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Preface

The wheel on the axis of science rotates every couple of years with new innovative basic
ideas that revolutionize traditional thinking and direct scientists to areas unimaginable to
them in the past. Improvements in poultry and other livestock species have been pursued
through empirical statistical approaches with underlying genetic principles. Since the
publication of Poultry Breeding and Genetics (1990), new ideas have emerged in molecular
genetics, computation strategies and bioinformatics with concurrent breeding-related
problems in poultry. It was the combination of the rotating axis of science coupled with
emerging new problems in poultry breeding that led to the birth of this book.

This book represents the first complete integration of the state of the art in quantitative
and molecular genetics as applied to poultry breeding. Our approach is first to define
problems encountered in poultry breeding in ‘Problems and Issues Associated with Poultry
Breeding’. Then methods to address these issues are examined, including both quantitative
and molecular genetics, which are simply different tools to address these problems with
differing strengths and weakness. Quantitative approaches are examined in ‘Breeding
Strategies and Objectives’ while molecular approaches and integration with quantitative
ones are examined in ‘Use of Genomics and Bioinformatics in Poultry’.

Coverage of genomics includes structural, comparative and functional. Use of trans-
genic technology in poultry is also examined. Transgenic technologies offer the promise of
being able to address issues by creating new genetic variability, rather than being restricted
to existing variation as with quantitative and genomics methods. In addition, transgenic
technology can develop new uses for egg products, particularly as a bioreactor for other
applications. One of the greatest issues in the poultry industry is that of disease resistance
and transmission. A special section is devoted to the genetics of disease resistance.

We feel that we have achieved our goal of producing an outstanding book, with the top
scientists in their field addressing each subtopic. Although the field of molecular genetics is
progressing rapidly, we feel the issues and methods outlined in this book will be with us fora
long time. We thank all the authors for their outstanding contributions to what will surely be
a standard of excellence against which all future books will be measured.

We also wish to thank Tim Hardwick (CABI Publishing) for giving us the opportunity
to put this book together, and Marian Kaiser for her kind assistance and technical skills in
editing the final drafts.

William M. Muir, PhD
Samuel E. Aggrey, PhD
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T Industrial Perspective on Problems and
Issues Associated with Poultry Breeding

James A. Arthur! and Gerard A.A. Albers?
"Hy-Line International, Dallas Center, lowa, USA; ?Nutreco Agriculture,
Research and Development, Boxmeer, The Netherlands

Consumption of poultry meat and eggs is
increasing steadily. It has moved from a
combined total of 85 million tonnes in 1992
to 117 million tonnes in 2000 (Executive
Guide to World Poultry Trends, 2001). Of
the current total, 8% is produced from
turkeys, ducks or poultry species other
than chickens. This chapter focuses on
developments in chicken breeding. There
are unique concerns for each of the other
species, but developments in the breeding
of the other species have in general
paralleled those in the breeding of chickens.

Egg-type Chickens

Since the early 20th century, the breeding
of egg-type chickens has seen significant
changes. The genetic performance of the
bird has improved substantially over this
time. In order to be able to continue the
improvement of the laying hen, further
changes will need to be made. In the
following discussion, consideration will
be given to traits, methods of selection and
industry structure.

Traits

Breeders today must select for, or at least
monitor, the age at sexual maturity, rate of

lay before and after moult, livability in the
growing and laying house, egg weight, body
weight, feed conversion, shell colour, shell
strength, albumen height, egg inclusions
(blood and meat spots) and temperament,
plus traits affecting the productivity of the
parent. Since the early 1980s, the increasing
proportion of eggs broken out for further
processing has added additional traits,
including percentage solids and lipids in
the egg.

Egg production per hen housed will
continue to be the single most important trait
under selection. However, the emphasis
has been shifting from peak rate of lay to
persistency of lay (Preisinger and Flock,
1998). As flocks maintain high rates of lay
for longer periods of time, they can be kept
to advanced ages without being moulted.
While much is now known about the
physiology of age-related changes, the
elements that trigger these events remain
elusive (Ottinger, 1992). A better under-
standing of these processes is necessary for
more effective selection, and may allow the
identification of specific genes influencing
ageing.

There is increasing use of induced
moulting to extend the laying life of the hen
in much of the world, despite opposition
to this practice by animal welfare activists
in some developed countries. It can be
expected that breeders will continue to work

©CAB International 2003. Poultry Genetics, Breeding and Biotechnology
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2 J.A. Arthur and G.A.A. Albers

for improved post-moult performance for
the foreseeable future.

It has been stated that the economic
impact of variability in disease resistance is
relatively small and that it is not a high prior-
ity trait in most breeding schemes (Albers,
1993). However, the emphasis placed on dis-
ease resistance varies from one breeding firm
to another. An epidemic of a specific disease
can increase the importance of that disease
in the minds of poultry producers and they
may choose not to purchase stocks that are
susceptible. For example, this has occurred
in the USA (in the 1950s) and in Australia
(in the 1990s) for the disease lymphoid
leucosis. Relative Marek’s disease suscepti-
bility affected buying decisions in the USA
in the 1960s. Currently, feather pecking and
resultant cannibalism is a problem in chick-
ens housed in alternative systems in Europe
and perceived differences among commer-
cially available varieties are affecting sales.

Breeding for resistance to disease is dif-
ficult because of low heritabilities and rapid
evolution to more virulent forms among dis-
ease-causing microorganisms. Heritabilities
are generally under 10% for total mortality,
but somewhat higher for specific diseases
(Gavora, 1990). Some diseases thought to be
controlled by vaccination, such as bronchi-
tis and Marek’s disease, keep reappearing
due to the occurrence of variant viral strains.

Breeding for resistance to specific dis-
eases caused by microorganisms involves
exposure of the birds to disease agents in a
controlled manner, usually by inoculation of
highly pathogenic variants of the organism.
This cannot normally be done in the pedi-
greed population under selection, due to the
risk of killing excessive numbers of breeders
and reducing effective selection for other
traits. For this reason, the disease challenge
is sometimes done in siblings or progeny
of the birds under selection, at an isolated
location, and the selection is done on a
family basis. The deliberate exposure of
birds to pathogenic agents raises questions
from an animal welfare standpoint.

There is need for improved methods of
identification of genetically resistant birds.
Marker-assisted selection, or better yet the
identification and labelling of specific

genes for resistance, will enhance progress.
One such gene, influencing resistance to
salmonella in chickens, has recently been
reported (Hu et al., 1997).

An understanding of the genetics of the
disease organisms themselves might make
possible the use of pathogen-derived genes
(Witter, 1998), which, once inserted into the
bird’s genome, could confer levels of resis-
tance to the disease organisms not currently
found in existing populations of poultry. To
implement this theoretical strategy, these
new constructs would have to be inserted
through the use of transgenic technology.

The trait with the most impact on profit-
ability is feed conversion. The conversion of
feed into eggs is primarily a function of egg
numbers. It is also influenced by egg size
and body weight. Breeders improved feed
conversion throughout the 20th century,
especially in brown egg stock, by selecting
for increased egg mass and smaller body
size. Since the mid-1980s, commercial poul-
try geneticists have also been selecting for
improvement of that part of feed consump-
tion not explained by egg mass and body
weight. This is referred to as residual feed
consumption. Incorporation of selection on
residual feed consumption will improve
feed efficiency at a faster rate than selection
on egg mass and body weight alone
(Nordskog et al., 1991). To accomplish this,
consumption is measured for individual
hens. Expected feed consumption for each
hen is calculated from the bird’s egg mass
and body size using a linear model. Residual
feed consumption is calculated by sub-
tracting expected intake from the measured
intake. Hens with high levels of residual
intake are culled.

Feed conversion in the USA and Canada
has improved from 2.95 g feed g™ egg in
1960 (Agricultural Research Service, 1960)
to 2.01gg? in 2001 (R.L. Chilson, Cali-
fornia, 2001, in CMC Strain Performance
Reports). Further continued improvement
will be aided by a better understanding of the
factors influencing feed conversion, includ-
ing feather cover, activity and feed wastage.

Some aspects of egg quality continue to
improve, while others remain unchanged.
Little change is occurring in overall egg
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weight, as most commercial varieties have
already been selected to fit the needs of the
markets in which they are sold. However,
there is selection for attainment of the desir-
able egg size at an earlier age. This requires
concurrent selection against increased egg
size at a later age because of the strong
genetic correlation between early and late
egg size.

Inclusions (so-called blood and meat
spots) have been selected to low levels of
occurrence in white egg stock, so that little
additional response can be achieved. In
brown egg populations, there continues
to be genetic variability for inclusions, and
effective selection is practised to reduce the
incidence of blood and meat spots. In brown
egg varieties, effective selection also contin-
ues for eggshells with a darker brown colour.

Some selection is practised for albumen
height, so that Haugh units will remain at
acceptable levels in markets where this
measure is incorporated into egg grading
standards. Shell strength improvement also
continues and should improve for the fore-
seeable future, allowing the hens to produce
a lower number of cracked eggs and eggs to
be kept for longer periods of time.

New challenges are arising in relation to
the use of eggs for further processing. Buyers
of liquid egg are setting standards for the
percentage of solids or lipids in the liquid
egg product. In the USA, buyers of mixed
white and yolk require that the mix contain
at least 24.2% solids. If the level of solids
is below this, processors must add yolk to
increase the level. This reduces profits for
the processor since yolk generally receives a
higher price than albumen. In Italy, where
yolks are in high demand for the production
of pasta, buyers have established a standard
of 10.5% lipid in the yolk. Both solids and
lipids vary from one commercial cross to
another (Ahn et al., 1997). Breeders can
influence these traits by switching parent
lines used to produce their commercial
cross. However, it is extremely difficult to
select within populations, since measure-
ment of solids and lipids for individual birds
is time-consuming and expensive. Quicker,
cheaper methods are needed for the mea-
surement of solids and lipids.

Another issue affecting further pro-
cessed eggs is the strength of the vitelline
membrane. Egg whites must whip into foam
with a good height. Contamination of the
white with yolk will reduce the foam height.
If the yolk ruptures during separation of the
white, the contaminated product must be
removed, reducing the speed of the breaking
process and reducing the value of the
product. Therefore, breeders must maintain
vitelline membrane strength.

As more attention is focused on animal
welfare, several traits increase in impor-
tance. Foremost among these is bird-to-bird
aggression, which can lead to cannibalism
and which also impacts feather cover. Craig
and Muir (1996) have shown that selection
in group cages can be used to reduce
aggression. At least one commercial breeder
has used this practice for over 30 years.
Layers from this firm have relatively low
levels of cannibalism when their beaks are
left untrimmed (Craig and Lee, 1989).

Another welfare-related issue is the
increasing demand for eggs produced by
floor-housed birds (free-range, organic, etc.).
The EU has issued a directive requiring the
elimination of conventional cages by 2012.
Cannibalism is an important issue for floor-
housed birds. Nesting behaviour is another
important issue, as birds must search out the
nest. Eggs laid on the floor are more likely
to be soiled and require special labour for
collection.

The EU currently mandates 550 cm? per
bird in cages. Guidelines of the US United
Egg Producers call for 432 cm? per bird for
all birds placed by the year 2012. Currently
most commercial white egg layers in the
world are housed in cages at 310-350 cm?
per bird. Breeders will need to take the
changing cage densities into account in their
breeding plans.

Other welfare-related factors that are
likely to become of increasing concern to
breeders include the killing of unneeded
cockerels and maintenance of skeletal integ-
rity as the bird ages. If induced moulting is
banned, this will also alter optimal breeding
strategies.

Intensive animal agriculture has raised
concerns among the general public about the
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effect on the environment of high con-
centrations of livestock. Manure output has
become a concern and producers are asked
to control not only the total amount of
manure spread on the land, but also the
amount of moisture in the manure (for fly
control) and the phosphorus content. Birds
that consume less feed will excrete less,
so selection for reduced residual feed con-
sumption should also result in less manure
to spread on the land. There are genetic
differences between varieties in the amount
of moisture in the faeces. Varieties with dry
droppings are more prone to the develop-
ment of urolithiasis (Lent and Wideman,
1993). It is possible to select for drier drop-
pings on an individual bird basis (Preisinger
et al., 1994) but care should be taken not to
increase the incidence of urolithiasis.

The greatest potential for increased egg
consumption is in the tropics, where per
capita egg consumption levels are low and
are increasing. Much research has already
been done on resistance to heat stress but, to
date, no bird bred specifically for resistance
to heat stress has captured much market
share in the tropics in general. As a result
of depressed feed consumption and poor-
quality feed ingredients in tropical areas,
there may be a benefit in having a bird for the
tropics with a large appetite (Ansah, 2000).
However, feed prices are very high in most of
the tropical countries, so the ultimate solu-
tion for the production of eggs at economical
prices in these areas may be the construction
of controlled-environment houses to utilize
the efficiencies of the modern layer.

Methods

Beginning about 1970, the advent of high-
speed computers and the development of
sophisticated statistical estimates of genetic
value have permitted improved rates
of within-line improvement. Questions
remain concerning the effect of statistical
tools such as best linear unbiased predic-
tion (BLUP) that incorporate family infor-
mation on the rate of exhaustion of genetic
variability (Muir, 1997). Accelerated loss of

genetic variation due to the use of BLUP
may necessitate early outcrossing of the
pure lines that make up these crosses,
to reintroduce genetic variability. Alterna-
tively, selection rules could be considered
that would allow for more conservation of
genetic variance and optimal balance of
long-term vs. short-term response.

The use of marker-assisted selection
(MAS) is expected to increase the accuracy
of breeding value information and to be
especially useful for traits that have low
heritabilities or are difficult to measure.
MAS will also allow the improved utiliza-
tion of available ‘selection space’ (Soller
and Medjugorac, 1999). This underutilized
‘selection space’ is provided by the surplus
males that are available in chicken breeding
stock. Far more males can be produced than
are needed since, at the time of selection,
full brothers without progeny tests all have
identical predictions of breeding values for
traits that can only be measured in females.
Vallejo et al. (1998) found several markers
for genes controlling resistance to Marek’s
disease. Lamont et al. (1996) reported on
markers for egg production, and Van Kaam
et al. (1999) reported on markers for feed
efficiency.

The use of transgenesis plays a major
role in the breeding of plants. Several com-
panies are now striving to develop trans-
genic strains of chickens that can be used to
produce pharmaceuticals or other valuable
proteins in eggs, but this tool has yet to be
applied to the breeding of commercial poul-
try stocks. Since the single-celled chicken
zygote is difficult to manipulate and then
reintroduce into the egg for further develop-
ment, transgenic poultry are more difficult
to produce than are transgenic plants or
mammals. With the developing concern
about genetically modified organisms
(GMOs), commercial breeding firms are now
being required by some consumers to state
that they are not using GMOs. This has a
chilling effect on the interest of breeders
in using the transgenic tool. Eventually
transgenesis will prove too valuable to
ignore and commercial hens will become
available that have enhanced performance
due to the introduction of DNA that has
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been synthesized in the laboratory or that
originates from other species.

Industry structure

Since 1950, breeding firms have become
much fewer in number and much larger in
size. Three holding companies now control
the majority of the breeding work on the
commercially available breeding stock for
egg-type chickens, though their products
are marketed under nine different brand
names. The reduction in the number of
breeding firms has been due to international
competition and to the high cost of main-
taining modern breeding, marketing and
distribution programmes in comparison
with potential income.

The reduced number of breeding firms
has raised concerns about reduced com-
petition and an associated reduction in the
potential for innovative research and devel-
opment (Sheldon, 2000). From an insider’s
perspective, competition is still intense,
some of itamong companies within the same
groups. However, there has been a dramatic
reduction in the number of geneticists
working for breeding firms and in the
total number of chicken populations under
selection.

There is also concern about the narrow-
ness of the base of the genetic stock now
being marketed. There is danger in this
situation due to the potential susceptibility
of ‘monocultures’ to new diseases that could
destroy or damage a genetically uniform
population, as happened with maize in the
southern corn leaf blight epidemic in the
USA in 1970 (Duvick, 1978).

There has also been increasing planned
and unplanned loss of stock used as resource
populations in the public sector (Pisenti
et al., 2001). Some of the lost stock was
developed over a period of many years, and
their loss reduces the scope of future
research. From the standpoint of genetic
variability for long-term improvement in
commercial stock, the important factor is
not the preservation of unique research pop-
ulations or of the degree of heterozygosity

within populations, but the maintenance of
allelic diversity across the species (Notter,
1999). The combined losses of research and
commercial populations formerly held by
now defunct breeders can limit the future
genetic potential of the chicken.

Conclusions

Since the early 1960s, feed conversion
in the USA and Canada has improved
by almost 1g, from 2.96 g feed g egg to
2.01 gg It is not possible to know how
much of this improvement was genetic and
how much was due to management, but it
is safe to assume that a major part of the
change is due to improved breeding stock.

In 2000, there were 50.4 million tons of
eggs produced in the world (Executive Guide
to World Poultry Trends, 2001). Thus, with
full implementation of the changes of the
past 40 years (i.e. since the 1960s), there
would be a saving of about 50 million tons
of feedstuffs per year due to improved feed
efficiency. As the population of the world
continues to grow, there will be increased
demand for feed grains and increased
importance of the continued improvement
in the efficiency of poultry and other farm
animals. For that reason, it is critical that the
necessary research be conducted and that
breeders have access to all available genetic
tools, including marker-assisted selection
and transgenesis. In addition, care should be
taken that important genetic diversity is not
lost.

Meat-type Chickens

Global development of chicken meat
production and the role of breeding

Well into the 20th century, most chickens
in the world were kept in small non-
specialized units. Although many very
different breeds already existed, true
specialization for egg or meat production
hardly existed and most chicken breeds
were used for both purposes. In the late
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19th and the first half of the 20th century,
small specialized production units emerged
and these used selection from the available
breeds. Some new synthetic breeds were
also developed. Some genetic selection was
applied for the specific purpose of the local
industry.

Around the Second World War, larger
and more specialized production units for
poultry were being developed in North
America and Europe. This triggered the
development of more advanced genetic
improvement programmes. Stimulated by
earlier developments in plant breeding,
line specialization and crossbreeding were
introduced. With the success of the intro-
duction of crossbreds, the number of breed-
ing programmes reduced very quickly to
the small number of units that were able
to support such large-scale programmes.

In only 50 years, poultry meat pro-
duction developed from a side activity
of numerous small farms into a specialized
global business. An industry that was frag-
mented at first into many small specialized
units for breeding, multiplication, hatching,
growing and processing soon developed into
large integrated poultry meat production
companies, often with live production sites
contracted out to private farmers. Especially
in the Americas, fully integrated companies
were spearheading poultry production right
from the beginning. In the last quarter of
the 20th century poultry production became
a truly global industry with international
trade effectively enforcing standardization

[ Broiler 1960
O Broiler 2000
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of production methods and products. Large
production companies are even beginning to
spread their production facilities around the
globe.

World chicken meat production had
grown to 56.9 million tonnes in 2000 with
90% of the number slaughtered being young
broilers. Output has been growing at an
annual rate of 3-5% for many years and this
increase is expected to continue. In the last
7 years, poultry’s share of total world meat
output rose from less than 25% to nearly
29%. Chicken accounts for 86% of total
poultry meat output, leaving turkey and
duck far behind with 7 and 4%, respectively
(Executive Guide to World Poultry Trends,
2001).

Poultry breeding has enabled and
supported this development of poultry meat
production. Breeding companies have been
very successful in their efforts to populate
the production industry in a logistically
efficient manner with increasing numbers of
increasingly efficient stock of increasingly
high health status. Due to the relatively
low cost of breeding programmes for poultry
(around 0.5% of live production value), the
relative ease of transporting eggs and day-
old chicks around the globe, and the fast
growth of the industry, the efficiency of
chicken meat production has shown a dra-
matic increase since the 1950s. The joint
success of poultry breeding and production
isillustrated in Fig. 1.1 by the comparison of
the increase of production efficiency in
broilers and pigs since 1960. The role of

O Pig1960
O Pig 2000

600

400

2.9

2.3

Body weight gain

per animal day™' (g)
Fig. 1.1.
entire life of the animal from birth to slaughter.

Kg feed kg™ body
weight gain

Kg feed kg™ body
weight gain

Body weight gain
per animal day~ (g)

Increase of efficiency of meat production in pigs and poultry over four decades calculated for the



Industrial Perspective 7

breeding in this success has been dominant,
as has been elegantly shown by Havenstein
etal. (1994). Some 80% of progress over time
has been made possible by improvement of
the genetic potential of the birds used.

Evolution of breeding programmes and
breeding technologies

Until the beginning of the 20th century
there were no other means of selection and
breeding than to identify the best breeder
candidates by way of phenotype and to
mate these for producing the next genera-
tion during the breeding season. A number
of technologies in controlled management
of reproduction, in control of pedigrees and
matings and, lastly, in the accuracy and
early availability of estimation of true
breeding value of breeding candidates were
developed and introduced successively
from then onwards. Before the 1940s these
technologies were exclusively applied in
pure-breeding lines for purebred produc-
tion stock; from then onwards all breeding
programmes for meat poultry consisted
of several specialized lines, with distinct
breeding goals per line, and production
animals (broilers) were crossbreds. Today,
final product broilers are a three-way or
four-way cross of specific closed pure-
breeding lines. There are four generations
between the pure-breeding line and the
final broiler. The generation and multi-
plication levels from breeding to meat
production are as follows.

1. Pure-breeding line. Owned by the
breeding company and subjected to the full-
scale selection programme. Three or four
lines are used for each broiler product. Each
breeding company has a range of broiler
products and therefore maintains at least
ten pure-breeding lines.

2. Great-grandparent stock. Fully control-
led by the breeding company, subjected to
limited (usually mass) selection for selected
traits. This generation is mainly used to
multiply the pure lines to the large numbers
(at least tens of thousands) needed to
produce the grandparent stock.

3. Grandparent stock. In case of a four-way
final cross (ABCD) this generation is the first
generation of crossbreeding with A males,
B females, C males and D females making
up the grandparent flocks. Grandparents are
distributed throughout the world in at least
hundreds of thousands to local operations,
which may be integrated production compa-
nies or local distributors of parent stock.

4. Parent stock. This is the second genera-
tion of crossbreeding with AB hybrid males
being mated to CD hybrid females. Parent
stock flocks are largely owned by production
companies that produce broilers.

5. Broilers. These are the birds that are
grown, slaughtered and processed for large-
scale chicken meat production.

Table 1.1 gives a short summary of
the various critical breeding and selection
technologies and the approximate time of
their introduction.

Evolution of breeding goals

Breeders set breeding goals as a reflection
of their expectations of future market
demands. With the ongoing changes of pro-
duction and consumption trends, breeders
have responded by adapting breeding goals
continuously. Global trends since the early
1950s have been as follows.

Table 1.1.  Critical technologies for poultry
breeding.
Decade of introduction
Technique (approximate)
Mass selection 1900
Trapnesting 1930
Hybridization 1940
Pedigreeing 1940
Artificial insemination 1960
Osborne index 1960
Family feed conversion 1970
testing
Selection index 1980
Individual feed conversion 1980
testing
BLUP breeding value 1990
estimation
DNA markers 2000
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1. Broiler growth has consistently been the
prime selection trait, because of its ease of
selection, high heritability and large impact
on total meat production cost.

2. There has been increasing emphasis on
yield of white (breast) meat, because this was
increasingly favoured by consumers.

3. There was also a growing emphasis
on efficiency factors, most notably feed
efficiency of broiler growth, as a maturing
production industry was increasingly
focusing on financial bottom lines for
integrated production operations.

An overview of the most important
selection traits and the changes in their
relative importance over time is presented
in Table 1.2.

At first, up to the 1980s, the impact of
these trends was not clear-cut, but with the
increasing globalization of the industry only
the most profitable breeding products now
remain. Only four independent groups with
significant world market shares in 2001 have
survived this selection process, by adapting
their programmes in a more timely and
adequate fashion than the non-survivors.
Differences between companies in timely
adjustment of breeding goals have played a
more important role in this process than
differences in the availability and applica-
tion of up-to-date breeding and selection
technologies. Alongside the large breeding
programmes that produce the ‘commercial
white broiler’ for large-scale production of
chicken meat, a limited number of small
breeding programmes have continued to
breed specific products for small niche
markets. In particular, the French market
has continuously used slower-growing and

Table 1.2.

coloured breeds for Label Rouge and other
types of certified chicken meat production.
China has a significant part of its chicken
meat production on a similar basis. There is
a clear tendency for such markets to increase
and this growing interest could well be
the start of a new trend of a return to larger
product diversification.

Expectations for the future

Future developments in the breeding of
meat-type chickens will no doubt be
governed by the same factors that have
determined developments in the past but
with one important difference: the ‘chicken
itself’ is likely to play its own role when
it presents the limits of its biological
capabilities. It has been speculated that
genetic progress at the present rate and for
the current main traits will be possible for
a limited period of less than two decades
(Albers, 1998). Areas of speculation for
the future impact of main determinants
include: industry developments; consumer
demands; breeding technologies; and bio-
logical constraints.

Industry developments

Further consolidation of chicken meat pro-
duction into large integrated national and
supranational units is to be expected. More
emphasis will therefore be on efficiency of
production and on the increasingly efficient
translation of consumer demands by way
of intimate partnerships between large
production companies and large clients

Trends in relative selection pressure for various traits in broiler breeding programmes.

Relative selection pressure during years

Selection trait 1975-1985 1985-1995 1995-2002
Hatching egg production +++ ++ +
Fertility + + +
Broiler growth rate +++ +++ +++
Broiler feed efficiency ++ +++ +++
Meat yield traits + ++ 4+
Liveability + + ++
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(retailers and food service companies).
Even fewer breeding programmes, probably
three, will survive.

Consumer demands

Price will remain the most important buy-
ing incentive for consumers and therefore
production cost per unit of product will
be of prime importance. However, with
increasing living standards, secondary
consumer demands will increase. General
product quality, food safety, further pro-
cessing and product diversification will
complicate the picture. Meat sales will
be less through retailers and increasingly
through food service companies and there-
fore processability issues (e.g. meat and
bone quality) will become more important.
Increasingly wealthy and critical consum-
ers will also set requirements on the pro-
duction methods used. This will include
demand standards for animal welfare
(e.g. bird density in the broiler house,
feed restriction of breeder birds), safety of
products and use of production technolo-
gies including genetic techniques (cf. the
current GMO debate). The introduction of
organic products is an illustration of this
trend and it is to be expected that bulk pro-
duction of chicken meat will at some stage
be significantly influenced by this trend. It
is not clear whether all trends mentioned
will have the same impact worldwide and it
is quite possible that there will be regional
differences, e.g. due to marked differences
in living standards. This could well affect
the balance between cost price demands
and secondary consumer demands.

Breeding technologies

Reproduction technologies, breeding value
evaluation technologies and DNA-based
technologies are the three critical groups
of technologies in breeding in general. The
increase of reproductive capacity in chick-
ens offers very little perspective for increase
of genetic progress, as selection pressures
are already very high. Increase of repro-
ductive capacity (e.g. by cloning) could
only help to speed up the process of

multiplication of genetic progress to the
production units. However, it is very hard
to improve, in a cost-effective way, on the
relatively high reproduction rate of chick-
ens and no dramatic developments should
therefore be expected in this area.

Theoretically, the ability to reproduce at
an earlier age would support the increase
of genetic progress by a reduction of the
generation interval. The technical problems
associated with this, the acceptability of the
technologies to be used and the relatively
small impact of this make such a new
development unlikely.

The only remaining reproduction issue
for poultry meat production is the determi-
nation of sex of the broiler birds, as the pro-
duction efficiency of males is significantly
higher than of females. With BLUP breeding
values now being widely used in meat-type
chicken breeding, not too much can be
expected from improved mathematical/
statistical methodologies for estimation
of breeding values. The most important
challenges in this area for the foreseeable
future are likely to be in the best combina-
tion of BLUP procedures with methodology
to optimize inbreeding and the inclusion of
genomic data in the BLUP-based breeding
values.

The most promising new breeding
technologies are DNA related: with chicken
genomics coming of age, as illustrated by the
comprehensive linkage map of the chicken
genome (Groenen et al., 2000) and the First
Report on Chicken Genes and Chromosomes
(Schmid et al., 2000), genomics is now
starting to yield for meat-chicken breeding.
As the economic value of individual chick-
ens is relatively low, DNA-based genotyping
of individual breeding candidates must
be done at low cost per bird. Therefore
commercial application of genotyping at the
DNA level will largely be through direct
genotyping for critical genes and not through
MAS approaches per se that are being
designed for larger species. With chicken
genomics advancing rapidly a significant
impact of this technology on meat-chicken
breeding is to be expected, especially for
the selection of traits that are not easily
dealt with in traditional genetic evaluation
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programmes. Such traits will become more
important, as indicated in the section on
biological constraints, below.

Transgenic  technologies are not
expected to have a significant effect on
commercial meat-chicken breeding in the
foreseeable future. Transgenic technologies
have not advanced in birds as much as in
mammals and it is becoming more and more
clear that consumers worldwide are oppos-
ing such a development. Breeding compa-
nies are not likely to enter into the develop-
ment process for a transgenic chicken for
meat production. As DNA-based selection
and breeding technologies are patentable,
unlike traditional technologies, the intro-
duction of these novel technologies will also
add a new dimension to the competition
between breeding companies.

Biological constraints

Growth rate of modern broilers has roughly
quadrupled since commercial breeding
commenced in the 20th century. The body
composition of the birds has changed
dramatically, especially the relative size of
the pectoral muscles. Although commercial
breeding programmes have been successful
in counteracting this basic imbalance by
genetic improvement of leg strength and
other aspects of general livability such as
susceptibility to ascites, there is no doubt
that commercial broilers today are showing
higher mortality and higher susceptibility
to suboptimal management of nutrition and
environment than broilers that have been
selected less extremely for efficiency and
meat yield. This is clear from field evidence
on slow-growing breeds such as are used in
various regional certified broiler production
systems in France, but there is also good
experimental evidence for higher activity
levels and lower mortality rates in such
slower-growing genotypes (Lewis et al,
1997).

More constraints will arise on issues
such as leg strength, female and male
reproduction capacity, metabolic problems
in broilers, digestive system functions of
broilers and several aspects of carcass and

meat quality. Research is urgently needed
for better understanding of the biological
basis of the consequences of the lack of
balance in the modern broiler compared
with its wild ancestor. Understanding this
biological basis should direct researchers
and breeders to design selection approaches
aimed at preventing this lack of balance from
progressing further. Genomics could well
play a key role in this, both in unravelling
the biological mechanisms and in support-
ing the breeders in selection programmes.
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Introduction

The improvement in poultry performance
for meat and egg production during the last
three-quarters of the 20th century has been
tremendous: from 176 eggs per hen per year
in 1925 to 309 eggs per hen per year in
1998, while for meat production the days to
achieve 1500 g live weight decreased from
120 days in 1925 to 33 days in 1998.

Besides product quality aspects that are
dealt with elsewhere in this volume, the
main selection goal with laying hens is a
high and efficient egg output per hen per
year while for poultry meat production the
meat output per chick is, or was, the ultimate
measure of performance. Since the early
1990s, it has become clear that meat output
per breeder has become a more dominant
indicator of success (e.g. Pollock, 1999),
indicating that both growth and repro-
duction are important.

As the biological maximum for laying
hens is physiologically determined at one
egg per day (under normal lighting), a
genetic progress of 40-50 eggs per hen per
laying year is theoretically possible in the
next 15-20 years; this could be realized
not by increasing peak production but by

improving the persistency of the laying
curve, at least if major obstacles to be
expected (such as possibilities for mineral
mobilization from bone and hence leg
problems) are not counterproductive. These
problems associated with selection for
increased egg production are treated in
another chapter, and therefore the focus here
will be on growth and reproduction in the
broiler sector.

The meat output per breeder is com-
posed of at least three parameters: (i) growth;
(ii) feed conversion; and (iii) breeder effec-
tiveness. Any assessment of the efficiency
of feed energy utilization for growth in
meat animals must consider not only the
feed conversion in the slaughter generation,
but also the cost of maintaining an effective
breeder population.

In prolific species such as poultry,
the majority of feed is consumed by the
slaughter generation (approximately 95%,
vs. 5% for the breeder generation). There-
fore, selection goals will be directed pre-
dominantly towards traits that favour
growth, feed conversion efficiency and car-
cass quality in the slaughter generation, with
much less emphasis on reproductive traits.
In slow-reproducing species such as cows,
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the metabolizable energy (ME) intake is
distributed approximately equally between
breeder and slaughter generations and there-
fore it is theoretically as profitable to manip-
ulate traits relating to the efficiency of the
breeding cow as it is to manipulate growth in
the slaughter animals (Webster, 1989).

Nevertheless, both the parameters for
growth and for reproduction in broiler
production will have to be considered.
Until now there has been no indication of
a reduced genetic variability for the main
broiler traits (Pollock, 1999). There are many
expectations as to further improvements for
broiler meat production but it seems that
some of these improvements are linked with
dilemmas in the sense that they seem to
contradict each other.

Three dilemmas for broiler meat pro-
duction that have become apparent since
about 1980 can be identified: (i) fast growth
and feed conversion vs. changes in lean/fat
tissue ratio; (ii) ponderal and energetic
efficiency of growth and feed conversion
ratio (FCR) vs. metabolic disorders; and
(iii) fast growth and extreme lean tissue
growth vs. reproductive effectiveness of the
breeder. From a functional or physiological
point of view, the question arises: is there
any causal or functional link among and
between these dilemmas or are these
elements merely correlated to each other
without strong causal relationships? From
a genetic perspective, this question can be
phrased in the context of the genetic and
phenotypic correlations among the pheno-
types. Have the aforementioned relation-
ships occurred due to genetic correlations
(whether due to linkage, epistasis or shared
physiological control systems) or environ-
mental influences (associated with fast
growth, per se) and, of course, which is
which? The answer to this question will
dictate the path or paths that need to be taken
to identify solutions.

The following chapters discuss the
physiological and genetic backgrounds of
each of these three dilemmas with the aim
of clarifying, as much as possible from the
scientific evidence available, to what extent
these dilemmas were hazards from selection
policies as applied until now or were

inevitable consequences of the actual

selection goals.

Dilemma 1: Fast Growth and
Feed Conversion Efficiency
vs. Lean/Fat Changes

Discussion of the dilemma of fast growth is
complicated by several factors. Growth is
clearly a non-linear process (Barbato, 1991)
and much of the literature uses the term
‘selection for fast growth’. Few, if any,
breeders truly select for growth rate. In fact,
breeders generally select for body weight at
a fixed age, regardless of the time frame of
that age relative to the growth curve of the
particular species (Anthony et al., 1991).
Yet it is clear that the main correlated
response to selection for growth at, or near,
the inflection point of the growth curve
is early exponential growth rate, generally
described as occurring during the first 2
weeks post hatch (Ricklefs, 1985; Barbato,
1992a,b). It is also equally clear that there is
a very large negative genetic and pheno-
typic correlation between early exponential
growth rate and the subsequent linear phase
of growth, regardless of species (Laird,
1966; Barbato, 1991, 1992a,b).

This result is not as surprising as it
may at first seem. The negative correlation
was probably the result of the intense direct
selection for body weight at a fixed age,
hence selecting for both early and late
growth, resulting in a negative genetic
correlation between the traits. Continued
selection for body weight at an age near the
inflection point of the growth curve selects
against the genetic correlation between the
exponential and linear phases of growth. It
has long been known that selection for two
traits having a negative genetic correlation
will result in a subsequent reduction in
fitness.

How, then, did a change in body weight
and associated growth curve of broilers
result in an alteration in fatness? The pheno-
menology of this association has been
clearly illustrated by Tzeng and Becker
(1981), who showed that abdominal fat pad
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weight peaks at or near the inflection point
of the cumulative growth curve. Body
weight can be considered to be an aggregate
selection index of all the body components.
Since abdominal fat has a higher heritability
than protein, water or skeleton at the age of
selection (e.g. Cahaner and Nitsan, 1985),
and is proportionately largest during the lin-
ear portion of the cumulative growth curve,
then fat must increase in a disproportionate
manner. From a mechanistic perspective itis
interesting to note that the phenomenology
is consistent: the large fat pad size at the age
of selection can be due to both adipose cell
size and adipose cell number, depending
on the population (Wyatt et al., 1982; Cart-
wright, 1994). These data would suggest
the possibility of multiple physiological
mechanisms for increased fatness, depend-
ing on the genetic background and selection
history of the lines. Hence, the mechanisms
for the relatively high fat content of modern
broilers continue to be a subject of contro-
versy (Buyse et al., 1999).

The relative contributions of selection
for body weight and dietary regimen on
performance and carcass composition of
broilers were elegantly assessed by Haven-
stein et al. (1994a,b). In these studies, a
typical 1957 broiler strain (Athens-Canadian
Randombred Control strain) was compared
with a modern 1991 broiler strain (Arbor-
Acres) when fed a typical 1957 or a 1991
diet. With respect to carcass fat content, the
1991 broilers were fatter than the 1957
broiler, irrespective of diet or age. Broilers
raised on the 1991 diet also had a higher fat
content than when reared on the 1957 diet.
However, the contribution of diet to carcass
fat content was far less than that of genotype.
These observations, among many others,
clearly indicate that selection for body
weight has concomitantly promoted fat
accretion.

While selection for body weight at a
fixed age has fulfilled the industry goal of
increasing protein deposition in the form
of skeletal muscle mass, there is very little
evidence for genetic improvement of per-
centage body protein. In a diallelic cross
among lines having different growth curves,
Barbato (1992a) showed that there is little or

no additive genetic variation for percentage
body protein. Further, among lines selected
for exponential growth rate at different ages,
there was no generational trend in total body
protein (Sizemore and Barbato, 2001). On
the other hand, it is clear that protein can
be redistributed among the muscle groups,
and can be influenced pharmacologically by
B-agonists.

Research groups from several countries
have produced lean and fat lines of broilers
by following different selection strategies in
order to study more closely the relationship
between rapid growth and fatness (Table
2.1). In addition, these divergent lines are
excellent models for investigating the regu-
latory roles of hormones in the intermediary
metabolism, which ultimately determines
body composition. A non-destructive
method to measure leanness and fatness
was reported by Whitehead and Griffin
(1984). After three cycles of divergent selec-
tion using plasma levels of very low density
lipoproteins (VLDL), these authors obtained
lines that differed by 38% in total lipids and
by 49% in abdominal fat pad weight. Selec-
tion based on improved feed efficiency has
also been shown to be a very effective proce-
dure to obtain lean broiler chickens, because
of high negative correlation between feed
efficiency and fatness. Indeed, a signifi-
cantly lower content of body lipids and a
reduced proportion of abdominal fat were
reported in broiler lines that were selected
for improved feed efficiency (Leenstra and
Pit, 1987; Sgrensen, 1988). Direct selection
on the basis of abdominal fat content of
siblings has proved to be effective for
selecting fatter and leaner broiler chickens.
Leclercq (1988) found that, after seven
generations, the fat line had four times more
abdominal fat and 72% more total lipids
than the lean line; Cahaner (1988) obtained
similar results. Other divergent selection
lines are those of Pym and Solvyns (1979),
the ‘Siegel’ lines selected for high or low
body weight gain (Siegel, 1962) and the lines
selected by Chambers (1987) and Barbato
(1992b). The Barbato lines are particularly
interesting since selection for fast early
exponential growth rate at 14 days of age
resulted in a line of birds having fat pads that
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Table 2.1.

Experimental broiler lines selected to differ in body composition, feed conversion and/or

growth rate from different countries (Buyse et al., 1999).

Country Line Selection traits References

Australia w Liveweight gain Pym and Solvyns, 1979
F Food consumption
E Feed efficiency
L Low abdominal fat

Canada S1 Body weight + low abdominal fat Chambers, 1987
S2 Body weight gain + feed efficiency
S3 Combined three traits

Denmark GL High body weight gain Sgrensen, 1988
FC Feed conversion

France HF High abdominal fat Leclercq, 1988
LF Low abdominal fat

Israel GL High body weight gain Cahaner, 1988
HF High abdominal fat
LF Low abdominal fat

The Netherlands GL High body weight gain Leenstra, 1988
FC Feed conversion

UK FL High VLDL Whitehead, 1988
LL Low VLDL

USA HW High body weight gain Siegel, 1962
LW Low body weight gain
FL Fat line Lilburn and Myers-Miller, 1988
LL Lean line
14L/H  Lowr/high exponential growth rate to day 14 Barbato, 1992b

42L/H

Low/high exponential growth rate to day 42

were 50% smaller than those of birds from a
line selected for exponential growth rate to
42 days of age, yet there were no significant
differences in body size at 42 days of age
(Sizemore and Barbato, 2001).

The efficiency of lean meat deposition
can in theory be increased by: (i) an
increased proportion of ME above energy
requirements for maintenance (ME,); (ii) an
increased proportion of retained energy (RE)
as protein (RE,) with respect to fat (REy); and
(iii) the efficiency of retention of increments
of ME above maintenance as protein and fat
(partial energetic efficiency, K, for growth,
Kyt as acombination of K, and Ky). Both ME,,
and K; affect thermogenesis (H) and overall
energetic efficiency is (ME — H) /ME. Feed
conversion rate is determined by both this
overall energetic efficiency and the energetic
value of body gains.

From a survey of the energy metabolism
of lean and fat broilers as summarized in
Table 2.2, gross energy intake (GE) and ME
intakes per kg W°7% (body weight W in

kilograms raised to the power 0.75) were
higher in fat-line chickens (Buyse et al.,
1999). However, differences in ME con-
sumption are not very pronounced and
also fasting heat production as well as ME
requirements for maintenance per kg W°7°
were generally found not to be different
between lean and fat birds. Apparent metab-
olizability (ME/GE) values were on average
higher for lean compared with fat birds
(Jorgensen, 1989; Geraert et al., 1992) but
these differences are probably not of such a
magnitude that they could account for much
of the variation in feed efficiency and body
composition.

Therefore, an increased proportion of
ME above maintenance cannot be evoked as
a major cause for the differences in body
composition between lean and fat broiler
chickens. Since it is claimed that the
efficiency of retention of increments of ME
fed above maintenance as protein and fat (K
and Kj) is less affected by selection pressure
(Webster, 1989), the main differences in
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energy expenditure must be situated at the
level of the amount of energy retained and its
partition between RE;, and RE; This is
indeed corroborated by the observations as
summarized in Table 2.2.

Since Kyis much larger than K, and ME,,
levels are similar between lean and fat lines,
a higher overall efficiency of increments
of ME fed above maintenance should be
expected, irrespective of differences in total
GE or ME intake. However, heat production
per kg WP75 in full-fed birds is not different
in lean and fat birds, and therefore a better
protein conversion efficiency as found in all
lean lines (Geraert et al., 1988; MacLeod
et al., 1988; Jorgensen, 1989; Leclercq and
Guy, 1991; Leenstra and Ehlhardt, 1994;
Buyse et al., 1998) is probably linked with
an improved efficiency of retention (Kp)
of increments of ME above ME,, as protein
(RE,) and the claim of relative invariability
of K;, should be reconsidered. Indeed, pro-
tein accretion (the net deposition of protein)
istheresult of two processes: protein synthe-
sis and protein degradation. It is not always
clear which processes are changed, and in
what direction, due to selection forleanness.

The higher protein requirements for
protein gain as reported by Leclercq and Guy
(1991) and the higher breakdown of digested
amino acids and urinary nitrogen losses as
reported by MacLeod ef al. (1988) in their fat
lines may not only point to a lower dietary
protein conversion efficiency, but probably
also indicate differences in energetic effi-
ciency (K;) for RE,. Indeed, Tomas et al.
(1991) observed lower fractional myofibril
protein degradation rates in chickens
selected for food efficiency (line E, Table 2.1)
compared with chickens selected on body
weight gain (line W, Table 2.1) whereas there
were no line differences in fractional synthe-
sisrate. Therefore, increased protein conver-
sion efficiency could very well go together
with an increased energetic efficiency of
protein accretion, and this could compen-
sate for the much higher K; vs. K, in order to
neutralize, more or less, the differences in
combined K;; values in lean and fat chicken.
More research will be needed to elucidate
the causal mechanisms underlying the line
differences in protein metabolism.

As with protein, lipid accretion (the net
deposition of lipids) is the result of several
processes but, in contrast to proteins, three
processes are involved in lipid accretion:
de novo lipogenesis, lipolysis and lipid
uptake from the blood into tissues (lipid
clearance) because lipogenesis and lipolysis
are not taking place in the same cells, in con-
trast to protein synthesis and degradation.
With respect to these processes in fat and
lean selected lines (as referred to in Table
2.1), lipogenesis was observed to be higher
in all fat lines compared with their lean
counterparts (Buyse ef al., 1999) and differ-
ences in lipogenesis are a major contributor
to the observed differences in RE;. Lipolytic
activity may be higher (Buyse et al., 1992) or
unchanged (Leclercq et al., 1988), depend-
ing on the selection strategy used. Differ-
ences in lipid clearance were suggested
for the lines selected divergently for VLDL
(Griffin and Hermier, 1988) while hepatic
lipogenesis or abdominal fat lipoprotein
lipase activity remained unchanged in these
lines. However, low-VLDL chickens demon-
strated increased lipoprotein lipase in leg
and heart muscle, indicating a difference
in tissue-specific lipoprotein clearance
rate. Therefore, according to the selection
strategy used, similar changes as for energy
metabolism were observed, while the
underlying mechanisms for decreased or
increased fat deposition could be very
different according to the lines.

Selection for fast growth, feed conver-
sion efficiency or lean/fat tissue changes
also has repercussions on the endocrine
physiology as one of the important inter-
mediary signals for realizing these metabolic
changes as described above. A review of
these changes as a function of the different
selection strategies was given by Buyse et al.
(1999). In short, it turned out that indirect
selection for leanness by selecting for low
FCR affected particularly the somatotrophic
axis and to a much lesser extent the thyro-
trophic axis, whereas the opposite was
true when direct divergent selection on
abdominal fat content was applied.

It can be concluded from these observa-
tions on divergently selected experimental
broiler lines that hyperphagia is not the



Growth and Reproduction Problems 19

primary cause of the higher fat content in
fast-growing or fat-line broilers, nor is the
partitioning of ME between maintenance
and production energy a major factor. The
main difference in energy metabolism is the
partitioning of the retained energy between
RE, and RE; and this explains at the same
time the better FCR of the lean lines by either
direct or indirect selection, though achieved
by triggering other hormonal axes.

Dilemma 2: Ponderal and Energetic
Efficiency of Growth vs. Metabolic
Disorders (with Reference to Ascites)

No attempt to manipulate the efficiency of
growth can be properly assessed without a
complete examination of all elements of
the energy balance. As has been shown in
the first part of this chapter by examining
the experimental broiler lines, manipula-
tion of the partition of retained energy
between protein and fat is probably the
most efficient way of improving FCR as
well as energetic efficiency, the latter in an
opposite way.

Besides lean/fat tissue ratio, it is never-
theless useful to analyse the components of
energy balance on an anatomical as well as a
physiological basis. We must be aware that
even in fast-growing broilers the principal
destination of ME is heat and that, although
thermopoiesis is largely linked to essential
metabolic functions that are more or less
resistant to ‘manipulation’, ongoing selec-
tion may have affected these components of
the energy balance as well.

Selection for improved FCR may in this
way have resulted in a decreased overall
H for a given growth rate, and this may
have repercussions on several anatomical or
physiological components, which in turn
are involved in other functions besides
metabolism. Therefore it is not unexpected
from an a posteriori viewpoint that an
ongoing selection for rapid growth and FCR
has resulted in an increased incidence of
some metabolic disorders, such as heart
failure syndrome (HFS) and ascites
(pulmonary hypertension syndrome, PHS).

The following sections try to formulate some
mechanistic links between these selection
objectives and the increased ascites
incidence. This may also be done for other
metabolic disorders, such as tibia dys-
chondroplasia, but this subject is treated
elsewhere in this volume.

From an anatomical or structural
point of view

Organs such as gut, liver, kidney and heart
are major contributors to thermopoiesis but
their contribution to body mass is small;
therefore, differences between animals in
internal organ mass, attributable to their
genotype, may have significant effects on
thermopoiesis and hence on ME,,. Because
hypoxaemia is believed to be the primary
and main cause of ascites, circumstances
that impose greater metabolic demands
(especially during the period of rapid
juvenile growth, when the metabolic rate
is already very high) increase the incidence
of ascites. A higher oxygen demand from
the anabolic processes, together with high
ME,, requirements, possibly results in the
maximal oxygen delivery capacity of the
respiratory and cardiovascular system being
exceeded, and triggers the events that lead
to PHS or ascites syndrome.

If the development of the ascites
syndrome is the consequence of structural
or morphological/histological defects, these
must result in observable physiological
changes (Decuypere et al., 2000). Insuffi-
cient development of the lungs and/or
changed histology of lung tissue or pulmo-
nary blood vessels (such as occurs in pri-
mary or idiopathic pulmonary hypertension
in mammals) may form the basis of such
structural changes. Alterations in propor-
tional growth as a result of selection for
greater musculature may have had the effect
of producing birds with relatively small
respiratory and cardiovascular systems. In
addition, alterations in muscle fibre distri-
bution and in the ratio of capillary to fibre
size may have occurred as a consequence of
selection for growth rate and breast meat
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yield in both broilers and turkeys. Selection
for leanness in pigs (Landrace, Piétrain) and
cattle (double-muscled Belgian Blue) has
increased the ratio of glycolytic to oxidative
muscle metabolism (Hocquette et al., 1998).
This shift from type I (red, slow-fatiguing,
oxidative) towards more type IIb (white,
fast-fatiguing, glycolytic) muscle fibres has a
major impact on energy metabolism post
mortem and, hence, on meat quality, includ-
ing the occurrence of pale soft exudative
(PSE) and dark firm dry (DFD) meat.

An increasing incidence of PSE meat
has been reported in turkeys (Barbut, 1997a)
and broiler chickens (Barbut, 1997b), as well
as higher incidences of metabolic diseases
such as ascites and sudden-death syndrome
in broilers and cardiomyopathy (‘round
heart’ disease) in turkeys. It is therefore
intriguing to speculate that these phenom-
ena in poultry are also related to alterations
in muscle fibre typology (see Decuypere
et al., 2000, for more details). In view of the
relative independence of glycolytic white
muscle on the requirement for oxygen, it can
be speculated that selection for increased
breast meat yield will not result in a propor-
tionate increase in heart, blood and lung
mass. If this is the case, it will lead to an
exacerbation of the disproportion between
the cardiopulmonary system on the one
hand and muscle mass on the other, and
result in an increased susceptibility to
metabolic diseases.

From a physiological or functional
point of view

The impact of a strong selection pressure
on low FCR for obvious economic reasons
(since 60-70% of broiler production costs
are feed costs) may not just have repercus-
sions on lean/fat ratio. As selection for FCR
continues to be shifted to younger ages,
before there is a considerable deposit of
fat present, this must result in a decreased
ME,,. Heart and lungs, as well as gut, liver
and kidney, are major contributors to
thermopoiesis and have many times higher
metabolic rates per unit of weight than

skeletal muscle. This may have strength-
ened the developmental retardation of these
vital oxygen-delivering tissues under the
combined selection pressure for growth rate
and FCR in broilers. However, these vital
tissues have to sustain the high metabolic
rate linked to the rapid juvenile growth rate.

A more concave growth curve, as
obtained by management measures, may
relieve metabolic pressure in birds from
selection programmes that emphasize FCR
(Buyse et al., 1996; Decuypere et al., 2000).
From a genetic perspective, selection for a
concave growth curve can be disastrous, as
illustrated by the increased susceptibility to
ascites (as induced by cool temperatures)
of the 14L line chicks (Barbato, 1997). Of
the four major selection lines reported by
Barbato (1992b), the 14H line, having the
most convex growth curve, has the greatest
resistance to ascites. These two data sets —
one based on environmental manipulation
and the other based on genetic selection —
suggest that while genes and environment
both play arole in ascites susceptibility, they
may do so by very different physiological
mechanisms.

From interspecies comparisons of
energy exchanges during growth, as pointed
out by Webster (1989), it can be observed
that, when comparing growth in pigs and
cattle with that in precocial birds (quail,
poultry), the latter mature faster and more
efficiently than mammals because their
impetus for growth is more sustained, rather
than greater at peak.

Taken together, this suggests that from
the viewpoints of both efficiency of growth
and avoiding susceptibility to HFS and
ascites, selection for growth within broiler
lines should also be more focused on
prolonging the period when the impetus
for growth is near-maximal, rather than on
increasing maximal growth rate.

Because thyroid function is an impor-
tant regulatory mechanism of metabolic
rate, it is plausible to hypothesize that early
selection for FCR could result in functional
hypothyroidism, by either decreased
thyroid hormone production or changed
peripheral  metabolism of thyroxine
(Decuypere et al., 2000). Buys et al. (1993)
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and Decuypere et al. (1994) provided direct
evidence that susceptibility to ascites is
linked to thyroid hormone metabolism.
Ascites-sensitive birds are believed to be
limited in their thyroxine production
(Scheele et al., 1991, 1992). Insufficient
thyroid hormone activity to regulate meta-
bolism, related to the genetic background,
will therefore become especially apparent at
low ambient temperatures (Scheele et al.,
1992), indicating that hypothyroidism,
observed in lines combining a favourable
FCR and fast growth, plays an important part
in the reduction of oxygen consumption that
leads to anoxia, heart failure and ascites.
Although the peak incidence of ascites
occurs in the 5th or 6th week of the growing
period, the aetiology of the disease may
be initiated much earlier, even during the
embryonic stage (Coleman and Coleman,
1991). Dewil et al. (1996) showed that
ascites-resistant broilers hatched earlier
than more sensitive ones, and that this is
linked to the higher thyroid activity in the
resistant line. These findings at an early
developmental stage strengthen the hypo-
thyroidism hypothesis of Scheele et al
(1992) for ascites-sensitive broilers.

Dilemma 3: Fast Growth and Extreme
Lean Tissue Growth vs. Reproductive
Effectiveness of the Breeder

In domestic poultry, a strong negative rela-
tionship exists between body weight and
reproductive effectiveness. The strength of
this relationship is evidenced by the
existence of two types of chickens of
commercial significance that show extreme
opposites in body weight and reproductive
performance. Notably, reproductive effec-
tiveness can be characterized by a combina-
tion of phenotypes including egg produc-
tion, libido, sperm and oocyte quality,
sperm storage by the hen, gamete—gamete
interactions, genetic compatibility and
hatchability — not to mention the potential
interactions among the phenotypes. Regard-
less of mechanism, concomitant with
improvements in body weight of broilers,

the ability of meat-type parent stocks to
reproduce has been severely reduced. Nev-
ertheless, parents of meat-type poultry must
not only have the genetic potential to
exhibit fast and efficient growth, but also
be capable of reproducing. Empirically,
it is known that broiler breeders require
dedicated programmes of feed restriction to
maximize egg and chick production, and
emphasis for improving reproductive per-
formance of broiler breeders has always
been more on management than on genetic
improvements. An idealized comparison of
ad libitum broiler growth compared with
feed-restricted breeder growth is presented
in Fig. 2.1 (modified from Kerr et al., 2001).
This is linked with the low percentage of
energy cost for the breeder population in
the total efficiency of feed energy for broiler
meat production, including slaughter and
breeder generation (as mentioned in the
introduction to this chapter).

Egg production

Feed restriction of female broiler breeders
during the rearing period delays sexual
maturity. Factors that are indicated in the
literature to govern the attainment of sexual
maturity are: body weight (Brody et al.,
1984); body fat (Bornstein et al., 1984); body
fat-free mass or lean body mass (Soller
et al., 1984); photoperiod (Costa, 1981);
and age (Brody et al., 1984). Katanbaf et al.
(1989) observed that full-fed broiler breed-
ers are dependent upon reaching a critical
age to start laying, while feed-restricted
hens are dependent upon attaining a critical
body weight and carcass fat stores. Yu et al.
(1992a,b) suggested that feed intake and
changes in body composition (minimum fat
level) during the pre-breeding period are
the most important factors in the determina-
tion of the age of sexual maturity in broiler
breeders. A further reduction in fat content
as expected by a further selection for FCR
may therefore result in later maturity of
breeder hens, because the required body
composition for sexual maturity is not
reached at an acceptable age. This may even
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Fig. 2.1.

A conceptualized comparison of the growth curve of broilers fed ad libitum until processing and

the feed-restricted growth curve of the parent breeder stock. An ideal egg production curve is overlaid to
provide an estimate of reproductive performance of the breeder hen. (Taken from Kerr et al., 2001.)

be exacerbated because of the need for a
more severe and early feed restriction in
breeders selected for fast growth, so that
both selection for leanness and more strin-
gent feed restriction act together to delay
the minimal fat stores needed to reach sex-
ual maturity. On the other hand, in contrast
with the age at first egg as negatively
affected by excessive leanness, it was found
in many experimental selection models
that obesity was associated with poor egg
production (Leclercq et al., 1985; Cahaner
et al., 1986). A negative correlation of about
0.20 has been reported by Maeza (1983)
between egg production and fatness.
Furthermore, it has been shown by
Cahaner et al. (1986) that hatchability of
eggs produced by lean broiler breeders is
higher than that by fat birds.

Comparisons of reproductive perfor-
mances between fat and lean adult breeder
hens are reported in several papers, but a
straightforward comparison between selec-
tion strategies or even between different
lines for similar selection procedures is not
an easy task in view of the different feeding

programmes used (Buyse et al., 1999). Since
lean and fat lines are characterized by a dif-
ferent appetite, even as adult hens,
comparisons of reproductive traits under
ad libitum feeding conditions can be quite
different from restricted conditions. It
becomes even more complicated when the
restrictions are imposed as a percentage of
the ad libitum uptake or to the same absolute
level for both lines. In the latter case a similar
absolute feed allowance (in g day?) will
impose a differential restriction for both
lines.

When reproductive characteristics of
the French low-fat (FRLF) and high-fat
(FRHF) line breeder hens were compared
under ad libitum conditions or similarly
restricted during the laying period (85% of
ad libitum), the FRLF hens of both feeding
regimes were heavier and produced heavier
eggs than the FRHF hens (Leclercq and
Simon, 1982; Leclercq et al., 1985). The
number of eggs produced per hen was more
or less similar for both lines and slightly
higher in ad libitum conditions (over the
140-day experimental period), compared
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with restriction for both lines. However, the
FRLF hens produced heavier eggs, mainly
due to a higher total albumen weight,
although the percentage albumen dry matter
and percentage protein were lower in eggs
from the FRLF line compared with the FRHF
line. The proportional weight of the yolk was
higher in eggs from FRHF hens, even when
corrected for the relationship between egg
weight and yolk weight (Leclercq et al.,
1985). FRHF birds also differed from FRLF
birds in exhibiting elevated plasma lipid
and lipoprotein levels, irrespective of the
nutritional state (Hermier et al., 1984),
which indicates an increased liver lipopro-
tein production and secretion in the FRHF
lines, explaining the higher yolk proportion
laid down in eggs of the FRHF lines. A simi-
lar number of eggs, but with a higher mean
egg weight, resulted in an overall slightly
but significantly higher egg output for the
FRFL line, although the feed efficiency for
egg synthesis for both lines was similar.

The Israeli (IS) lean and fat lines were
also compared for their reproductive
performances (Cahaner et al., 1986). This
study involved a similar feed restriction pro-
gramme during rearing and laying period
(absolute feeding level) for both lines, which
may have resulted in a differential restric-
tion for both lines. As for the French LF and
HF lines, the IS lines differed significantly
with respect to egg weight: the eggs of the
ISLF line were heavier than those of the
ISHF line. The percentage albumen did not
differ between eggs from HF and LF hens but
eggs of the latter hens contained more dry
matter in the albumen as a percentage, as
well as expressed in grams per egg. As for
the FRHEF line, the proportional yolk weight
of eggs from the ISHF line was higher
compared with eggs originating from their
lean ISLF counterparts. Total number of eggs
in the ISLF line tended to be higher and this,
together with a higher egg weight, resulted
in a significantly increased total egg mass
output as well as better feed efficiency in the
ISLF line.

While the French LF and HF lines did
not differ much in egg number, this discrep-
ancy with the Israeli lines in this correlated
response may be due to the feeding strategies

in these different experiments. While feed
restriction decreased egg numbers in both
FRLF and FRHF lines, the same amount
of feed given to the ISLF and ISHF broiler
hens probably resulted in a differential feed
restriction, being more severe for the HF
lines. This might explain the slightly higher
egg number in the ISLF line, while no differ-
ences in number of eggs were found between
the FRHF and FRLF lines fed ad libitum or at
85% of their ad libitum-fed counterparts. On
the other hand, selection for leanness by
selecting for improved FCR or low plasma
lipoprotein concentrations resulted in a
higher laying percentage of the lean birds
under both restricted (Leenstra, 1988) and
ad libitum feeding conditions (Whitehead,
1988). When ad libitum and restricted feed-
ing were applied for FC (selected for feed
efficiency between 3 and 4 weeks of age) and
GL (selected for high body weight at 4 weeks
of age) lines and compared in a single
experiment, differences in laying percentage
between both lines were more pronounced
under ad libitum feeding conditions. This
was due to a higher number of GL birds that
were intermittently out of lay for a long
period, as well as to the lower laying rate
(short sequences) of actually laying GL birds.
Feed restriction to a level similar to that for
commercial broiler breeders (hence differen-
tial for GL and FC hens) restored to some
extent the reproductive ability of both lines,
but this was more pronounced for the GL
line. Under both ad libitum and restricted
feeding conditions, egg weight was signifi-
cantly higher for the GL line, but total egg
mass output was inferior compared with that
of FC hens.

Taken together, these data indicate that
correlated responses in reproductive abili-
ties with selection for lean or rapidly grow-
ing and hence fat birds cannot simply be
explained in energetic or mechanistic terms.
These selection procedures affect endo-
crine mechanisms (recently reviewed by
Decuypere et al., 1999) that are at least partly
involved in the selection goals (N-retention
and growth, protein and lipid metabolism)
but because of the multifunctional effect
of hormonal parameters, and the interrela-
tionship of these hormonal parameters with
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other endocrine systems, this may be the
basis of a number of correlated responses.
At this point, one aspect of the discus-
sion may be added. After eight generations of
divergent selection for exponential growth
rate (EGR) from 0 to 14 days (EGR,,) of age or
0 to 42 days of age (EGR,,) among the previ-
ously mentioned Barbato lines (Barbato,
1992b), there was a fourfold difference in
EGRy, and an eightfold difference in EGR,,
between the divergently selected lines for
each trait (Kerr et al., 2001). Correlated traits
contributing to reproductive fitness of the
lines included: percentage hen-day egg pro-
duction (HDP); fertility; and both age (AFE)
and weight (WFE) of hens at first egg —
estimated under ad libitum feeding in each
generation. Hens from the line selected for
fast EGR,, (42H line) were significantly
heavier than those from the line selected for
slow EGR,; (42L line) and came into produc-
tion 31 days earlier. Among the lines, only
the 42H hens exhibited a continual decline
in HDP. Both the AFE and WFE were most
different among lines divergently selected
for EGR,,. The AFE and WFE of both EGR,,
selected lines were the same. Further, the
average values for AFE and WFE of the
EGR,4 lines were intermediate to the mean
values for the EGR,, lines, suggesting a
critical period of development between 14
and 42 days of age influencing these traits
and the onset of sexual maturation (Kerr
et al., 2001). Curiously, fertility diminished
rapidly in the line selected for slow EGR,,
while HDP was unchanged. These observa-
tions clearly warrant more study, again
suggesting very different physiological
mechanisms underlying genetic and
nutritional aspects of egg production.

Fertility

It is known that the fertilizing ability of
roosters from commercial broiler breeders
is declining continuously with each genera-
tion (Pollock, 1999). Since the 14L line
exhibited a similar decline in fertility,
it became a model for identifying genetic
factors underlying the poor fertility among

commercial poultry. In order to assist in
this investigation an in vitro assay of
sperm—egg binding was developed as an
indicator of the potential fertility of roosters
(Barbato et al., 1998). Many broiler-type
lines (both commercial and experimental)
have been tested to determine the relation-
ship between performance of sperm in the
in vitro assay and fertilizing ability of the
sperm. The correlation, across all lines,
between the in vitro assay and fertility
ranges between 0.75 and 0.85, but is not
linear and appears to be most predictive of
fertility (or, rather, infertility) among poor-
binding individuals (Barbato et al., 1998;
Barbato, 1999). Curiously, one of the mole-
cules involved in the sperm-binding pro-
cess has been identified as being related to
the saposin family of molecules. Further,
a synthetic peptide made to mimic the
structure of the native molecule has been
shown to increase the binding of sperm
from ‘bad’ males and increase both the
fertility and number of chicks that can be
obtained from the sperm of that male
(Hammerstedt et al., 2001). These data also
serve as a reminder that biotechnology
exists outside the cell nucleus.

Summarizing Conclusions and Ethics
of Further Selection for Performance
in Broiler Selection

There are still considerable possibilities for
improving broiler production:

e By extending the period for near-
maximal growth rate.

e By partitioning towards lean rather
than fat, but without structural and/or
functional characteristics, probably
linked with a reduced ME,,, in order to
avoid metabolic disorders and without
going so far that excessive leanness
together with the mnecessary feed
restriction in broiler breeder raising
will result in unacceptable retardation
of age of puberty.

e By applying novel biotechnologies to
improve reproduction, including the
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identification of genes reducing
reproductive effectiveness and the
development of assisted reproductive
techniques to increase chick output.

There is no point in manipulating
growth to increase leanness to the point
where it leads to deterioration in the quality
of the carcass — not as it is perceived by the
producer, but as perceived by the consumer.
Manipulation of animal production by
breeding has to be acceptable in terms of
animal welfare. Ethical concern may arise
from the manipulation of body size or func-
tion in such a way as to increase metabolic
diseases.

Therefore, further breeding should con-
sider not only how to increase production
and production efficiency, but also how to
alleviate correlated side effects by extending
or changing selection goals for obvious
economic reasons and also because of
the unacceptability of some correlated
responses to an increasing number of
people. Whether the selection goals have
to be extended by additional criteria or
changed to settle for lower productivity
levels will depend on the answer to the ques-
tions asked as to what extent the dilemmas
discussed here are merely hazards from a
selection policy as applied until now, or are
causally linked and hence inevitable conse-
quences of the applied selection goals. In
the latter case there will be an increasing
pressure to settle for lower bird productivity
levels. It is of the utmost importance for
selection companies to find out the answers
to these dilemmas, and breeding companies
will need to achieve a better understanding
of the biological backgrounds and mecha-
nisms of what they are selecting for as well
as the biological obstacles on the road to
increasing overall bird performance. This
chapter was aiming for these objectives.
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Introduction

This chapter examines the role of poultry
breeding technology as it relates to the skel-
etal system and how selection for increased
productivity has affected: (i) skeletal
integrity and mineralization in layers; and
(ii) bone, tendon and ligament growth and
strength and the development of musculo-
skeletal disease in meat-type poultry.

Since the early 1950s, poultry breeding
has focused on increasing profitability, with
little regard for the effect on the skeletal,
respiratory or cardiovascular systems or the
well-being of the bird. In table-egg laying
strains, intensive selection for egg output
has resulted in birds of low body weight that
lay a large number of eggs on a low food
intake. Over a laying year, the amount of
calcium these birds can deposit in their
shells can be up to 20 times their total body
content. Bone acts as a store for much of
the calcium deposited in shells, and it is
perhaps not surprising that stresses in bone
formation and resorption can result in
skeletal problems in these birds.

In broilers, the keen competition
between commercial breeding companies
coupled with the high heritability of growth
has resulted in a dramatic increase in the

growth potential of broilers over the last
40 years. Thus the daily gain at maximum
growth rate has increased from 22 g in 1960
(Segrensen, 1986) to 65 g by the mid- to late
1990s (Havenstein et al., 1994; Emmerson,
1997). Assuming a coefficient variance of
10% and a heritability of 0.4, this means that
the modern broiler population has moved 18
genetic standard deviations from its origin in
terms of growth capacity. The same pattern
can be seen for the turkey (Abourachid,
1991) and, to a lesser extent, for meat-type
ducks. As growth rates have risen, skeletal
defects manifesting themselves primarily as
leg disorders have become increasingly
prevalent in broilers and, to a lesser extent,
in turkeys.

Two factors are now causing a rethink
in the commercial emphasis on intensive
selection for growth or egg production. First,
the economic cost of lost egg production in
layers and mortality and morbidity in
broilers resulting from skeletal defects has
risen. Secondly, there is an increasing
concern in many countries at the welfare
implications of these disorders for the birds.
As a result, there is now renewed interest
in determining the genetic basis for these
disorders, establishing the genetic link
between these disorders and egg production
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or growth and devising genetic or other
strategies for minimizing the occurrence or
severity of the disorders.

Skeletal Problems in Table-egg Layers
Main causes of abnormality

The main skeletal problems in table-egg
laying hens are associated with loss of
bone mineral during the laying period, with
poor bone quality, bone fracture, paralysis
and death being the main consequences.
The loss of bone mineral may have two
causes. One cause is osteomalacia, which is
characterized by defective mineralization
of bone tissue, with thick seams of poorly
mineralized organic matrix. Osteomalacia
is primarily associated with nutritional
deficiencies of calcium, phosphorus or
vitamin D and has not been shown to have
a genetic component. Osteoporosis is the
other, more widespread, condition involv-
ing bone loss (Randall and Duff, 1988); it
has a complex aetiology, with many factors
involved.

Osteoporosis in laying hens is defined
as a decrease in the amount of fully mineral-
ized structural bone, leading to increased
fragility and susceptibility to fracture. Bone
loss characteristic of osteoporosis was first
described in caged laying hens by Couch
(1955), who reported a problem termed ‘cage
layer fatigue’ involving bone brittleness,
paralysis and death. Cage layer fatigue can
be an extreme consequence of loss of
structural bone in the vertebrae that leads
to spinal bone collapse and paralysis (Urist
and Deutsch, 1960; Bell and Siller, 1962).
Generally, however, osteoporosis is not so
severe as to result in cage layer fatigue but
nevertheless the widespread structural bone
loss can lead to high incidences of fractures
at various sites throughout the skeleton.
There may also be another, more transient,
form of cage layer fatigue perhaps related
more to an intracellular calcium imbalance
that impairs neuromuscular function. This
may occur when calcium intake is inade-
quate in relation to the productive needs of

the bird, resulting in loss of egg production,
paralysis and increased mortality and
subsequent susceptibility to osteoporosis
among survivors (Cransberg et al., 2001).
This form of cage layer fatigue contrasts with
the more typical chronic osteoporosis, the
severity of which does not affect egg output
(Rennie et al., 1997).

Gregory and Wilkins (1989) reported
results of a survey of end-of-lay battery hens
in the UK in which 29% of hens had one or
more broken bones during their lifetimes.
The fractures occurred during their time in
their cages or during depopulation, trans-
port to a processing factory and hanging on
shackles. By the time they reached the end of
the evisceration line, 98% of carcasses were
found to contain broken bones. Ischium,
humerus, keel and furculum showed highest
fracture incidences, with pubis, ulna,
coracoid and femur also breaking frequently.
Different fractures can occur at different
stages in the bird’s life. In a survey of
European flocks, Gregory et al. (1994)
reported that 17% of birds experienced
fractures during battery cage life (old breaks)
and 10% during depopulation, transport
and hanging on shackles (new breaks).
Fractures to the humerus and ulna are
frequent old breaks. Damage to the keel
can arise from contact with the cage front
during depopulation and femoral fractures
arise commonly during shackling.

The origins of osteoporosis are not
well defined. It has been suggested that
the problem is partly genetic in origin,
resulting from the breeding of lightweight,
energetically efficient birds that maintain a
high rate of lay over a prolonged period on
a low food intake (Whitehead and Wilson,
1992; Cransberg et al., 2001). Most modern
hybrid layer strains seem to be susceptible to
osteoporosis, but older unimproved strains,
such as the Roslin J-line Brown Leghorn,
are relatively resistant (Rennie et al., 1997).
However, even in susceptible strains there
can be wide individual variation, with some
hens retaining good bone quality at end of
lay. Confining birds in cages with limited
opportunity for exercise has undoubtedly
contributed to the problem, resulting in a
form of disuse osteoporosis.
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Characteristics of osteoporosis

Some of the characteristics of laying
hen osteoporosis have been reviewed previ-
ously (Whitehead and Wilson, 1992; White-
head and Fleming, 2000). Osteoporotic hens
show evidence of widespread loss of
structural bone throughout the skeleton.
This loss has been shown to start when hens
reach sexual maturity and to continue
throughout the laying period (Wilson et al.,
1992) so that osteoporosis is most severe in
hens at the end of lay. The observations are
consistent with the theory that at the onset
of sexual maturity the rise in circulating
oestrogen results in a switch in bone forma-
tion from structural to medullary bone. The
latter serves as a labile source of calcium for
shell formation and has little intrinsic
strength, but can contribute to overall
fracture resistance of bones (Fleming et al.,
1998a). Progressive resorption of structural
bone during medullary bone turnover leads
to osteoporosis. Evidence for suppression of
structural bone formation in laying hens has
been provided by Hudson et al. (1993) who
observed that fluorochrome label was not
incorporated into cortical bone. This find-
ing has been confirmed by Whitehead and
Fleming (2000), who also observed that
loss of reproductive condition induced by
forced moulting resulted in rapid loss
of medullary bone and resumption of
structural bone formation.

As osteoporosis progresses, cortical
bone thickness is decreased and there is a
less cohesive system of fewer, thinner and
less well-connected trabeculae. This is
reflected in lower breaking strengths, as
measured by the three-point bending test.
Amounts of structural bone can also be
quantified by computerized histomorpho-
metric analysis, or by radiography of bones
that contain little or no medullary bone.
Other measures that have been made to
assess osteoporosis include cancellous bone
volumes of the free thoracic vertebra (FTV)
and proximal tarsometatarsus (PTM), radio-
graphic densities of humerus and keel and
breaking strengths of humerus and tibia.
Whitehead and Wilson (1992) proposed
a system for assessing the severity of

osteoporosis based on FTV trabecular bone
volume, with values above 16% being nor-
mal, 14—16% moderate, 8—11% severe and
< 8% very severe. Nodulation and deformity
of ribs has also been used to assess osteo-
porosis severity (Cransberg et al., 2001).

Patterns of bone loss with age vary
considerably between different bones
(Whitehead and Fleming, 2000). Striking
changes occur during the first 10 weeks of
sexual maturity. There is a marked loss of
cancellous bone in both the PTM and FTV
suggesting that, in these bones, the major
development of osteoporosis occurs within a
few weeks of the onset of egg production.
Over this period there is also a rapid
accumulation of medullary bone in the PTM
but at present there is no indication as to
whether the loss of cancellous bone is
directly linked to the formation of medullary
bone. After 25 weeks the further loss of
cancellous bone from the FTV is smaller
but loss of cancellous bone and the accumu-
lation of medullary bone continues in the
PTM, though also at reduced rates. However,
there is a continuous net increase in the total
amount of bone, measured histomorpho-
metrically, with the result that total bone
volume in the PTM can be greatest at the end
of lay.

Tibial radiographic densities and break-
ing strengths, both measured in the midshaft
region, increased over the period 15-25
weeks. The laying hen tibia is known to
contain appreciable amounts of medullary
bone and the increase in radiographic
density would be consistent with this
occurrence. The small increase in tibial
breaking strength between 15 and 25 weeks
could thus indicate some accumulation of
medullary bone but relatively little loss of
structural bone. The major decrease in bone
strength between 25 and 50 weeks implies
considerable loss of structural bone, which
in the midshaft region of the tibia is mainly
cortical bone. These changes are illustrated
in Fig. 3.1, which shows cross-sections of
tibias, with greater cortical thickness in
osteoporosis-resistant than in susceptible
hens. For comparison, cross-sections from
male and 12-week-old pullet tibias are also
shown. These observations contrast with the
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Fig. 3.1.
and (d) 12-week-old pullet.

findings in the PTM that major structural
bone loss occurred within 10 weeks of
sexual maturity and suggest that different
principles may apply to structural bone
resorption from epiphyseal and midshaft
regions of leg bones. An important factor in
this difference may be the greater resorptive
surface areas of bone contained in the
trabecular structures in epiphyseal regions
than in the diaphyseal cortex.

The increases in humerus radiographic
density and breaking strength observed
between 15 and 25 weeks may be accounted
for by the development in some birds of
medullary bone in bones that are normally
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Sections of tibia midshafts from (a) osteoporosis-resistant hen, (b) osteoporotic hen, (c) adult male

pneumatized, together with the absence of
any appreciable loss of structural bone
over this period (Fleming et al., 1998a).
The subsequent large decline in breaking
strength after 25 weeks would suggest that in
this bone, as in the tibia, the major onset of
osteoporosis occurs at a later age than for the
PTM or FTV.

The radiographic density of the keel can
also decline, particularly at the leading edge
of this bone adjacent to the rest of the
sternum. A more general increase in keel
radiographic density seen later in the laying
period is consistent with the known pres-
ence of medullary bone and does not give
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any insight into possible changes with time
in the structural component.

Environmental Factors in Osteoporosis
Effect of housing

The effects of load-bearing and bio-
mechanical forces in stimulating bone
formation and remodelling are well estab-
lished (Lanyon, 1992). Induced inactivity
has been shown to accelerate osteoporosis
in birds (Nightingale et al., 1972) and the
relative lack of activity of battery-caged
hens accounts for the severity of the prob-
lem in these birds. Effects of exercise and
alternative housing systems have been
widely studied as potential means of
alleviating osteoporosis.

Effects of exercise as a way of stimulat-
ing bone growth during rearing have been
studied, but neither housing birds in pens
nor giving extra exercise through use of a
carousel have improved bone quality at
start of lay compared with cage rearing
(Whitehead and Wilson, 1992).

Changes in bone quality during the lay-
ing period are influenced by the nature of the
exercise involved. Housing hens in pens has
resulted in little change in spinal trabecular
bone (Wilson et al., 1993). Fitting perches
to cages resulted in small improvements in
PTM trabecular bone volume, but no benefit
in tibia strength (Hughes et al., 1993). More
vigorous exercise than is obtained by
walking or hopping on to low perches is
needed to improve bone quality markedly.
This was demonstrated by Knowles and
Broom (1990), who found superior tibia and
humerus breaking strengths in birds housed
in terrace or perchery systems rather than
in cages. The improvement in humerus
strength was particularly apparent in the
perchery system that allowed birds to fly.
Confirmation of these findings came from a
more detailed study by Fleming et al. (1994).
It can be concluded that, as in other species,
biomechanical effects on individual bones
in hens are dependent upon the degree of
strain experienced by the bone.

There is little information on the
mechanism by which exercise improves
bone characteristics in the hen. However,
the finding by Newman and Leeson (1998)
that tibial strength increased within 20 days
of transfer of hens from cages to an aviary
suggests that the mechanism may involve
stimulation of structural bone formation,
rather than inhibition of resorption.

There have been several studies to
determine the welfare impact of the
improved bone strength of birds kept in
alternative housing systems. Lower inci-
dences of new breaks have been found in
birds depopulated from aviary or free-range
systems compared with battery cages
(Gregory et al., 1990; Van Niekerk and
Reuvekamp, 1994), but the incidences of
old breaks, particularly in the furculum and
keel, were higher with aviary and free-range
systems (Gregory et al., 1990). It may be
concluded that allowing birds more exercise
in alternative systems will improve bone
strength, but this does not necessarily
improve bird welfare in proportion.

Effect of nutrition

Nutritional deficiencies of calcium,
phosphorus or cholecalciferol have been
shown to result in bone loss attributable to
osteomalacia (Wilson and Duff, 1991) and
are likely to lead ultimately to greater
severity of osteoporosis. However, there is
no evidence that avoidance of osteomalacia
can prevent the development of osteoporo-
sis. Rennie et al. (1997) reported that none
of the dietary factors tested over a laying
year had any effect on the proportions of
cancellous bone in spinal (FTV) or leg
(PTM) bones but that treatments involving a
particulate source of calcium (oystershell)
or supplementation with fluoride increased
the proportions of medullary bone. Provid-
ing calcium in particulate form extends the
period of calcium absorption later into the
night when shell formation is taking place
and has been shown to have beneficial
effects on shell quality. The finding
that provision of calcium with improved
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digestive characteristics can increase the
amount of medullary bone without having
much impact on the loss of structural bone
shows that calcium deficiency is not a
primary cause of osteoporosis. Fluoride
is known to stimulate bone formation in
chickens (Lundy et al, 1992) but the
increase in synthesis in hens during lay
is evidently confined to medullary bone.
Confirmation of the practical benefits of
particulate calcium sources has been
provided by Fleming et al. (1998b), who
found that feeding limestone particles
resulted in improved bone strength in older
hens. This effect was probably attributable
to the observed increase in medullary bone
formation, because the treatment had little
effect on cancellous bone volumes. A subse-
quent study (Fleming et al., unpublished)
provided evidence of a beneficial effect of
particulate limestone on cortical as well
as medullary bone content. Increasing the
medullary bone content by nutritional
means may thus benefit skeletal quality
in two ways: (i) by a direct effect on bone
strength; and (ii) from a possible protective
effect on cortical bone resorption, as
discussed later.

These observations are consistent with
the hypothesis that osteoporosis in hens
arises as a result of cellular processes rather
than nutrient supply and that during the
laying period there is continued osteoclastic
resorption but little formation of structural
bone. The balance of cellular activity can be
altered by feeding bisphosphonate, a drug
used in human medicine to combat
postmenopausal osteoporosis. This acts by
inhibiting the action of osteoclasts and has
been shown to slow the loss of cancellous
bone in hens (Thorp et al., 1993a), but its use
is unlikely to be a practical solution for
osteoporosis in laying hens.

Genetic Factors in Osteoporosis
Heritability of bone characteristics

A strong genetic component in osteoporosis
has been demonstrated by Bishop et al.

(2000), who studied the inheritance of
characteristics related to osteoporosis over
five generations in a commercial pure line
of White Leghorns previously selected for
high egg production. Initially, measure-
ments were made on a range of mor-
phometric, radiological and strength
characteristics of different bones in hens at
the end of the laying period to determine
heritabilities. Morphometric traits involv-
ing cancellous and medullary bone volumes
were found to be poorly heritable (FTV
cancellous bone volume, h?=0.19; PTM
cancellous bone volume, h? = 0.0). This was
considered surprising in view of the use of
cancellous bone to assess severity of human
postmenopausal osteoporosis (Khosla et al.,
1994) and as a criterion in earlier laying
hen studies (Whitehead and Wilson, 1992;
Wilson et al., 1993; Rennie et al., 1997). In
contrast, heritabilities of other characteris-
tics were higher (tibia strength, h? = 0.45;
humerus strength, h?=0.30; keel radio-
graphic density, h? = 0.39). There was also a
positive correlation between body weight
and bone strength.

Selection study

On the basis of the above heritabilities, it
has proved possible to select hens for stron-
ger bones (Bishop et al., 2000). A restricted
selection index designed to improve bone
characteristics, yet hold body weight (BW)
constant, was derived from genetic parame-
ters obtained from the preliminary analyses,
using standard selection index theory.
Three biologically meaningful and moder-
ately to highly heritable traits that could be
measured in a short period of time on a
large number of hens at the end of lay were
included in the bone index (BI), namely
keel radiographic density (KRD), humerus
strength (HSTR) and tibia strength (TSTR).
By including characteristics of wing, leg
and axial skeleton, this index gave a wide
representation of the overall skeleton. The
initial index was: BI = 0.27 x KRD + 0.37 X
HSTR + 0.61 x TSTR - 0.25 x BW. The co-
efficient for body weight was later increased
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to 0.35 to counter a slight divergence in this
trait that started to appear between the
lines. Males were selected on the basis
of family breeding values. Selection was
performed retrospectively each year,
with chickens hatched and raised from
all available hens in the experiment.

Genetic parameters for the traits in the
BI, and the BI itself, showed that all traits
were moderately to highly inherited
throughout the study, with the heritability of
the BI being 0.4 (Table 3.1). The genetic and
phenotypic correlations also show that the
three bone measurements in the index were
moderately to strongly correlated with each
other. Finally, the bone measurements are
all positively correlated with body weight,
indicating that selection for improved bone
strength characteristics alone, without the
restriction placed on body weight, would
have resulted in considerably heavier birds.
Different mean values in the bone strength
measurements in different years indicated
that these traits were strongly affected
by environmental factors, raising the possi-
bility of genotype-by-environment inter-
actions. However, comparison of full-sib
flocks reared on different locations gave
little evidence for genotype-by-environment
interactions, within the range of environ-
ments investigated.

From the first year of selection using the
index, the high (H) and low (L) BI lines
diverged progressively for KRD, HSTR,
TSTR and the BI in the desired direction.

The differences were highly significant
(P<0.01) from the second generation
onwards, with the exception of HSTR in
generation 2 where the difference, although
in the desired direction, was not significant.
Bone characteristics of the two lines are
shown in Table 3.2. For the hens, the lines
differed by 17% for KRD, 30% for HSTR
and 60% for TSTR after five generations.
Although selection was based on measure-
ments made on hens, selection was also
found to affect bone strength in males, with
H-line males being superior to L-line males
for all traits. The differences between the
lines in the fourth generation were: KRD
13%, HSTR 26% and TSTR 19%. Body
weight at slaughter did not differ between
the lines in either sex. All bone measure-
ments were strongly correlated with the
presence/absence of breakages; the inciden-
ces of humeral fractures in hens occurring
during the production period and depopula-
tion showed a sixfold difference between the
lines after four generations. These findings
confirm that genetically improving bone
strength will indeed decrease the incidence
of bone fractures.

Correlated responses

Performance

Daily feed intake did not differ between the
selected lines. Likewise, measurements of

Table 3.1. Heritabilities® (with standard errors), phenotypic correlations and genetic correlations (with

standard errors) for body weight and bone traits (n = 1306) (Bishop et al., 2000).
Body Keel radiographic Humeral Tibial Bone
weight density strength strength index

Body weight 0.49 0.28 0.21 0.29 -0.10
(0.06)

Keel radiographic density 0.36 0.39 0.33 0.51 0.58
(0.06) (0.06)

Humeral strength 0.26 0.49 0.30 0.50 0.66
(0.11) (0.11) (0.06)

Tibial strength 0.33 0.66 0.77 0.45 0.81
(0.10) (0.08) (0.07) (0.06)

Bone index -0.12 0.67 0.76 0.84 0.40
(0.12) (0.08) (0.07) (0.04) (0.06)

#Heritabilities on diagonal, phenotypic correlations above diagonal, genetic correlations below diagonal.
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rate of egg production and egg weight did
not show any differences between the lines.
These genetic observations complement the
observations of Rennie et al. (1997) that
the large individual variation observed in
the bone characteristics of hens at the end
of lay was phenotypically unrelated to egg
production in a flock of highly productive
hens.

The main production difference
between the lines was in shell quality, with
H-line hens laying eggs that had thinner,
weaker shells. This was reflected in a greater
incidence of cracked and second-quality
eggs. The difference in shell output per day
was very small (0.1 g), but over the laying life
of the hen this could represent a difference
in calcium output of 12 g. This is large in

relation to the total body bone calcium
content of a hen (about 80 g) and could be
expected to have an impact on bone content.
Negative phenotypic correlations between
shell quality and bone (tibia) strength have
previously been reported by Orban and
Roland (1990), who speculated that this sug-
gested resorption of cortical bone as well as
medullary bone during shell calcification.

Bone structure and composition

Differences between the lines in bone char-
acteristics of hens after four generations are
shown in Table 3.3. Tibial cortical width
differed between the lines at 15 weeks, sug-
gesting that there was more bone formation
in the H line during the rearing period.

Table 3.2. Bone characteristics and body weights at the end of the laying period in female and male
chickens? divergently selected for high (H) or low (L) bone index.
Females Males
Line Line
H L P value H L P value
Body weight (kg) 1.80 1.79 NS 2.25 2.21 NS
Keel radiographic density 0.41 0.35 < 0.001 0.70 0.62 < 0.001
(mm Al equivalent)
Tibia strength (kg) 38.2 23.7 < 0.001 60.6 51.0 < 0.001
Humerus strength (kg) 17.9 13.6 < 0.001 36.8 29.2 < 0.001
@Data for females are from fifth generation of selection, for males from fourth generation.
NS, not significant.
Table 3.3. Bone and plasma characteristics at different ages of H- and L-line hens.
Trait Age (weeks) H line L line P value
Tibia cortical width (mm) 15 0.465 0.448
70 0.422 0.365 < 0.001
PTM medullary bone (%) 70 7.83 6.39 <0.02
Tibia midshaft medullary bone area (mm?) 70 0.216 0.180 <0.05
Osteoclasts (/mm? medullary bone) 70 979 1175 <0.10
Collagen content of bone (%)
Humerus 70 18.68 17.78 NS
Tibia 70 15.54 15.73 NS
Pyrrolic cross-links (mol pyrrole/mol collagen)
Humerus 70 0.47 0.27 < 0.001
Tibia 70 0.50 0.44 <0.05
Plasma pyridinoline (pmol pl~") 70 0.39 0.46 <0.05
Plasma oestradiol (pg ml™") 70 467 438 <0.10

NS, not significant.
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This was consistent with higher plasma
concentrations of osteocalcin, a marker
of bone formation, during the growing
period (Fleming et al., 2001). Tibial cortical
thickness declined in both lines over the
laying period, but the relative decrease by
70 weeks was almost fourfold greater in the
L line. This finding indicates a much higher
rate of cortical bone resorption in the L line.
This conclusion is supported by the greater
plasma concentration in this line of pyrid-
inoline, a breakdown product from the
collagenous matrix of bone, and is perhaps
explained by the greater number of osteo-
clasts per unit of bone (Fleming et al.,
2001). In contrast, the amount of medullary
bone was greater in the H-line. Other
differences were also seen in collagen bio-
chemistry. Although total bone collagen did
not differ between the lines, the number of
pyrrolic cross-links were greater in the
bones of the H line hens (Sparke et al.,
2002). This could be expected to give a
more cohesive and resilient structure in the
matrix.

Genetic Basis for Osteoporosis and
Future Selection Strategies

It is apparent that there are many changes in
the bone composition of osteoporotic hens
and thus the condition is likely to be
polygenic in origin. The three main differ-
ences suggested by the selection study are
in rates of bone formation and resorption
and composition of bone matrix. Bone qual-
ity is a factor in avian osteoporosis, with
greater cross-linking in the collagen matrix
contributing to improved bone biomech-
anical properties. Collagen genes (e.g.
COL1A1) have also been linked to human
osteoporosis (Grant et al., 1996). However,
factors influencing bone mineralization
may be more important. Osteoporosis-
resistant hens show increased structural
bone formation during growth, suggestive of
greater osteoblast activity. A carry-over of
this effect may also account for the greater
amount of medullary bone accumulated
during the laying period. The greater

structural bone resorption in osteoporotic
hens over the laying period may be
explained by the larger number of osteo-
clasts. The lower proportion of medullary
bone in these birds may contribute to osteo-
porosis in two ways. Firstly, medullary
bone does contribute to overall bone
strength (Fleming et al., 1998a). Secondly,
medullary bone occurs as spicules within
cortical bone cavities and also as a lining on
structural bone surfaces. A less complete
lining of structural bone will allow more
osteoclasts to come directly into contact
with, and resorb, structural bone (Fig. 3.2).
An imbalance between osteoblast and
osteoclast activities may thus explain avian
osteoporosis.

Oestrogen is known to affect the cou-
pling between bone formation and resorp-
tion and the difference observed between the
lines in the circulating concentrations of this
hormone (Fleming et al., 2001) may indicate
a systemic factor influencing avian as well as
human postmenopausal osteoporosis.

At the moment, the best explanation
for avian osteoporosis is based mainly on
osteoclast activity in the bone. Influences of
other organs involved in calcium uptake or
excretion can perhaps be discounted on the
basis of observations in both males and
females. In hens, there is an obvious conflict
between bone and shell quality, suggesting
a problem in calcium partitioning between
these body components. This conflict could
be explained by effects in either bone or shell
gland. Decreased bone resorption resulting
from lower osteoclast activity in the H line
could account for the decrease in shell
quality observed in this line, since calcium
mobilized from bone is an important source
of calcium for shell formation, especially
towards the end of the period of shell
formation in the shell gland when the supply
of calcium from digestion has diminished
greatly. Alternatively, a genetic defect in
calcium transport or deposition in the
shell gland could depress the need for bone
resorption. However, the finding that paral-
lel bone changes have occurred in males
during the selection suggests that an effect in
the shell gland might be discounted as the
main factor. Likewise, an effect at the level of
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Fig. 3.2.

the gut on calcium absorption or retention
also seems unlikely. Better retention could
be associated with higher bone mass in
males, but would not explain the conflict
between partitioning of calcium between
bones and shells in hens.

Genetic selection seems to offer the best
prospects for improving bone quality and
resistance to osteoporosis in hens. The
responses to selection show that it is possi-
ble to create sizeable differences in bone
strength characteristics of hens in a rela-
tively short period of time, using conven-
tional selection techniques. This response
can also be made to be independent of body
size, should that be the desire of the breeder,
though faster progress could be made if
body weight were to be allowed to increase.
Moreover, the absence of significant or

Illustration of the protective ‘lining’ effect of medullary bone (MB) on endostosteal surfaces of
cortical bone (CB) in the tibia midshaft. In section from bird (a), multi-nucleated osteoclasts are arrowed
and actively resorb CB surface when there is no lining of MB. In the section from bird (b), osteoclasts are
prevented from coming into contact with CB and can only resorb MB. Tartrate-resistant acid phosphatase
(TRAP) stain, toluidine blue counterstain.

meaningful genotype-by-environment inter-
actions implies that selection progress seen
in a breeding flock should also be expressed
under commercial egg production condi-
tions. Selection also gives more far-reaching
effects than can be achieved nutritionally.
Nevertheless, good nutrition will remain
imperative to minimize this component of
osteoporosis.

The selection procedure used to date
has involved retrospective selection on the
basis of hen post-mortem data but this is
not practical for application to commercial
breeding programmes. A predictive method
would be more efficient. A procedure based
on digitized fluoroscopy (DF) has shown
that it is possible to predict end-of-lay bone
characteristics by radiographic methods
(Fleming et al., 2000). Radiographic
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measures are best made on the humerus
because this bone is usually pneumatized
and thus free from medullary bone. The DF
results showed that measurements made as
early as 40 weeks gave a good indication of
end-of-lay humeral strength and also some
indication of tibia strength. In vivo selection
on the basis of radiological measures could
thus be expected to result in improved
bone quality. The equipment used for the DF
measurements was rather too bulky for easy
on-farm use. Newer, more portable X-ray
scanners are becoming available for use in
human osteoporosis assessment but initial
evaluation of these has suggested that the
need for immobilization of a bird over a
greater time than was required for the DF
method would be a disadvantage.

Biochemical differences were also
identified between the lines. However, the
differences in plasma oestradiol concentra-
tions between the lines were not sufficiently
large to suggest that selection based on this
criterion would be sufficiently reliable.
Plasma pyridinoline concentration could
perhaps be a more effective biochemical
criterion among those considered to date,
particularly as its likely relationship with
bone resorption is central to the basis for
osteoporosis. But all of these predictive mea-
sures require the bird to be in lay, probably
well into the laying period, before the assess-
ment can be made. The future direction of
poultry breeding is moving towards the
use of marker-assisted selection (MAS). This
method of selection depends upon the iden-
tification of genetic markers for the desired
trait and can be implemented very early in
the life of the young chick. As suggested
above, it is likely that laying hen osteoporo-
sis is polygenic in origin. Identification of
the specific genes associated with osteopo-
rosis and their association with quantitative
trait loci for bone quality could lead to the
development of markers that could form the
basis for commercial MAS for resistance to
osteoporosis. It will also be important to
establish a method, either genetic or nutri-
tional, of overcoming the apparent inverse
relationship between bone and shell quality
to encourage poultry breeders to implement
this selection.

Skeletal Problems in Meat-type Poultry
Causes of abnormality

Many skeletal defects in meat-type chick-
ens, turkeys and ducks have been related
to rapid gain in body weight, particularly
during the early growing period (Riddell,
1992; Lilburn, 1994; Velleman, 2000), and
are therefore more frequent in male birds.
They may be caused by a combination of
rapid growth, which produces bone, carti-
lage, tendon and ligament of poor structural
quality and low tensile strength (Rath et al.,
2000), and high body weight, which results
in mechanical stress. Rupture of the gastroc-
nemius tendon (Riddell, 1997), rupture or
avulsion of the intertarsal ligament (Julian,
1984b) or common reticulum (R. Crespo,
2001, personal communication), femoral
fracture in turkeys (Julian and Gazdzinsky,
2000), separation of the proximal femoral
epiphysis (Thorp, 1992; Julian, 1998),
epiphyselysis and cartilage defects in the
femoral head and hip joint (Julian, 1985;
Riddell, 1992) and rupture of the peroneal
muscle (Julian and Gazdzinsky, 2000) are
examples of problems related to rapid
growth and stress on tissues with inade-
quate tensile strength. Leach and Gay (1987)
maintained that genetic selection for
increased frame size and muscularity pro-
duced birds with a posture that prevented
them from walking or even standing for
extended periods. The stress this caused on
the cartilage, bones and tendons of
weight-bearing limbs frequently resulted
in leg disorders. In the case of tibial
dyschondroplasia (TD), it is likely that
rapid growth is part of the cause of the
initial lesion but that body weight of the
bird contributes to the development of
bone deformity and subsequent lameness
(Riddell, 1975). Rapid growth may be the
main factor in defects occurring up to about
4 weeks of age, after which weight produces
more stress on the bones, tendons and
ligaments, particularly in turkeys.

There may be a number of mechanisms
by which rapid growth affects skeletal
development. Rapid growth increases the
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requirement for oxygen, nutrients, enzymes,
hormones, inductive agents, growth factors,
etc. The pathogenesis of some rapid growth
problems may be related to the high require-
ment of specific nutrients such as vitamin
D;, since deficiency may develop in the
fastest-growing birds in a group, even when
an adequate general level is present in the
diet. At the cellular level, there may be inad-
equacies in the production of growth factors
(Farquharson and Jefferies, 2000) or in cell
receptors or other signalling mechanisms
needed for rapid tissue growth or cell prolif-
eration. These cellular problems could affect
chondrocyte development and differentia-
tion in the bone growth plate (Thorp et al.,
1995; Rath et al.,, 2000; Reddi, 2000;
Velleman, 2000). For instance, decreased

numbers of vitamin D receptors on
chondrocytes might contribute to TD
and  explain  why  dietary 1,25-

dihydroxycholicalciferol reduces TD even
when there is apparently an adequate
amount of vitamin D, in the diet (Rennie
etal., 1993; Berry et al., 1996). Valgus—varus
deformity (VVD) may be primarily a lack of
remodelling caused by continuous rapid
growth. Rapid growth also reduces immune
function and this may explain why
skeletal problems associated with bacterial
osteomyelitis/synovitis have become more
frequent in meat-type poultry.

Nutrition can contribute to skeletal
problems. For instance, high-protein diets
result in a higher incidence of VVD, even
when they do not increase growth (Julian,
1994). However, nutrition is commonly used
to counter skeletal problems by slowing
growth, particularly in the first 10-14 days
of age (Classen and Riddell, 1989;
Classen, 1992). Growth rate reduction can be
achieved by feeding diets of low nutrient
content, particularly metabolizable energy
or protein content, or qualitative or quantita-
tive feed restriction. The effectiveness of
these nutritional approaches confirms the
strong phenotypic relationship between fast
growth and many skeletal defects.

Not all skeletal defects are growth
related. Scoliosis and other vertebral defor-
mities may be genetic or congenital and they
may contribute to VVD. Environmental

factors (improper egg storage, long storage
time affecting yolk position, hot or cold
incubation temperature) can cause or con-
tribute to skeletal defects. Rotated tibia,
splayed legs (straddled, spinners), primary
slipped tendon and crooked toes are the
result of mechanical or environmental forces
associated with sloped or slippery hatch
trays or pen conditions, injury or unknown
factors. Birds provided with roosts rarely
develop crooked toes.

The following sections will describe the
nature of skeletal defects that are thought to
be associated with fast growth and then
consider the genetics of leg disorders in
broilers, with a view to addressing two main
questions.

1. Whattype of genetic mechanism should
be expected?

2. To what extent are the various leg dis-
orders inherited and genetically correlated
with growth rate?

Growth-related skeletal defects

Tibial dyschondroplasia

Dyschondroplasia is the name of a specific
form of growth-plate abnormality in which
transitional (prehypertrophic) chondrocytes
accumulate, forming a mass of avascular
cartilage underlying the layer of prolifer-
ative chondrocytes. Large lesions are most
frequent in the proximal tibia (Walser et al.,
1982), hence the condition is usually called
tibial dyschondroplasia (TD). However,
lesions can also occur beneath the growth
plate of other long bones, primarily the
proximal metatarsus in broilers and ducks
and proximal femur in turkeys, and in
articulating vertebrae (Riddell, 1992; Julian,
1998). Lesions develop at about 2—3 weeks
of age in broilers but later (about 9-12
weeks) in turkeys. TD is more prominent in
males and causes lameness when a large
lesion results in: (i) epiphyseal weakness
with compression microfractures; (ii) plan-
tar bending resulting from weight bearing
or tension from the gastrocnemius mus-
cle; or (iii) ischaemic necrosis, sometimes
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following bacterial invasion of damaged
cartilage, frequently leading to fractures
that may occur on farm or at processing.
The accumulation of transitional chondro-
cytes comprising the lesion will regress as
bone growth slows with increasing age and
the bone is remodelled, but angular bone
deformities will remain and contribute to
lameness problems (Lynch et al., 1992).

Rapid growth is part of the pathogenesis
of TD (Riddell, 1992, 1993; Lilburn, 1994)
perhaps because of a lack of local stimulus
(Leach and Twal, 1994; Thorp et al., 1995;
Farquharson and Jefferies, 2000; Reddi,
2000; Velleman, 2000) or altered anion—
cation ratio in the growth plate (Riddell,
1993). Genetic susceptibility is important
(Riddell, 1976; Zhang et al., 1998). Nutri-
tional or toxic factors can also be involved
(Riddell, 1992; Thorp, 1992; Cook and Bali,
1994). Research on effective methods of pre-
vention of TD includes selection of resistant
breeding lines and nutritional modifications
(Riddell, 1993), particularly the use of
1,25-dihydroxyvitamin D (Edwards, 1990;
Rennie et al., 1993).

Epiphyseal ischaemic necrosis

Epiphyseal ischaemic necrosis is degenera-
tion or necrosis of epiphyseal cartilage
with subsequent tearing, cleft formation,
haemorrhage and proliferative changes in
the epiphysis. This lesion would be called
osteochondrosis in mammals (Riddell,
1996, 1997).

Birds do not have secondary centres of
ossification in the epiphysis. The articular
cartilage grows from the opposite side of the
growth plate. Rapid growth results in thick
avascular articular cartilage where, because
of excessive thickness, focal ischaemic
degenerative changes may occur (Julian,
1998). This lesion is most prominent in the
hip joint of heavy turkeys. In older toms and
broiler breeders, lesions also develop in
other joints (Julian, 1985; Hocking, 1992;
Riddell, 1992, 1996). Epiphyseolysis is
also often part of the pathogenesis of spon-
dylolisthesis and of spinal cord compression
caused by cartilage protrusion into the
spinal cord at T4 (Julian, 1998).

Epiphyseal separation

When the legs of young, rapidly growing
broiler chickens are disarticulated at necro-
psy, the articular cartilage is often pulled off
the femoral head and trochanter by the joint
capsule, leaving the smooth, shiny growth
plate. Part of the plate may also pull off,
leaving rough, irregular, necrotic-looking
subchondral bone. Sometimes this normal
post-mortem separation is described incor-
rectly as ‘femoral head necrosis’.

Epiphyseal separation may also occur in
broiler chickens that are caught and carried
by one leg to be crated for trucking to the
processing plant. Heavier birds are more
susceptible to this trauma (Gregory and
Wilkins, 1992). These broilers bleed from
the femur and may die from hypovolaemic
shock, or be condemned at processing
(Julian, 1998).

Skeletal fracture

Spontaneous fractures are rare in broilers,
except in bones weakened by dyschondro-
plasia or stressed by tension, as when the
attached tarsal bones are pulled off the
tibia in VVD. Fracture of the femur is seen
occasionally in heavy turkeys and avulsion
fractures may occur at the hock.

Valgus—varus deformity (VVD); angular bone
deformity; twisted leg

VVD is defined as lateral (valgus) or medial
deviation of the distal tibiotasus, resulting
in a ‘hocks-in/feet-out’ (valgus) stance or
a ‘hocks-out/feet-in’ (varus) stance. VVD is
the most frequent cause of lameness and
skeletal deformity in most flocks of broilers
and turkeys (Riddell, 1992). It also occurs in
meat-type ducks and in a variety of zoo and
ornamental birds and ratites when they are
fed a commercial turkey or broiler ration. It
can be seen as early as day 6 in fast-growing
broilers and ducks. As the angulation of the
tibia becomes greater and foot placement
more abnormal, there are rotational changes
of the limb. As the deformity progresses in
varus deformity there may be bending and
rotation of the metatarsus. However, there is
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no rotation of the tibia and ‘rotated tibia’ is a
separate condition, not part of VVD. It is not
associated with rapid growth. Radiographs
of the tibia in VVD show cortical thickening
secondary to loading on the lateral (valgus)
or medial (varus) side of the tibia (Julian,
1984a). Growth plates are normal in the dis-
tal tibiotarsus but the proximal metatarsus
may be enlarged. Intertarsal ligaments
become stretched and the joint is slack. The
hock may become traumatized by contact
with the floor.

VVD in turkeys occurs at an older age
(usually after week 6) and the pathogenesis
may be different, perhaps more related to
weight or poor bone strength. There may be
angulation of the proximal metatarsus as
well as the tibiotarsus. Rotational changes in
the limb are rare in VVD in turkeys.

When the deviation becomes severe,
particularly in valgus deformity or when it is
bilateral, the bird goes ‘off its legs’ and is
unable to rise. The deformity is then more
difficult to recognize as VVD and may be
called ‘twisted legs’ (Thorp, 1992). Twisted
legs has also been used to describe other
deformities such as rotated tibia and slipped
tendon. Slipped tendon is not part of the
pathogenesis of VVD, but because of the
angle across the hock joint the tendon is
often pulled to the side and may occasion-
ally be pulled completely off the chondyles.
In these cases the slipped tendon would be
secondary to VVD.

The pathogenesis of VVD is not known
but the deformity in broilers is related to fast
growth under continuous light. Rapid rate of
growth may not allow time for remodelling
and correction of the alignment of bone that
may have started to grow out of line. The
cause may have to do with uneven growth
of the two attached tarsal bones, or tendon
tension on growing bones. VVD is more
frequent on wire netting or slat flooring.
Similar deformity results from choline, man-
ganese or vitamin B deficiency. When the
incidence is above 2% some predisposing
cause may have been present. Prevention
involves slowing growth or providing long
dark periods (Classen, 1992).

Spondylolisthesis (kinky-back)

Ventral dislocation of the anterior end of
the only articulating thoracic vertebrae (T4)
in poultry with dorsal rotation of the poste-
rior lip, resulting in damage to the spinal
cord, is called spondylolisthesis, or ‘kinky-
back’ (Riddell, 1973). Affected broilers are
lame, squat, sit on their tail with feet
extended or fall sideways (Riddell, 1992).
The lesion must be differentiated from
scoliosis, as illustrated in Fig. 9.1 of Thorp
(1992), which rarely produces -clinical
signs. The vertebrae must be split medially
to show the lesion (Riddell, 1992; Julian,
1998). In many flocks spondylolisthesis is
more frequent in females. This condition
is caused by rapid growth in broilers that
are genetically susceptible (Riddell, 1992).
Osteomyelitis or osteochondrosis at the
same vertebrae causing compression of the
cord will produce similar clinical signs.

Gastrocnemius tendon rupture

Rupture of the gastrocnemius tendon above
the hock is a frequent cause of lameness
in heavy meat-type chickens (Gregory and
Wilkins, 1992; Riddell, 1997). The rupture
is usually primary, caused by excessive
stress on tendons with inadequate tensile
strength (Julian, 1998). Rupture of the ten-
don of one leg increases the workload on
the other and bilateral rupture is frequent.
Affected birds are lame or unable to
stand (hock-walkers). Differential diagnosis
would include spinal cord injury, and the
plantar bending deformity of the proximal
tibia secondary to TD. The rupture usually
occurs slowly, accompanied by reparative
processes that can be palpated as thickening
of the tendon on the back of the leg above
the hock. Haemorrhage from the injury is
visible as red, blue or green discoloration in
the tissue above the hock. Rupture of the
gastrocnemius tendon is rare in turkeys and
ducks.

Rupture of the peroneal muscle in
turkeys is seen as a horizontal tear in
the muscle on the anterior mid-section of



Skeletal Problems 43

the drumstick where the tendon attaches
to the muscle (Julian and Gazdzinsky, 2000).
It occurs, mainly in females, at the age
when tendons start to ossify and lose their
elasticity. It does not cause lameness.

Genetics of Skeletal Problems in Broilers
Genetic mechanisms

It is possible to discriminate between major
skeletal genes that express their effect
distinctly, modifier genes that may or may
not modify the effect of a major gene, and
the combinations of several to many genes
interacting with the environment that are
sometimes termed the genetic background
genes. Johnson (1986) presented a list and
description of many of the genes influenc-
ing development of the skeleton.

Mutants of major skeletal genes are
often harmful to the individual and disap-
pear from the population if their effects are
dominant, but recessive mutant genes may
remain. A particular situation exists for the
creeper (Cp) gene. Birds heterozygous for
that gene have a shortening of the long bones
resulting from delayed cartilage replace-
ment (Johnson, 1986), whereas homozygotes
for Cp die as embryos. Some breeders of
fancy strains like the creeper hens and
therefore the gene remains in a few breeds.
Another mutant with a major effect is the
sex-linked dwarf gene, used by a number of
the worldwide broiler breeding companies.
Apart from these particular cases, mutants
are thought to have disappeared from the
populations of strains used for meat-type
production because of the strong emphasis
on selection for high growth rate.

A number of genes governing the secret-
ing of enzymes, cytokines and hormones
may be classified as modifying genes in
relation to skeletal development and some of
these may have very localized activity (Bain
and Watkins, 1993). Mutants of these genes
may cause a change in intensity of secretion,
time of secretion, tissue specificity, etc.
Such mutants may have a positive, negative

or neutral effect on the trait at a given time
compared with the wild type gene.

Genetic background genes, interacting
with the surrounding environment, may be
considered as the genes governing the early
growth rate. Some of these genes may influ-
ence skeletal development, and the extent of
this effect can be expressed in terms of a
genetic correlation and handled by quantita-
tive genetics (Falconer and Mackay, 1996).
However, it has to be realized that the
genetic background genes important for
today’s broiler chickens may be quite dif-
ferent from those important for the chickens
of 50 years ago.

To illustrate the changing genetic
background genes, consider the early growth
pattern of the broiler chickens by looking at
their growth rate factor defined as daily gain
as percentage of body weight at a given day.
In meat-type chickens and turkeys, Bjgrnhag
(1979) found that the maximum growth rate
factors were 13 and 10%, respectively, on
the basis of data from 1965 or earlier.
Looking at the growth curves of ‘year 2000’
broiler chickens, the maximum growth rate
factoris close to double the earlier value, and
has moved closer to the hatching day. As
development of the long bone takes place
early in the broiler’s life, such changes in the
population over time mean that metabolic
capacity problems may arise. As an example,
it has been shown that addition of 1,25-
dihydroxyvitamin D to the diet of young
broiler chickens reduces the incidence of
TD (Thorp et al., 1993b; Mitchell et al.,
1997). This suggests that broilers are unable
to transform sufficient dietary vitamin Dj
or have not received a sufficient amount
through the maternal supply of yolk.

A divergent selection experiment for
TD in broilers (Ducro and Sgrensen, 1992)
was followed by a crossbreeding programme
among the experimental lines in order to
determine the maternal effect. The results
(not yet published) showed that a consider-
able part of the genetic difference estab-
lished between the diverse selected lines
was of maternal origin and also that this dif-
ference was solely additive in genetic origin.
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The disturbance of early skeletal devel-
opment in avian species selected for fast
early growth rate over many generations is
thus mainly due to changes in the composi-
tion of the background genes and interaction
between these genes and the modifier genes.
The expression of these genes may either
influence the individual itself or affect
the offspring through the incorporation of
important factors in the eggs.

Influence on embryonic development

The development of the skeleton starts dur-
ing the embryonic stage. Clum et al. (1995)
demonstrated, using the classical staging
techniques, that a commercial male line had
a different development from an unselected
population. This technique, using develop-
mental landmarks to categorize stage of
embryonic maturity, demonstrated that the
commercial line was less developed during
5-9 days of incubation. Ossification of long
bones in the legs, feather growth and eye
development were particularly delayed in
the commercial line, but ‘caught up’ with
the unselected line just at time of hatch.
These findings suggest that different post-
natal growth patterns may be associated with
changes in the pattern of embryonic devel-
opment of different tissues, even though
gross morphological differences are not
evident at hatch. Furthermore, the authors
claimed that these differences in prenatal
development represent periods when
embryos are experiencing hyperplastic
growth of tissues such as muscle as a means
of increasing postnatal growth potential.

It is generally accepted that the
functional competence of bone is enhanced
by mechanisms that involve adaptation to
mechanical loading (Lanyon ef al., 1982;
Rubin and Lanyon, 1984). This adaptation is
in part due to the processes of modelling and
remodelling of the bones and it has been
shown that loading in vivo is capable of
producing some changes in concentrations
of osteogenic metabolites. Pitsillides et al.
(1999) examined wild-type meat-type and
egg-type chickens in vitro by culturing tibias

from 18-day-old embryos and then applying
a mechanical loading for some time or incu-
bating with prostacyclin. They found some
metabolites showing considerable changes
in wild-type chick tibia with loading, but
no reaction in the meat-type tibia. They
concluded that skeletal abnormalities that
develop in fast-growing meat-type chickens
might reflect a compromised ability to
respond to load.

Although the size of the chick at hatch is
related solely to the size of its egg, there are
thus several indications that selection for
high postnatal growth has had a consider-
able impact on embryonic bone develop-
ment. Some of these changes may lead to
problems for the growing broiler.

Inheritance of Specific Leg Disorders

Several selection experiments and other
genetic studies have demonstrated the
heritable nature of the various leg disorders.
These have been reviewed comprehen-
sively by Sgrensen (1992).

Twisted leg

‘Twisted leg’ is a composite term combining
several leg abnormalities that may be fur-
ther differentiated as valgus—varus or rota-
tional defects, as scored on live chickens.
Measurements on bending or rotation of
tibia performed on the long bones dissected
after slaughter give further information on
the nature of the deformities, including
information on the plantar bending of the
proximal tibia, thought to be a consequence
of tibial dyschondroplasia.

Twisted legs were the subject of a
selection experiment performed by Leenstra
et al. (1984) involving the breeding of three
experimental lines selected for: (i) high
6-week body weight (C); (ii) full-sib selection
for reduced incidence of twisted legs (T);
and (iii) individual selection for reduced
incidence of twisted legs combined with
selection for high 6-week body weight (CT).



Skeletal Problems 45

Table 3.4.
(Leenstra et al., 1984).

The effect on frequency of twisted legs and body weight from three generations of selection

Frequency of twisted legs (%)

In cages On litter Body weight at 6 weeks (g)
Line Male Female Male Female Male Female
C 49 28 18 12 1969 1708
T 12 7 5 2 1808 1555
CT 27 12 8 5 1941 1677
Three generations of selection demonstrated Table 3.5. Estimates of heritabilities for valgus

strong hereditary relationships, as shown in
Table 3.4.

Hartmann and Flock (1979) provided
results from family structured data on the
incidence of twisted legs showing herita-
bilities ranging from 0.2 to 0.5. They
concluded that a major gene seemed to
be involved. Somes (1969) reported on an
autosomal recessive gene, incomplete in its
expression, responsible for a major part of
the genetic variation in the frequency of
twisted legs in a control population estab-
lished in 1955.

Mercer and Hill (1984) carried out a
study on a procedure for the estimation of
genetic parameters in leg disorders, in
floor-raised broilers, using a mixed model
for the statistical analysis. They found an
average heritability over three lines of 0.20
for leg disorders, considered as a composite
trait of leg and keel defects as well as twisted
legs.

Le Bihan-Duval et al. (1996) reported on
a study on family structured data from two
commercial broiler strains, including scor-
ing for valgus and varus angulation of the
legs in more than 20,000 chickens. For the
purpose of statistical analysis, individual
broilers were all classified as healthy, varus
or valgus. Making use of a multiple logistic
model and considering the two deformities
as different traits, they obtained the results
shown in Table 3.5. The higher values based
on the variance component of maternal
effects indicates that dominance or maternal
effects play an important role. The finding
that the genetic correlation between the two
abnormalities was very small or even nega-
tive indicates that the two abnormalities are

and varus angulation based on sire and mother’s
grandsire variance components (h%) and mother’s
variance component within grandsire (h?,)

(Le Bihan-Duval et al., 1996).

h2g h%, Incidence (%)
Valgus 0.22 0.37 48.0
Varus 0.23 0.28 9.8

inherited almost independently, an observa-
tion also made by Mercer and Hill (1984).

Bending and twisting of the tibia were
the subjects of a selection experiment
(Sgrensen and Harlou, 1984) in which the
criterion for selection was family informa-
tion on either plantar bending of the proxi-
mal part of tibia, given as angle (a), or lateral
or medial bending of the distal part of tibia,
given as angle (c). Two experimental lines
were divergently selected for an index of
the two measures. The major results are pre-
sented in Table 3.6. The angles of the two
lines differed significantly for both types
and the clinical evaluations also differed
between the two lines. The tarsus and hock
abnormalities were indications of twisted
leg conditions.

Tibial dyschondroplasia (TD)

TD has been the subject of several genetic
studies following the finding by Leach and
Nesheim (1965) of a genetic involvement.
Leach and Nesheim (1972) published the
results of 7 years of divergent selection for
the incidence of TD in which the chickens
fed a commercial starter diet up to 4 weeks
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Table 3.6.

Means of tibia angles at 25 days and incidence of clinical signs of abnormality at 40 days,

after two generations of selection (Sgrensen and Harlou, 1984).

Selected angles

Abnormal (%)

Lines Angle (a) Angle (c) Crooked toes (%) Tarsus Hocks
Low bending 25.6 0.4 5.3 1.3 1.3
High bending 34.6 1.1 30.2 6.4 4.6

of age had incidences of 0 and 30% in the
low and high TD lines, respectively.

Riddell (1976) published the results
of experiments in which two strains were
established from a commercial stock and
were divergently selected for TD over three
generations. Radiography was used on 6-8-
week-old chickens to detect TD, applying
a score ranging from 1 to 3. In the third
generation, chickens fed a commercial
broiler starter and raised on the floor had an
incidence of 51% in the high-incidence line,
whereas TD was not seen at all in the
low-incidence line.

Sheridan et al. (1978) published a study
of the inheritance of TD in which they had
selected a line of broilers for high incidence
of TD over four generations. The selection
was performed on family information based
on scoring of TD after longitudinal section of
both tibias from 7-week-old chickens. Feed-
ing the broilers a diet with an added
5 g NH,Cl kg™ to increase the incidence of
TD, they observed TD incidences of 9, 24,
37 and 83% in successive generations. The
heritability estimate pooled over four gener-
ations was 0.43. By analysing the estimate in
more detail, the authors found that a reces-
sive sex-linked gene with a major effect had
been present in the basic population and was
fixed in the fourth generation.

A device for detecting TD in young
living chickens — a portable, handheld
low-intensity X-ray apparatus (Lixiscope) —
was first described by Bartels et al. (1989).
The apparatus produces a real-time image
similar to that of a fluoroscope and has been
shown to provide reliable information on
TD. Two selection experiments have so far
been reported using the Lixiscope. Wong-
Valle et al. (1993) and Zhang et al. (1998)
reported on a divergent selection experi-
ment, started in 1988 in Alabama and run for

ten generations, in which the selection crite-
rion was TD at 7 weeks of age. The realized
heritability after four generations was esti-
mated to be 0.44 for the high TD line and
close to 0 for the low TD line. Over the
ten generations, the response was highly
asymmetric, favouring an increased TD inci-
dence. Thus the mean TD incidence had
increased by 7.6% in males and 9.1% in
females per generation in the high TD line
but had not changed significantly in the low
TD line. Ducro and Sgrensen (1992) reported
on a selection experiment carried out in
Denmark using the Lixiscope to measure TD
at 4 weeks as selection criterion. They found
a heritability of 0.33 on the underlying
scale. The two divergently selected lines
were used at generations five to seven in a
crossing programme in which it was demon-
strated that a considerable part of the genetic
difference established between the lines was
of maternal origin (Segrensen and Su, 2001).

The asymmetric response to selection
using the Lixiscope can perhaps be partly
explained on the basis that it is easier to
detect larger lesions with the apparatus.
However, it is the larger lesions that are more
likely to result in clinical deformity, and
commercial experience seems to indicate
that removing more severely affected birds
from breeding programmes can result in
important practical improvements in broiler
leg health.

Miscellaneous abnormalities

Crooked toes have been shown to be highly
heritable (Hicks and Lerner, 1949) in White
Leghorns, and in a commercial male broiler
line the frequency of crooked toes was
reduced from 30% to less than 15% by
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selection over three generation (Sgrensen
et al., 1980). Spondylolisthesis has been
found to have a heritable component, with
Riddell (1973) reporting an increase of 9%
in clinical spondylolisthesis over a three-
generation selection experiment. Abnor-
malities in the proximal femur have been
reported as increasing in recent years, but
so far a possible genetic involvement has
not been reported.

A bird’s walking ability has been
quantified on a subjective basis as a ‘gait
score’ (Kestin et al., 1992) to give an overall
evaluation that can be related to the welfare
of broilers. The gait score thus covers more
factors than just skeletal abnormalities.
Kestin et al. (1999) showed that commercial
crosses differed in gait score and also found a
significant but low correlation between gait
score and TD. The heritability of gait score
has been found to be 0.20 in a commercial
female line (P. Sgrensen and G. Su,
unpublished).

Genetic Relationship Between Leg
Disorders and Growth Rate

There is no doubt that the rapid growth rate
of birds used for meat production is the fun-
damental cause of skeletal disorders, nor
that this situation has been brought about
by the commercial selection programmes
used over a period of 40-50 generations. In
disciplines such as nutrition, veterinary sci-
ence and physiology there have been many
investigations to find methods of decreasing
the incidence and severity of the various
skeletal disorders. Geneticists have focused
mainly on the question of how heritable the
traits are and how to measure and analyse
the data. This section will deal with assess-
ment of the relationship between leg
disorders and growth rate, while the
methods of statistical analysis will be
covered in Chapters 10 and 11. In consider-
ing the relationship between growth and the
occurrence of skeletal disorders, a positive
correlation is often disadvantageous and
may be referred to as an antagonistic
correlation.

The genetic correlations between body
weight and incidences of crooked toes,
bow-leggedness and valgus deformity were
estimated to be +0.22, +0.26 and +0.10,
respectively, by Mercer and Hill (1984).
After pooling all three skeletal disorders into
one trait, the genetic correlation between
disorders and body weight remainded
strongly positive (+0.25). In contrast, Le
Bihan-Duval et al. (1997), using a multiple
logistic model, found minimal genetic corre-
lation between body weight at 3 or 6 weeks of
age and either varus or valgus angulation.

There are some contradictory results
relating TD and body weight. Sheridan et al.
(1978) obtained a positive genetic correla-
tion between TD and body weight of 0.29,
based on a traditional sire—dam analysis of
variance of data from the fourth generation.
In the divergent selection experiments for
TD carried out in Alabama, Zhang et al.
(1995) found a substantial negative genetic
correlation between TD and body weight
based on least-square analysis of data from
the seventh generation. Kuhlers and
McDaniel (1996) on the same selection
experiments found a low genetic correlation
(0 to +0.10) between TD and body weight
using data from all seven generations using
a multiple-trait derivative-free restricted
maximum likelihood (DFREML) procedure
applying an animal model. This low correla-
tion was later explained by Zhang et al.
(1998), who found, in a study on responses
to ten generations of TD selection, that both
ofthelines showed decreases in body weight
over the generations. This decrease is per-
haps due to the relaxing effect on body
weight that often occurs in broilers when
selection pressure for increased body weight
is not maintained. Studies on line differ-
ences in growth capacity and TD have been
performed on ducks (Wise and Nott, 1975)
with a clear indication of higher TD inci-
dence in the faster-growing lines. A similar
relationship has been seen in male turkeys,
though not in females (Walser et al., 1982).

Inferences on genetic correlations
between a continuous trait such as body
weight and incidence of TD, often presented
as binary data, may be open to doubt. The
categorical nature of binary data makes
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it sometimes difficult to get unbiased esti-
mates of the genetic correlation with both
least-square and REML methods of analysis.
Using the Bayesian method, applying
the Gibbs sampler on the categorical data
transformed to the underlying normally
distributed scale will overcome some of
the problems. In the Danish selection
experiment, investigation of data from seven
generations and 7400 birds by the artificial
insemination (AI-)REML procedure on non-
transformed data gave a genetic correlation
of-0.02 whereas analysis using the Bayesian
method with the Gibbs sampler gave an
estimate of +0.17. The latter estimate seems
to fit the observed consistent higher body
weight of the high TD line during later
generations (Segrensen and Su, 2001).

An extremely unfavourable genetic
correlation of 0.8 has been found between
body weight and overall walking ability,
measured as gait score, using various
statistical methods including AI-REML and
the Bayesian method using Gibbs sampler
(Sgrensen and Su, 2001). The nature of this
relationship has been confirmed by a recent
comparison of 12 breed/ breed combinations
ranging in growth capacity from modern
broiler type to ancient types of breed such
as Light Sussex (Kestin et al., 2001). These
findings suggest that the more integrated
the description of leg health is, the more
unfavourable is the genetic correlation with
growth.

It can be concluded that for broiler pop-
ulations an antagonistic genetic correlation
exists between growth rate and incidence of
skeletal disorders. Although there may be
variation among populations and also a
variation in degree of the correlation
with specific disorders, this antagonistic
relationship accounts for the increased
susceptibility of broilers to leg disorders
over many generations of selection for body
weight. Nevertheless, the genetic correlation
between body weight and incidence of disor-
ders is generally quite low, so this raises the
prospect that appropriate multi-trait selec-
tion should permit a genetic improvement in
leg health along with a continued, though
more modest, improvement in growth rate.
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The principle of selection permits to the
farmer not only to modify the characters of
its flock but also to transform it. It is the
magic stick with which he can call to life
all the forms and models he pleases.
Charles Darwin (1859)
On the Origin of the Species

Introduction

The quality of a product is a complex
notion, which can be summarized as ‘the
whole of properties of a product that give to
it the aptitude to satisfy the requirements of
the consumer.” For a meat product, this
notion of quality includes the following:

e Organoleptic quality: properties that
are linked to the five senses (e.g. colour,
taste, flavour, tenderness).

e Dietary quality: properties that make
the food suitable for the nutrition
requirements.

e Safety quality: the lack of toxicity.

e Technological quality: properties that
makes the product interesting for
processing.

o Psycho-social quality: properties that
fit the hedonic character of the
consumer.

Poultry selection has progressed contin-
ually since the early 1970s, resulting in a

very large increase in growth rate of chickens
and turkeys, and to a lesser extent in ducks.
In the 1980s, genetic breeders also worked to
reduce fatness by direct selection against
abdominal fat or indirect selection on weight
gain:feed ratio. More recently, and because
of the increasing requirement of consumers
for processed poultry products and corre-
spondingly less for whole ready-to-roast
carcasses, geneticists have also proposed
new lines of birds selected for increased
yield of breast or thigh muscle.

All these selections have been carried
out primarily to reduce breeding costs by
improving production efficiency. Less
attention has been paid to the influence of
such selections on the quality of the meat.
However, modifying growth rate, fatness
or yield also modifies the growth, structure
or overall metabolism of muscle, leading
to possible alterations affecting the techno-
logical or sensory properties of the meat.

Although poultry carcass grading
continues to be based on criteria such as
bruising or colour (Dransfield and Sosnicki,
1999), the appearance of meat quality prob-
lems (e.g. colour, water-holding capacity,
toughness) has highlighted the possible rela-
tionship between modern lines and poor
meat quality. For example, colour (absolute
value and relative uniformity) and water-
holding capacity are frequently reported
as being poorer in modern poultry flocks.
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Colour and water-holding capacity influ-
ence perceptions of the acceptability of
the meat product but vary with the species,
muscle function, age of the animal and
storage conditions (Miller, 1994; Berri,
2000). Because most consumers consider
more than the price of the product when they
buy it, meat producers will probably have
to give more attention to the uniformity of
their product. For example, Fletcher (1995)
reported that in a survey of five commercial
broiler-processing plants, breast meat light-
ness (L*) was found to range between 43.1
and 48.8. This indicates that significant
variations in breast meat colour exist and are
present at the retail level. It also indicates
that much work remains to be done to
improve the control of meat quality.
Breeders (from private and public compa-
nies) will probably have a large role to play
in this challenge.

Genetic Selection in Meat-type Poultry

Selection for increased growth rate is still
the most efficient and popular way used by
breeders to establish new lines of birds. The
amount of time required for meat-type broil-
ers to achieve a constant market weight was
reduced by 1 day per generation between

1970 and 1990 (Anthony, 1998). For exam-
ple, in the 1940s, birds took about 16 weeks
to reach a marketable weight of 2.0-2.5 kg
(Griffin and Goddard, 1994). By the 1990s,
improved broiler strains reached the same
weight in less than 40 days (Fig. 4.1).
Numerous researchers have shown that
selection for increasing body weight at a
given age is possible simply by mating the
largest male and female birds in a flock to
obtain larger and faster-growing birds. This
has produced interesting models of diver-
gently selected birds, which are very useful
for studying the influence of growth rate on
muscle characteristics and meat quality.
Muscle characteristics influencing the
quality of the meat are principally linked to
the quantitative and qualitative characteris-
tics of the muscle fibres. Quantitative char-
acters are the total number of muscle fibres
and their size, generally estimated as the
mean cross-sectional area (CSA). In chickens
divergently selected on body weight at
8 weeks of age, Rémignon et al. (1994)
reported that fast-growing chickens have
more numerous and bigger muscle fibres
than slow-growing birds at a given age. This
was also observed in quails (Fowler et al.,
1980) and in turkeys by Wilson et al. (1990),
who compared different lines of birds
selected for rapid growth. In selected and
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unimproved turkeys, Bentley (1999)
reported that selection for higher body
weight had increased fibre size rather than
number. On the contrary, in comparing
egg-type and meat-type turkeys, Swatland
(1989) did not report differences in muscle
fibre number or CSAs. Nevertheless, hyper-
trophy of the muscle fibres is the assumed
dominant model for postnatal growth in
poultry (Goldspink, 1980). However, Cherel
et al. (1994) suggested that, in turkeys, a
post-natal muscle cell hyperplasia could
exist.

Muscle fibre types are of great impor-
tance for meat quality because they are
characteristic of white and dark meat. A high
percentage of white myofibres (fast twitch,
glycolytic, type IIb) means light-coloured
meat, with low fat and myoglobin. Dark (or
red) meat has a higher content in oxidative
(type I) or oxido-glycolytic (type IIa) muscle
fibres, which contain more myoglobin
and fat because of their higher oxidative
metabolism.

In mammals, it has been suggested that
selection for increased body weight or
muscle mass entails higher conversion from
type Ila (fast, oxido-glycolytic) to type IIb
(fast, glycolytic) muscle fibres. In chickens
and turkeys, the breast muscle is almost
entirely composed of type IIb muscle fibres.
Despite the fact that muscle fibre types are
physiologically able to change, it seems
difficult to modify completely the typology
of single-type muscle. This is probably the
reason why no differences in breast muscle
typology have been reported by Aberle
and Stewart (1983), Horak et al. (1989) or
Rémignon et al. (1995, 2000) in comparing
chickens or turkeys with different growth
rates. On the contrary, in mixed-type
muscles, Dransfield and Sosnicki (1999)
reported that increasing growth rate leads to
an increase in the percentage of glycolytic
myofibres. This is the case in palmipeds
such as geese (Klozowska et al., 1993) and
ducks (Pingel and Knust, 1993) as well as in
quails (Fowler et al., 1980), because fast-
growing birds present more glycolytic breast
muscle. In mixed thigh muscle of slow-
growing (Kumamoto Cochin) chickens,
Iwamoto et al. (1997) also found a higher

percentage of oxidative muscle fibres than in
modern fast-growing broilers.

It has also been suggested that increas-
ing muscularity in poultry could affect the
morphology of the muscle fibres, especially
in increasing the percentage of abnormal
cells. This is not yet clear; for example,
Swatland (1989) found that the sporadic
occurrence of supercontracted or giant mus-
cle fibres is more likely to be associated with
the method of slaughter, because there was
no evidence of ante-mortem abnormalities.
Rémignon et al. (2000) made similar obser-
vations and concluded that the morphology
of the muscle fibres can change during the
onset of rigor mortis but in the same ways in
fast-, medium- and slow-growing turkeys.

Other muscle abnormalities have been
described in fast-growing turkeys, such as
pale, soft and exudative meat (PSE), deep
pectoral myopathy and inherited muscular
dystrophy. The latter is under genetic con-
trol and is caused by a single point mutation
(Bentley, 1999), while deep pectoral
myopathy is known to be caused by an
anatomical predisposition to ischaemia
(Marthindale et al., 1979). The PSE syn-
drome seems to be more complex because no
clear evidence of genetic implication has
been identified in turkeys or in chickens.
PSE meat in poultry presents the same
characteristics as those described in pigs and
concerns colour (excessively pale), tender-
ness (too tough) and a poor water-holding
capacity. In pigs, it has been shown (Otsu
etal., 1991) that a mutation in the ryanodine
receptor gene on chromosome 6 is responsi-
ble for an excessive calcium release in the
sarcoplasma. This high concentration of
calcium in muscle fibres leads to hypercon-
traction and progressive irreversible muscle
damage. At present, no direct evidence of the
same single locus mutation has been found
in turkeys or chickens. However, Wang et al.
(1999) suggested that there are significant
differences in proteins comprising the
sarcoplasmic reticulum that could have
resulted from genetic selection for increas-
ing growth rate in turkeys. No direct effects
ofthe growth rate in turkeys were reported to
explain the PSE syndrome (Fernandez et al.,
2001). Currently, it is only known that any
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factor that leads to an acceleration or prolon-
gation of post-mortem glycolysis is likely to
create PSE. Santé et al. (1991) reported that
the rate of decline of post-mortem pH gener-
ally leads to a higher incidence of quality
defects that characterizes PSE meat.
McCurdy et al. (1996) and Barbut (1996)
suggested that heat stress before slaughter
seems to be the most important parameter to
be avoided for limiting PSE occurrence in
turkeys or chickens.

The evolution of the poultry market
has been dictated by a rising demand for
portioned and processed products (Barton,
1994; Morris, 1996). Breast muscle is the
most valuable part of the chicken carcass
and attention has been given to this trait,
since it is known that the amount of meat has
a high level of heritability ranging from 0.45
to 0.6 (Le Bihan-Duval et al.,, 1998). For
example, Berri et al. (2001) reported that
broilers yield up to 19% breast meat com-
pared with strains raised 30 years earlier,
when the yields were only 11-12%. Despite
this increase in breast meat yield, little is
known about the consequences of such
selection on the quality of the meat. Le
Bihan-Duval et al. (1999) compared chick-
ens selected for high breast meat yield and
low abdominal fat content with unselected
birds and reported few differences in pHu,
a*(redness) and b*(yellowness) values, but
drip losses were significantly lower in the
selected birds.

Breeders have also selected to reduce
fatness in poultry since the early 1980s. This
selection was done because the fattening of a
bird during the rearing period increases the
final cost of the product. This is mainly due
to the fact that fat birds generally have a
higher weight gain:feed ratio and a higher
total mortality as well as reduced carcass
value at the processing plant. The other main
reason is that poultry meat is one of the lean-
est meats and it is important to meet the con-
sumer demand for low-fat meat. Different
genetic methods have been used to try to
reduce the fatness of poultry, especially
chickens. Leclercq (1988) in France and
Cahaner (1988) in Israel demonstrated that it
is possible to obtain lines of chickens diver-
gently selected on the quantity of abdominal

fat, which is well correlated to the total
proportion of fat in the carcass. Pym and
Nicholls (1979) in Australia, Leenstra (1988)
in The Netherlands and Sgrensen (1988)
in Denmark also indirectly selected lean
and fat chickens by maintaining distinct
weight gain:feed ratios. The latter selection
was less efficient than the former, but also
led to chickens with a high or low quantity of
fat in the carcasses. Ricard et al. (1983)
compared the distribution of carcass fat and
the meat quality characteristics of birds
divergently selected for abdominal fatness.
Their study showed that if there was a corre-
lated decrease in the subcutaneous fat of the
lean birds, the lipid content of the muscle
itself did not differ between the two lines,
probably due to different genetic controls for
different fat depots. In a larger comparison
of all the selected lines described above
(from France, Israel, The Netherlands and
Denmark), Ducro et al. (1995) did not find
any clear influence of genotype on muscle
enzyme activities, proving that selection for
or against fat content does not greatly modify
muscle metabolism.

Other work has compared different geno-
types adapted to high ambient temperature.
Growth rate, feed efficiency and meat yield
decrease when broilers are reared at high
temperature (Yalgin et al., 1997). Broilers
with modified feathering can be used because
reduced feathering may help birds to dissi-
pate internal heat more efficiently. Broilers
with the naked neck (Na) gene have less
feather coverage by reducing the number of
feathers and restricting their distribution
(Yunis and Cahaner, 1999). Transylvanian
naked-neck poultry reared in intensive con-
ditions have a lower meat-to-bone ratio and
crude fat content but a higher final pH value
(pHu) water-holding capacity (WHC) than
standard broilers. In extensive conditions
these differences were no more significant,
indicating a clear interaction between geno-
type and rearing condition (Latif et al., 1998).

Meat Qualities and Genetic Selection

Fletcher (1991) summarized the possible
influences of genetics on defects affecting
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the carcass or meat of poultry during pro-
duction (Table 4.1). From Table 4.1, it is
easy to see that genetics has (or is suspected
to have) a great influence on the sensory
and technological quality of poultry meat.
Although the genetics of meat quality,
including meat characteristics, has been
used widely in pig selection, it is a more
recent focus in the selection of poultry.
Consequently, very little is actually known
about the genetic variability of muscle fibre
characteristics and of post-mortem muscle
metabolism in relation to organoleptic and
technological qualities of poultry meat.

Influence of selection for growth or
fatness on sensory traits

No differences in sensory scores of the meat
from different strains of chickens killed at
the same age were reported by Ziauddin

Table 4.1. Summary of poultry carcass (C) and
meat (M) defects and their suspected area of
origin during production (Fletcher, 1991).

Carcass
Defect or meat Cause
Bloody thigh C,M  Management
Breast blisters C Management
Brown spots C Genetics
Bruises C,M Management, nutrition
Composition C,M  Genetics, nutrition
Conformation C Genetics, nutrition
Fat stability M Nutrition
Feather colour C Genetics
Focal myopathy M Genetics
Haemorrhages C, M Nutrition
Leg problems C Management, nutrition
Meat colour M Genetics, management
Meat staining M Management, nutrition
Meat tenderness M Genetics, management
Muscular M Genetics
dystrophy
Oily bird C Management, nutrition
syndrome

Off flavours M Nutrition
Scabby hip C Nutrition
Skin colour C,M  Genetics,

management, nutrition
Yield C,M  Genetics,

management, nutrition

et al. (1996) or Gardzielewska et al. (1995a).
Grey et al. (1986) compared lines of turkeys
with different growth rates and concluded
that some of the observed variations in
tenderness might result from genetic differ-
ences among birds. Touraille et al. (1981)
conducted a study in order to quantify the
specific effect of selection for increased
growth and age on the characteristics of
chicken meat: they compared two experi-
mental lines divergently selected for growth
curve. Age was the most significant factor
of variation of the sensory characteristics
as, in both the thigh and breast muscles,
tenderness and juiciness decreased between
9 and 16 weeks whereas the flavour inten-
sity increased. These results agreed with the
study of Chambers et al. (1989), who
showed that, compared with experimental-
strain broilers slaughtered at 47 days, birds
slaughtered at the ages of 75 or 103 days had
more intensely flavoured and less tender
dark meat. As emphasized by Berri (2000),
the effect of age on meat quality must partly
explain the differences between genotypes
with different growth rates. The effect of
selection for growth per se on the sensory
meat quality was not clearly demonstrated:
while Chambers et al. (1989) observed a
rather large variability of the sensory char-
acteristics of the meat from broilers of mod-
ern and experimental strains slaughtered
at 9 weeks, no significant variations of the
sensory traits were observed by Touraille
et al. (1981) between fast- and slow-growing
genotypes at 16 weeks of age. If selection for
growth has obviously modified the meat
sensory characteristics by decreasing the
age at slaughter, its impact on the overall
acceptability of the product is not straight-
forward; indeed, preferences are being
directly linked to the eating habits of
consumers, which can lead to conflicting
judgements for the same products (Berri,
2000). In the French study by Touraille
et al. (1981), older birds had a higher
overall acceptability mainly explained by
their greater flavour. In contrast, Yamashita
et al. (1976) reported that Japanese con-
sumers preferred meat from young chickens
because they were more tender and judged
to have more flavour.
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Sensory properties are also strongly
influenced by the lipid content of the meat. If
no significant differences between fat and
lean birds could be found for cooking loss,
juiciness and flavour of the meat, selection
against fatness was associated with
decreased tenderness. In their study on
modern and experimental broiler lines,
Chambers et al. (1989) found that carcass
fatness had a significant and positive effect
on flavour, juiciness and tenderness of dark
meat. However, they estimated that the per-
centage of variation of these traits explained
by carcass fatness did not exceed 7.8%.
Ricard et al. (1983) concluded that breeding
for a low abdominal fat depot would not
significantly alter the sensory properties of
the meat.

Variations in pH significantly affect the
storage and the processing quality of the
meat, by modifying its water-holding capac-
ity and rheological properties (Kijowski and
Niewiarowicz, 1978; Daum-Thunberg et al.,
1992; Barbut, 1997a). In contrast to pigs,
very little is known in poultry about the
impact of genetics on muscle growth rate
and extent of pH fall and subsequent meat
quality. The existence of genetic variability
was suggested by studies comparing the

Table 4.2.

meat quality of various chicken lines
(Gardzielewska et al., 1995b). Xiong et al.
(1993a) found that the pH values of breast or
thigh muscle of eight strain crosses were
within a narrow range averaging 5.98 + 0.05
for the breast and 6.10 £ 0.04 for the thigh.
Berri et al. (2001) compared breast meat
metabolism and meat quality of four broiler
lines: an experimental and a commercial
line selected for increased body weight and
breast yield, and their respective unselected
control lines. Birds from the experimental
selected (ES) line exhibited similar body
weight but higher breast yield (+21%) and
lower abdominal fat percentage (-25%) than
those of the experimental control (EC) line
(Table 4.2). The breast and fat yields of the
birds from the commercial selected (CS) line
were higher (+61% and +18%, respectively)
than those of the commercial control (CC)
line. As expected, the glycolytic metabolism
measured by the lactate dehydrogenase
activity was preponderant in the pectoralis
major of all the genotypes, whereas
the enzyme activities associated with
oxidative metabolism (citrate synthase and
B-hydroxyacyl CoA dehydrogenase (HAD))
remained very low. There was no significant
effect of the line on these enzyme activities,

Body weight, body composition traits and meat quality indicators from the experimental

selected line (ES) and its corresponding control line (EC) at 7 weeks of age, and the commercial
selected line (CS) and its corresponding control line (CC) at 6 weeks of age (from Berri et al., 2001).

Time post EC ES CcC CS Line
mortem (n=58) (n=58) (n=57) (n=57) effect
Body weight (g) 2237° + 180 2223 + 144 1306° + 78 2966° + 114 okx
Breast yield (%) 12.5°+1.7 15.1°+1.9 1159+ 1.1 18.5%+1.2 ok
Abdominal fat 2.452+£0.76 1.84°£0.55 1.77°£ 0.5 2.09°+0.48 ok
yield (%)
pH 0.25h 6.31°+£0.13 6.42°+0.12 6.12¢9+0.14 6.55* £ 0.12 HrE
1h 6.10°+0.17 6.272+£0.13 5.79°+0.11 6.312£0.12 ok
24 h 5.84°+0.14 5.90°+0.14 5759+ 0.12 6.032+0.14  **x*
Lightness (L*) 1 day 48.4°+1.6 49.82+2.5 48.1°+2.3 49.72+2.0 Hrk
6 days 52.0°+1.8 53.22+24 49.3°+2.2 51.4*+1.6 HokE
Redness (a*) 1 day 0.64*+0.86 0.20° + 0.69 0.27°+1.1 —0.96° £+ 0.61 ok
6 days 1.49°+0.95 0.84°+ 0.59 1.94% + 0.81 0.03¢9+0.77  *xx
Yellowness (b*) 1 day 10.86°+1.24  10.39°+1.18 9.38°+1.49 7.509+0.80  kx
6days 10.122°+1.16  9.99%°+1.27  10.472+1.39 9.77°+1.07  **x
Drip loss (%) 6 days 1.75+0.45 1.62+1.27 1.59 £ 0.42 1.64£0.70 NS

adMeans with the same letter in the same row do not differ (P > 0.05).

NS, non-significant.
*kkP < 0.0001.



Meat Quality Problems 59

except that the HAD activity appeared
greater in the commercial lines, with the
highest level in the CC line. A significant
effect of the line was observed for the rate of
pH fall after death in the muscle, which was
delayed in the selected lines by comparison
with their controls (Table 4.2). At the same
time, the extent of the pH fall was less pro-
nounced in the selected lines, which had a
higher ultimate pH than their controls. This
was consistent with the lower glycolytic
potential they also exhibited. No effect of the
selection was found on the drip loss of the
meat, which remained rather low (no more
than 1.75% after 5 days of storage). The col-
our of the meat appeared to be modified by
the selection, as meat of the selected birds
appeared paler and less red than those of
the unselected birds. This loss in colour
intensity was likely to be due to the decrease
in the muscle haeminic pigment content that
was observed in the selected birds.

In order to specify the possibilities of a
selection on meat quality, Le Bihan-Duval
etal. (1999, 2001) conducted a genetic study
on several quality indicators measured on
the breast muscle of experimental meat-type
chickens. Measurements of pHu and colour
variables (L*: lightness; a*: redness; b*: yel-
lowness) were recorded for a total of 1076
birds. Rate of pH fall (pH at 15 min post mor-
tem) and drip loss were also recorded for
some animals (about 600). Restricted maxi-
mum likelihood (REML) estimates indicated
that meat traits had very significant levels
of heritabilities, ranging from 0.35 to 0.57
(Table 4.3).

Colour parameters were the most herita-
ble traits, with estimates between 0.50 and
0.57. Although breast muscle contains only
fast-twitch fibers (Rémignon et al., 1996),
a rather large variation in colour was
observed, especially for meat paleness,
which varied between hatches from 43.4
to 58.5. The estimated genetic correlation
between pHismin and the pHu was found
to be equal to zero, showing that the rate
and extent of the post-mortem pH fall were
governed by different genes. The pHu of the
meat is supposed to be mostly dependent on
the initial glycogen reserves of the muscle at
the time of slaughter, whereas the rate of the

pH fall is related to the glycolytic enzyme
activities just after death (Bendall, 1973).
This result was in agreement with the
genetic results obtained in pigs, for which
Larzul et al. (1999) showed that the in vivo
glycolytic potential was genetically strongly
related to pHu but not to the pH at 30 min
post mortem. In this study, colour appeared
to be mainly genetically related to the pHu of
the meat, which was very strongly nega-
tively correlated with paleness. Decreasing
the genetic level for the pHu should result
in higher drip loss, as a marked negative
genetic correlation (-0.83) was found
between both traits. This study thus con-
firmed at a genetic level the importance of
the pHu for meat quality, which was already
obvious from other phenotypic observa-
tions. For example, Barbut (1997b) observed
that the relationships between the final meat
pH and the colour or water-holding capacity
were very significant, at —0.79 and +0.85,
respectively. The measure of pH 15 min
post mortem did not appear significantly
genetically correlated with the other quality
indicators, although this factor is usually
considered as a major determinant factor of
meat quality. However, in experimental con-
ditions, the values of pH;s5 i, remained high
(between 6 and 6.75), above the threshold of
5.7 suggested by Kijowski and Niewiariwicz
(1978) for characterizing PSE meat in broil-
ers. The genetic correlations were estimated
between meat quality traits and body weight
as well as body composition traits. The pH
levels, at either 15 min or 24 h post mortem,
appeared poorly correlated with growth and
muscle development of the birds. On the
other hand, both characteristics exhibited
poor to moderate negative genetic correla-
tions with the redness and yellowness of the
meat. These genetic parameters suggested
that selection for growth and muscle devel-
opment would not alter the pH of the
meat but could slowly modify its colour by
decreasing the redness and yellowness indi-
cators. This was completely in agreement
with the results obtained when comparing
selected and unselected broiler lines (Berri
et al., 2001).

In turkeys, Fernandez et al. (2001)
conducted a study on meat quality in a
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grandparental female turkey line to achieve
the effect of the rate of post-mortem pH
decline on the processing ability of the meat
and to estimate genetic variability of the
latter trait in relation to the pHu and colour
of the meat. The technological yield was
significantly lower in the groups showing
the lowest pHy, for either white meat (Fig.
4.2a) or thigh. Lower pH,, values were also
associated with increased drip loss (Fig. 4.2b
for the white meat) and a paler aspect (higher
whiteness) of the meat.

These data confirmed the detrimental
effect of excessive rate of pH fall on turkey
meat quality. Such results could lead to
practical recommendations, such as select-
ing the raw meat intended for processing on
the basis of this criterion.

In order to determine the impact of the
genetics on these meat quality traits, REML
estimates of the genetic parameters for pH,,,

(a) Technological yield (%)
100

pHu and colour indicators (L*; a*; b*) were
calculated, on the total of the available 420
pedigree birds, slaughtered under industrial
conditions (Table 4.4). These birds were
the progeny of 30 sires and 118 dams. As
reported, a moderate level of heritability was
obtained for the rate of pH fall measured in
the breast muscle (h? = 0.22) or in the thigh
muscle (h? = 0.20). Other meat characteris-
tics exhibited low to moderate heritabilities,
ranging from 0.12 to 0.21, when measured
in the breast muscle. By contrast, the impact
of the genetics appeared extremely low for
the same traits measured in thigh muscle,
with heritabilities close to zero. There are
no other results in poultry on the genetic
parameters of meat quality of the thigh mus-
cle, which has an intermediate metabolic
type. However, in a study by Larzul (1997)
on pigs, very low heritabilities for the L*
and a* values were also obtained in a red

(b) Drip loss (%)

3 -
b O Group 1
99 > b 2.5 = Group 2
o6 . 98.6 T 5 = Group 3
98.3 a
T 1.5 1 ab
97 97.4 ] b
96 0.5 -
Group 1 Group 2 Group 3 Drip loss Drip loss
after 3 days after 19 days
Fig. 4.2. Effect of pH group on (a) the technological yield during processing and (b) drip loss of pre-sliced

and pre-packed processed products for the white meat. Group 1, low pH,(5.66 < pH,, < 6.0); Group 2,
medium pH,, (6.18 < pH,, < 6.3); Group 3, high pH,, (6.46 < pH,, < 6.9). Vertical bars show the standard
error of the mean. **Means lacking common letters differ significantly at o = 5%. (Fernandez et al., 2001.)

Table 4.4. Heritabilities and genetic correlations with their approximate standard errors for meat quality
and growth traits® in a commercial turkey line (Le Bihan-Duval, 2001, unpublished results).
BW BRY pH2o pHu L* a* b*

BW 0.35+0.05 0.13+0.10 0.55+0.11 0.55+0.11 -0.41+0.19 0.15+0.11 -0.38+0.15
BRY 0.32+0.04 0.61+0.10 0.22+0.14 -024%0.17 -0.16+0.12 -0.29+0.13
pH,o 0.22+ 0.04 060+0.10 -0.79+0.11 -0.25+0.12 -0.20+0.17
pHu 0.16 + 0.04 -0.53+0.18 0.08+0.12 —-0.01 £0.21
L* 0.12+ 0.04 0.21+£0.13 0.47%0.19
a* 0.21 + 0.05 —0.05+0.20
b* 0.14 + 0.04

2BW, body weight; BRY, breast yield; pHy,, pH 20 min post mortem; pHu, ultimate pH; L*, lightness;

a*, redness; b*, yellowness.
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muscle, in contrast to the intermediate
heritabilities estimated for some mixed or
white muscles. Moreover, these results indi-
cated a strong negative genetic correlation
between the rate of pH decline and the pale-
ness of breast meat. This was not surprising
as both traits characterize the PSE syndrome,
abnormally low pH at an early post-mortem
time, when carcass temperature is still high,
leading to protein denaturation responsible
for alterations in colour (and water-binding
capacity). Surprisingly, a significant posi-
tive genetic correlation was estimated
between the rate and the extent of the pH
fall in breast muscle. No explanation can
be given at this time, as this was not in
agreement with the first results in chickens
or with the genetic results obtained in pigs.

These genetic results indicated that the
lowest pH values, at either 20 min or 24 h
post mortem, were associated with the
lowest growth and muscle development
performances, with very significant positive
genetic correlations. These results, concor-
dant with previous phenotypic observations
in turkeys (Fernandez et al., 2001) and
chickens (Berri et al., 2001), do not validate
the hypothesis that birds intensively selec-
ted for growth and muscle development
would be more susceptible to meat defects.
This contrasts with pigs, for which a genetic
antagonism between technological quality
and growth or body composition traits is

Table 4.5.

usually reported, the halothane susceptibil-
ity gene being the major factor responsible
for this antagonism (Sellier and Monin,
1994).

It remains important to determine the
changes in physical and chemical character-
istics of muscles and of their constituents in
different strains or crosses, as such charac-
teristics can influence the quality of pro-
cessed meat products. Xiong et al. (1993a)
measured variations in muscle chemical
composition, pH and protein extractability
in male broilers of eight different genetic
crosses of commercial strains. This study
demonstrated the existence of different
muscle chemical composition, and different
water-binding properties (extractability) of
protein (Table 4.5), which are associated
with strain crosses.

The small differences in muscle
chemical composition may slightly alter the
nutritional value of the meat, while the small
differences in muscle biochemical charac-
teristics can have a significant impact on
muscle functionality (emulsifying capacity,
gel strength, water-holding capacity). In
another study, Xiong et al. (1993b) showed
that the strain cross influenced the cooking
quality of broiler meat. Pre-cooking adjust-
ments for meat pH and salt content signifi-
cantly reduced the cooking loss. However,
the effectiveness varied among different
broiler strain crosses. These results indicate

Body weight, proximate chemical analysis, pH and protein extractability of breast muscles

from males of different broiler strain crosses at 8 weeks of age (Xiong et al., 1993a).

Body weight ~ Moisture Protein Fat Protein
Strain cross (kg) (%) (%) (%) pH extractability (%)
1 2.43 75.92 21.5¢ 1.3% 6.00%° 75.92
2 2.56 75.5% 20.7¢ 1.4% 5.99%° 74.3%°
3 2.79 75.1% 22.2° 1.0° 5.973%¢ 66.2°
4 2.58 74.6° 22.3° 1.20¢ 5.94b¢ 66.7°
5 2.70 75.0% 22.8 1.5% 6.042 68.7"
6 2.29 75.1% 23.6° 2.0? 5.98% 63.1°
7 2.60 75.4% 23.0% 1.7% 5.88° 65.1°
8 2.63 74.8% 23.6% 2.02 6.03% 64.2°
Pooled means 75.2 22.4 15 5.98 68.0
Pooled sem 0.5 0.1 0.1 0.2 1.3

@*Means within a column with no common superscripts differ significantly (P < 0.0.5). Each value
represents the average for three samples; each sample was pooled from three birds per replicate and

analysed in triplicate.
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the importance of assessing optimum pro-
cess variables to make adequate compari-
sons of the cooking quality of new varieties
of broiler chickens.

Conclusion

As previously stated, meat quality is a large
and complex notion. For a long time, it has
only been considered from a sanitary or
nutritional point of view. According to
this, poultry meat has been more or less
well thought of by the consumer, but always
with the considerable advantage of remain-
ing a good way of introducing large quanti-
ties of proteins in to a meal at a very low
cost. This economic advantage of the poul-
try meat (when compared with beef or pork)
is largely due to the efforts made by the
poultry industry to remain competitive.
Among all the participants in this chal-
lenge, breeders have a specific place. They
have contributed to the production of birds
that can be bought by most of the people
because of the low cost of production (fast
growth rate, better weight gain:feed ratio,
low mortality, etc.). Today the consumer
also wants a good product with specific
organoleptic properties (depending on his
or her cultural origin) and feels more
concerned about the well-being of the
animal, which explains the success of
some extensive products such as the Label
Rouge chickens produced in France. From
the processing plant point of view, the
demands have also changed slightly
because most poultry carcasses are sold as
portions or further processed products. As
most of the breast fillets or thighs are
cooked in large quantities, the industrial
processing plants have expressed a higher
exigency concerning the cutting yields and
the appearance of the portions as well as
some specific technological properties such
as the colour or the water-holding capacity
of the meat. According to the results on
meat quality obtained until now, a very
significant contribution of the breeders for
resolving some existing problems (such as
PSE meat in turkeys and chickens) could be

anticipated. However, the research effort to
determine which physiological mecha-
nisms and genes are involved in the varia-
tion of meat quality must be increased. This
is a prerequisite for the establishment of
breeding programmes that will ensure
high-performance birds together with an
acceptable meat quality for both the
consumers and the processors.
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Introduction

The initial domestication of poultry was
possible because the wild ancestors of mod-
ern domesticated species exhibited charac-
teristics favourable to this process. These
characteristics include: a hierarchical group
structure; sexual behaviour with males
dominant to females and mating signals
provided by posture; precocial young with
early parent—offspring attachment; non-
specific dietary requirements; willingness
to interact positively with humans; and
adaptability to a wide range of environ-
ments (Hale, 1969). Some of these behav-
iours are no longer important in modern
intensive agriculture (Siegel, 1975) because
of major changes in housing and manage-
ment, such as: keeping birds in large groups
at high stocking densities; artificial insemi-
nation; artificial incubation and rearing of
young chicks; the feeding of fully formu-
lated mashed diets; and the use of environ-
mentally controlled housing. Decades of
strong selection for improved growth or egg
production have not been associated with
the major changes in behavioural traits
needed to adapt the birds to these environ-
ments, and in many cases the consequence
is maladaptive or abnormal behaviour.
Some management practices, such as
beak trimming and very low light intensities,

have masked (or have even been introduced
toreduce) some of the behavioural problems
caused by selection for higher production
capacity. Because of animal welfare con-
cerns and the growing markets for eggs and
meat produced in alternative production
systems (e.g. free-range systems), produc-
tion practices are again changing rapidly and
behavioural problems are reappearing. The
more important of these behavioural
problems in laying hens, as well as the major
welfare issues associated with selection
of meat-type birds for rapid growth (such
as skeletal disorders and the severe feed
restriction imposed on broiler breeders),
will be the subject of this chapter.

Social Behaviour

Birds kept in social contexts that are very
different from those that would be seen in
the natural environment may experience
difficulty in establishing appropriate social
relations. This is likely to cause extreme
aggression leading to injuries, which in turn
can lead to higher mortality due to bacterial
infections as well as exposure to cannibalis-
tic pecking.

Domestic fowl are descendants of the
Red Junglefowl, a species that lives in highly
organized social groups in the wild (Mench
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and Keeling, 2001). The basic social unit in
feral fowl and Red Junglefowl consists of
a dominant rooster and a harem of 4-12
females accompanied by subadult offspring.
Before 1950, commercial chickens were also
kept in small flocks, either outdoors or with
outdoor access. To reduce housing and
labour costs per bird, however, poultry
flocks became larger and the use of indoor
deep-litter systems became established. For
layer-type strains, this changed gradually to
housing on sloped wire floors (all slats),
leading to extreme nervousness and hysteria
(Hansen, 1976; Mills and Faure, 1988;
Laycock and Ball, 1990). Battery cages were
then adopted, first with a single hen per
cage, but later with more hens and increas-
ing stocking density. Today, most hens
are kept in cages containing three to ten
hens given 360-650 cm? of floor space each,
while broiler chickens are still kept on litter
but in flocks containing tens of thousands of
birds. A gradual return to deep-litter systems
for hens has been seen in the northern part of
Europe, but in contrast to earlier times the
typical flock size is now several thousand
hens.

While these changes in housing and
management were taking place, intense
selection pressure was also being applied to
increase egg production by increasing clutch
size and accelerating onset of lay. This
selection had correlated effects on social
behaviour. Hens from lines subjected to
selection for early maturity are more aggres-
sive than unselected lines, and hens selected
for either high production or early maturity
are socially dominant to unselected hens
(Lowry and Abplanalp, 1970; Craig et al.,
1975; Bhagwat and Craig, 1977). Conversely,
selection for higher social dominance
reduces the age at 50% lay, and increases
egg production and the tendency to attack
strangers (Craig, 1970). Modern layer strains,
therefore, are supposed to have high levels of
aggression. This is indeed often the case in
medium-sized groups, but the number of
agonistic interactions seems to be very low
in high-density cages with small group
sizes (Hughes and Wood-Gush, 1977). Inter-
estingly, the same reduction of agonistic
interactions is observed in very large groups

in modern floor systems (Hughes et al.,
1997) though this could also be due to recent
genetic changes. The reason for these
contrasting results remains obscure but the
fact is that welfare or production problems
due to dominance aggression are not the
major issue in modern egg production
systems. An exception is when hens are
kept at high density with limited feeder
space, in which case the subordinate birds
may have difficulty accessing the feed
and consequently go out of production
(Cunningham and van Tienhoven, 1983).

Selection for growth characteristics
appears to have effects on aggression that are
opposite to those of selection for high egg
production. Meat-type poultry show lower
rates of pecking and threatening than lay-
ing-type birds (Mench, 1988) and aggressive
interactions are rarely, if ever, observed in
broiler flocks (Preston and Murphy, 1989;
Estevez et al., 1997).

Fear

Birds kept in environments where external
stimulation is low, such as battery cages,
may experience difficulty coping with
subsequent environmental change. Indeed,
they are likely to overreact to seemingly
innocuous stimuli. Inappropriate fear
responses can cause injury, pain or even
the death of a bird or its companions.
Fearfulness (the propensity to be easily
frightened by a wide range of potentially
alarming stimuli) is also negatively associ-
ated with productivity (Barnett et al., 1992;
Hemsworth and Coleman, 1998).

Increased docility has accompanied the
domestication process even though many
chickens, quail, turkeys and ducks still show
pronounced fright reactions when they are
exposed to unfamiliar objects, noises or peo-
ple (Jones and Hocking, 1999). The potential
scope for reducing fear through selection
is illustrated by a range of results, from
experiments using chickens and quail, that
demonstrate that selection can be used to
reduce tonic immobility, increase activity
in a novel test arena and reduce the
adrenocortical response to brief mechanical
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restraint (Jones and Hocking, 1999). These
selection programmes also appear to exert
general (i.e. non-specific) effects on fear.

Locomotion and Activity

Proper use of the pen and free-range area is
important in relation to both production
and welfare. When birds spread over a
wider area of the facilities provided to
them, there is a more even use of resources
(nests, feeders, drinkers, etc.) and this
reduces stocking density. Reduced stocking
density has been shown to alleviate prob-
lems of feather pecking and cannibalism in
laying hens (see below). In larger groups of
layers, some individuals tend to stay more
in particular areas (Craig, 1982; Appleby
et al., 1985). There is a striking individual
variation in patterns of pen usage and a
large number of variables can influence
movement and spacing in extensive envi-
ronments, e.g. flock size, stocking density
and breed (Mench, 1992). For example, the
extent and pattern of use of the range area in
flocks of 15 (Keeling and Duncan, 1991) or
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35—40 hens (Kjaer and Isaksen, 1998) show
large individual as well as breed differences
(Fig. 5.1). The mechanisms responsible
for these differences are not known, but
differences in the intensity of social rein-
statement behaviour or fearfulness could be
involved.

Both fearfulness and social reinstate-
ment behaviour may be amenable to genetic
selection. Two commercial hybrids of laying
hens were found to differ in sociality
measured by a runway test and proximity
in the home pen (Hocking et al., 2001).
Divergent selection for low or high levels of
social reinstatement behaviour in Japanese
quail results in significant line differences
in just a few generations (Mills and Faure,
1991). Therefore, it might be possible to
manipulate range behaviour in hens by
genetic selection.

Meat-type birds have been selected
over many generations for rapid growth,
improved feed conversion and certain con-
formation traits (e.g. broad-breastedness).
This selection has had correlated effects on
behaviour. With the exception of feeding
behaviour, market-age broiler chickens are

Age in weeks

Fig. 5.1.

The average distance from the house recorded at 19-26 weeks of age in four lines of laying hens:

I, ISA Brown; N, New Hampshire; W, white Leghorn pure line; and O, cross between W and N (J.B. Kjaer,
unpublished). There was a total of 24 groups with about 35 hens per group. First access to the range area

was given at 16 weeks of age.
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considerably less active than laying-strain
chickens; for example, they may perform
only limited dustbathing (Vestergaard and
Sanotra, 1999) and locomotor behaviour.
Faster-growing broiler strains are less active
than slower-growing broiler strains, suggest-
ing that there is a genetic basis for these
differences in behaviour patterns (Bizeray
et al., 2000).

Studies of activity patterns in broilers
all indicate that the amount of locomotor
activity declines with age while the amount
of time spent lying increases (Newberry
et al., 1988; Preston and Murphy, 1989;
Lewis and Hurnik, 1990; Newberry and Hall,
1990; Gordon, 1994; Weeks et al., 1994;
Estevez et al., 1997). The most likely reason
for areduction in movement and an increase
in lying is an increase in the severity or
incidence of skeletal problems with age.
Broiler chickens are prone to a variety
of infectious and non-infectious skeletal
disorders (Whitehead et al., Chapter 3)
including angular and torsional long bone
deformities, femoral head necrosis, tibial
dyschondroplasia (inadequate ossification
of the bone growth plate) and perosis
(crooked toes). Their bones are also porous
and poorly mineralized (Williams et al.,
2000). These skeletal abnormalities are
associated with selection of broilers for
rapid growth and can cause gait disorders.
It is estimated that more than 30% of
broilers have high-moderate to severe gait
impairment (Sanotra et al., 2001). Broilers
with mild to severe gait impairments

Walking (% of observations)

Fig. 5.2.

self-select feed containing an analgesic at
rates significantly higher than those of
broilers with no gait impairment (Danbury
et al., 2000). Furthermore, birds with high
lameness scores negotiate an obstacle course
more quickly after administration of an
analgesic (McGeown et al., 1999), which is
evidence that pain is at least partly responsi-
ble for reduced mobility in broilers with leg
problems.

Broiler chickens walk less and perform
more behaviours (e.g. feeding, preening)
while sitting rather than standing as they
age, while at the same time gait scores
worsen (Fig. 5.2) (Sgrensen et al., 2000).
Weeks et al. (1994) and Estevez et al. (1997)
observed that broilers given access to a
free-range area made little use of the
area, which the former authors attributed to
movement difficulties associated with gait
impairment, although other factors in both
studies could have affected outdoor use.
Weeks et al. (2000) found a direct relation-
ship between gait impairment and reduced
activity. They recorded behaviours in
39-49-day-old broilers with different gait
scores, and found that lamer birds spent
more time lying and less time standing than
birds with better walking ability, and also
reduced the number of visits they made to
the feeder. Reduced mobility has other
health effects, since birds that spend more
time lying down are also more prone to
develop potentially painful problems such
as breast blisters or footpad and hock burns
(Kestin et al., 1999). Footpad burns in turn
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Broiler chickens spend less time walking as they grow older, and also more time performing

activities such as preening while sitting rather than standing (J.A. Mench, unpublished).
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contribute to reduced gait performance
(Sanotra, 1999; Su et al., 1999).

Although skeletal problems may be the
primary reason that activity is reduced in
broilers, ironically that reduction in activity
may cause skeletal problems to worsen.
Physical loading in the form of mechanical
stresses and strains is essential for normal
bone formation (Thomas and Howard,
1964). Biomechanical forces on long bones
cause tension and compression and influ-
ence the development of normal bone
torsion or angulation (Lanyon and Baggott,
1975). Bone mass increases with bone use,
and physical loading is critical for maintain-
ing bone mass in poultry and other animals
(Lanyon, 1993).

Exercise has been found to decrease
skeletal problems in anumber of agricultural
species, including dairy cows (Gustafson,
1993) and pigs (Grondalen, 1974; Perrin and
Bowland, 1977). Direct evidence associating
lack of exercise with leg disorders in broilers
was provided by Thorp and Duff (1988).
They exercised birds on a treadmill daily,
beginning when they were 8 days of age.
At 33 days of age, 43% of unexercised birds
had abnormalities of the physis and physeal
vasculature as compared with only 20% of
the exercised birds. Exercise thus promotes
the blood flow and perfusion through skele-
tal tissue that is necessary for the mainte-
nance of ossification. There have been sev-
eral attempts to increase activity in order to
decrease skeletal problems in broilers, but
the results have been inconsistent (Haye and
Simons, 1978; Newberry et al., 1985, 1988;
Weeks et al., 1994). However, the lighting
and feeding programmes currently used
with some success by the industry to reduce
leg problems may exert at least part of their
effect by increasing bird activity (Riddell,
1983; Prayitno et al., 1997). In a study by
Mench et al. (2001), providing broilers with
opportunities for increased activity in their
pens in the form of ramps, dustbathing areas
and perches led to an improvement in
gait scores, although the birds used these
features in quite complex ways that made it
difficult to determine the exact relationship
between exercise and leg problems.

Feeding Behaviour

The selection of broilers for increased
growth rate has resulted in an increase in
appetite (Siegel and Wisman, 1966) by
modulating both central and peripheral
mechanisms of hunger regulation (Lacy
et al., 1985; Denbow, 1989). The increased
feed intake causes obesity, which must be
controlled in broiler parent stock in order to
maintain health and reproductive compe-
tence. This is accomplished by limiting the
quantity of food provided. Feed allocations
during rearing are 60-80% less than ad
Iibitum consumption would be and are
25-50% less during the laying period
(Yu et al., 1992; Savory et al., 1993b). This
results in a reduction in the body weight
of adults to approximately 45-50% that of
birds fed ad libitum (Katanbaf et al., 1989).
The two most commonly used commercial
restriction programmes are: skip-a-day,
in which amounts of feed calculated to
achieve desired body weights are fed on
alternate days; and limited every day, in
which half of the skip amount is fed daily.
The skip-a-day programme is preferred for
males, since it provides greater uniformity
of body weight than limited every day
feeding.

Despite its demonstrated positive influ-
ences on health and reproduction, there is
mounting evidence that feed restriction also
has negative effects on welfare. Fowl nor-
mally spend a considerable portion of their
day in activities associated with foraging,
and when given a choice prefer to work for at
least part of their daily intake of food rather
than having it provided for them (Duncan
and Hughes, 1972). Feed-restricted broiler
breeders consume their feed ration in a very
brief period of time, less than 15 min (Kostal
et al., 1992; Savory et al., 1993a), and show
a number of behaviours indicative of bore-
dom and feeding frustration (Duncan and
Wood-Gush, 1971, 1972; Savory and Kostal,
1993). Restricted males are more aggressive
during development than fully fed males
(Mench, 1988; Shea et al., 1990), while
restricted hens and pullets are more active
and also display high rates of stereotypical
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oral behaviour (e.g. pecking at house
structures and at the empty feeder) and
pacing (van Niekerk ef al., 1988; Savory
et al., 1992). Their expression of these latter
behaviours is positively correlated with the
level of restriction imposed (Kostal et al.,
1992; Savory et al., 1992; Savory and Maros,
1993; Hocking et al., 1996) and is considered
to be an indicator of poor welfare. Over-
drinking (polydipsia) is also a common
problem in broiler breeder flocks (Kostal
et al., 1992; Hocking et al., 1996), resulting
in the need to restrict water intake as well
as feed intake in order to maintain litter
quality.

There is also evidence that broiler
breeders on restricted feed are chronically
hungry. Savory et al. (1993b) restricted
broiler breeder females according to
commercial guidelines and then measured
feeding motivation using operant condition-
ing. The restricted hens’ level of motivation
to consume food was approximately
four times that of birds fed ad Iibitum
and subjected to 72 h of feed withdrawal.

Genetic selection could be used to
lessen the need for feed restriction of females
while maintaining current levels of produc-
tivity in the progeny. Broilers can be pro-
duced by mating normal males with dwarf
hens. These hens maintain reproductive
competence even when less severely
restricted than normal females (Proudfoot
et al., 1984; Whitehead et al., 1985). It may
also be possible to select genetically lean
females that require less severe restriction
(Hocking and Whitehead, 1990). As far
as restriction of males is concerned, the
adoption of artificial insemination technol-
ogy could minimize the need for restriction,
though the use of this technology would
raise a number of other behavioural and
welfare issues (Mench, 1995).

Another important aspect of feeding
behaviour is residual feed consumption,
which is the difference between the amount
of feed actually consumed and the food con-
sumption expected on the basis of weight
gain, egg production and metabolic body
weight. Selecting for lower residual feed
consumption in laying hens leads to less
aggression and less time spent feed-pecking,

walking, pacing and showing escape
behaviour (Braastad and Katle, 1989). These
last behaviour patterns are indicative of
pre-laying frustration and indicate reduced
welfare. The change in these behaviour
patterns might be due to indirect selection
against more energy-consuming behaviours
in the high-efficiency line. Thus, selecting
for lower residual feed consumption can
have positive implications for welfare as
well as production economy.

Reproductive Behaviour
Mating behaviour

Selection for production traits has had
correlated effects on mating behaviour in
meat-type birds. Because of their size and
conformation, male turkeys can no longer
mate and artificial insemination (AI) is used
instead in turkey breeding programmes.
Because of technical difficulties in
implementing Al programmes for chickens,
natural mating is still employed for layer
and broiler breeder flocks. However, while
fertility is high in commercial layer breeder
flocks, maintaining good fertility and
hatchability in broiler breeder flocks is
becoming increasingly problematic. These
difficulties can be traced directly to selec-
tion for production traits in the progeny,
coupled with a lack of selection for traits
relevant to mating behaviour.

In an early study on the effects of
selection for rapid growth on fertility, Parker
(1961) found that fertility was lower in
Cornish cockerels mated to New Hampshire
females than in New Hampshire cockerels.
Although the fertilizing potential of the
semen from the two breeds of males were the
same, the Cornish males failed to inseminate
12% of the females in the flock. Broiler
breeder males have difficulty completing
mating and transferring semen, but it is
unclear whether this is due to their size,
conformation, the presence of musculo-
skeletal lesions that cause leg weakness, or a
combination of these factors (Hocking and
Duff, 1989). Duncan et al. (1991) found that



Behaviour Problems 73

adult male turkeys that received an injection
of an anti-inflammatory drug (bethametha-
sone) had increased sexual motivation,
suggesting that sexual behaviour was
normally inhibited by pain associated
with skeletal problems. However, even
when libido is high, male broiler breeders
have difficulty making cloacal contact,
which is likely to be due to their size and
conformation (Duncan et al., 1990).

The industry has now begun to
experience problems with broiler breeder
males directing aggression towards females
(Mench, 1993), a phenomenon that is nor-
mally rare in adult chickens (Wood-Gush,
1956) since males and females form separate
social hierarchies and males dominate
females passively (Guhl, 1949). As recent
work shows, this problem results not from
an increased general tendency toward
aggressiveness among these males (Millman
and Duncan, 2000a), but instead from
deficiencies in male mating behaviour
apparently correlated with selection for
production traits.

Courtship in many domesticated bird
species involves elaborate displays, includ-
ing vocalizations, noises, postures and
sometimes skin colour changes (Mench and
Keeling, 2001). Roosters court females by
vocalizing while performing feeding move-
ments (‘tidbitting’), wing-flapping, strutting,
and dropping one wing while circling
(‘waltzing’). If the female is receptive she
approaches the male and crouches; copula-
tion then commences. This pattern of mating
behaviour seems to have been disrupted
in some way by selection for growth charac-
teristics. Millman et al. (2000) found that
broiler breeder males were much less
likely to display courtship behaviour than
Leghorns, and were also much more likely
to chase females and force copulations on
females, who often struggled when mated by
these males (Millman and Duncan, 2000b).
The pattern of injuries seen on broiler
breeder females in commercial houses sup-
ports the data indicating that this problem
is related to mating behaviour rather than
social dominance aggression. Aggressive
pecks are typically directed toward the head,
but injured females in commercial houses

have deep lacerations not only on the head
but also along the torso, under the wings
(Millman, 1999).

Selection for improved mating behav-
iour in broiler breeder males should be pos-
sible, since elements of mating behaviour
in males have been shown to be heritable.
In Leghorns, selection has been used to
produce high-mating lines of males (Wood-
Gush, 1960), and such males show more
waltzing, rear approaching, mounting and
treading than unselected males (Siegel,
1965; Bernon and Siegel, 1983). However,
Leghorn males with high mating scores
begin to produce semen later in life than
lower-mating mates and also have some
undesirable semen traits (lower sperm
concentration and volume), so the effects of
such selection would need to be balanced
against improved behavioural competence.
In addition, while problems with aggressive
behaviour towards females might be
decreased using such selection, fertility
will not improve markedly unless male
conformation traits are such that males can
not only court females but also complete
matings successfully.

Nesting behaviour

Nesting behaviour is a characteristic
sequence of behaviours associated with
nest site selection, nest building and ovi-
position. It starts with a period of restless-
ness followed by examination of potential
nesting sites. When a nest site is finally
selected, the hen performs rudimentary nest-
building movements. Oviposition occurs
following these behaviours. Incubation
starts when all eggs of the clutch have been
laid.

Incubation has almost completely dis-
appeared in modern laying hens. This is due
to direct selection against broodiness as well
as indirect selection for high egg numbers,
thereby increasing clutch size. Nevertheless,
having access to some type of nesting area
does appear to be very important to hens,
since hens are prepared to work to gain
access to a nest prior to laying (Cooper and
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Appleby, 1996). If hens do not have access
to nests, as is the case in battery cages, they
still perform pre-laying behaviour, such as
pacing (restlessness) and sitting. These
behaviours are driven mainly by endo-
genous factors; they are considered to be
indicators of frustration (Duncan, 1970) and
appear to be under genetic control (Wood-
Gush, 1981). Furthermore, it appears that
pacing and sitting during the pre-laying
period are inherited as separate characteris-
tics. It has been suggested that pre-laying
behaviour can be reduced by selection (Mills
and Wood-Gush, 1982; Mills, 1987). The
magnitude of additive genetic variation
(heritability) has been found to be adequate
for such selection. Heil et al. (1990) recorded
the duration of restlessness, escape behav-
iour and stance (sitting or standing before
oviposition) in hens from five Leghorn
strains. Strains differed significantly for
all three measures and heritabilities were
estimated to be 0.12, 0.09 and 0.53, respec-
tively. As mentioned earlier, indirect selec-
tion for pre-laying behaviour was obtained
by selecting for increased feed efficiency
(lower residual feed consumption) (Braastad
and Katle, 1989). This led to less aggression
and less time spent feed-pecking, walking,
pacing and showing escape behaviour.

The use of nests by laying hens as well
as broiler breeders is of importance for both
economic and welfare reasons. Eggs laid
outside the nests (floor eggs) easily become
dirty or lost and a substantial amount of
labour is needed to collect them (Ehlhardt
et al., 1989). The risk of cannibalistic peck-
ing directed to the cloaca of floor-laying
birds has been emphasized by Savory (1995),
even though Gunnarsson et al. (1999) could
not verify this in a cohort study of 59 com-
mercial flocks. Nest-site selection and the
use of nests for laying vary between strains
(Appleby, 1984). In some cases these differ-
ences are due to better perching abilities in
lighter strains, but factors other than this
also seem to play a role. McGibbon (1976)
selected for and against floor laying and
found a response at one experimental
site but not at another. Sgrensen (1992)
described a selection programme on egg
number in which only eggs laid in trapnests

were recorded. This was indirect selection
for the use of nests; he concluded that there
is a genetic variation in willingness to visit a
nest when laying and that this willingness
can be increased using a proper selection
procedure.

Feather Pecking and Cannibalism

Feather pecking and cannibalism have been
recorded in a range of poultry species, game
fowl and ostriches. There has been a con-
tinuous increase in mortality caused by can-
nibalism in all brown layer strain crosses
tested at the Random Sample Test stations
in Germany since the late 1980s (Preisinger,
1997), suggesting that selection for higher
egg production and lower body weight has
led to higher levels of cannibalism.

A distinction is generally made between
self-pecking and allopecking:

e If a bird pecks itself and the feathers,
toes, etc. are damaged, this behaviour
is referred to as self-pecking or self-
mutilation.

e Pecking other birds is referred to as
allopecking.

e Aggressive pecking is forceful allo-
pecking, usually directed to the facial
region (Kruijt, 1964). Feathers can be
damaged, but it is generally acknowl-
edged that aggressive pecking is not a
major cause of feather loss (Kjaer et al.,
2001). In some cases, however, aggres-
sive pecking can lead to damaged
feathers or skin, which in turn leads
to feather pecking or cannibalism (Fig.
5.3). A high level of feather pecking has
been found to be correlated with a high
mortality from cannibalism (Kjaer and
Sgrensen, 2002).

e Injurious pecking comprises aggressive
and feather pecking as well as
cannibalism.

The typical ‘feather pecking act’ has
been described by Wennrich (1975). The hen
about to perform feather pecking slowly
approaches the target hen (recipient) from
behind or from the side, focusing on the
feathers of the recipient. The recipient in
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most cases pays no attention to the per-
former at first but will often move away after
having received some feather pecks, the
response depending on the severity of the
pecks.

In groups of young chickens, feather
pecking is performed by most members
of the group (Kjaer and Sgrensen, 1997;
Wechsler et al., 1998). In pullets and adult
hens, close to 50% are observed to feather
peck (Bessei, 1984b; Kjaer and Segrensen,
1997). In layer chickens, feather pecking has
been reported as early as 7 days of age (Allen
and Perry, 1975) and in pheasants as early as
2 days of age (Kjaer, 2000b). One or more
peaks in feather pecking can be seen from
3 weeks (Huber-Eicher, 1999) to 15 weeks of
age (Hughes and Duncan, 1972; Blokhuis

Fig. 5.3. Feather pecking (FP), cannibalism (CB)
and aggression (AG) are supposed to have different
motivational backgrounds but nevertheless some
interactions occur, where one behaviour leads to
another, indicated by the overlapping areas.
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and Arkes, 1984; Martin, 1986). At the age
of 15 weeks to sexual maturity, the level
of feather pecking is low (Martin, 1986;
Huber-Eicher, 1999). At this time growth of
new feathers brings the plumage into perfect
condition. Pecking rises at the onset of lay-
ing (Wechsler and Huber-Eicher, 1998) and
this is the time when the risk of cannibalism
is the greatest. This rise has been attributed
toan increase in gonadal hormones (Hughes,
1973).

The diurnal rhythm of feather pecking
seems to vary between strains. Kjaer (2000a)
found arise in feather-pecking activity in the
last hours of the day in two ‘brown shell’
strains. Two White Leghorn strains, how-
ever, behaved significantly differently, with
a more even distribution of feather pecking
during the day and norise in feather pecking
activity just before dark (Fig. 5.4).

Often the occurrence of feather pecking
and, in particular, the spread of cannibalistic
pecking in a flock has an explosive character
and the word ‘outbreak’ can be used (Allen
and Perry, 1975). One major reason for
this spread in a flock could be that feather
pecking is elicited in a number of birds
within a short period by some environ-
mental factor or factors. Another reason is
that damage to the plumage facilitates more
pecking (Savory and Mann, 1997; Freire
et al., 1999; McAdie and Keeling, 2000).
Whether one bird can learn from another by
observing the other bird feather pecking is
not known, but results from one experiment
addressing this question indicated that this
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Fig. 5.4. Diurnal rhythm of feather pecking in brown shell vs. white shell hybrids. Brown shell hybrids had
a significantly higher rise in level of feather pecking in the afternoon compared with White Leghorns (Kjaer,
2000a). (a) Feather pecking in brown shell (medium heavy) hybrids. (b) Feather pecking in White Leghorn

hybrids.
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kind of social learning is a possibility
(Zeltner et al., 2000).

Numerous authors agree that feather
pecking is a redirection of behaviour related
to foraging (e.g. Hoffmeyer, 1969; Wennrich,
1975; Martin, 1986; Blokhuis, 1989; Baum,
1992; Huber-Eicher, 1997). More precisely, a
part of the exploratory pecking is redirected
to the plumage of conspecifics, to a greater
or lesser degree depending on the genetic
tendency of the chicken, the environmental
(including social) circumstances, and the
birds’ physiological state as far as stress is
concerned. These factors may influence the
birds from a very early age, before feather-
pecking behaviour is seen, as well as at the
moment of feather pecking.

Genetic aspects of feather pecking and
cannibalism were neglected for a long time
but differences between strains and family
groups indicate that there is some kind of
genetic background (Hughes and Duncan,
1972; Craig and Lee, 1990; Abrahamsson
and Tauson, 1995; Craig and Muir, 1996;
Ambrosen and Petersen, 1997). In addition
to more feather pecking, one of four strains
in a study by Sgrensen and Kjaer (1999) also
suffered higher mortality from cannibalism
than the other strains. Other examples of
such strain differences in mortality due to
cannibalism are given in Robinson (1979),
Craig and Lee (1990), Craig and Muir (1991,
1996), Lee and Craig (1991) and Ambrosen
and Petersen (1997).

Moderate to high heritabilities (0.22 to
0.54) have been found for plumage condition
(Damme and Pirchner, 1984; Grashorn and
Flock, 1987; Craig and Muir, 1989). Plumage
condition is only an indirect measure of
feather-pecking behaviour and can be biased
by abrasion. Direct observation of pecking
behaviour is a more precise method for
assessing an individual bird’s tendency
to perform feather pecking. Estimation of
heritability based on individual perfor-
mance of feather pecking has been estimated
to be between 0.07 and 0.35 (Cuthbertson,
1980; Bessei, 1984a,b; Kjaer and Sgrensen,
1997); the higher estimates were derived
from observations of older birds.

Group selection has been very effective
in reducing the incidence of beak-inflicted

injuries in caged hens kept at high stocking
densities and under conditions of high
social stress and competition (Craig and
Muir, 1993), and realized family heritability
was estimated to be 0.65 £ 0.13. The term
‘beak-inflicted injuries’ includes feather
pecking, aggressive pecking and cannibalis-
tic pecking. Using a quite different trait for
selection —individual rate of feather pecking
in groups of 20 hens kept at a low stocking
density on litter — high and low feather-
pecking lines have been developed. After
four generations of selection, significant
differences in feather-pecking behaviour
and plumage condition were found between
the low- and the high-pecking lines (Kjaer,
2001; Kjaer et al., 2001).

While feather pecking and cannibalism
are behaviours that are hard to control in
certain environments and under certain
conditions (large group size, high stocking
density, intact beaks, high light intensity)
there is now accumulating evidence show-
ing thatreduction can be achieved by genetic
selection. So far there seems to have been
limited selection pressure applied to
commercial lines. This could be due to
the fact that most hens are still kept in cage
systems, in which environmental factors can
be manipulated in order to control these
damaging behaviours.

Summary

The strong selection for improved growth or
improved egg production has brought about
changes that seem to reduce birds’ adapt-
ability. This, together with the introduction
of specialized production systems, has
resulted in a range of behavioural problems
that reduce well-being. Meat-type birds
suffer from reduced behavioural activity,
skeletal disorders, hock burn and footpad
necrosis causing pain and suffering. Severe
feed restriction has to be imposed in order
to alleviate reduced reproductive capacity
due to obesity in broiler breeders, but the
consequence is that the birds experience
hunger and at least short-term stress. Using
dwarf breeder hens could reduce the need
for feed restriction. Selection for growth has
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also led to problems with mating behaviour
in broiler breeders, including extreme
aggressiveness by males toward females and
lowered fertility. Selection for improved
mating behaviour in broiler breeders should
be possible. In turkeys, however, natural
mating is impossible due to the extreme
conformation and heterogeneous size of
the two sexes. In layer-type birds the major
problem is injurious pecking behaviour.
Selection for higher egg production com-
bined with lower body weight has led to
higher levels of feather pecking and canni-
balism. There is accumulating evidence
supporting the existence of additive genetic
effects underlying feather-pecking behav-
iour, and with regard to cannibalistic
pecking there is some indication of one
or a few major genes having an influence.
Selection lines differing in the propensity
to perform feather pecking or cannibalistic
pecking have been developed. There are
several other behavioural problems shown
by hens, including excessive fearfulness,
floor laying and pre-laying behaviour in
cages, that might be amenable to improve-
ment by genetic selection. Overall, genetic
selection is a realistic and effective
instrument for improving the well-being
of poultry in modern production systems.
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