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 Commercialisation of animal agriculture changed the phenotype and production
characteristics of livestock. The sigmoidal growth curve and sequence of physiological events
remained virtually unchanged, but the rate and extent of these processes increased
remarkably. Physiological limits to growth are apparent in species selected for accelerated
growth and production, like stress sensitivity, PSE and DFD syndromes in livestock, double-
muscled cattle, the callipage gene in sheep, ascites and associated metabolic defects in broilers,
leg problems in layers, abortions in Angora goats, wet carcass syndrome in sheep, and other
tissue defects as well as reproductive failure due to interactions between the growth hormone
cascade, gonadotrophic axis and endocrine factors that regulate metabolism like thyroxin and
leptin.
Although, the physiology of animals is generally quite forgiving, there are warning lights on the
horizon. The challenge in livestock production should shift towards synchronising the best
genotypes in a specific environment with the most appropriate and environmentally
acceptable technologies available to produce consistently high quality meat. Manipulation of
the quality of animal products through feeding, breeding and physiology will become
increasingly important, provided that these technologies are practical, economical and do not
detract from the intrinsic and extrinsic attributes of animal products, or any other aspect
relating to environmentally acceptable or ethical livestock production.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Domestication of livestock, poultry and pigs occurred
during the Neolithic period (5000 and 11,000 years ago) or
“Neolithic revolution” in different regions around the world
and forever changed the history and fate of humankind
(Childe, 1936; Gupta, 2004). The domestication of livestock is
characterised by five major shifts, each of which was brought
about mainly by the increasing demand for a sustainable
supply of good quality protein for human consumption, but
the process was also accelerated by a number of biological,
environmental, economical and ethical limitations. The
current high demand for products from animal origin and
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the associated dynamics of animal breeding in developing
countries due to the increasing population, urbanisation and
disposable incomes are pertinently described as the “live-
stock revolution” (Steinfeld, 2004).

It is predicted that the livestock revolutionwill havemajor
consequences on animal and human health and probably
change the face of modern agriculture in decades to come.
The contribution of developing countries to world livestock
production and consumption is expected to increase consid-
erably, while the opposite is expected in most developed
countries (Steinfeld, 2004). Higher levels of animal produc-
tion can be achieved either through an increase in the number
of livestock or an increase in productivity. The latter usually
involves more intensive feeding, fattening, shorter produc-
tion cycles and higher product yields.

The increase in livestock production and consumption in
developing countries will probably be achieved throughmore
intensive animal production systems, selecting animals based
its to growth and the related effects on meat quality, Livest.
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on production efficiency, making use of modern feeding and
breeding technologies and increasing use of cereal-based
animal feeds. Developed countries exhibited similar trends
since the 1970s, but consistent selection pressure on
production efficiency has yielded mixed results. Increasing
demands for products from animal origin have significant
consequences on natural recourses like the availability and
quality of water, soil, pastures as well as concomitant effects
on biodiversity and environmental pollution. Intensive
livestock production results in an increased recycling of the
minerals N, P and K and heavy metals Cu, Zn and As via faeces
back into the environment (Yao and Dang, 2006). These
adverse effects of intensive feeding are becoming a world-
wide dilemma.

There is also evidence that some of the modern breeds of
livestock have reached their physiological limits resulting in
more difficulties in terms of adaptation, reproduction and the
quality of animal products. The aim of this overview is to
examine the consequences of selection for growth and
production efficiency on meat quality.

2. Dynamics of livestock domestication

The domestication of animals was driven primarily by
peoples' need to secure food for times when hunting was
poor. Consequently people were “freed” from the labour of
collecting food into doing other work resulting in the
establishment of sedentary communities across the world
(Webb, 2006). This represents the first important shift in the
domestication of livestock, namely that from hunter–gatherer
to agriculturalists.

Domestication and the increasing dependence on animal
agriculture eventually prompted the “then developing” live-
stock industry to focus on increasing livestock numbers,
followed by maximum yield. The latter endeavour was
achieved through improved breeding, feeding, caring, manage-
ment and health of domestic animals. Developing countries are
currently going through such a phase, characterised by a
greater increase in productivity of livestock compared to the
increase in livestock numbers (Steinfeld, 2004).

In developed countries an increase in livestock numbers is
severely limited by the availability of agricultural land, so
increasing demands for animal products can only be met by
improvements in the productivity of livestock. The livestock
sector was very successful in improving productivity through
improved breeding, nutrition and manipulating the underly-
ing principles of growth notably hypertrophy, hyperplasia
and differentiation (Webb, 2006; Harris, 1970). This repre-
sents the second important shift namely that from merely
providing food, to providing a consistently high amount of
food for financial gain.

These quantitative production goals for many years
dominated the livestock industry and were propagated at
all major agricultural fairs and shows until the early 1950s.
However, it soon became apparent that injudicious animal
breeding and selection is a risky business that requires amore
scientifically responsible approach. Again the emphasis in
livestock breeding shifted — this time towards more accurate
measurement and quantification of a variety of internal and
external effects and their interactions on genetic and
phenotypic variation. This occurred almost simultaneously
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along with the focus on efficiency of livestock production,
limited resources and the economy of feeding and fattening
livestock in semi-extensive and intensive production sys-
tems. Animals were selected for functional efficiency by
means of visual appraisal and other objective measurements
of efficiency like average daily gain and feed conversion
efficiency. This probably represents the third shift notably
frommaximum yield to efficiency. Although the emphasis on
production efficiency remained an important goal in livestock
production, Harris (1970) concluded that there is little
benefit to producers other than increased production, while
the products may be more affordable to consumers. The
emphasis on efficiency in livestock production systems also
focussed more attention on intensive fattening and finishing
systems and the effects of animal handling and stress on
animal welfare and product quality. It is nowwidely accepted
that proper animal handling and reduced stress improve the
productivity, welfare and quality of animal products
(Grandin, 1998).

Significant progress has been made in terms of the
quantification of growth and growth limits, the factors that
affect growth and development, nutrition and nutrient
partitioning, and growth manipulation through nutritional
interventions and endocrine and genetic manipulation. The
recent advent of molecular techniques, identification of
quantitative trait loci (QTL), candidate genes and single
nucleotide polymorphism (SNP) markers have also added a
new dimension to our understanding of these processes
(Andersson and Georges, 2004; Green et al., 2007; Blasco,
2008). These technologies represent the epitome of modern
animal production.

However, recently the concept of product “quality”, was
adopted which exposed the multi-dimensional nature of
consumers' perceptions regarding meat quality. Consumers
are becoming increasinglymore concerned aboutwhat animals
are fed and how these feed additives affect the wholesomeness
and safety of animal products (Sapkota et al., 2007). There is an
increasingperception that animal feedingpractices result in the
presence of antibiotic-resistant bacteria, prions, arsenicals and
dioxins in products from animal origin. This situation is
deteriorating despite the implementation of feed rules, the
ban on the use of antibiotic substances and selected growth
promoting substances in feedstuffs and more evidence (Eckel
et al., 2008) that substances like heavy metals also accrue from
atmospheric deposition.

The challenge in livestock production is now shifting
towards synchronising the best genotypes in a specific
environment with the most appropriate and environmentally
acceptable technologies available (such as functional genomics,
proteonomics andmetabolomics) to produce consistently high
quality meat in accordance with consumer needs.

3. Use of transgenic livestock and genomics to improve
growth and production

Although only a few transgenic animals are commercially
available, progress has been made in terms of improving
livestock production through transgenic technologies, which
remain one of the promising alternatives on the horizon. The
first techniques to genetically modify livestock were devel-
oped during the 1980s. The use of pronuclear microinjection
its to growth and the related effects on meat quality, Livest.
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of DNA into fertilized zygotes, to produce transgenic livestock
is expensive (Blasco, 2008) and suffers from the compounded
inefficiencies of low embryo survival (Maga et al., 2003).
There has been excitement about the transfer of the
recombinant somatotropin (ST) gene, but research to date
suggests that unless the expression of the gene is controlled,
the health status of transgenic animals is adversely affected
(Bonneau and Laarveld, 1999). In addition, it appears that
transgenic animals frequently suffer from reproductive
problems (Blasco, 2008).

Physiological control mechanisms at the cellular level
seem to prevent artificial manipulation of DNA and this
requires further research. Fortunately the use of recombinant
proteins that bind DNA (RecA protein-coated DNA) holds
more promise in terms of the production of transgenic
livestock via pronuclear microinjection techniques. In an
overview of the expectations of transgenesis over the past
25 years, Blasco (2008) concluded that the benefits produced
by this technology does not justify the risks, which include
difficulties in identifying superior animals, the need to test
large numbers of animals and the serious loss of genetic
material after successful cloning. Other alternatives are also
available like the use of embryonic stem cells and nuclear
transfer, but more research is required in this regard.

Developments in the field of genomic research in livestock
were boosted by the Human Genome project and resulted in
the sequencing of the Bos taurus (bovine) and Gallus
domesticus (chicken) genomes (Green et al., 2007) and the
porcine genome project is currently in progress. These
technologies will improve our understanding of the genetic
variation of economically important production traits, while
at the same time reducing the occurrence of physiological
defects and metabolic syndromes in livestock. More research
is required to understand the underlying physiological
processes, genomic–environmental interaction which (func-
tional genomics) in order to identify desirable traits and
eliminate undesirable traits.

Aspects of livestock production that stand to benefit most
from this process include meat quality and product yield in
beef cattle, milk production and resistance to mastitis in dairy
cattle, litter size and uterine capacity in pigs, carcass
composition and yields in sheep, and efficiency of growth,
product quality and coccidia resistance in poultry (Green
et al., 2007; Blasco, 2008). The environmental risks associated
with transgenic livestock are regarded to be considerably less
compared to genetically modified plants (Sang, 2003).
Nevertheless, it appears that the benefits produced by
transgenic livestock do not justify the risk yet (Blasco, 2008).

4. Use of genomics to improve meat quality in livestock

Meat quality and the physiological processes that affect
meat quality are controlled by a delicate interaction between
multigenes (additive gene action) and the environment. Gao
et al. (2007) described the use of genome scans and candidate
genes to identify loci associated with a variety of meat quality
traits in different species of livestock. Different approaches
are possible namely (1) the use of candidate genes and (2)
genome scans for QTL's (QTL mapping). A high correlation
between a candidate gene and a physiological characteristic
can represent a very effective way to detect loci or traits with
Please cite this article as: Webb, E.C., Casey, N.H., Physiological lim
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small effects. However, the physiological process is often
poorly understood or a number of candidate genes are linked
to a trait.

Genome scans are used to identify a trait locus with amajor
effect so QTL mapping represents a popular way to employ
genomics in livestock (Gao et al., 2007). For example, the
animal quantitative trail loci database contains 1675 QTL's
which represent 281 traits in the pig, 846 traits in cattle, and
657 traits in the chicken. Polymorphic genetic loci are
identified, followed by marker assisted selection (MAS) while
gene assisted selection (GAS)maybecomeamore viable option
in future.

Permanent genetic improvement in performance and
product quality can be achieved by employing these techni-
ques, butGaoet al. (2007) stresses that these techniques should
be used as an additional tool along with quantitative genetic
techniques. Thesemethodologies have great potential in terms
of improving livestock productionprovided that theunderlying
physiological processes are well understood and the animals'
physiology is not pushed over acceptable homeostatic thresh-
old values.

5. Improvements in growth and efficiency of livestock

The commercialisation of animal agriculture resulted in a
significant change in terms of both the phenotype and
production characteristics of modern breeds of livestock.
Although the basic form of the sigmoidal growth curve as well
as the sequence of physiological events remained virtually
unchanged (Webb and Casey, 2005), the rate and extent of
these processes increased remarkably. Scientific methodolo-
gies and techniques developed and employed in animal
studies have yielded remarkable results in all species of
livestock notably beef and dairy cattle, poultry, sheep and
aquaculture (Green et al., 2007).

The fattening period of feedlot cattle was reduced to
approximately 100 days, with growth rates of up to 2 kg per
day and feed efficiencies varying between 5 and 6 kg of feed
for 1 kg of live weight gain (Webb, 2006). Milk yields of dairy
cattle of up to 90 kg per day have been recorded, while
consistent yields of up to 27,000 kg over a 365 day lactation
period (75 kg/day) are achievable with modern breeding and
nutritional inputs. The hatching weight of chicks is ca. 44 g
and only a few years ago broilers were market ready after a
16 week feeding period, but due to selection pressure on
growth and appropriate nutritional inputs, broilers are now
marketed at 2.4 kg after an intensive feeding period of only
42 days. During this period, broilers can easily achieve a feed
conversion ratio of about 1.8 kg of feed for 1 kg live weight
gain. Similar changes occurred in commercial pig production
systems by increasing the selection pressure on lean carcass
yield, resulting in a significant decrease in back fat thickness
(b12 cm) and carcass fat content.

Increasing selection pressure on growth and feed
efficiency resulted in the marginalisation of some of the
smaller and less productive breeds of livestock, typically
those on the far left of the normal distribution curve (Webb,
2006). The physiology of animals is generally quite
forgiving but there are warning lights on the horizon. It
appears that we have reached the physiological limits to
growth in a number of species. Examples include double-
its to growth and the related effects on meat quality, Livest.
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muscled cattle (doppellender gene in Belgian Blue cattle
and other breeds), the callipage gene in sheep (heavy
muscled sheep breeds), ascites and associated metabolic
defects in broilers selected for accelerated growth rates, leg
problems in high producing layers, stress sensitivity, PSE
and DFD syndromes in pigs selected for accelerated protein
accretion, abortions in Angora goats selected for mohair
production, wet carcass syndrome in sheep, as well as a
variety of tissue defects and reproductive failure in herds
selected for high yields through interactions between the
growth hormone cascade, the gonadotrophic axis and other
endocrine factors that regulate metabolism like thyroxin
and leptin.

6. Consequences of selecting livestock for growth
and efficiency

Progress has been made in terms of improving growth and
efficiency of feed utilisation in livestock. Growth rate is a good
indicator of efficiency because a higher growth rate is
associated with a lower maintenance requirement and thus a
saving in feed costs (Whittemore, 1993). Improvements in feed
efficiency are mostly due to increased growth rates and
selection for lean growth. However, there is growing consensus
that little opportunity exists for further improvements in
efficiency of feed utilisation for growth and lactation, while
improvements in the efficiency of maintenance functions
appear to bemore attractive (Pitchford, 2004). Other research-
ers (Green et al., 2007) are also concerned about the negative
side effects of enhancements in production efficiency on animal
well-being, longevity, increased animal waste, lower repro-
duction efficiency and increased susceptibility to stress and
metabolic and infectious diseases.

The current dilemma is that selection for improved
maintenance efficiency appears to compromise the normal
physiology of livestock. For example, selection for improved net
feed efficiency in pigs (Webb and Mamabolo, 2004) and cattle
(Pitchford, 2004) has been associatedwith a decrease in carcass
fatness. Webb et al. (2006) also reported a decrease in gonadal
development in pigs selected for high lean growth, while
Pitchford (2004) observed a decreased reproductive rate in
cattle similarly selected. The results of Taylor et al. (2008) also
suggest that selection for high growth rates in combination
with intensive fattening of young bulls adversely affect the
development and functioning of seminiferous tubules and
subsequent semen quality. There are concerns about selection
for improved net feed efficiency in livestock, but the con-
sequences on stress responses in livestock and the relatedmeat
quality defects are also problematic.

7. Effects of selection for growth and efficiency on
meat quality

The most dramatic effects of selection for growth were
demonstrated in studies in transgenic mice carrying the
human growth hormone gene (Sang, 2003), which resulted in
mice growing significantly larger than their normal counter-
parts. These studies emphasised the remarkable potential of
genetic engineering in livestock, but the possibilities are
certainly not unlimited. In a study with transgenic pigs for
growth hormone, Pursel et al. (1989) clearly showed that
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manipulation of growth and efficiency may have adverse
anatomical and physiological effects. These transgenic “Belts-
ville pigs” suffered from severe leg problems and arthritis due
to an uncontrolled expression of the modified growth
hormone gene.

Adverse effects were also observed in cattle and sheep
after manipulation of the myostatin gene and more specifi-
cally the down-regulation of the expression of the myostatin
gene. This resulted in excessive muscling and lean yield,
while adverse effects include leg problems, macroglossia
(enlarged tongue), weak bones, erythrocyte fragility, altered
endocrine regulation, higher susceptibility to heat stress and
lower reproductive capacity (Swatland, 1984). In this regard
it is also important to note that different breeds of cattle may
contain different alleles of the myostatin gene, which means
that the consequent effects on muscular hypertrophy and
meat quality differ in different genotypes (Short et al., 2002).

The consequences of selection for accelerated growth and
efficiency on meat quality are often exhibited when animals
are exposed to environmentally induced stress or poor
housing, handling and transportation conditions. Livestock
stressed before slaughter may yield carcasses that exhibit
undesirable meat quality. The most common defects include
“pale soft exudate” meat (PSE) and “dark firm dry” meat
(DFD). The PSE condition is quite common in pigs and
chickens, while the DFD condition is more common in cattle.
These stress-induced conditions are direct consequences of a
disruption in normal physiological processes pre- and post-
mortem, which are often more pronounced in high yielding
breeds of livestock. Physiological changes that occur subse-
quent to stress usually involve a marked increase in heart
rate, blood pressure, body temperature and respiration rate,
subsequent to the release of the cathecolamines, epinephrine
and norepinephrine. Energy metabolism is altered and this
involves rapid metabolism of phosphocreatin (PCr), glycogen
and glucose which significantly affect the conversion of
muscle to meat. Under normal conditions the physiological
goal is to maintain ATP concentrations in muscle tissue
constant in order to maintain homeostasis. This is usually
achieved by aerobic metabolism of PCr, glycogen and glucose,
but if muscle contraction proceeds rapidly and energy
demand increases above the available reserves, oxygen
becomes limiting resulting in anaerobic glycolysis, which
produces lactate, H+ and heat (Scheffler and Gerrard, 2007).
Lactate accumulates in muscle tissue because there is no
mechanism in post-mortem muscle to eliminate such waste
products.

The type of stressor and duration affect the rate and
extent of glucose and glycogen metabolism and depletion.
For example, glucose is generally oxidised to energy, carbon
dioxide and water, but in the absence of oxygen, glucose is
converted less effectively to energy, water and an excessive
amount of lactic acid. The conversion of glucose to lactic
acid influences the rate of pH decline in muscle and other
tissues, and this significantly affects meat quality. An
excessively high conversion of glucose to lactic acid
(usually due to severe short term stress/acute stress) will
cause a too rapid decrease in muscle pH (pH decreases to
below 6.0 within 1 h post-mortem), release of proteolytic
enzymes and disruption in cellular integrity, while the
abnormally low pH causes denaturation (Scheffler and
its to growth and the related effects on meat quality, Livest.

http://dx.doi.org/10.1016/j.livsci.2010.02.008


5E.C. Webb, N.H. Casey / Livestock Science xxx (2010) xxx–xxx

ARTICLE IN PRESS
Gerrard, 2007) of sarcoplasmic and myofibrillar proteins
(typical PSE condition).

Research also indicates that pigs selected for high rates of
growth and which are associated with PSE, exhibit aberrant
calcium metabolism (Barbut et al., 2008). These researchers
reported that extreme cases of the PSE condition in pigs,
showed a point mutation in the 615 amino acid (Arg615Cys)
which causes abnormally high release of Ca2+ from sarco-
plasmic release channels in post-mortemmuscle. This results
in abnormally high concentrations of sarcoplasmic Ca2+

which increases muscle metabolism and elevates lactate
production above normal concentrations. Although meat
defects and problems with poor water holding capacity are
still reported by industry, it seems that progress can be made
by identifying and eliminating pigs that are severely affected
by PSE (Barbut et al., 2008). These researchers concluded that
a “status quo” has been reached between production of pork
quantity and quality, and that the focus in the pork industry is
shifting towards “best cost production of consumer quality
products”.

7.1. Muscle defects in pigs due to selection for accelerated growth

The PSE condition is associated with the porcine stress
syndrome (PSS) which is linked to a single autosomal
recessive gene (Barbut et al., 2008) and was mapped to
chromosome 6 (Gao et al., 2007) and causes malignant
hyperthermia. It is estimated that the PSE syndrome affects
about 15% of the pigs produced in the USA and cost the pork
industry approximately $100 million per annum (Scheffler
and Gerrard, 2007). PSS was initially detected in pigs by
exposure to halothane gas, but it was established (Fujii et al.,
1991) that the condition is due to a recessive mutation of the
RYR1 gene, which refers to the ryanodine receptor that
regulates the release of Ca2+ in skeletal muscle. Continued
selection pressure on carcass yield and low carcass fat content
resulted in a larger number of homozygous and heterozygous
halothane stress-sensitive pigs that exhibit the PSE condition.

Rosenvold and Andersen (2003) identified a single gene
that influence meat quality and carcass yield in pigs namely
the Napole technological yield condition (RN, RN− and RN+),
mapped to chromosome 15, which occurs in the Hampshire
pig breed and their crosses. This condition has been linked to
a mutation of a gene (PRKAG3 gene), again due to selection
pressure on growth and lean yield (Milan et al., 2000), which
caused a change in the regulatory subunit of adenosine
monophosphate kinase and consequently an accumulation of
excess glycogen in skeletal muscle of RN− pigs. Similarly,
selection for growth and lean content resulted in a mutation
of the insulin like growth factor 2 (IGF2), which was traced to
chromosome 2 (Van Laere et al., 2003) and had major effects
on muscle growth and fat accretion in pigs. This increase in
muscle growth has been positively linked to postnatal muscle
hypertrophy due to increased muscle fibre diameter and
proliferation in pigs carrying the IGF2 gene (Van den
Maagdenberg et al., 2008). However, the IGF2 genotype or
RYR1 genotype did not affect the muscle fibre type compo-
sition or metabolic enzyme activities.

Rapid depletion of muscle glucose and glycogen (usually
due to exhaustion or longer term exposure to stress/chronic
stress) result in very low conversion of glucose to lactic acid
Please cite this article as: Webb, E.C., Casey, N.H., Physiological lim
Sci. (2010), doi:10.1016/j.livsci.2010.02.008
and minor pH decrease (pH remains above 6.0 for up to 24 h
post-mortem; typical DFD syndrome). In the latter case, the
meat appears dark, firm and dry and it is more prone to
bacterial contamination and meat spoilage. DFD has been
documented in pigs exposed to chronic or long term stress
where energy reserves are depleted and lactic acid formation
is inadequate for the normal conversion of muscle to meat.
Ante mortem stress and environmental factors like temper-
ature and humidity appear to predispose pigs to this
condition, while the RYR1 genotype had no effect on the
incidence of DFD (Guàrdia et al., 2005).

7.2. Muscle defects in poultry due to selection for accelerated
growth

Selection for growth, feed conversion efficiency and white
meat yield changed the physiology of chickens significantly
(Pavlidis et al., 2007). Chickens selected in this way are
generally more prone to PSE, although the mechanism
involved in triggering the PSE gene in poultry is not fully
understood (Cavitt et al., 2004). These researchers could not
identify birds prone to PSE regardless if they were sensitive to
halothane or succinylcholine. In another experiment with
broilers, higher breast muscle weights were recorded in
chickens selected for growth and this correlated positively
with fibre size (Le Bihan-Duval et al., 2008), but correlated
negatively with glycolytic potential (GP — the level of
glycogen stored in muscle) and resulted in relatively high
muscle pH. Swatland (2008) clearly demonstrated the effects
of high and low muscle pH post-mortem in chickens on the
development of dark or pale muscle colour respectively. He
showed that differences in light scattering between PSE and
DFD chicken meat are due to myofibrillar refraction of
scattered light, which corresponds with that described in
pork and beef.

There is reportedly little conflict between selection formeat
quantity and quality in chickens (Le Bihan-Duval et al., 2008),
but it is admitted that genetic markers or quantitative trait loci
(QTL's) will have to be employed to prevent a deterioration in
chicken meat quality. A gene was identified that affects
abdominal fat accumulation in chickens which is referred to
as extracted extracellular fatty acid gene (EX-FABP). Other QTL
or QTN markers will have to be identified to manage the PSE
and DFD conditions in chickens.

Turkeys selected for fast growth also exhibited a “pale
meat problem” (McCurdy et al., 1996), which was later
linked to Ca2+ channel ryanodine binding (Wang et al.,
1999) and corresponds with the similar problem described
in pigs, although post-mortem glycolysis is about three times
faster in poultry compared to pigs. Wang et al. (1999) found
that turkeys selected for fast growth showed a higher affinity
for Ca2+ channel ryanodine binding compared to their
unimproved counterparts. Since there is no reliable marker
to select against PSE in turkeys, management practices like
reduced stress before slaughter, improved loading of birds,
lower stress stunning techniques and chilling rates are
employed to better manage PSE sensitive birds (Barbut
et al., 2008).

A bluish discoloration of poultry skin (poultry cyanosis)
has also been noted and this condition is apparently similar to
the DFD condition. Stress and exposure to cold conditions
its to growth and the related effects on meat quality, Livest.
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predispose chickens to this condition, and the condition is
more common in chickens selected for accelerated growth
and efficiency.

Broiler chickens intensely selected for rapid growth and
feed efficiency coupled to environmental stressors like high
temperatures also suffer a condition known as ascites (Luger
et al., 2003), which is characterised by hypoxemia, increased
pressure on the cardio-pulmonary system, central venous
congestion, fluid exudation in peritoneal cavity and death. It
was shown experimentally that ascites sensitive chickens
exhibit an increase in hematocrit, blood cell counts, packed
cell volumes and blood volumes, while plasma volumes
remained unchained. Erythropoiesis and red blood cell
formation were associated with increasing corticosterone
concentrations in fast growing chickens. Although hematocrit
values were elevated, blood oxygen saturation levels were
reduced (Luger et al., 2003).

In a more recent study (Hassanzadeh et al., 2008) it was
shown that the ascites condition in broilers is due to right
ventricular hypertrophy in birds selected for rapid growth
and that exposure of eggs during incubation to high altitudes
(chronic hypoxia) may reduce the incidence of ascites by
improving the gas exchange area of birds post hatch.
Subsequently, it was indicated that selection based on pCO2

tension in venous blood of birds 11 days of age may provide a
means of reducing the incidence of ascites in broilers (Scheele
et al., 2003). It was also found that direct selection for
resistance to ascites is effective in broilers, but resulted in a
decrease in body weight in both ascites resistant and
susceptible lines (Pavlidis et al., 2007). However, ascites is
invariably linked to production traits in poultry and it appears
that the limit between quantity and quality has been reached.

7.3. Muscle defects in cattle due to selection for accelerated growth

Dark, firm and dry (DFD) beef occurs in cattle as a result of
chronic exposure to stressful conditions or strenuous mus-
cular activity before slaughter (Viljoen et al., 2002). Chronic
exposure to stress cause a depletion of glycogen reserves in
muscle and very little post-mortem anaerobic glycolysis and
lactic acid formation. The consequence is that muscle pH
remains relatively high (ultimate pHuN5.8) and meat from
affected animals spoils more rapidly than normal ultimate pH
meat (Newton and Gill, 1977). Consumer studies confirm that
raw DFD beef steaks are appreciably less acceptable com-
pared to normal beef steaks, but no significant differences
were observed in the sensory attributes of fried normal and
DFD beef steaks (Viljoen et al., 2002).

The DFD condition in cattle is also subject to environmental
influences like cold, hot, wet and humid or fluctuations
between cold and hot conditions. Seasonal differences in the
incidence ofDFD beef have beennoted and although this can be
managed, cattle selected for growth appear to be more
susceptible to DFD. In an extensive study by Perry and
Thompson (2005) in 7000 beef cattle from temperate and
tropical breeds, a positive relationship was observed between
growth and palatability of strip loins. Increased growth during
backgrounding improved the palatability of strip loins from
different breed types fed different diets. These findings are
positive from a consumer perspective, but complicate the
management of DFD in cattle.
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Some studies (Fishell et al., 1987) suggest that faster
growing cattle had more tender meat compared to slower
growing cattle, while others found no differences in meat
tenderness (Calkins et al., 2000). Perry and Thompson (2005)
argue that fast growing cattle reachmarket weight at an earlier
age and are thus younger at slaughter, yielding more tender
meat, compared to slower growing counterparts. Overall, it was
concluded that the relationship between growth rate and
eating quality independent of age, was evident only within a
group basis, while relative differences in growth rate between
groups of cattle were not related to beef quality due to
environmental constraints. Inotherwords,managementefforts
aimed at improving the growth rates of cattle resulted in small
improvements in eating quality of beef.

A more pronounced example of selection for growth in
cattle is the double-muscled condition in certain beef cattle
breeds like the Belgian blue, Piedmontese and occasionally in
a number of other improved beef breeds. These breeds are
characterised by significant improvements in carcass dressing
percentage, lean meat yield and low fat content resulting in
high meat-yielding carcasses (Webb et al., 1998). Unfortu-
nately side effects were also observed in double-muscled
cattle with the myostatin gene. Adverse effects in these
genotypes are variable because different breeds contain
different alleles, so that the extent of muscular hypertrophy
and related effects on meat quality differ between genotypes
(Short et al., 2002). It was previously mentioned that
muscular hypertrophy is often associated with leg problems,
macroglossia, weak bones, erythrocyte fragility, altered
endocrine regulation, higher susceptibility to heat stress
and lower reproductive capacity. Double-muscled animals
also yield beef that tend to be dry, pale and which react
differently to cooking compared to beef from normal animals
due to the differences in background toughness and calpain
and calpastatin enzymes (Webb et al., 1998).

On the other hand, there are a number of alternatives
(Sillence, 2004) available to improve production in cattle like
the use of modern hormones to manipulate fat and muscle
metabolism e.g. leptin, adiponectin and myostatin, the use of
polymorphic genes like thyroglobulin to control fat accretion,
natural feed additives like betaine, chromium and conjugated
linoleic acid to manage fat:lean ratios, and the use of
production vaccines or antibodies to neutralise growth
limiting factors. However, the current focus should be to
identify useful genotypes and select by means of QTL's or
QTN's, animals resistant to stress-induced muscular or
anatomical defects, or combining genotypes in crossbreeding
programmes or by genetic modification in order to improve
production in an economically viable way without offending
consumers or harming the environment. A significant genetic
variation is currently available and the beef industry finds
itself in a favourable position in terms of exploiting this vast
genetic reservoir, provided that it is done in a scientifically
responsible way.

7.4. Muscle defects in sheep and goats due to selection for
accelerated growth

Selection for growth and efficiency in Texel sheep resulted
in a mutationwhich causedmuscular hypertrophy. According
to Gao et al. (2007), this condition is due to a translational
its to growth and the related effects on meat quality, Livest.

http://dx.doi.org/10.1016/j.livsci.2010.02.008


7E.C. Webb, N.H. Casey / Livestock Science xxx (2010) xxx–xxx

ARTICLE IN PRESS
inhibition of the myostatin gene (GDF8). Similarly the
callipage genotype in sheep is linked to chromosome 18
and resulted in significant muscular growth, while adverse
effects were reported in terms of meat tenderness. A number
of research programmes focussed on the improvement of
growth and carcass characteristics in goats, but no major
growth and tissue defects have been reported, although goats
tend to have a high glycolytic potential and seem to be very
sensitive for ante mortem stress (Webb et al., 2005; Simela
et al., 2008). Caution is thus advised in terms of any breed
improvement programme involving meat goats.

As in the case of cattle, a number of other alternatives are
available to improve production and product quality in sheep
and goats including the use of the recently discovered
callipage gene. There is also a significant variation in sheep
and goat genotypes that can be exploited by careful scientific
management, while research should include careful analysis
of the underlying physiological mechanisms to prevent
anatomical, physiological or tissue defects.

7.5. Muscle defects in rabbits due to selection for accelerated
growth

In rabbits the effects of selection for growth rate is more
complex since slaughter weights are fixed (Pascual and Pla,
2007). The consequence is a decrease in maturity at slaughter
with concomitant effects on carcass composition, meat colour
and the acceptability of the meat. No physiological defects
have been reported yet.

8. Conclusions

This review suggests that selection for growth and
efficiency has reached the physiological limits of animals to
cope with the collective demands of maintenance, accelerat-
ed growth and development, adaptation, reproduction and in
many instances adverse effects are also evident in terms of
product quality. Selection for growth has altered the rate and
extent of the underlying physiological processes governing
growth and development in livestock. Although the emphasis
on increased production efficiency remains important in
animal agriculture, the physiological limits of animals, the
costs associatedwith new genetic technologies and consumer
resistance to modern animal technologies probably limit
further progress in terms of improvements in growth and
efficiency of livestock and poultry. The current challenge is to
make the best use of the available genetic resources and
acceptable technologies to the benefit of the livestock
industry and consumers alike. Biological and environmental
sustainability are also becoming more important, while
consumer safety and satisfaction are no longer negotiable.

The livestock industry will have to take note of these
important developments in order to meet future consumer
demands for safe and healthy food from environmentally
acceptable production systems. Although more progress is
expected in terms of the efficiency of animal production and
quality of animal products, by using quantitative selection
programmes in combination with modern tools like geno-
mics, it is essential to understand the underlying physiolog-
ical processes as well as the genomic–environmental
Please cite this article as: Webb, E.C., Casey, N.H., Physiological lim
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interactions in order to prevent undesirable traits or
compromise animal product quality.
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