODUCTION

Historically meat animals have been evaluated and
selected using subjective methods based primarily on
visual appraisal. However, a variety of indirect methods
for the measurement of body composition are now
available to assist in the evaluation process. Most of the
newer techniques are based on tissue interaction at the
atomic or molecular level that result in signals that can be
analyzed quantitatively.

DILUTION METHODS

Dilution techniques for body composition analysis are
based on the principle that water occupies a relatively
fixed fraction of the fat-free mass. This technique involves
the introduction (e.g., orally, intravenous injection) of a
known amount of a tracer that will then equilibrate
throughout a given compartment (e.g., total body water) in
the body. The concentration of the (nontoxic) tracer is
measured in a sample of the compartment, assuming that
the tracer has the same distribution volume as the
compartment, and in the case of water, is exchanged by
the body in a similar manner. This approach can be
applied to animals of wide-ranging body size.""! To
extrapolate from total body water to other compartments
of body composition such as fat or lean mass, a valida-
tion of the relationship to reference values for the par-
ticular species and physiological state is required. The
primary reference method for the indirect techniques in
(farm) animals is chemical analysis or, in some cases, total
body dissection.

Deuterium Oxide

The most widely used dilution approach for measuring
total body water is that of deuterium oxide (D0, or heavy
water). After allowing for equilibration (time depends on
species, body weight, age), a blood sample is obtained.
Sample analysis by infrared spectroscopy is simple and
inexpensive.*!
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TISSUE INTERACTION
Bioelectrical Impedance (BIA)

When a low-level alternating electrical current is applied
to a biological system, a voltage drop or impedance to the
electrical flow is detected. Conductance, which is the
opposite of impedance, is greatest in the electrolyte-rich
body water and is lower in lipids and bone mineral. Two
sets of electrodes at defined locations on the animal serve
for the measurement of the impedance. In addition, body
weight and the distance between detector electrodes are
measured. Because this system is portable, inexpensive,
and simple to operate, it is frequently used to estimate the
fat-free mass in humans'? and in animals as well.!"!

Total Body Electrical Conductivity

By applying similar principles, instead of the electrodes
used in BIA, an electromagnetic coil provides the basis for
the measurement of energy absorption with total body
electrical conductivity (TOBEC). The energy absorption
signal is primarily a function of the volume of the fat-free
mass measured as the difference between the coil
impedance when the subject is inside or outside the
coil.""! The amount of energy absorbed is a function of the
area, the magnetic field strength, and the conductivity per
unit volume at a specific frequency.

Dual-Energy X-Ray Absorptiometry

A different attenuation of low- and high-energy X-rays by
fat and nonfat or bone tissues is the basic principle for the
measurement of body composition by dual energy X-ray
absorptiometry (DXA). The fat and lean (nonfat) content
is determined for each pixel of a scan that does not overlie
bone and is reported to be virtually independent of tissue
thickness. In addition to whole-body or regional compo-
sition values of fat and lean content (Fig. 1), DXA
provides estimates for bone mineral content, bone mineral
density, and total mass of soft tissues. DXA has been used
with poultry,”®! swine,'*! and recently with calves."’
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Fig. 1 Image produced by a DXA scan of a live pig with
defined regions of interest.

ATOMIC ANALYSIS
Total Body Potassium

The determination of total body potassium based on a total
body count of naturally occurring “°K can be used to
estimate total-body cell mass or lean mass. With proper
calibration, shielding of background radiation, and
correction for body geometry, an accurate measurement
of total body potassium can be obtained. However, the
equipment is expensive and is available at only a few
locations. In animal studies, this technique has been tested
with live pigs,[ﬁl lambs,!”! and cattle.!®!

Neutron Activation

Neutron activation (NA) is the only method available for
multielemental analysis of the body. NA analysis consists
of irradiating the subject with fast neutrons during a total-
body scan. Elements within the body such as hydrogen,
carbon, nitrogen, oxygen, calcium, phosphorus, sodium,
and chlorine capture the neutrons, resulting in unstable
isotopes. After returning to a stable condition, they emit
one or more gamma rays at specific energy levels. Only a
few NA instruments are currently available, because NA
is quite expensive, requires considerable expertise, and is
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slow (15 60 min). Contrary to a number of human NA
body composition studies,”” animal studies such as in
swine or sheep™ are restricted.

IMAGE ANALYSIS
Magnetic Resonance Imaging

A magnetic resonance image (MRI) is produced by
placing a subject in a static magnetic field and exciting
certain atoms in the body with pulses of radiofrequency
waves. The excited atoms produce signals transformed to
(a series of) images that can be analyzed to measure the
volume of muscle or adipose within a region of the body
(Fig. 2). Although MRI is widely available for human
clinical studies, the equipment is expensive to purchase
and operate. MRI has been used for body composition
analysis in several species, including poultry, sheep, and
swine 1011

Fig. 2 A composite of sagittal MRI images of a pig. The top
portion is through the middle line of the thoracic region, and the
bottom portion, through the abdominal region, is off set to bisect
one of the back legs.
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X-Ray Computed Tomography

Generally, computed topography (CT) or X-ray computed
axial tomography (CAT) images of the body’s interior
look quite similar to MRI images. However, CT images
originate from transmission data created by a rotating X-
ray tube. The CT image produces good contrast between
fat and lean tissue, but lacks the ability of MRI to provide
detailed contrast among or within various tissues and
organs in the lean-tissue category. CT is also widely
available for human clinical studies, but the equipment is
expensive to purchase. CT has been used for body
composition analysis in several species, including poul-
try,m] rabbits,m] swine,““s] and, most extensively,
sheep.!'®

Ultrasound

Because of the technological development of real-time
linear-array ultrasonic transducers and scanners in the
medical field during the last decade, this technique has
become the most common in vivo (and postmortem) tech-
nology in (farm) animal body composition assessment,"}
ranging from simple distance to area measurements using
A-mode, B-mode, or M-mode devices. Two-dimensional

Body Composition: Indirect Measurement

ultrasound images provide information about adipose
tissue depots and cross-sectional areas of muscles. In
principle, the ultrasound device uses a probe to convert
electronic energy to high-frequency ultrasonic energy that
is capable of penetrating the body in short pulses. When
these ultrasonic waves encounter an interface between two
tissues that differ in acoustical properties, part of the
ultrasonic energy is reflected back to the receiver probe.
Variations in tissue depths result in time differences in
reflected signals. Real-time images result from rapid
electronic switching or linear array transducers. The
practical application of ultrasound measurements of the
live animal and carcass are being extended to genetic
selection programs!'”! and on-line carcass evaluation.!'®!

CONCLUSION

Advances in techniques for body/carcass composition
analysis are based on the development of electronic/
computer-based methods, thus avoiding destructive,
labor-intensive, or subjective approaches. In general, the
choice of a particular technique (Table 1) will depend on
the purpose or application, technical aspects (accuracy,
reliability, and the type of information needed), and

Table 1 Comparison of methods for indirect measurement of body composition

Method® Measurement Advantages Disadvantages
D,O Total body water Wide range of body size, Slow, accuracy depends on
simple, inexpensive reference studies
BIA Lean mass Simple, rapid, inexpensive, Accuracy depends on reference studies
portable
TOBEC Lean mass Simple, rapid, can be automated Accuracy depends on reference studies,
sedation required for most animals,
moderately expensive
DXA Fat, lean, bone mineral, and Accurate, simple, rapid analysis, Moderately expensive, sedation
total tissue mass region of interest analysis necessary, radiation exposure
40K Total body potassium (cell mass) Wide range of body size, rapid Expensive, accuracy depends on
reference studies
NA Various elements (e.g., nitrogen, Accurate Expensive, radiation exposure, technical
carbon, oxygen) expertise, sedation necessary
MRI Visualization of fat, muscle, Accurate, multiple levels Expensive, technical expertise, sedation
and other soft tissues of analysis necessary, slow
CAT or CT Visualization of fat, Accurate, multiple levels Expensive, technical expertise, sedation

lean, and bone
US Visualization of subcutaneous
fat and underlying lean

of analysis

Portable, extensive database
for some species, can be
automated

necessary, slow, radiation exposure
Moderately expensive, accuracy depends
on reference studies

D20  deuterium oxide, BIA bioelectrical impedance, TOBEC total body electrical conductivity, DXA dual energy X ray absorptiometry, “°K  total
body potassium counting, NA neutron activation analysis, MRI magnetic resonance imaging, CAT X ray computer axial tomography, CT X ray

computer tomography, US ultrasound.
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practical aspects (cost, portability, need for restraint or
anesthesia, speed, ease of use or training required, safety,
and size of the animal to be measured).

ARTICLE OF FURTHER INTEREST

Body Composition: Chemical Analysis, p. 159
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INTRODUCTION

Animal species vary in composition due to their stage
of growth, nutritional history, and genetic base. This is
significant for livestock producers, the meat industry, and
consumers, because the economic value of meat-produc-
ing animals depends greatly on composition. Economic
forces have reduced the fat composition of livestock
in general in response to consumer demands for more
lean meat. To successfully assess body composition of
both the live animal and its carcass, many procedures
have been studied, and of these, linear measurements
including width, depth, length, and area, as well as weight,
density, and visual shape, have been used separately and
collectively with varying degrees of accuracy. More
accurate techniques such as nuclear magnetic resonance
(NMR) imaging, electromagnetic scanning, bioelectrical
impedance, anyl-ray, computerized tomography, chemical
analyses of body fluids, video imaging, and whole-body
potassium isotope counting exist. These techniques are
usually ignored because they are too slow, too complicat-
ed, or too expensive to be practical or to serve as sub-
stitutes for dissection and chemical analysis when accurate
composition is required for research. The following is a
discussion of meat-animal composition and of linear
dimensions used as means of assessing composition of
livestock and their carcasses.

COMPOSITION

Composition is the aggregate of ingredients, their arrange-
ment, and the integrated interrelationships that form a
unified, harmonious whole. Steel spikes and steel tacks
contain 100% steel. Even though differing in shape, size,
weight, depth, length, and width, all have identical
compositions. Unlike steel nails, meat animals consist of
many components, as shown in Fig. 1.!"! They contain mus-
cles, tendons, ligaments, bones, fat, organs, skin, blood,
ingesta, and excreta. Each of these is subdivided into more
specific categories and is expressed as a proportion of the
live animal or any of its parts. For instance, the largest
muscle in most animals is the longissimus thoracis et
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lumborum (commonly referred to as the rib and loin
muscle), which spans the length of the back. By weight
it represents about 4% of the live animal, 7% of the
carcass, 12% of the total musculature, and 51% of the back
muscles. The greatest economic emphasis is placed on
increasing the mass of muscles in the animal in relation to
everything else. The proportion of an animal’s composi-
tional endpoints is related to several criteria, but the three
most important are visceral proportions, fatness, and
muscling as expressed by the muscle/bone ratio. Live-
stock possessing high proportions of viscera are undesir-
able, as these organs have little value. A high proportion
of fat is undesirable, as it requires trimming from the
musculature. A low muscle/bone ratio is undesirable be-
cause it indicates the animal contains proportionately
more low-value bone than high-value muscle.

Livestock at various stages of prenatal and postnatal
growth vary in composition. Therefore, when variations in
composition are assessed accurately, there is need to
identify quantifiable measurements and factors affecting
them.'”! Such factors include stage of growth, physiolog-
ical maturity, nutrition, and genetics. The proportion of
muscle in livestock can vary from below 35% to over
50%. This variation is more complicated when average
compositions of species are considered as depicted in
Table 1. Species alone accounts for at least 15% of the
variation in muscle mass, because species differences in
dressing percentages and muscle/bone ratios may vary by
30% and 3.2 respectively. As illustrated in Fig. 2,'"! there
are several factors influencing dressing percentage
including contents of the alimentary canal, pregnancy,
presence of abnormalities (trimmed bruises, broken
bones, etc.), methods of slaughter, sex, stage of growth,
muscling, and condition of the hide or fleece, fatness,
species and condition of the hide or fleece.

Figure 3 shows the interrelationships of muscle, bone,
fat, and noncarcass components as influenced by stage of
growth, fatness, muscling, and fill. For instance, when the
effects of growth, fatness, and fill are constant, heavier-
muscled livestock have proportionately more muscle, less
bone, less fat, and higher dressing percentages than
angular-shaped ones. Livestock that have more fill have
proportionately less muscle.
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Fig. 1 Summary of the composition of meat animals.

Parts in paren-
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Table 1 Average compositional variations among species of meat animals

Beef Veal Pork Venison Lamb Turkey Chicken Catfish
Live weight, kg 550 160 110 70 50 15 2 0.7
Proportion of live weight
Noncarcass, % 38 46 27 42 48 18 23 37
Carcass skin, % 5 9 9
Carcass fat, % 17 7 23 10 17 6 7
Carcass bone, % 10 15 9 8 10 17 22 12
Carcass muscle, % 35 32 36 40 25 50 39 51
Total 100 100 100 100 100 100 100 100
Dressing percent 62 54 73 58 52 82 77 63
Carcass muscle/bone 3.5 2.1 4.0 5.0 2.5 2.9 1.8 4.3

METHODS TO MEASURE COMPOSTION OF
LIVESTOCK AND THEIR CARCASSES

Some of the following methods are not strictly linear by
definition but are included because they are associated
with linear dimensions.

Visual Appraisal

Subjective visual assessment of live animals or their
carcasses is an inexpensive and rapid technique that is often
used to supplement linear measurements. Distinguishing
between muscling and fatness is difficult. Therefore, visual
assessment of muscling is more effective within a narrow
range of fatness, particularly when fat levels are low.
However, visual prediction is difficult to standardize.
Comparative photographs that subjectively depict degrees
of muscling and fatness are effective standards that can be
used to classify extremes in composition, especially for
carcasses. Nevertheless, for the sake of accuracy visual
appraisal is not recommended.!"

Weight

Live or carcass weight is useful when combined with other
variables such as external fat depth. Obviously, weight is
used as the denominator in calculating proportions of
leanness and is related to stage of biological maturity,
frame size, and fatness. The only time weight alone
becomes a reliable predictor of composition is when all
other factors remain constant.*!

Depths

An inexpensive ruler is used to measure external fat
thickness as well as length and width of muscles and has
been used extensively to make linear measurements of
livestock and their carcasses. For livestock, the back-fat
probe was one of the first methods used.””! Recently, more
sophisticated techniques have been developed such as

noninvasive real-time ultrasound to determine external fat
and muscle depth on livestock and invasive optical light
reflectance probes on carcasses.!"!

Other Linear Measurements

Lengths, widths, and circumferences are taken on
livestock and carcasses using anatomically identified
reference locations. Measurements include hip or shoulder
height, heart girth circumference, length or circumference
of cannon bone, hind saddle length, and carcass length.
Most of these are related to weight and will provide some
insight into variations of skeletal size, but usually they are

% ) BASE (+) %
& o 00 J T T o T Y T T O O A OO o]
Bovine

SPECES Ovine

skin [ | Dehair

SLAUGHTER METHOD

ALEECE Longl_——‘Short

HIDE Dy, Wet [ | Clean, Dry

HORNS & TAIL olled, Bobbed
G.l. CONTENT (FILL) Full Empty

Chilled []

Lactating - E:z:;.;

CARCASS TEMPERATURE

SEX odole
Term
PREGNANCY [Tmestors ]I
Market
GROWTH STAGE
MUSCLING Ectomorph | |
FATNESS Obese

1 Some traits are interrelated such as species, slaughter methed and fleece.
2 Condemnations (due to bruising, diseass, contamination, etc.) and

weighing errors are not included but could change yields slightly to
excessively.

Fig. 2 Effects of various traits on dressing percentage.
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FACTORS INFLUENCING BOVINE COMPOSITION
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Fig. 3 Factors influencing bovine composition.

not related directly to composition. Of all linear measure-
ments, fat depth in combination with weight contributes
most significantly to the prediction of lean body mass.!

Areas

Measurements of muscle area expressed in square inches
(or centimeters) contribute to the improvement of
prediction equations used to estimate cutability grades in
livestock and their carcasses. Muscle area is measured on
the surface of the transverse section of a specific muscle at
a specific anatomical location. For example, rib muscle
area on beef carcasses is obtained on the surface of the rib
muscle sectioned at the interface between the 12th and
13th ribs. For any constant weight or size of animal or
carcass, the size of individual or groups of muscles is
related to lean content. For a given frame size, muscles
having larger areas are associated with higher muscle
mass and a higher muscle/bone ratio. However, fatness is
the single most important factor affecting composition.
When muscling is represented by muscle area and
included in a prediction equation, the estimate of
composition improves.'*>! It is obligatory to use ultra-
sonic measurements for livestock whereas a plastic grid is
used to determine muscle areas for carcasses. The loin
muscle is used as a point of reference for muscle areas of
beef, pork, and lamb. This area is used in combination
with fat depth and weight to predict leanness. Occasion-
ally, areas of intermuscular (seam) fat have been assessed.
However, the difficulty in standardizing anatomical
locations has made such areas less practical.

Density

Fat, bone, and muscle possess different densities and this
procedure is used for estimating carcass composition.
Such differences are discernable when carcasses are
weighed in water and then in air to indirectly measure
water displacement. Based on the arbitrary value of 1.0 as
the density of water, fat (0.9) is less dense than the fat-free
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carcass, and bone (1.8) has greater density than either fat
or muscle (1.1). In addition to the method being slow, it
assumes that the carcass muscle/bone ratio is constant.

CONCLUSIONS

The conversion of plants by livestock to provide meat for
humans is important to agriculture. Because of consumer
demands for lean, high-quality meat and the economical
efficiencies of converting plants into lean meat rather
than fat, there is need to understand how livestock vary
in composition and how to accurately determine these
variations. Stage of maturity, level of nutrition, and
genetic makeup are important for understanding body
composition. Nevertheless, other factors such as species,
pregnancy, and dressing percentages contribute signifi-
cantly to this understanding.

To successfully understand the variables responsible
for composition of market livestock, the parents from
which they originate, and the ultimate carcasses they yield
for lean, high-quality meat production, it is essential to
have practical, accurate, inexpensive, and rapid methods
to ascertain composition, and there are numerous ways to
estimate it in both livestock and their carcasses. However,
most methods fail in one or more of the four required
criteria: 1) practicality; 2) accuracy; 3) inexpensiveness;
and 4) rapidity. Using the combination of weight, fat
depth, and muscle area through ultrasonic evaluation for
livestock and optical-light reflectance probes for carcasses
proves reliable for both scientific research and commer-
cial marketing.
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Body Composition: Nutritional Influence

Cornelis F. M. de Lange
University of Guelph, Guelph, Ontario, Canada

INTRODUCTION

The essence of animal production is to convert nutrients
supplied by a range of feedstuffs into high-quality
animal products. In meat-producing animals, this con-
version encompasses relationships between nutrient
intake and chemical body composition, as well as those
between chemical and physical body composition. In
terms of physical body composition, the amount of
muscle tissue and its distribution are of prime concern,
as they are the main determinants of the amount and
quality of consumable products that can be derived from
the animal’s carcass. Relationships between nutrient
intake and body composition also influence the efficien-
cy of animal production and are affected by a range of
factors associated with animal type, nutrition, environ-
ment, and stage of growth. An understanding of these
relationships, and of factors affecting them, is required to
identify means to manipulate animal product quality and
production efficiencies.

PHYSICAL AND CHEMICAL
BODY COMPOSITION

The main body tissues in growing animals are muscle or
lean tissue, fat, visceral organs, bones, and skin. The other
tissues, including nervous, lymphatic, and vascular tissue,
and blood contribute less than 10% to empty body weight
in growing animals and are discussed in detail elsewhere
in this encyclopedia. The three main chemical constituents
in the animal’s empty body are water, protein, and lipid.
Most of the body water and body protein is contained in
muscle tissue, whereas body lipid is largely present in fat
tissue. The animal’s body contains only minor amounts of
carbohydrates, which largely represent glycogen stores in
the liver and muscle. The mineral and vitamin content in
animal products is low relative to the three main chemical
constituents, but animal products represent an important
source of these essential nutrients for humans. Moreover,
the bio-availability of nutrients in animal products is gen-
erally higher than that in plant products.

In terms of chemical body composition, body water is
closely associated with body protein, reflecting the
association between water and protein in muscle.!"! The
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latter implies that variation in chemical and physical body
composition of animals reflects largely variation in the
ratios between body protein and body lipid mass and
between muscle and fat tissue, respectively. It should be
noted that across animal types, variation in hide and
visceral organ mass contributes to variation in chemical
and physical body composition as well.

The physical and chemical body composition that
growing animals attempt to achieve is ultimately con-
trolled by the animal’s genotype.'! However, the rate and
composition of body weight gain and thus the actual
body composition of growing animals are influenced by
the animal’s environment and by the intake of available
nutrients in particular.

EFFECTS OF AMINO ACID AND ENERGY
INTAKE ON BODY COMPOSITION

Insufficient dietary supply of any of the essential nutrients
will reduce animal growth performance and is likely to
influence the animal’s body composition. For this reason,
practical animal diets are generally overfortified with
vitamins and minerals, which are relatively inexpensive
nutrients. Special consideration should be given to amino
acids and energy-yielding nutrients.

At the tissue level, animals require amino acids for the
synthesis of body proteins.!”) Of the approximately 20
amino acids present in body protein, 12 amino acids can
be considered essential or semiessential and must be
supplied in the diet or derived from microbial protein that
is generated in the rumen of ruminant animals. Animals
must be supplied with sufficient quantities of nitrogen for
synthesis of indispensable amino acids as well. Insuffi-
cient supply of amino acids at the tissue level will limit
the growing animal from expression of its protein depo-
sition potential.

Based on carefully controlled animal experiments, the
relationship between intake of a specific indispensable
amino acid and body protein deposition may be rep-
resented using a broken line linear plateau model (Fig. 1).
The linear increase in body protein deposition with amino
acid intake represented by the sloped line in Fig. 1
indicates that the marginal efficiency of using available
amino acid intake for body protein deposition is constant
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A

Body protein
deposition

Energy intake level 4 or
maximum body protein
deposition

Energy intake level 3

Energy intake level 2

Energy intake level 1

>

Amino acid intake'

Fig. 1 Schematic representation of the relationship between
dietary intake of an essential amino acid and body protein
deposition in growing animals at different levels of energy
intake. (From Refs. 3 and 4.)

over a rather wide range of amino acid intake levels. The
marginal postabsorptive efficiency of using the first
limiting amino acid for retention in body protein is less
than 1, due to inevitable amino acid catabolism.'”’ The
plateaus in body protein deposition represented in Fig. 1
may be determined by the intake of another essential
nutrient, energy intake, or the animal’s operational body
protein deposition potential. The latter reflects the body
protein deposition potential that an animal can achieve
under practical conditions and when fed ad libitum a
palatable diet that is not limiting in essential nutrients. The
animal’s operational body protein deposition potential is
influenced by body weight and approaches 0 when the
animal reaches maturity.

Energy-yielding nutrients are required as fuels to
support a variety of processes associated with the
maintenance of body function and integrity and growth.!}
Energetically, growth may be represented as body lipid
and body protein deposition (Fig. 2). When energy intake

Body lipid /

Deposition /

Body protein

n

7 Energy intake

Fig. 2 Schematic representation of the relationship between
energy intake and accretion of body protein and body lipid in
growing animals. (From Refs. 3,6,7.)
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exceeds requirements for maintenance and maximum
body protein deposition, additional energy intake is used
only to support lipid deposition and fat tissue growth.
However, even when energy intake is insufficient to
maximize body protein deposition, some of the absorbed
energy-yielding nutrients are partitioned toward the
deposition of (essential) body lipid (Fig. 2). Only at
extreme low levels of energy intake can animals mobilize
some of the body fat reserves to support body protein
deposition. This implies that the fatness of the animal’s
body increases with energy intake level, and this increase
in fatness is greatest once energy intake exceeds require-
ments for maximum body protein deposition. The rela-
tionship between energy intake and body protein de-
position appears to be influenced by body weight as well.
At the same level of energy intake above maintenance
energy requirements, more energy is partitioned toward
body lipid deposition with increasing body weight, even
when energy intake is insufficient to maximize body
protein deposition. The efficiency of using dietary energy
for various body functions is addressed elsewhere in
this encyclopedia.

DIETARY MANIPULATION OF FATTY ACID
PROFILE AND NUTRIENT CONTENT OF
ANIMAL PRODUCTS

Manipulation of the fatty acid profile of body lipid and of
vitamin and mineral content in slaughter animals should
be considered, as it influences storage and sensory pro-
perties of animal products. It also provides a means to
supply fatty acids and nutrients in animal products that are
beneficial to human health.

Table 1 Fatty acid composition (% of deposited body lipid) in
female broiler chickens fed diets containing 10% from different
sources between 8 and 42 days of age®

Dietary fat source

None Olive Sunflower Linseed

(control) Tallow oil oil oil
C16:0 25.9 23.1 17.0 10.7 10.9
Cl6:1n7 7.41 5.42 1.99 0.67 1.06
C18:0 6.86 8.28 4.77 4.12 4.52
C18:1n9 31.8 394 55.2 18.6 18.2
Cl18:1n7 2.27 2.34 2.10 0.49 0.77
Cl182n6 20.0 13.6 14.9 61.9 17.8
C18:3n6 0.52 0.16 0.17 0.35 0.05
Cl183n3 1.47 1.39 1.22 0.99 43.0

“Values represent means from 10 individual chickens.
(From Ref. 8.)
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Table 2 Effect of dietary dosage and duration of supplemental vitamin E on tissue content of o tocopherol in cattle®

Tissue content, pg/g fresh tissue

Dosage, IU/d Duration, d Liver Subcutaneous fat Gluteus medius muscle Longissimus muscle
0 38 266 2.9 2.7 1.8 1.4
360 211 252 12.0 9.5 5.3 4.1
1280 211 252 25.2 19.6 8.6 6.8
3560 196 266 31.2 22.5 7.6

“Values represent observations obtained in several studies.
(From Ref. 9.)

Fatty acids incorporated into body lipid can either be
synthesized de novo by the animal (largely palmitic,
C16:0; stearic, C18:0; and oleic acid, C18:1 n-9) or
derived directly from dietary fat. Because animals
preferentially use dietary fatty acids for the synthesis of
body lipids, manipulation of the content and fatty acid
composition of dietary fat represents a means to influence
the fatty acid composition of body fat.”®! This applies in
particular to monogastric animals. Microbes in the
gastrointestinal tract of ruminant animals can alter the
dietary fatty acid profile before it is absorbed. The high
content of oleic (C18:1 n-9), linoleic (C18:2 n-6), and
linolenic acid (C18:3 n-3) content in olive oil, sunflower
oil, and linseed oil, respectively, is reflected in the high
content of these fatty acids in body lipid when these fat
sources are fed to broiler chickens (Table 1).

A nutrient whose level in the various tissues is ma-
nipulated easily by changing dietary intake is vitamin E
(Table 2).°! An increased level of tocopherol pro-
vides protection of lipid and myoglobin oxidation during
harvesting and storage of fresh meat products, and thus
extends the stability of lipid and color in these ani-
mal products.

CONCLUSION

The chemical and physical body composition of growing
animals is ultimately determined by the animal’s geno-
type. However, body composition can be manipulated
substantially by altering feeding level and diet composi-
tion. This applies in particular to the body lipid to body
protein ratio, which is closely related to the fat tissue to

muscle tissue ratio. Diet manipulation also represents a
means to influence the fatty acid profile of body lipid

and the content of some vitamins and minerals in the
animal’s body.
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INTRODUCTION

Animals raised for meat production are usually marketed
before they reach adult body composition. During growth,
various body compartments (skeleton, muscle, fat, and
viscera) are in a dynamic state, with each having its own
trajectory toward maturity. Within a species, individual
breeds have distinct mature sizes and rates of maturation
for body composition, so harvesting different breeds at a
fixed weight yields differences in body composition. In
addition, some breeds are genetically more muscular and
some are fatter. Furthermore, the environment (climate
and husbandry practices) and nutrition are important
contributors to the ultimate body composition exhibited
by a particular breed.

Many experimental and production-oriented approaches
have been used to change body composition. Effective
experimental technologies sometimes are not practical or
they are cost-prohibitive. Some technologies may later
become practical because of changes in husbandry,
scientific or technological advances, or favorable eco-
nomics. For example, a half-century ago it was shown that
somatotropin modified growth of mammals, but the
available somatotropin extracted from pituitary glands
made its use cost-prohibitive. Many years later, recombi-
nant somatotropin became available; it is cost-effective
and is used to modify mammalian growth in countries
where it is approved by the regulatory bodies.

TECHNIQUES TO CHANGE
BODY COMPOSITION

Genetics

Genetic selection has been and continues to be the major
tool to change body composition in species raised for the
production of meat.!'"?! Previously, fat was a feedstock
for many by-products, but most uses were supplanted by
oil-derived products. Fat is also an energy-dense product
and was important as food in earlier times when humans
expended large amounts of energy to accomplish tasks
that in developed countries are now performed by or
assisted by machines. In developing and developed

Encyclopedia of Animal Science
DOI: 10.1081/E EAS 120019508
Copyright © 2005 by Marcel Dekker, Inc. All rights reserved.

countries, as modernization progresses, there is less need
for energy-dense diets. The tendency of modern societies
toward being overweight or obese has changed the
demand toward lean meat. Genetic selection for less body
fat and more muscle is successful because of the high and
moderate degree of heritability of fat and muscle
deposition, respectively.'*’ For example, in pigs selected
for and against backfat thickness, it changed approxi-
mately 3.5% per generation.'

As more is known about the role of specific genes
or combinations of genes in the regulation of body
composition, genetic selection can be directed toward
those genes.'” The double-muscled condition in cattle
results from mutations in a protein, myostatin, involved in
differentiation and growth of muscle. Selection for these
types of mutations may lead to more muscular animals.
Selection for less function of genes associated with
adipose tissue accretion may lead to leaner animals. Ani-
mal growth is complex and regulated by a multitude of
genes, so selection for a single gene may not produce the
desired effects. Determination of anonymous markers in
the genome associated with variation in quantitative traits
(quantitative trait loci) allows discovery and mapping of
genetic loci that should be valuable in future selection
projects. Fine mapping of these regions can then be used
to discover a particular gene or genes involved with the
desired traits.

Environment and Nutrition

In some species, it may be economically feasible to
modify the temperature, humidity, air flow, photoperiod,
etc. to provide a more favorable environment for optimal
animal growth. At less-than-optimal temperatures, energy
is expended to maintain body temperature, whereas at
elevated temperatures, animals decrease feed intake to
diminish heat production. Both extremes produce less-
than-optimal growth. Shelters of various design and
even enclosed buildings may be economically advanta-
geous in raising some species, e.g., poultry and pigs in
temperate climates.

Nutrition is an important determinant of body compo-
sition. The diet must be optimal for vitamin, mineral, and
energy content. Insufficient protein or an inappropriate
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amino acid composition leads to lesser growth of skeletal
muscle and more deposition of fat. However, provision of
a high-quality ration ad libitum leads to excess fat dep-
osition. In pigs fed ad libitum, 92.5% ad libitum, and 85%
ad libitum, the carcass protein was 100%, 97%, and
94%, respectively, whereas the fat was 100%, 86%, and
75%, respectively.'® The groups fed 92.5% and 85% ad
libitum required 5% and 10% less feed per unit protein
produced. Many experiments indicate the advantage of
less than ad libitum feeding. Experimental limit feed-
ing uses individually penned animals or computer-
controlled feed delivery systems. Practical implementa-
tion of limited feeding is difficult. In group-penned
animals fed limited quantities, socially dominant animals
eat at greater than ad libitum and submissive animals eat
less than required. Biomedical research to understand
neural control of feeding behavior may lead to strategies
to control feed intake in animals raised for meat
production. Leptin, a protein produced and secreted by
adipocytes, binds to receptors in the brain to diminish feed
intake. Also, some dietary fatty acids, e.g., n-3 polyun-
saturated fatty acids or conjugated linoleic acids, favor
less fat deposition in rodents and other species, including
pigs. The practicality and economics of using such
technologies are yet to be demonstrated.

Endocrinology and Pharmacology

Experimental demonstration of endocrine effects on body
composition is extensive.!”® For example, excess gluco-
corticoid hormones produce decreased muscle and
increased fat deposition. Insufficient thyroid hormone
leads to excess fat production. Sex hormones have marked
effects on body composition with mammalian males being
more muscular and less fat than females or castrated
males. However, because of aggressiveness and sexual
activity, males are usually castrated. In some countries,
male pigs are raised but are marketed at a younger age to
avoid behavioral problems and boar-taint (an off-flavor
developing with sexual maturity). In the United States,

Table 1 Effect of somatotropin and [ adrenergic agonists
in lambs

Variable Somatotropin® B-Adrenergic agonists”
Gain +14 +22
Feed/gain —-22 —14
Protein g/d +36 +12.2
Fat g/d -30 —20

#Adapted from Table 2 of Ref. 7.
®Adapted from Table 4 of Ref. 7.
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cattle are regularly implanted with sex steroids to augment
growth and favor muscle production.”®!

Exogenous somatotropin (growth hormone) leads to
increased muscle and visceral organ growth (Table 1),
along with decreased fat deposition and feed intake.!”*
Somatotropin is used to promote efficient muscle
production in some countries. Experimental strategies
stimulate endogenous somatotropin production or release
through growth hormone releasing hormone or by
decreasing activity of somatostatin (that is, diminishing
somatotropin release). Insulin-like growth factor 1 (IGF-1)
may be the mediator of many somatotropin effects, so its
regulation can also control body composition. Selected
compounds that stimulate B-adrenergic receptors (BAR
agonists) increase muscle and decrease fat deposition
(Table 1) with little effect on visceral growth and usually
a decrease in feed consumption.”®! The BAR agonists are
used in cattle and pigs in some countries.

In addition to the administration of exogenous
hormones or synthetic analogs, endocrine function can
be controlled by immunological approaches. Animals can
be immunized against a peripheral endocrine substance to
decrease its circulating levels or against a pituitary factor
that modifies peripheral production and release of
hormones. An example is the immunocastration of male
mammals, wherein intact males can be raised to take
advantage of the favorable growth characteristics and then
they can be neutered by immunocastration to eliminate the
later ensuing negative aspects of male behavior.

Using molecular biology techniques, transgenic ani-
mals that produce an excess of the transgene product have
been created; animals with nonfunctional genes produce
less of the gene product. Pigs were made transgenic for
somatotropin.””! The approach has not become practical
because the expression of the gene is irregular and
variable in different tissues. As the function of gene
promoters (that part of the gene that controls expression or
production of messenger RNA and subsequent protein
synthesis) and tissue-specific expression of genes is better
understood, it is expected that these techniques will have
practical value in animal production. An intriguing
approach is a gene therapy that implants a DNA construct
for growth hormone releasing hormone (GHRH) in
skeletal muscle.!'”! This construct then functions to
produce and secrete GHRH. In the central nervous system
GHRH causes release of somatotropin with consequent
increase in IGF-1, an increase in muscle, and a decrease in
fat mass. Thus, administration of exogenous somatotropin
is avoided with its negative consumer biases. Other
molecular biology approaches will present themselves in
the future as the control of gene function is understood
and methods are devised to selectively stimulate or
disengage gene function in a specific tissue at particular
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times. Increased or decreased production of a hormone or
growth factor at select times during growth will be
possible. It should be possible to decrease fat synthesis or
increase fat mobilization or oxidation at stages when these
functions are less critical to the animal and over-function
or under-function leads to excess fat deposition.

Immunology

In rats, chickens, pigs, and sheep, fat deposition is
decreased by injecting antibodies against adipocyte
membranes from the same species."!! This technique,
like many immunological approaches, has not been
practically implemented because it is not yet possible to
control the immunological response. When the immuno-
logical response can be controlled, immunological
technologies probably will become a part of the
armamentarium of the producer.

CONCLUSION

Genetic selection has been the primary approach to
change body composition for many years. As knowledge
of bioregulation of animal growth continues to unfold,
selection will be directed toward specific genes and
proteins that impact growth of muscle and fat. Addition-
ally, selection may be directed toward factors that control
regulation of cell differentiation or specific metabolic
pathways. Molecular biology technology continues to
reveal additional potential targets for genetic selection,
pharmacological intervention or specific immunization to
enhance or diminish a function. In the future, there will be
an abundance of new targets to explore, as well as some
not yet conceived.
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Auburn University, Auburn, Alabama, U.S.A.

INTRODUCTION

The competition between humans and animals for quality
sources of nutrients is likely to increase continuously
because of the ever-increasing world population. It is
therefore imperative not only to improve feed efficiency
but also to explore all the sources as a potential feed
ingredient. Animal by-products have been used as a source
of nutrients for many years, but they will play even more
important roles in the future. The objective of this article is
to review briefly selected by-product feeds of animal and
marine origins used for food animal production.

ANIMAL BY-PRODUCTS IN GENERAL

Although there are some standards,[l’zl considerable
variations exist in the classification and quality of animal
fats and fish oils. Similarly, other animal and marine by-
products are generally more variable than plant feeds in
terms of their nutrient content and quality because of the
source of raw materials and heat processing used for
dehydration and sterilization.”! The composition of se-
lected animal by-product feeds is presented in Tables 1
and 2. For complete information, readers are referred to the
National Research Council (NRC)*"! and other!! #4111
publications. Since the first diagnosis in the mid-1980s,
there has been some impact of bovine spongiform
encephalopathy (BSE) on the food animal industries in
many countries. In light of BSE, regulations on the use of
some animal by-products may differ depending on the
country, species, and/or product, and they are subject to
change. For complete information on this issue, readers
are referred to, among others, the United Nations Food
and Agriculture Organization (FAO) Web site.""!

ANIMAL FATS AND FISH OILS

General

Both animal fats and fish oils are highly digestible energy
sources for animals, and fish oils are also an excellent
source of omega-3 fatty acids and vitamins A and D. The
quality of feed-grade fats can be assessed by the

composition, hardness, color, impurities, and stability.
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Composition refers to the fatty acid profile, and hardness
is affected by chain length and degree of unsaturation of
fatty acids. Color may not be associated with nutritional
value, but it can indicate the product composition or
source. Moisture or unsaponifiable matters have no
nutritional value, whereas ether insolubles can reduce
the fat quality. Moisture can also deteriorate fat. Fats and
oils are prone to oxidation, which can reduce palatability
and quality, and thus must be stabilized with antioxidants.

Animal and Poultry Fats

Feed-grade animal fats consist of rendered fats from beef
or pork by-products, which are mainly slaughterhouse offal
or supermarket trimmings from the packaging of meats,
and poultry fat includes fats from 100% poultry offal.
Some fats are also produced from inedible tissues by
rendering plants. Choice white grease is primarily rendered
pork fat, but it can be a blend of animal fats. In addition to
fats of animal origin, restaurant greases which can be
mixtures of various animal fats and vegetable oils are
being recycled and used for food animal production.

Fish Oils

Fish caught specifically for the production of fish meals
are high in body oil content, much of which is extracted
before making meal. There has been some interest in
feeding fish oils to food animals to increase the omega-3
fatty acid content of meat, milk, and eggs and the
reproductive performance of swine. Although feeding fish
oils may have beneficial effects, problems such as
softening of body fat, development of a fish-like odor in
edible tissues, and reduced protein and fat contents in milk
have been reported. It is therefore necessary to consider an
optimum inclusion rate and/or a chemical treatment of oils
to ensure acceptable final products.

MEAT ANIMAL BY-PRODUCTS

General

Protein sources from the meat-processing industry gener-
ally contain highly digestible protein, and their amino acid

(AA) pattern is often very similar to dietary needs. Beef
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Table 1 Composition of selected animal by products (% or Mcal/kg for ME and NE, data on DM basis)*

Protein source DM ME (Sw) ME, (Po) NE,, (Ru) NE, (Ru) Eth Ex Lino acid
Animal fats:®
Beef tallow 7.68 7.16 4.53 3.12 100.0 3.10
Choice white grease 7.96 11.60
Lard 7.95 8.56 100.0 10.20
Poultry fat 8.18 9.48 99.8 19.50
Restaurant grease 8.21 17.50
Beef scrap, dried 87.8 15.0
Blood meal, conventional 91.7 2.55 3.01 2.00 1.34 1.6 0.10
Blood meal, spray/ring dried 93.0 3.17 3.68 1.2 0.15
Bone meal, steamed 97.0
Casein 91.3 3.88 4.45 0.7 0.03
Crab meal 95.0 1.56 2.3
Feather meal, hydrolyzed 93.2 2.67 2.54 1.93 1.29 6.1 0.89
Fish meal, anchovy, mech ext 92.0 2.93 2.80 2.13 1.46 5.8 0.26
Fish meal, herring, mech ext 93.0 3.51 343 10.3 0.16
Fish meal, menhad, mech ext 91.7 3.65 3.07 2.09 1.41 10.4 0.13
Fish meal, white, mech ext 91.0 3.09 2.85 52 0.09
Fish oils:®
Anchovy 8.11 1.20
Herring 8.33 100.0 1.15
Menhaden 8.14 8.45 100.0 2.15
Fish solubles, condensed 51.0 3.19 2.86 13.1
Fish solubles, dried 92.0 3.31 3.08 9.1 0.13
Meat and bone meal, rend 93.3 2.39 2.31 1.71 1.09 11.0 0.58
Meat meal, rend 93.4 2.76 2.39 1.98 1.32 11.0 0.58
Milk, skim, dried 96.0 3.87 2.74 0.9 0.01
Oyster, shells, ground®
Plasma protein, spray dried 91.0 2.2
Poult by product meal, rend 93.0 3.08 3.17 13.8 2.73
Poult litter, cage, dried 89.0 1.9
Poult litter, floor, dried 85.0 2.7
Shrimp meal 90.0 2.34 4.3
Whey, dried 94.5 3.32 2.04 0.9 0.01
Whey, liquid 13.9 1.96 1.41 0.7
Whey, low lactose, dried 93.5 3.03 2.30 1.1 0.03

“ME metabolizable energy; NE net energy; DM

dry matter; ME (Sw) ME for swine; ME, (Po) N corrected ME for poultry; NE,, (Ru) NE for

maintenance for ruminants; NE, (Ru) NE for growth for ruminants; Eth Ex  ether extract; Lino Acid linoleic acid; mech ext mechanically extracted;

menhad menhaden; rend rendered; Poult poultry. Dash no available data.

®No available moisture, ether insoluble, or unsaponifiable matter content or DM content; thus, the values are on as fed basis.

(Data from Refs. 1 and 4 9.)

scrap or meal, meat meal, and meat and bone meal are,
however, low in tryptophan, and blood meal is low in
isoleucine. Meat meal and meat and bone meal are
excellent sources of many minerals and vitamins,
especially Ca, P, and vitamin Bj,. Blood meals are
generally a poor source of vitamins and minerals, except
Fe. Bone meal is a good source of Ca and P.

Meat By-Product Meals and Blood Products
Beef scrap is made from the waste materials of the beef-

slaughtering operations. Steamed bone meal is produced
by heating bones in a pressurized cooker to remove fat

and other materials. Meat meal and meat and bone meal
are made from carcass trimming, condemned carcasses
and livers, offal, and bones. They are also prepared from
the rendering of dead animals. Meat meal consists of
mostly meat trimmings and organs, and is distinguished
from meat and bone meal based on its P content. If the
product contains more than 4.4% P, it is considered meat
and bone meal. Blood meal produced by conventional vat
cooking and drying processes has poor palatability and
low lysine availability. Spray-drying and flash-drying
procedures have improved the quality of blood meal. The
plasma fraction of blood yields a fine, light-tan powder.
Spray-dried product, plasma protein, is highly palatable
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and may have a positive effect on the immune system of
the young pig.

MILK BY-PRODUCTS

Casein is the solid residue obtained from the coagulation
of defatted milk. In skim milk, most of the fat and fat-
soluble vitamins are removed. Liquid whey is the part of
milk that separates from the curd during cheese produc-
tion, and can be fed to animals as-is or dried and can also
be used for animal and human diets. A large portion of
lactose can be removed to produce low-lactose dried
whey. Dried skim milk and dried whey have been used for
young animals and in some pet foods. Milk products are

By-Product Feeds: Animal Origin

very palatable and an excellent source of AA. Dried skim
milk and dried whey are a good source of vitamins and
minerals, but they are low in vitamins A and D, and
perhaps Fe and Cu.

MARINE BY-PRODUCTS
Crab and Shrimp Meals, and Oyster Shell

By-products from the processing of crabs or shrimp can be
dried and ground to produce crab or shrimp meal. Both
meals are high in chitin, which contains unavailable N.
Chitin is structurally similar to cellulose but not digested
by cellulase. OtherN fractions contributed by the viscera

Table 2 Contents of selected animal by products (%, data on DM basis)*

Animal by-product Cp RUP Lys Trp Thr Met Ash Ca P
Animal fats:®

Beef tallow 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Choice white grease

Lard 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Poultry fat 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Restaurant grease
Beef scrap, dried 68.3 12.7 9.67 4.76
Blood meal, conventional 89.8 74.2 7.69 1.30 3.93 0.84 2.6 0.42 0.34
Blood meal, spray/ring dried 95.5 8.25 1.53 4.14 1.12 0.44 0.32
Bone meal, steamed 13.2 60.0 71.0 30.71 12.86
Casein 90.4 7.89 1.13 4.26 2.84 3.5 0.64 0.99
Crab meal 31.6 1.47 0.32 1.26 0.53 32.6 18.95 1.58
Feather meal, hydrolyzed 88.9 63.8 2.34 0.59 4.10 0.63 3.5 0.56 0.58
Fish meal, anchovy, mech ext 70.6 53.7 5.53 0.84 3.07 2.12 16.0 4.11 2.70
Fish meal, herring, mech ext 75.5 5.88 0.85 3.28 2.26 11.2 2.52 1.86
Fish meal, menhad, mech ext 67.3 62.5 5.08 0.63 2.78 1.85 20.2 5.50 3.16
Fish meal, white, mech ext 69.2 4.97 0.73 2.84 1.89 26.4 7.67 4.07
Fish oils:®

Anchovy

Herring 0.0

Menhaden 0.0
Fish solubles, condensed 62.9 3.39 0.61 1.69 0.98 19.6 0.51 1.32
Fish solubles, dried 69.5 3.33 0.47 1.50 1.08 134 0.97 1.57
Meat and bone meal, rend 54.6 54.8 2.74 0.30 1.79 0.73 304 10.81 5.19
Meat meal, rend 58.1 444 3.25 0.39 1.99 0.83 22.1 8.79 4.28
Milk, skim, dried 36.0 2.98 0.53 1.69 0.96 8.7 1.36 1.04
Opyster, shells, groundb 38.0 0.10
Plasma protein, spray dried 85.7 7.52 1.49 5.19 0.82 0.16 1.88
Poult by product meal, rend 66.7 3.45 0.46 2.34 1.13 20.2 4.01 221
Poult litter, cage, dried 322 0.44 0.60 0.39 0.13 29.8 8.76 2.47
Poult litter, floor, dried 29.8 0.58 0.61 0.15 16.6 2.94 1.88
Shrimp meal 443 2.41 1.40 1.57 0.91 10.81 2.04
Whey, dried 13.3 0.99 0.20 0.86 0.19 10.3 0.91 0.78
Whey, liquid 144 5.3 1.08 0.22 0.87 0.21 9.8 1.05 0.85
Whey, low lactose, dried 18.0 1.59 0.29 1.08 0.51 20.2 2.11 1.25

“See Table 1 for the dry matter (DM) content. CP crude protein; RUP ruminal undegradable protein, % CP; mech ext mechanically extracted;

menhad menhaden; rend rendered; Poult poultry. Dash no available data.

®No available moisture, ether insoluble, or unsaponifiable matter content or DM content; thus, values are on as fed basis.

(Data from Refs. 1 and 4 9.)
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and residual meat can be of good quality, and thus their
nutritional value may depend on the proportion of
nonchitinous residues in those meals. They are relatively
high in Ca and low in P content. Shrimp meal is a good
protein source for nonruminant species. Crab meal does
not show much promise even for ruminants, but it can be a
low-cost alternative to replace some protein supplements.
Dried and ground oyster shell is an excellent source of Ca.

Fish Meals and Fish Solubles

Fish meals are produced from fish caught specifically for
making meals such as anchovy, herring, and menha-
den or from the residues remaining after processing fish
mostly for human consumption. Whitefish meal is
produced from whitefish or whitefish waste. Fish meals
are high in protein and indispensable AA and a good
source of most vitamins and minerals. However, fish meal
produced from degraded raw material is of low quality
and can be toxic to animals because of high histamine
concentrations.!'"! Feeding fish meal may result in the
development of a fish-like odor in final products. Fish
solubles are by-products of the fish canning and fish oil
industries. After centrifuging to remove the oil, the
remaining fraction can be condensed or dried to make
solubles. Fish solubles contain high-quality protein and
are an excellent source of the B vitamins.

POULTRY BY-PRODUCTS

Poultry feathers are virtually indigestible in their natural
state, and disulfide bonds in feather keratin must be de-
stroyed before the protein can be used by animals. The
most widely used commercial product is hydrolyzed
feather meal, which is deficient in methionine, lysine,
histidine, and tryptophan, but rich in many other AA.
Poultry by-product meal consists of the ground, rendered,
clean parts of slaughtered poultry, exclusive of feathers. It
has a good AA balance and is a good source of minerals
and vitamins. Dried poultry litter from caged layers or
broiler operations is not suitable for nonruminant species
because of the nonprotein N content, and neither of them is
permitted to be fed to lactating dairy cows, but they can be
used as a source of N for ruminants under some situations.

OTHER ANIMAL BY-PRODUCT FEEDS

Dried liver meal consists mostly of dried, condemned
livers. Hydrolyzed hair or leather meal is produced by
cooking the hair or leather under pressure for a long
period to hydrolyze the protein. These meals can be used
by ruminant species. Condensed or dried buttermilk, dried
whole milk, and other milk products may be available, but
they are usually too expensive for use as animal feed. Fish
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protein concentrate, which has higher protein and lower
ash content than fish meals, can be produced by extracting
the oil and screening or settling out the bones. Fish silage
can be made from minced whole fish and/or fish offal by
the combined action of the body enzymes and added acids.
Shells of hatched eggs, infertile and unhatched eggs,
culled chicks, and others can be used to make poultry
hatchery by-product meal. Other animal by-product feeds
can be used for food animal production, and readers are
referred to Refs. 2, 8, and 11 and other publications for
this information.

CONCLUSION

Because of the competition between humans and animals
for quality sources of nutrients, it is necessary not only to
improve feed efficiency but also to fully explore all the
sources of potential feed ingredients. Animal and marine
by-product feeds are generally more variable than plant
feeds in terms of nutrient content and quality. Having
accurate information is therefore important for the
efficient utilization of those by-products and for develop-
ing environmentally friendly, optimum feeding strategies
for successful and sustainable food animal production.
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INTRODUCTION

Plants are important sources of feed (food) for animals
and humans. Most plant products, such as cereal grains,
are processed prior to consumption by humans. Corn,
wheat, rice, and soybeans are the primary crops used to
produce human foods. By-products from the processing of
these grains are good feed resources for animals, and
because they are relatively high in fiber, they are better
utilized by ruminants (cattle, sheep) than by nonruminants

(pigs, poultry).

SOYBEAN-PROCESSING BY-PRODUCTS

Soybeans are processed to produce soybean oil and
isolated protein for human consumption. The resulting
soybean meal, originally considered a by-product, is now
considered a primary product. The soybean hull, removed
during oil extraction, is now the major by-product.
Soybean hulls contain 10 12% protein and high amounts
of fiber. However, there is essentially no lignin in the
soyhull, so the fiber is very highly digestible in beef and
dairy cattle!"?! diets. In contrast, cereal grains (which
contain starch) are digested rapidly by cattle, producing
volatile fatty acids that lower ruminal pH and inhibit fiber
digestion (negative associative effect). Although soyhulls
are highly digested, the rate of digestion is less rapid than
that for starch, thereby producing more moderate pH
values and less negative associative effects. Further, the
same microorganisms digest the fiber in soyhulls and in
the forage being supplemented. Soyhulls are an excellent
energy supplement for beef cows or calves and dairy
cows. Soyhulls are of benefit in a dairy-cow diet by
reducing starch without decreasing diet energy density.!

WHEAT-MILLING BY-PRODUCTS

The primary product from the milling of wheat is flour for
human consumption. Wheat is ground and sieved to
produce flour. The resulting by-products are primarily
wheat bran and wheat middlings. The bran is the hull of
the wheat kernel and the middlings are a mixture of hull
(bran) starch and protein (gluten). Wheat midds contain
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about 18% starch and 18% protein. The remainder is
primarily fiber, which is not digested by ruminants as well
as soyhull fiber. Midds have good feeding value but are
different from soyhulls, primarily because of the starch.
Midds are used by the feed-manufacturing industry as a
carrier and pelleting aid, as well as a source of protein,
minerals, energy, and fiber for commercial livestock
feeds. Midds are widely used in dairy-cattle diets,”®’ in
beef-feedlot diets, and in beef forage-based diets.™

CORN-PROCESSING BY-PRODUCTS

Corn is the most widely grown crop in the United States.
The corn grain is used as a feedstock for three important
milling industries one wet-milling and two dry-milling.

Corn Dry-Milling By-Products—Hominy

The corn dry-milling industry that produces grits, meals,
and flours for human consumption is very different from
the dry-milling industry that produces ethanol. In dry-
milling to produce grits, meals, and flours, the corn grain
is ground and separated into component parts by aspi-
ration, screening, etc. The by-product of this process is
mostly hominy feed that contains over 50% starch, 11
12% protein, and 25 26% fiber. For beef-cattle finishing
diets, 40% of diet dry matter seems to be a practical upper
limit."”! Up to that level, the hominy has an energy value
of 87% that of corn grain. Hominy is widely used as an
ingredient in dairy-cattle diets.

Dry-Milling By-Products—Distillers

The dry-milling industry ferments the starch in grain
(corn, sorghum, barley) to ethanol. The dry grain is
ground, mixed with water, and cooked, and then an
enzyme is added to convert the starch to glucose. The
glucose is fermented to ethanol using added yeast. When
the alcohol is removed, the resulting stillage is high in
moisture and usually separated into wet grains and thin
stillage by screening or centrifuging. In the past, these by-
products were dried in drum dryers to produce dried
distiller’s grains (DDG) or dried distillers grains with
solubles (DDGS). The solubles are commonly used in

Encyclopedia of Animal Science
DOI: 10.1081/E EAS 120019514
Copyright © 2005 by Marcel Dekker, Inc. All rights reserved.



By-Product Feeds: Plant Origin

beef-cattle feedlots as either a dietary ingredient or a
carrier for liquid supplements.

In the early 1980s, researchers started evaluating
the feeding of distillers grains and/or solubles wet.'!
Klopfenstein and Grant!”! summarized 11 experiments in
which wet distillers by-products were fed in beef cattle
finishing diets. At 17.4% of the diet dry matter, this by-
product had 150% the feeding value of corn, and when fed
at 40% of the diet, 136% the value of corn. The protein in
distillers grains is about 30% and the fat is about 12%.
Typically, DDG (or DDGS) are used as a protein
supplement in ruminant diets. Feed manufacturers use
DDG in beef and dairy supplements and feeds. Many
larger dairies use DDG as a commodity feed ingredient for
use in total mixed rations."”! Initially, beef-cattle feedlots
were reluctant to use wet distillers products as an energy
source in beef-cattle finishing diets. However, the practice
of feeding wet distillers by-products within 100 to 150
miles of an ethanol plant is becoming common.

DDG and DDGS are excellent sources of rumen-
undegraded protein. This is an advantage for ruminants
such as lactating beef or dairy cows that have high protein
requirements. The relatively high fat content ensures a
high energy content diet. The corn fiber (hull) in forage-
based diets is highly digested by cattle. The high protein
and bypass, high fat, and fiber contents of DDG are
especially useful in lactating dairy diets.!”

Corn Wet-Milling By-Products

The corn wet-milling process is more complex than either
of the dry-milling processes. Large plants are necessary
for efficiency of production. Dry-milling ethanol plants
may use 30,000 to 50,000 bushels of corn per day,
whereas wet-milling plants grind 150,000 to over 500,000
bushels per day. The wet-milling process produces alcohol
and several human food products including sweeteners
and corn oil. In the first step, corn is steeped in weak acid
and then milled (ground). After grinding, the kernel is
separated into four parts the germ, the starch, the bran
(hull), and the gluten meal (protein). The oil is extracted
from the germ. The starch is used for human consumption
or ethanol production. The primary by-product is corn
gluten feed, which contains the bran, steep liquor, and
germ meal. This product is 16 24% protein and 40 50%
fiber. The corn fiber is highly digestible by ruminants,
probably even more rapidly digested than soyhull fiber.'!
The majority (70 75%) of dry corn-gluten feed is
shipped to Europe.l®! In the future, the amount produced
will probably increase and the amount exported will
probably decrease, making more gluten feed available for
feeding in the United States. The practice of feeding wet
corn-gluten feed to beef-feedlot cattle or dairy cows has
been widely accepted.!”! The wet gluten feed has 100
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110% the feeding value of dry rolled corn in beef-cattle
feedlot diets when fed as 20 40% of the diet dry matter.'!

BREWER BY-PRODUCTS

Another by-product in alcohol production is brewer’s
grains. These grains are widely used in dairy- and beef-
cattle diets fed both wet and dry by-products. Brewers
grains differ from DDG because the brewer’s grains are
not fermented and because barley is the grain commonly
used, rather than corn. The resulting by-product is higher
in fiber and the fiber is less digestible than that in corn by-
products. Because of the fiber content, brewer’s grains are
fed primarily in forage-based cattle diets including
lactating-dairy-cattle diets.”!

POTATO-PROCESSING BY-PRODUCTS

Potatoes are an important human food and many potatoes
are processed before marketing. It is estimated that 33 kg
of waste is produced for each 100 kg of potatoes
processed."'”" Considerable processing occurs in the
northwest United States, and much of the waste (by-
product) is fed wet to beef cattle in feedlots. Because of
the high starch content, potato waste has high feed
value similar in energy to corn or barley. The practical
limit of its use in cattle diets is 30 40% of the dry
matter. This is a high-value by-product and is essentially
the basis for the cattle-feeding industry in Idaho and
Washington."!

CITRUS-PROCESSING BY-PRODUCTS

Approximately 39% of processed citrus fruit is by-
product.”"” The by-product includes the peel, pulp, and
seeds, which are processed and dried. Citrus pulp is
relatively low in protein (6.5%), but is an excellent source
of fiber. This by-product is widely used in dairy diets in
the southeast and southwest United States.!'*'?

FRUITS AND VEGETABLE BY-PRODUCTS

Although some fruits and vegetables are marketed with-
out processing, most are processed to some degree. The
wastes generally are high in water content, perishable, and
seasonally produced.''” The by-products tend to be low-
protein, high-carbohydrate materials. Energy values for
feeding to ruminants vary but may be quite high.
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RICE-MILLING BY-PRODUCTS

Rice bran and rice hulls are produced in the processing of
rice for humans.!'*! Both are high in fiber. The bran is
similar in feeding value to wheat bran, but the hulls have
little feeding value.

CONCLUSION

By-products in general are high in fiber, but the fiber is
highly digested. These by-products are excellent feed
sources for ruminants. They vary in content of energy,
protein, and phosphorus and can be included in ruminant
diets to supply the needed nutrients. Because the by-
products are primarily produced in the production of
further-processed human foods, it is anticipated that
quantities of products available will increase in the future.
Production of fuel ethanol will also increase by-product
availability. Ruminants provide a means of maximizing
utilization of most of these by-products.
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Camelids
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INTRODUCTION

Camelids comprise three genera of Camelus found
exclusively in the Old World; Lama and Vicugna in the
New World or South America of the Camelidae family,
including four domesticated species: (1) domestic Bac-
trian or two-humped camels (C. bactrianus; Linnaeus,
1758), (2) dromedaries, or Arabian or one-humped camels
(C. dromedarius; Linnaeus, 1758), (3) llamas (L. glama;
Linnaeus, 1758), and (4) alpacas (V. pacos, formerly L.
pacos; Linnaeus, 1758); and three wild species: wild
Bactrian camels (C. ferus or C. bactrianus ferus;
Przewalski, 1883), guanacos (L. guanicoe; Muller, 1776),
and vicunas (V. vicugna; Molina, 1782). The overlap in
distribution of domestic Bactrian camels and dromedaries
is limited to small areas in central Asia. However, the
distribution of all four of the South American camelids
overlap in large areas in the Andes. The Old World
camels may produce fertile hybrids. Hybridizations
among all four South American species have also been
confirmed through DNA analyses. Today, domestic
camelid rearing is central to the economies of the poorest
nomads in dry and cold Central Asia, dry and hot Middle
East and North Africa, and the high and chilly Andes.

ORIGIN AND DOMESTICATION

Fossil records trace early evolution of Camelidae in North
America. The predecessors of Camelus migrated to the
Old World by the Bering Straits into Eurasia in the
Pliocene to early Pleistocene. Others migrated from North
America to South America about this time and became
the founders of the South American camelids. Camelidae
became extinct in North America, possibly due to
overhunting, 12,000 14,000 years ago.

Recent studies on phylogenetic divergences between
dromedary and domestic Bactrian camels postulate
speciation of their ancestors in the early Pliocene prior
to migration from North America to Eurasia, accommo-
dating the hypothesis of separate domestications of
dromedary in ancient Arabic territory and Bactrian camel
in central Asia 4000 5000 years ago.''*) Genetic
distinctions between the wild and domestic Bactrian
camels portray them as reciprocally monophyletic,
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recognizing the wild Bactrian camels as an independent
taxonomic unit.”*3! Wild Bactrian camels, with fewer than
900 survivors in northwestern China and southwestern
Mongolia, have been included on the United Nations’ (UN)
list of the most threatened species since September 2002,

Archaeozoological and genetic evidence favors inde-
pendent domestications of llama from guanaco and alpaca
from vicuna supposedly 6000 7000 years ago in the
Peruvian puna. Today guanacos remain in the wild in
Chile and Argentina, whereas vicunas survive in Chile,
Argentina, and Ecuador under protection.”®

DISTRIBUTION AND NUMBERS

Dromedaries, uniquely adapted to hot and dry climates,
are found in about 35 countries from the east of India to
the west of Senegal and from the south of Kenya to the
north of Turkey, with an estimated global population of
17.7 million in 2002. There are around 6.2 million
dromedaries in Somalia, where they are the main livestock
sources of milk and meat.'”! A feral dromedary population
was established in Australia after 1928 following
importations from Africa and Asia.

Domestic Bactrian camels are found in the desert
steppes of Central Asian countries, in Turkmenistan,
Kazakhstan, Kyrgyzstan, and northern Pakistan and India,
overlapping to varying degrees with dromedaries, and
further eastward to southern Russia, and down to
northwestern China and western Mongolia. The total
population is about 0.82 million, of which 0.35 million
were in Mongolia and 0.28 million in China by 2002.""

Llamas and alpacas are found in Andean semidesert
rangelands at altitudes of 3800 5000 m for llamas and
3500 5000 m for alpacas in Peru, Chile, Bolivia, Ecuador,
and Argentina. Additionally, Columbia has a few llamas.
The total population of llamas and alpacas is about 3.8
million, respectively.[®”]

PHYSIOLOGICAL AND
ANATOMICAL CHARACTERISTICS

Camelids have 37 pairs of chromosomes. Because
camelids evolved in desert and semidesert environments,
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Table 1 Reproductive parameters of camelids

Camelids

Puberty First breeding Reproductive life Gestation length Birth weight
Species (years) age (years) span (years) (days=SD) (kg)
Dromedary, male 253 57 15 35 54
Dromedary, female 34 46 20 375+27 26 48
Bactrian camel, male 3 56 15 35 54
Bactrian camel, female 34 34 20 400+35 32 48
Llama, male 1 23 15 9.5 145
Llama, female 1 152 15 348+7 7.0 11.5
Alpaca, male 1 23 15 7.0 85
Alpaca, female 1 152 15 343+2 6.0 7.5

(Data from Refs. 6 9.)

they developed sophisticated physiological adaptations for
dehydration and extreme cold or heat in their habitats. Old
World camelids are much larger, have a single broad
footpad and a lighter hairy coat, and are adapted to
extreme temperatures and scarce food supplies. South
American camelids are small and cloven-hoofed, and have
a dense and fine wool coat, enabling them to survive under
extremely low temperatures in the snowy semidesert of
the Andes.

Hump

The dromedary has one hump and the Bactrian camel has
two, about 25 35 cm high, for storing fat. South American
camelids have no hump.

Water Balance

The unusual water balance in camelids is characterized by
a low level of evaporation and greatly delayed dehydra-
tion, enabling them to consume dry food for long periods.
Camelids usually take water only once or twice a week but
in large amounts, up to 70 kg. They can safely survive a
water loss equivalent to 40% of their body weight. Their
erythrocytes, being highly elastic, can continue circulating
under increased blood viscosity. Their kidneys are capable
of markedly concentrating their urine to reduce water loss.
They can also extract water from their fecal pellets.

Digestive Tract

Camelids have a complex, three-compartmented stomach.
Although not considered ruminants, they regurgitate and
rechew ingested forage. They are more efficient at feed
conversion than true ruminants in extracting protein and
energy from poor-quality forages.

Body Temperature Fluctuation

Camelids are adapted to have a large fluctuation in body
temperature, from 34.5 to 41°C, depending on the time of
day and water availability.

Reproduction

Males are seasonal breeders, corresponding with that of
the females. Spermatogenesis continues throughout the
year but at a higher rate during the breeding season.
Females do not have regular estrous cycles but are
induced ovulators. Ovulation can occur within 48 hours
for Old World camelids and within 24 36 hours for South
American camelids following mating." They demon-
strate polyestrus seasonally, which occurs with the
decrease of day length from October to May for Old
World camelids and during the rainy months from
December to April for South American camelids. Further,
Old World camelids calve a single baby every 2 years and
wean newborns at 12 18 months, whereas South Amer-
ican camelids calve every year and wean newborns at 6
12 months (Table 1).

USES

Camelids are multipurpose animals that supply meat,
milk, fiber, transport, and draught power.

Meat

Meat, mostly eaten fresh, is the main source of animal
protein for nomads of western Asia, northern and eastern
Africa, and the Andes. Bactrian camel meat has coarser
fibers than beef with low market demand.
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Table 2 Body measurement and productive performance of adult camelids

Height at Liveweight Dressing percentage Milk yield Fleece weight
Species wither (cm) (kg) (%) (kg/day) (kg/animal/year)
Dromedary, male 170 220 360 720 50 57 1.5 40
Dromedary, female 165 205 320 630 47 55 3.5 20.0 1.3 35
Bactrian camel, male 172 195 525 775 43 52 12.0 15.0
Bactrian camel, female 166 182 450 595 35 47 1.0 3.5 6.0 8.0
Llama, male 105 120 80 115 45 55 1.0 2.0
Llama, female 95 105 75 105 40 52 1.0 2.0
Alpaca, male 80 95 62 90 51 59 1.5 32
Alpaca, female 75 88 61 75 45 55 1.2 2.8

(Data from Refs. 6,7,9.)

Milk

Dromedaries produce about 3.5 20 kg of milk per day
during lactation, which ranges from 8 24 months. Their
milk is rich in protein, fat, and mainly vitamin C. It is
mostly consumed fresh or is made into fermented products,
butter, and cheese.”’ Bactrian camels produce smaller
amounts of milk. Llamas and alpacas are milked (Table 2).

Fiber

Alpacas are primarily kept for wool, which is highly
prized by the textile industry. However, the quality of
their fleece has degenerated, supposedly due to extensive
crossbreeding with llamas and uncontrolled breeding
between the fine and extrafine breeds since the Span-
ish.>® Llamas have long and coarse fleece fiber, which is
made into string bags, sacks, blankets, and clothing.
Bactrian camel fleece consists of long and coarse hair
used for making rope, and short and fine fiber used for
making padded clothes and quilts. Dromedaries in the
north produce less coarse fiber (Table 2).

Transport
Bactrian camels, dromedaries, and llamas are kept primarily
for pack and transport, but this has declined in the last two

decades due to mechanization, which has led to rapid
population reduction, particularly in Bactrian camels.

Sport

Dromedary racing is a popular sport in Arabic countries.

Other

Skins are raw materials for traditional currier and
tannery. Dung is used as fertilizer and fuel. In north-

ern Kenya, camel blood supplies vitamin D, salt, and
other nutrients. Camelids are also considered sacri-
ficial animals.

CONCLUSIONS

Camelids are managed under transhumant systems that
support the poorest populations in marginalized desert and
semidesert regions and highland steppes. The utilization
and development of camelids could potentially enhance
their livelihood and prevent human migration into already
overcrowded villages and towns.

Currently, breed names of camelids take after the
ethnic group keeping them or the geographic regions
where they are found. Therefore, little is known about
genetic differences between these different groups or
within any type of camelids.”*>"'°! Modern technologies to
improve reproductive efficiency and economic traits in
camelids have been tried but not extensively used in the
field."®!

There are huge variations in body conformation and
milk production in the Old World camelids (Table 2).
Some dromedary breeds likely have high potential for
milk production.” Llamas and alpacas have been
introduced into North America, Europe, Australia, and
New Zealand for the primary purpose of fiber production
under well-controlled breeding schemes and manage-
ment systems. It is expected that experience and
knowledge gained from these small herds may be
applied to the genetic improvement of South American
camelids in their home countries.
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Carcass Composition and Quality: Genetic Influence
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INTRODUCTION

Genetic background has been known for many years to
affect the quantity and quality of meat from food animals.
Improvements in the ratios of muscle to fat in carcasses
from meat animals have been dramatic. In addition to
the benefits for animal selection from analyzing meat
quality, a number of genetic conditions have also pro-
vided new insights on biological mechanisms involved
in muscle contraction, muscle growth, and postmortem
metabolism. The current entry describes some of these
genetic factors.

BOS TAURUS VERSUS BOS INDICUS

Most cattle used for food are members of two different
species. Those of European origin (i.e., Angus, Hereford,
Charolois breeds) are Bos taurus, while those with
humped backs (Brahman, zebu) are Bos indicus. Animals
with B. indicus breeding give meat that is much less
tender than that from the B. faurus breeds.!"’ The reason
for this difference has been ascribed to the level of
calpastatin in the muscle.!” Calpastatin is an inhibitor
of calpains, a class of calcium-activated proteases that
are believed to be involved in the tenderness improve-
ment that occurs during postmortem aging. Thus B.
indicus muscle has more calpastatin and less postmortem
protein breakdown.

DOUBLE-MUSCLE CONDITION IN CATTLE

Double-muscle animals have hypertrophied muscles in
both the front- and hindquarters due to a mutation in the
myostatin gene.”*! The increased muscling is visible at
birth, and the larger size also contributes to difficulty with
calving. The increased muscle size is due to an
approximate doubling in the number of muscle fibers in
these animals without significant change in average
muscle diameter.” Carcasses show bulging muscles and
a minimum of exterior fat covering (Fig. 1). The double-
muscle condition results in a somewhat paler muscle color
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and a reduction in intramuscular fat. The tenderness of the
muscle, however, is largely unaffected.

PALE, SOFT, EXUDATIVE (PSE) AND
PORCINE STRESS SYNDROME
(PSS) IN PIGS

An unusual condition occurs in pig muscle postmortem
that is referred to as PSE.””! The muscle is pale in color,
soft in texture, and may exude as much as 10% of the
muscle weight in liquid (also called drip) (Fig. 2). The
condition is genetic in nature and has been linked to a
recessive mutation in the ryanodine receptor.'® The latter
is a protein that serves as a calcium channel in the
sarcoplasmic reticulum. In normal muscle, this channel
releases calcium to activate muscle contraction. However,
the mutant protein leaks calcium and thus partially
activates the contractile system. Such activation dramat-
ically increases the postmortem ATP splitting and the rate
of glycolysis. Muscle pH drops rapidly while the
temperature is still high, and this pH temperature
combination denatures the myosin, resulting in decreased
muscle water binding. The extent of this glycolysis
acceleration is highly variable, being affected by
numerous antemortem conditions including ambient
temperature, climatic change, and stress.””! The incidence
of the PSE condition has remained at about 10 15% of
the pig population for many years. Animals with the
mutant gene are often leaner and more heavily muscled,
so visual breed stock selection has worked against
eliminating the mutation. A similar condition occurs in
humans and is called ‘‘malignant hyperthermia.”” The
name is actually a misnomer; it is unrelated to cancer.
Humans containing a ryanodine receptor mutation
respond to anesthesia by developing muscle rigidity
and extreme increases in body temperature, often leading
to death unless the condition can be stopped by drug
intervention. More than 20 different ryanodine receptor
mutations have been found in humans; it seems fairly
likely that additional pig mutations will also be identified
in the future.

Porcine stress syndrome is caused by the same
ryanodine receptor mutation found in PSE, but occurs in
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Fig. 1 Carcass from a double muscled steer. Note the bulging
muscles and the minimal external fat covering. (Photograph
courtesy of Morse Solomon, United States Department of
Agriculture, Beltsville, Maryland.) (View this art in color at
www.dekker.com.)

the live animal. PSS pigs under stress may show muscle
tremors and rigidity, skin splotchiness, and increased body
temperature. In many cases, these conditions will lead to
death. Even the stress of loading the animals on a truck to
transport them to market may be fatal.

Testing for carriers of the ryanodine receptor mutation
was formerly conducted using a challenge with the
anesthetic halothane; carriers would show muscle tremors
and rigidity. A genetic test now is available for the single
pig ryanodine receptor mutation identified to date;
however, some pigs develop PSE meat in spite of having
a normal genetic result.

Some turkeys and chickens also have accelerated
postmortem glycolysis that has been termed a PSE-like
condition. It is not currently known whether a ryanodine
receptor mutation is the causative agent.

RN-CONDITION IN PIGS

Certain pigs have unusually high glycogen levels in their
muscle at the time of death.’® The time course of
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postmortem glycolysis is normal, but the final or ultimate
pH in the longissimus muscle is often around 5.3 5.4
instead of the more typical 5.5 to 5.6. This phenotype
results from a dominant mutation termed RN-. The letters
are an abbreviation for Rendement (French for yield)
Napole (name of a test for ham processing yield). The
condition is also referred to as ‘‘acid meat”’ and the
‘““Hampshire effect’” since the mutation is prevalent in the
Hampshire breed. The lower ultimate pH, along with a
lower protein content, causes the water-holding capacity
of the meat to be diminished and the processed ham yield
to be reduced. Carriers were formerly identified by
measuring the ‘‘glycolytic potential’” (the sum of the
lactic acid concentration plus 2 x [glycogen glucose +glu-
cose +glucose-6 phosphate content])."”! Since muscle is a
closed system postmortem, the time of sampling after
death will not affect the glycolytic potential. Glycolytic
potential values are typically around 125 pM/gram in
normal muscle, but often range from 180 300 uM/gram in
animals with the mutation. The RN- locus is on
chromosome 15 in the region coding for the gamma

Normal

Pale, Soft Exudative

Fig. 2 Loin chops from a normal and a pale, soft, exudative
(PSE) pig. Note that the PSE condition does not affect all
muscles equally. (View this art in color at www.dekker.com.)
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Fig. 3 Carcasses from normal (L) and callipyge (R) lambs. The
extreme muscularity of the hind legs is evident. (Photograph
courtesy of Sam Taylor, Texas Tech University.) (View this art
in color at www.dekker.com.)

subunit of a muscle-specific adenosine-monophosphate-
activated protein kinase PRKAG3."?! This kinase nor-
mally inactivates glycogen synthase, but this inactivation
does not occur in the mutant animals.

Meat from RN carriers has greater cooking loss and is
inferior for use in processed meat products. However, this
type of meat is more tender than normal pork.

CALLIPYGE SHEEP

An unusual genetic condition in sheep results in animals
with hypertrophied muscles primarily in their hind-
quarters. The word callipyge was derived from the Greek
calli=beautiful and pyge =buttocks. The phenotypic trait
only appears after the lambs are 4 to 6 weeks of age. The
callipyge condition is transmitted by a remarkable in-
heritance mode called polar overdominance, where only
heterozygous offspring from carrier males express the
phenotype. The mutation locus appears to be a single A- to
-G replacement on chromosome 18."'! Callipyge car-
casses have increased muscle content and reduced fat

193

levels."'?! A picture showing a comparison of a normal
and callipyge lamb carcass is shown in Fig. 3. Unfortu-
nately, muscles from these animals also have reduced
tenderness. Increased calpastatin content has been linked
to the tenderness problem.!!

CONCLUSION

The influence of genetics on meat quality will continue to
be an important area of research. The rapid progress
toward sequencing the genomic DNA from the agricul-
tural animal species will speed the identification of new
factors affecting muscle foods.
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Carcass Composition and Quality: Postmortem
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INTRODUCTION

Numerous factors affect the quality of muscle in its use for
food. The genetic background of the animals, the age at
harvest, the feeding program used, and the way the
animals are handled before harvest all have important
effects on meat quality. Muscle foods are also influenced
by the metabolism and changes that occur during the
postmortem time period. This article summarizes the
biochemical and physical alterations that occur in muscle
after death, and discusses some conditions that modify
these alterations.

MUSCLE METABOLISM

Muscle tissue is specialized for movement in humans and
animals. The compound adenosine triphosphate (ATP)
contains high-energy phosphate bonds, and these bonds
can be broken to convert chemical energy into work by the
myofibrils. Muscle contraction occurs when a nerve signal
causes the depolarization of the muscle cell membrane
and the release of calcium from the sarcoplasmic
reticulum to activate the myofibril contractile proteins.
Adenosine triphosphate is required to power the contrac-
tion as well as to pump the calcium back into the
sarcoplasmic reticulum and restore the sodium and
potassium at the cell membrane."'! A diagram showing
the pathways for ATP production and utilization is shown
in Fig. 1. In the living animal, the most efficient pathways
of ATP production involve conversion of pyruvate into
carbon dioxide in the mitochondria. However, after the
animal dies, substrates such as glucose, fatty acids, and
oxygen from the bloodstream are no longer available.
Creatine phosphate (CP) can regenerate a small amount of
ATP, but only the glycolysis pathway remains active. In
postmortem muscle, the glycogen is converted to lactic
acid and the latter accumulates. The pH also declines to
below 6.0 in most cases, and the final or ultimate pH
depends on species and muscle type. A typical pattern for
the postmortem changes in several chemical and physical
factors is shown in Fig. 2. Although this pattern is for
normal pig muscle, other species would display similar
patterns except for differences in the time axis.
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RIGOR MORTIS

Adenosine triphosphate is required to power muscle
contraction, but it also functions to dissociate the myosin
and actin bonds after a contraction. Therefore, resting
muscle is easily stretchable and extensible. However, if
the ATP supply is depleted, the myosin and actin form
tight bonds so that the muscle filaments no longer slide
over one another.”®! This inextensibility is referred to as
rigor mortis (Latin for the stiffness of death). The time
course of rigor mortis is directly related to the muscle
ATP content (see Fig. 2). It also varies with species
(beef 12 to 24 hours; lamb 8 to 12 hours; pig 4 to
6 hours; chicken and turkey 2 to 3 hours). The time
course is also related to the muscle temperature, with
glycolysis generally more rapid at higher temperatures.

PROTEIN CHANGES

Although the metabolic changes in muscle postmortem
are essentially completed within the first day after death,
additional alterations occur in some of the structural
proteins of muscle. The calpain proteases are believed to
be responsible for the proteolytic cleavage of several
proteins including desmin, troponin T, titin, and nebu-
lin" The postmortem time course of these protein
changes parallels the improvement in tenderness of
cooked meat. This process, termed aging, is mostly
completed within the first few days in chickens, but
extends over a one- to two-week period in beef.

UNUSUAL TYPES OF
POSTMORTEM METABOLISM

Thaw Rigor

Muscle tissue that is frozen before rigor mortis occurs and
is then rapidly thawed undergoes a process termed thaw
rigor. Freezing causes the formation of ice crystals inside
the sarcoplasmic reticulum, resulting in a large release of
calcium upon thawing' and a marked shortening (down
to 20 25% of the initial length). The thawed muscle also
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Fig. 1 Diagram showing an overview of muscle metabolism.
The dotted arrows are pathways that become nonfunctional
in postmortem muscle. (From Ref. 2. Reprinted courtesy of
Marcel Dekker, Inc.) (View this art in color at www.
dekker.com.)

releases a large amount (as much as 25% by weight) of its
fluid (called drip).

Cold Shortening

The typical dependence of postmortem metabolism on
temperature is invalid under certain conditions. Muscles
from beef and lamb have a higher rate of ATP breakdown
and pH decline at 4°C than at 10°C. Muscles from these
species, when excised from the carcass, undergo a slow
contraction called cold shortening.'™ The muscles shorten
by as much as 50% of their length. This shortening also
reduces meat tenderness. Cold shortening can occur on the
carcass as well, particularly under conditions with high
efficiency and rapid cooling.

Pale, Soft, Exudative (PSE) Condition

Pigs that have the ryanodine receptor mutation'”! have an
unusually rapid rate of postmortem glycolysis. The muscle
pH may drop below 5.5 within the first 15 30 minutes
postmortem instead of the normal 4 to 6 hours. The rapid
pH decline while the muscle temperature is still high
results in myosin denaturation and loss of water-binding
activity. Stress and high ambient temperatures at the time
of harvest increase the severity of the PSE condition.

Dark Cutter (Beef) and Dark, Firm, Dry (Pigs)

Both of these conditions occur when the muscle glycogen
has been largely depleted before the animal dies. In
bovine animals, this occurs quite often with bulls that have
been socially regrouped.'™ The incidence is 2 5% among
steers and heifers, but may approach 15% in bulls. Stress
and fights lead to the glycogen depletion. With pigs, the
dark, firm, dry meat results from the same ryanodine
receptor mutation that causes PSE, but in the former case,
the glycogen has also been depleted before harvest. In
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both cases, the ultimate pH is between 6.2 and 6.8. The
high pH results in higher water-binding activity and a
darker surface color.

INTERVENTIONS THAT ALTER
POSTMORTEM METABOLISM

Extremely rapid postmortem chilling has been adopted to
reduce bacterial growth and improve food safety. A
modest improvement in pig meat quality can be achieved
by rapid chilling, but no economically feasible cooling
system has been devised to prevent the most severe PSE
meat. Injection of muscle early postmortem with sodium
bicarbonate can prevent the PSE condition, apparently by
decreasing the rate and extent of pH decline."’

Rapid chilling may result in an undesirable decline in
meat tenderness, especially in beef and lamb. An
alternative method to speed postmortem glycolysis is
early postmortem electrical stimulation.!'”! Electrical
stimulation of the carcass (within the first 30 minutes
after death) results in vigorous muscle contraction and
rapid glycolysis. In beef carcasses, the pH may drop to
around 6.3 after a couple minutes of stimulation.
Unfortunately, a wide variety of stimulation voltages
and stimulation equipment types has been adopted, so
comparing results from different studies has been difficult.
Electrical stimulation in most cases provides a modest
increase in meat tenderness.''"!

CONCLUSION

The metabolic and proteolytic activities of muscle tissue
do not cease at the time of death. Postmortem metabolism
should be slowed in pig muscle, but accelerated in bovine
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Fig. 2 Chemical and physical changes that occur in muscle
postmortem. The time course corresponds to that occurring in
normal pig muscle. Abbreviations: ATP adenosine triphos
phate; CP creatine phosphate; LA lactic acid; Ext extensi
bility. (From Ref. 2. Reprinted courtesy of Marcel Dekker, Inc.)
(View this art in color at www.dekker.com.)
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and ovine muscle for optimum meat quality. It remains a
challenge to control and/or manipulate the various
enzymatic activities postmortem to ensure uniform meat
products with desirable eating quality.
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INTRODUCTION

Channel catfish, Ictalurus punctatus, is a member of the
catfish family Ictaluridae. The larger members of the
catfish family blue catfish (Ictalurus furcatus) and
flathead catfish (Pylodictus olivarus) are important
commercial and sport fish. The Ictaluridae family also
includes the white catfish (Ameiurus catus), bullheads
(Ameuirus sp.), and madtoms (Noturus sp.). Catfish as a
group are morphologically distinguished from other fish
by their scaleless bodies, broad flat heads, a single spine in
the front of each dorsal and pectoral fin, a small adipose
fin between the tail and dorsal fin, and long barbells above
and below the mouth. Catfish are omnivores, usually
nocturnal, and generally locate feed by taste and touch
through the numerous taste and sensory cells located
along the barbells and other external skin areas. Catfish
spawn or deposit their eggs in nests, which are generally
shoreline or bottom cavities and depressions. All catfish
species are considered benthic fish and inhabit a wide
range of stream, river, lake, and pond habitats.

CHARACTERISTICS AND
GEOGRAPHIC DISTRIBUTION

Channel catfish is the most widely utilized catfish species
for commercial production.'! The native range origi-
nally was from the Great Lakes and Sakatchewan River
southward to the Gulf of Mexico, but introductions have
greatly increased the distribution for both sport fishing
and aquaculture. Coloration is white on the belly
(ventrum), silver to gray on the sides, and gradually
darkening to almost black on the top (dorsum) (Fig. 1).
Albinism, caused by a single recessive gene, can be
common in commercial culture and the aquarium
industry, but is rare in nature.

Commercial production of channel catfish began more
than 40 years ago and has become one of the most
successful aquaculture enterprises in the United States."
Major processors processed more than 630 million pounds
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of catfish in 2002.°" A recent survey reported 174,900
acres of ponds in production in the four major producing
states of Alabama, Arkansas, Louisiana, and Missis-
sippi.!® Mississippi leads all states with 106,000 acres,
followed by Arkansas (33,500 acres), Alabama (26,000
acres), and Louisiana (9400 acres). The sustained growth
of the catfish industry is due to increased per capita
consumption of seafood products, development of an
effective industry infrastructure, successful marketing,
and research support.

CHANNEL CATFISH PRODUCTION

Optimum growth and production of channel catfish
necessitate maintaining optimum environmental condi-
tions. Although catfish farmers utilize a variety of man-
agement practices that are specific to individual farms,
general management practices or production schemes
have been developed to optimize production efficiency.
The catfish production system or production practices
described in this summary provide brief recommenda-
tions for culture systems, biology and management of
different life stages (adults, juveniles, and foodfish), and
harvesting and processing. The information provided is
not inclusive, and detailed information can be obtained
from the references provided.

Culture Systems

Channel catfish are typically cultured in large earthen
ponds, although a variety of other systems including
raceways, cages, and tanks have been utilized. Ponds are
usually constructed on flat land to form levee ponds
covering 10 to 15 surface acres, with an average depth of
4 feet (Fig. 2). Smaller ponds are often constructed in
rolling terrain by constructing a levee across a watershed
or drainage area, but most water for filling and maintain-
ing pond water levels is from a groundwater (well) source.
In the southeastern United States, catfish are generally
cultured for two growing seasons and reach market size in
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Fig. 1 Photograph of a channel catfish. (View this art in color
at www.dekker.com.)

18 to 30 months, depending on stocking and feeding
rates.”!

Biology and Management
Broodfish and hatchery management

Proper management and care of broodfish are critical for
high reproductive or spawning success. Many factors such
as water quality, stocking density, and management
outside the spawning season can affect catfish reproduc-
tion. Spawning success can be as high as 20 to 30% in
two-year-old fish, but best reproduction is obtained from
three- and four-year-old fish. The industry average for
spawning success is estimated to be around 30 to 40%,
and for egg hatching around 60%. A sex ratio of 1:1 or 2:1
females to males is desirable and should be closely
monitored each year, because males have higher mortality
rates than females. Male and female catfish are sexually
dimorphic. Males typically are darker in color and have
larger heads, whereas females are lighter in color and
typically have swollen abdomens during the spawning
season, because of ovary development. Broodfish should
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be stocked at no more than 1200 pounds per acre into
ponds that have been drained, allowed to dry, and recently
reflooded. After the spawning season, broodfish can be
moved and restocked into ponds at 3000 to 4000 pounds
per acre. Broodfish should be fed a nutritionally complete
floating commercial diet, with at least 28% protein, at 2%
of body weight per day when water temperatures are
above 70°F, and at 1% per day with a slow-sinking pellet
at temperatures between 55° and 70°F. Generally, no feed
is offered below 50°F.

Spawning activity will begin in the spring when water
temperatures are consistently around 75°F. Maintaining
optimum water quality in spawning ponds is important,
because low levels of dissolved oxygen and excessive
algae and aquatic weed growth will inhibit spawning
success. Commercial farmers place 50 to 75 spawning
cans into ponds for each 500 females. Spawning cans can
be checked every two days during the spawning season.
Eggs should not be crowded into transport containers and
transport water should not become warmer than 85°F
before transport to the hatchery.

Well water with temperatures between 75°F and 82°F
is preferred for hatching catfish eggs. Eggs are usually
incubated in long, shallow troughs or tanks with aeration
paddles or diffused aeration (Fig. 3). Dissolved oxygen
levels should be maintained above 6.0 ppm, total water
hardness and alkalinity at >20 ppm, pH between 7.5 and
8.5, and total gas pressure at 100% of saturation, or less.
Maintaining optimum water temperatures, cleaning hatch-
ery equipment, and using formalin and iodophores will
minimize bacterial and fungal infections on eggs. Eggs
hatch in five to seven days after spawning, and fry will
actively start swimming and begin feeding three to four

Fig. 2 Aerial view of levee ponds used for channel catfish culture. (View this art in color at www.dekker.com.)



200

Channel Catfish

Fig. 3 Catfish eggs being incubated in a hatching trough. (View this art in color at www.dekker.com.)

days after hatching. Fry must be fed a high-protein diet
(usually 45% protein) at least 12 to 24 times per day.

Fingerling culture

Growth and survival of catfish fry to fingerling size
depend on maintaining water quality, controlling disease,
and providing enough feed to achieve the desired harvest
size. Although the industry average for survival of fry to
fingerling has been estimated at 65%, with a yield of about

3000 pounds per acre, acute problems with disease and
water quality can drastically affect survival and yield in
fingerling ponds. Fry/fingerling ponds should be drained
and dried to kill all trash fish and vegetation before filling
with well water. Ponds must be fertilized, checked for
zooplankton populations, and have predaceous insects
controlled, following recommended management guide-
lines. Fry can be counted volumetrically or by weight
prior to stocking into ponds, and should be stocked at 7 to
10 days old, after they are actively feeding. Fry are
normally stocked at a rate of 75,000 to 125,000 fry per

Fig. 4 Catfish are harvested from ponds using tractors to pull large seines. (View this art in color at www.dekker.com.)
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acre. Morning dissolved oxygen readings should be above
5 ppm, and stocking should be completed before water
temperatures exceed 85°F. Vaccination of fry against
bacterial diseases may improve survival.

After stocking, catfish fry should be fed finely ground
feed (usually 40 to 50% protein) two to three times daily
(20 to 30 Ibs/acre/day) until fish are observed feeding and
swimming on the pond surface. Fry should be observed
feeding on the surface within three to five weeks after
stocking. At this time, a small-pellet floating feed can be
fed to satiation daily, once the fish are actively feeding.
Supplemental aeration is necessary for fingerling ponds,
and addition of salt to maintain chloride levels of 100 ppm
is often recommended. At the onset of cool weather in the
fall, when morning pondwater temperatures begin to drop
below 80°F, fish can be placed on a restricted feeding
regime on alternate days, or every second day. Feed
containing antibiotics (Romet™ or Terramycin®) is often
used if juvenile or fingerling fish are diagnosed with
bacterial infections and a diagnostic laboratory has
recommended treatment.

Foodfish culture

No single, well-defined production schedule is used on
commercial farms because food-size fish are harvested
and fingerlings are stocked year-round. Management
practices for stocking density, sizes, feeding practices,
and water-quality management are often specific to
individual farms. Fingerlings are typically stocked into
growout ponds at 5000 to 8000 fish per acre, and rates of
up to 10,000 fish per acre are not uncommon. Maintaining
optimum water quality is critical for high production
levels and profitability. Most production ponds are
monitored daily for water quality parameters and have
electrical aeration to maintain dissolved oxygen levels.
Chloride levels should be maintained around 100 ppm to
prevent nitrite toxicosis and enhance osmoregulation.
Industry average mortality is estimated to be 2% per
month. Fingerlings typically reach marketable size in 150
to 300 days. Catfish are harvested from ponds using large
seines pulled by tractors (Fig. 4), and then are transported
alive to processing plants.
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CONCLUSION

As suggested in the introduction, the following references
contain detailed information on channel catfish culture.” ")
The information is provided in clear, nontechnical
language covering overviews of catfish biology, repro-
duction, genetics, environmental requirements, nutrition,
culture systems, and disease control. Although channel
catfish production was stable or lower in 2003 because of
reduced farm-gate prices and lower economic returns, the
future potential of the industry is favorable, because
channel catfish production is a sustainable and environ-
mentally compatible aquaculture production system.
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INTRODUCTION

Commercial poultry production has grown rapidly in the
last 50 years, and billions of chickens are now raised
annually for meat (broilers) or egg-laying (layers) under
highly intensified conditions. These conditions impose
many constraints on the birds, and a number of serious
welfare concerns have arisen for both egg-laying (layers)
and meat-type (broiler) chickens, particularly regarding
behavioral restriction, health, and distress.

NATURAL BEHAVIOR OF CHICKENS

Chickens were domesticated in Asia about 8000 years
ago. Despite many years of selection for production traits,
the behavior of chickens is surprisingly similar to that of
their wild ancestors, the red junglefowl.""*! Like jungle-
fowl, chickens are highly social animals. They form
dominance hierarchies (peck orders) and communicate
using visual signals (appearance, posture) and vocal-
izations. In a naturalistic environment, they are explor-
atory and active, and they spend a large proportion of their
day foraging for food. Significant time is also spent caring
for the plumage, primarily by preening, during which oil
from a gland at the base of the tail is worked through the
feathers, and by dustbathing, during which loose material
like dirt is worked through the feathers to absorb excess
oils. The usual social group consists of a dominant rooster
and a harem of 4 12 hens and their chicks. This group
affiliates closely and feeds and roosts together. When the
hens are ready to lay eggs, they separate themselves from
the group and make a rudimentary nest in a secluded area,
in which they lay and incubate. In the commercial
environment, many of these behaviors are severely
restricted, particularly for laying hens.

LAYING HENS

In the United States, about 99% of laying hens are housed
in so-called battery (or conventional) cages (Fig. 1). This
type of housing provides the hen with protection against
predators and soil-borne diseases, and although hens are
kept in natural-sized social groups of 3 10 birds, their
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behavior is also restricted. A space allowance of about
721in’is required for a hen to be able to stand, turn around,
and lie comfortably, although hens may be given less than
this amount. Even more space is required, however, for
the hen to groom herself and perform other behaviors
such as wing-flapping. Even given sufficient space, typical
conventional cages are barren and lack the features that the
hen needs to perform dustbathing, perching, and nestbuild-
ing behaviors, all considered important for welfare.!>*

Because of concerns about behavioral restriction,
conventional cages will be outlawed in Europe as of
2012. Potential alternatives are free-range systems and
barn-type systems similar to those in which broilers are
raised (as described in the next section), with or without
access to range.””) These systems are not perfect alter-
natives, however, and they can present other welfare
problems, including poorer air quality, much larger group
sizes, more cannibalism, and generally higher mortality
than for chickens in cages. A middle ground is the furnished
(or modified) cage, which contains a perch, dustbath, and
nesting area. The feasibility of using these cages on a
commercial scale is currently being evaluated.!

Most laying hens are beak-trimmed to reduce injuries
and mortality associated with feather pecking and
cannibalism. These are abnormal behaviors whose causes
are still incompletely understood, but large group size (as
in free-range and barn systems) and lack of foraging
opportunity (as in cages) are both contributing factors.!')
Beak trimming involves removal of one-third to one-half
of the upper beak. Birds explore their environment using
their beaks, and consequently the beak is highly
enervated. Although cannibalism is a serious welfare
issue, beak trimming causes acute pain and can also cause
chronic pain if the bird is trimmed when older."” Genetic
selection for hens that do not show these behaviors has
been successful experimentally, and it may be possible for
the industry to discontinue beak trimming by using
selected stocks.!>!

Another controversial practice is induced molting.
Birds in the wild normally molt their feathers periodically.
The function of a natural molt is to improve feather
condition, but the molt is also associated with changes in
the hen’s reproductive system. The industry uses this link
between molting and reproduction to control egg produc-
tion rates. By inducing the molt artificially when egg
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Fig. 1 Battery (or conventional) cages house about 99% of
laying hens in the United States.

production starts to decline, all hens molt simultaneously
and subsequently return to a higher rate of egg production.
Although in the wild the trigger for a molt is declining
daylength, the most common method to induce the molt is
to withdraw feed from the hens for periods ranging from
4 21 days. This causes hunger, and since fowl normally
spend a considerable portion of their day in activities
associated with foraging, it can also lead to boredom,
frustration, and the development of abnormal behaviors
like stereotyped pecking and pacing.'*! Molt programs
that do not involve feed withdrawal are being developed
and evaluated.

A final concern relates to the disposal of hens at the end
of their productive life (spent hens).' These hens used to
be sent to a nearby processing plant to be used in products
such as pet foods, but since broiler meat is so inexpensive,
spent hen meat now has little economic value. Spent hens
may have to be transported long distances to places where
there are specialty markets for their meat, or be killed on-
farm. Hens have osteoporosis because of their high rates
of calcium utilization for formation of eggshell, and many
hens suffer broken bones during catching and transport, so
the transport process is particularly stressful for them.
Current on-farm killing methods are not optimal, and
there is an urgent need for the development of practical
and humane methods for on-farm depopulation.

BROILER CHICKENS

Broilers are typically housed on litter-covered floors in
buildings holding groups of tens of thousands of birds
(Fig. 2). They generally have sufficient room to move (at
least when they are younger) and can perform many of
their normal behaviors, so behavioral restriction is not as
much of a concern as it is for laying hens. However, like
turkeys, broilers have been selected and are managed for
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rapid growth, growing to full body weight in a mere
6 weeks. As a consequence, they share many of the same
health problems as turkeys. These are described elsewhere
in this encyclopedia and will not be discussed in detail
here, but they include skeletal disorders that can lead
to lameness, footpad and hock lesions, and eye and
cardiovascular problems. The incidence and the severity
of these disorders vary from one flock to another and are
influenced by many factors, including genetics, lighting
and feeding programs, ventilation, quality of litter
management, and housing density (crowding). Other
potential housing and management problems are poor
air quality (especially high ammonia levels, which can
cause eye, foot, and respiratory problems), infectious
disease, and death losses due to heat stress. There is
increasing emphasis on the adoption of on-farm monitor-
ing and management practices to decrease these prob-
lems.!!

A related issue concerns the management of the parent
flocks of broiler chickens. Unlike turkeys, chickens are
still produced by natural mating. However, since broiler
strains have been selected for such fast growth, the parent
birds become obese unless their daily allowance of feed is
strictly controlled. Like molting, this causes hunger and
can lead to the development of abnormal behaviors.™®!

Another area of concern relates to catching, transpor-
tation, and slaughter. Broilers are typically hand-caught
and carried, in groups, upside-down by their legs. They
are loaded into crates and transported by road over
varying distances to the processing plant. Rough handling
and poor transport conditions can cause stress, bruising,
bone breakage, and mortality. It is estimated that 0.3% of
birds die in transit to the processing plant. This is a small
number in percentage terms, but given the scale of broiler
production it translates to more than 120 million birds

Fig. 2 Broiler chickens typically are housed in large buildings
holding thousands of birds, but with more freedom of movement
and fewer behavioral problems than laying hens.
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annually worldwide.””’ The primary cause of transport
mortality is heat stress, although factors such as trauma
due to rough handling are also important. There are
catching machines that cause less stress and injury to the
birds than human handling, and while these are routinely
used in a few countries, technical problems have slowed
industry-wide adoption. Improved transport vehicles that
allow closer control of temperature and humidity are also
available, and these can significantly decrease bird
mortality due to thermal stress.

When the birds arrive at the processing plant, they are
typically dumped from the crates, hung upside-down on
shackles, and then stunned electrically prior to having
their throats cut. Because electrical stunning is not always
effective in producing unconsciousness, gas or modified-
atmosphere stunning (e.g., using carbon dioxide mixtures,
argon, or nitrogen), which more reliably renders the birds
unconscious, is now being recommended as an alterna-
tive.>¥ A particular welfare advantage of gas stunning
is that the birds can be stunned in the crates, which
eliminates the need for conscious birds to be handled
and shackled.

CONCLUSION

Commercial rearing conditions impose many constraints
on chickens that can affect their well-being. Welfare
issues of concern include restriction of normal behavior,
poor health, and distress due to management practices

Chickens: Behavior Management and Well-Being

such as feed withdrawal, beak-trimming, transport, and
slaughter methods.
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Chickens: Broiler Housing
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INTRODUCTION

Broilers are chickens raised for meat production and have
long been selected for increased meat yields. In the 1950s,
it took approximately 11 weeks to raise a 3.5-pound
broiler.""*! Nowadays, a 5-pound broiler can be raised in 6
to 7 weeks. While genetic and nutritional contributions are
extremely important, the full potential of broilers cannot
be reached unless the proper environment is maintained in
the broiler house. The basic needs of a broiler include: a
source of heat during brooding and cold weather, cooling
during hot weather, good air quality, food, water, and
protection from disease. Broiler houses are designed to
meet these needs in a cost-efficient manner.

HOUSE CONSTRUCTION

Broiler houses are typically 40 to 50 ft in width, and 400
to 600 ft in length (Fig. 1). Wood or metal scissor trusses
are used, resulting in sloped ceilings. Side walls are
typically 6 to 8 ft in height with ceiling peaks running 10 to
16 ft. To minimize heat loss during cold weather and heat
gain during hot weather, insulation is either directly under
the metal roof (open ceiling house) or at the bottom cord
of the truss (dropped ceiling house). Open ceiling houses
are typically insulated with 1- to 1'%-inch insulation
made of polystyrene boards with an R-value of 5 to 9.
In a dropped ceiling house, a plastic vapor barrier is
attached to the bottom cord of a truss with either batt or
blown insulation (R-value 12 21) installed above the
vapor barrier.

Most broiler houses have 2- to 5-ft curtains on each
side of the house to facilitate natural ventilation or to use
in case of a power failure. With some farms using fan
ventilation throughout the year, many houses are now
equipped with solid side walls. Houses with solid side
walls as well as many curtain-sided houses are equipped
with a generator that automatically starts in the case of a
power failure.

The floor in most broiler houses is typically compacted
soil or concrete. The surface of the floor is covered with
bedding material known as litter. Materials used as litter
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mostly consist of wood shavings, wood chips, sawdust,
peanut hulls, or rice hulls. Whatever material is used, its
primary functions are to absorb moisture and promote
drying of the house, reduce contact between birds and
manure by diluting the fecal material, and provide an
insulation and protective cushion between the birds and
the floor.

HEATING SYSTEMS

Heating of a broiler house is important, as chicks are not
able to maintain a constant body temperature until
approximately 14 days of age. Until then, it is crucial
that floor temperature be maintained between 90 95°F
with little variation. The easiest way to heat a broiler
house is using a forced-air furnace. This type of heat
source uses an open flame to heat air being pulled through
the unit. Although they are very successful in providing
heat for older birds, these heaters are problematic during
brooding. Furnaces are basically top-down heating
systems. The hot air coming from a furnace does not
move along the floor and keep the chicks warm, but rises
quickly to the ceiling of the house. Therefore, in order to
get the hot air down to chick level, you have to fill up the
ceiling of the house with hot air until you have added
enough heat to make it down to floor level.

Because of the need for warm floor temperatures,
radiant heat is an efficient way of accomplishing this. The
most common types of radiant heat sources are pancake
and radiant brooders. One of the advantages of radiant
heat is that roughly 50% of the heat energy is directed to
the floor, making it possible to maintain a floor
temperature well above air temperature. When brooders
are used, the floor temperature is warmest directly under
the brooder, with temperatures decreasing as the distance
from the brooder increases. Research studies have
demonstrated that floor temperatures between 80 110°F
are beneficial in getting optimum broiler performance.
The advantage to this is that birds have some ability to
control the amount of heat they receive. The closer they
move to a brooder, the more radiant heat they receive. As
they move away from the brooder, they receive less heat.
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Fig. 1 Tunnel inlet end of a commercial broiler house.
Evaporative cooling system, air inlets, and 36 inch exhaust fans
can been seen. (View this art in color at www.dekker.com.)

COLD WEATHER VENTILATION

During colder weather, the amount of air entering the
broiler house has to be tightly controlled. The grower has
to bring in enough fresh air to minimize excess moisture
buildup, minimize dust, limit the buildup of harmful
gases, and provide oxygen for respiration. Overventilation
must be avoided because this can cause drafts that can
chill the birds and results in excessive fuel usage.

Negative Pressure/Inlet Ventilation

Exhaust fans actively remove the air present in a broiler
house and create a negative pressure. The negative
pressure within the house causes air to enter through

Fig. 2 Commercial broiler house prior to chick placement.
Water lines, feed lines, radiant brooders, circulation fans,
exhaust fans, and air inlets can be observed. (View this art in
color at www.dekker.com.)

Chickens: Broiler Housing

adjustable inlets in the ceiling that are designed to direct
the air along the ceiling (Fig. 2). As air moves along the
ceiling, it heats up. As the air is heated, the moisture-
holding ability increases, which helps remove moisture
from the house as air is pulled out by the exhaust fans.
Fans are controlled with a combination of interval timers
and thermostats. Interval timers allow growers to adjust
air quality by fan run time. This allows the grower to run
one or two fans at various intervals during brooding, while
increasing both the number of fans and run times as the
birds get older. The width of the inlet opening is
automatically adjusted by a machine to maintain a desired
static pressure level. The typical static pressure is between
.05 and .10 inches of water column to promote proper
air mixing.

HOT WEATHER VENTILATION

The purpose of hot weather ventilation is to ensure air
exchange every minute, prevent excessive heat buildup,
and provide a wind speed of at least 400 ft/min. Air
movement is one of the most effective methods of cooling
birds during hot weather. As air moves over a bird’s body,
heat is removed from the bird, making it feel cooler (i.e.,
windchill). Birds will not only think the house is cooler
when exposed to air movement during hot weather, but
will continue to eat and grow as if the air temperature is
10 degrees lower than it actually is. To get the desired
cooling effect, wind speed needs to be between 400
600 ft/min, depending on factors such as bird age, house
temperature, and bird density.

In curtain-sided houses, curtains are 4 5 ft in height
which are fully opened during hot weather to facilitate

Fig. 3 Tunnel fan end of commercial house, where 48 inch
cone fans are used to move air down and out of the house. This
particular house is curtain sided and has a pocket at the top of
the curtain opening to allow for a tight seal during brooding and
tunnel ventilation. (View this art in color at www.dekker.com.)
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maximum air exchange. One 36-inch fan for every 750 to
1500 ft* is typically used to blow air over the birds to
increase convective cooling. To get total floor coverage, it
takes a large number of fans and it creates safety hazards
and increases operating costs and maintenance.

In tunnel-ventilated houses, exhaust fans are located in
one end of the building and two large openings are
installed in the opposite end (Fig. 3). Air is drawn through
these openings and then down the house in a wall-like
fashion. This provides uniform air movement across the
birds, creating the windchill effect discussed earlier. The
air entering the house can be cooled by drawing it through
evaporative cooling pads, or by the use of misting nozzles
located throughout the house.

EVAPORATIVE COOLING

Evaporative cooling is when the energy in the form of heat
is used to evaporate water, resulting in air temperature
cooling. Evaporative cooling systems are divided into two
groups: fogging systems and pad systems. Fogging
systems are found in naturally ventilated houses while
pad systems are exclusively in tunnel-ventilated houses.

A typical fogging system found in a curtain/naturally
ventilated house will have polyvinyl chloride (PCV) pipe
with 10 fogging nozzles for every 1000 ft*. A booster
pump is used to pump water through the system at 100
200 pounds per square inch, resulting in a fine water vapor
that evaporates quickly, which removes heat from the air
without wetting the floors. Fogging systems are effective
in reducing air temperature, but when not used correctly,
the water will not evaporate and wet litter problems
sometimes result.

A typical pad evaporative cooling system includes a
PVC pipe with small holes placed above the pads in a
shroud that directs the water pumped through the holes
onto the top of the pad. The water flows down the pad into
a gutter. The gutter collects the water and funnels it into a
storage tank. A pump in the tank pumps the water back
into the PVC pipe over the pad where the process is
repeated. The advantages of any type of pad system are
that they get the water out of the house and produce more
cooling with less mess and maintenance than traditional
fogging systems. Houses with pad systems tend to stay
cleaner and because the equipment in houses with pad
systems stays drier, it may last longer.

HOUSE CONTROLLERS

The brain of the modern broiler house is the computer
controller, which monitors house environmental condi-
tions and adjusts the equipment as necessary to keep
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temperatures constant. Controllers can monitor tempera-
ture in six or more locations within the house. Humidity
can also be monitored, although adjustments to heater and
fans are usually done on a temperature basis. As the house
temperature fluctuates, the controller will turn on the
brooders or fans as needed. The controller operates
equipment in the house including: brooders, fans, inlet
machines, curtain machines, evaporative cooling systems,
and lights. The controller allows house conditions to be
monitored and changed remotely if required.

FEED AND WATER MANAGEMENT

Providing almost constant access to feed and water is an
important factor in raising broilers. Feed is stored outside
of the house in large bins. When needed, the feed is pulled
into the house using an auger or chain system and
distributed throughout the house. Feed pans are filled
automatically as the feed moves down the house through
auger tubes. During the first week, extra feed pans are
provided to ensure that the young chicks learn where to
find feed and to start eating. Many farms place these extra
feed pans between the automatic pans where drop tubes
are available to fill these pans automatically. Water is
provided through an enclosed drinking system. The bird
obtains water by pushing on a metal pin that will allow
water to be released and consumed. Water pressure has to
be monitored. Too much water pressure may prevent the
chick from being able to push the pin and get water and
may also result in excessive leaks. In a typical flock, the
water pressure will start off low and will increase as the
bird ages.

CONCLUSION

As equipment is redesigned and developed, researchers
are determining how broiler housing can be heated,
cooled, and built in a way that allows modern broilers to
continue to reach their genetic potential using the most
economical and efficient methods.
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INTRODUCTION

The modern broiler has been genetically selected for rapid
gains and efficient utilization of nutrients. Broilers are
capable of thriving on widely varied types of diets, but do
best on diets composed of low-fiber grains and highly
digestible protein sources. They can be successfully
grown in many different geographical areas to provide
low-cost complete protein. Many different feedstuffs can
be used to prepare diets for broilers. Broiler diets in the
United States are based principally upon maize as an
energy source and soybean meal as a source of amino
acids. Grain sorghum and wheat are used as partial
replacement for maize in areas where they are produced.
Animal by-products such as meat and bone meal and
poultry by-product meal typically make up approximately
5% of most broiler diets to supply both protein and
minerals. Few other protein sources are utilized in poultry
diets in the United States, but alternatives such as canola
meal, sunflower meal, lupins, and some other legumes are
utilized in countries where soybean production is minimal
or infeasible. Most of these alternative protein sources are
lower in amino acid digestibility than soybean meal, and
often contain antinutritive factors that may limit the
quantity used in broiler diets. Nutritionists should be
familiar with the physical and nutritional attributes of
feeds common to their region. Some sources of this
information include Ensminger and Olentine!"! and
Ewing.[z]

Broilers are normally allowed to consume their diets ad
libitum, although in some instances, they are control-fed
to minimize metabolic problems associated with rapid
growth. Most diets are fed in pelleted form to encourage
greater feed consumption and to minimize feed wastage.
Broilers are grown to various ages or weights for different
types of products, from birds weighing approximately 1 kg
to be sold whole, to birds weighing 4 to 5 kg, grown for
deboning of meat. They may be grown with males and
females fed separately or combined as straight-run flocks.
Although females tend to have lower requirements for
most nutrients than males, the differences are minimal and
typically not sufficient to warrant different formulations.
The National Research Council®! provides nutrient
recommendations for broilers; however, these are based
on minimum requirements with no allowances for
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variation in species, gender, or other factors. Recommen-
dations for commercial usage are given by Leeson and
Summers™ and by Waldroup.!

DIETARY ENERGY

Because chickens primarily consume feed to satisfy their
energy needs, most nutrients are adjusted to maintain a
certain ratio to dietary energy. Approximately 70% of the
cost of a broiler diet is associated with providing the
energy needs, so establishing the most economical energy
level of the diet is important. Factors that affect this
include the grain source used and the availability of
supplemental fats and oils. Maize contains more energy
than other cereal grains due to its lower content of crude
fiber and higher levels of oil. The availability of inedible
fats and oils from animal rendering and processing of
vegetable oils for human consumption enables their use in
most U.S. broiler diets at levels ranging from 2% to 5%.
Broiler diets in the United States range from approxi-
mately 3000 to 3300 ME kcal/kg. Nutritionists should
evaluate price and availability of feedstuffs and develop
diets containing energy levels that are appropriate for
local conditions.

PROTEIN AND AMINO ACID
NEEDS OF BROILERS

The need for crude protein reflects a need for the amino
acids needed by the broiler. Some of these amino acids,
considered as nutritionally indispensable, must be present
in the diet in adequate amounts. Others, considered as
nutritionally dispensable, can be synthesized from other
closely related amino acids or from structurally related
fats or carbohydrates through the process known as
transamination. Although there is not a specific require-
ment for crude protein per se, sufficient protein must be
present to support a nitrogen pool for synthesis of the
dispensable amino acids. At the present time, it is not
possible to suggest a minimum crude protein level that
will sustain adequate performance in broilers of differ-
ent ages.
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Broilers must receive a well-balanced mixture of
amino acids to sustain their genetic capability of rapid
growth. This is usually provided as a mixture of intact
protein supplements and synthetic amino acids. Soybean
meal is almost universally considered the premier pro-
tein source for broiler diets. Amino acids commonly used
in broiler diets include methionine and lysine. Threonine
and tryptophan are also available, but their usage is
less common.

MINERAL NEEDS OF BROILERS

Calcium and phosphorus make up about half of the total
mineral needs. Calcium and phosphorus have been
historically linked almost from the beginnings of nutrition
as a science. The interrelationship of the two is widely
documented and is generally given consideration when
expressing requirements for either mineral. Calcium is
one of the cheapest minerals to provide, and the tendency
is often to overfortify. Excesses can be detrimental to
the chicken as excess calcium forms complexes with
phosphorus in the intestine that may inhibit P digestion.
The ratio of calcium to phosphorus should not be allowed
to become extreme. Excesses of calcium may also
compete with zinc, magnesium, and manganese. Since
these minerals are usually found in only small quantities,
excesses of calcium may easily become antagonistic to
these minerals, resulting in apparent deficiencies.

Supplemental sources of calcium include ground
limestone and crushed marine shells. The limestone
should be low in magnesium, as dolomitic limestones
may cause diarrhea, although a certain amount can be
tolerated. Oyster shell is similar in calcium content to
ground limestone. Most phosphorus supplements also
contain high levels of calcium that are highly digestible
by chickens.

The primary role of phosphorus in poultry nutrition is
for proper bone formation in growing animals. Phospho-
rus is also needed in a number of other roles, such as in
energy metabolism, but the needs for these functions are
small in relation to bone development.

Phosphorus from plant sources is poorly digested.
Phytate phosphorus is an organic complex found in plants
that includes phosphorus. On the average, about 70% of
the phosphorus in plants is in this form. It is highly
indigestible by monogastric animals and therefore is of
limited use as a phosphate source. In order to break this
molecule, the enzyme phytase is required. This enzyme is
lacking or limited in monogastric animals. However,
phytase enzyme is available for supplementing diets to
release a portion of the bound phosphorus.

The majority of the phosphorus provided to the chicken
is produced from phosphate rock. Most phosphate
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deposits contain high levels of fluorine, which can be
toxic to animals. The rock is generally processed to
remove much of the fluorine. The two most common
phosphate supplements used in broiler diets are defluori-
nated phosphate and dicalcium phosphate. In some areas,
phosphate deposits with low levels of fluorine are found
and are often used without processing. Quite often,
the biological value of such phosphates is lower than that
of the processed phosphates, but in certain areas, they
may be more economical to use or may be the only
sources available.

Sodium, chloride, and potassium function together as
primary determinants of the acid base balance of the
body and in maintenance of osmotic pressure between
the intracellular and extracellular fluids. The relation-
ship between these three is important and must be kept
in proper balance, although no one agrees completely
on what this balance should be. It is not generally
considered necessary to supplement diets with potassium.
Sodium and chloride are typically provided by the addi-
tion of salt.

Electrolyte balance refers to the balance between the
positive and negative ions in the body. This has been
calculated in different ways, the most common using
the levels of sodium, chloride, and potassium to calcu-
late electrolyte balance. One common formula used is
as follows:

DEB (meq/kg) = (%Na x 434.98) + (%K x 255.74)

— (%CI x 282.06)

While no specific values are recommended, most starter
diets will contain a DEB of 200 to 250 meq/kg, grower
diets from 180 to 200 meq/kg, and finisher diets from
150 to 180 meq/kg. There is little evidence to indicate
that levels other than these might improve or detract
from performance.

Trace minerals are usually fully supplemented due to
their relatively low cost, the need to provide a safety
factor, the variability in composition of plants due to
differences in geographical locations and fertilization
rates, and the tendency for many to be bound by organic
complexes and poorly digested. Most premixes would
provide the entire needs for manganese, zinc, iron, copper,
iodine, and selenium. In the United States, copper is often
supplemented in levels far exceeding its nutritional needs.
These high levels of copper have come under attack by
environmentalists, and may also contribute to the devel-
opment of gizzard erosion, where the lining of the gizzard
is inflamed and irritated.

In general, trace minerals in the form of oxides and
carbonates are less digestible, while sulfates or chlorides
are more highly digestible. Organic chelates of various
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minerals are usually more biologically available; howev-
er, they are also considerably more expensive. Because
many vitamins are subject to oxidation, mixing trace min-
erals and vitamins in a concentrated premix should be
avoided to ensure adequate vitamin stability.

VITAMIN NEEDS OF BROILERS

Vitamins are found in a wide variety of feed ingredients.
However, most of the rich natural sources of vitamins
such as wheat bran or alfalfa meal have been virtually
eliminated from poultry feeds in favor of more concen-
trated but less vitamin-rich ingredients such as whole
cereal grains (corn or sorghum) and processed protein
sources such as soybean meal. Animal proteins such as
fish meal or meat-and-bone meal may contribute signif-
icant amounts of vitamins. Vitamins are economically
produced by chemical synthesis or fermentation, and
poultry feeds are typically fortified with vitamin mixes
that provide all of the required vitamins in sufficient
amounts with little reliance placed upon the vitamins
provided by the natural ingredients. Because vitamins are
relatively inexpensive in relation to the total cost of the
diet, most are provided well in excess of the anticipated
needs of the animal.

Chickens: Broiler Nutrition Management
CONCLUSION

Nutrient needs of broilers have been thoroughly re-
searched and widely available. Many common feed
ingredients can be used to provide these nutrients to
manufacture broiler feed. Broilers can be successfully
grown on many types of diets, provided the nutritional
needs are provided. Many ingredients contain factors that
may limit performance of broilers and must be considered
in formulating broiler diets.
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INTRODUCTION

Generations of selection for body weight, breast filet
weight, and feed efficiency have produced the modern
broiler strain, with a high meat yield and a high rate of
growth but with poor, declining reproductive performance
in the female if feeding is not restricted. Presently, severe
feed restriction especially during the rearing period and
to a lesser extent during lay is necessary to improve
reproduction and to maximize the number of hatchable
eggs in heavy-broiler breeder lines. This improved
reproduction can be attributed to changes in the
functionality of the reproductive axis (ovary-hypothala-
mus-pituitary). Feed restriction is also inevitable in order
to counteract the occurrence of overweight and several
pathologies. This article will give an overview of the
current knowledge of the effects of feed restriction on
reproductive physiology and concomitantly, the repercus-
sions on welfare in these birds.

FUNDAMENTAL PRINCIPLES UNDERLYING
FEED RESTRICTION

The control of growth rate in broiler breeder males and
females is one of the most important management tools to
ensure the best reproductive performance.!'! In females,
three key points are essential. First, the rate of growth
must be predetermined so that the desired body weight is
attained a few weeks before onset of lay. The desired body
weight is established by giving the birds a certain amount
of food, which is at some ages more than 50% restriction
compared to their unrestricted counterparts (Fig. 1).
Second, it is important to synchronize growth and sexual
maturity. Reaching sexual maturity is not accomplished
just by gaining weight, but the carcass, muscle, and non-
reproductive visceral tissues must have grown prior to the
onset of the development of the reproductive tissue. Third,
an accurate feeding, based on production rate, is necessary
at the start of and throughout the laying period.'

Not only the level, but also the timing and duration of
feed restriction could be important in controlling repro-
ductive performance in broiler breeder females. Results
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from Bruggeman et al.”! have shown the existence of
critical periods during rearing in which feeding levels
have repercussions on different reproductive parameters
(Fig. 2). Male broiler breeders that have a very high
growth potential also have to follow prescribed growth
curves, taking into account the size and maturity of the
females at the age of sexual maturity in order to optimize
mating and to reduce aggressive behavior toward the
females. It is recommended to rear the male broiler
breeders separately from the females to control their
feed intake. A rearing program focused on the proper
weight difference between males and females and an
adequate social structure in the flock is essential for
optimal performance.

THE PHYSIOLOGICAL EFFECTS OF FEED
RESTRICTION ON REPRODUCTION IN
FEMALE BREEDERS

Reproductive processes in females are the result of
controlled interaction between the hypothalamus-pituitary
and the ovary and can be influenced by environmental,
selection, or nutritional effects.

A well-described effect of feed restriction in broiler
breeder females is the reduction of ovary weight, the
number of yellow follicles during lay, and the incidence of