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PREFACE

Commercial broilers, turkeys and ducks are largely the products of 50 years of
organized genetic selection for growth, feed efficiency and carcass vields in
North America and Western Europe. This process has revolutionized the
poultry industry and resulted in the efficient worldwide production of nutritious
and healthy meat for the consumer. The intensive production of poultry meat
continues to expand in many parts of the world, particularly in the emerging
economies of Brazil, China and India.

Chicks, poults and ducklings necessarily require adult male and female
birds that are also required to reproduce efficiently. Adults of current meat
breeding lines are so radically changed from traditional lines that gave rise to
them that an essentially new class of farm livestock has been produced. The
high growth rates of these birds lead inevitably to high adult body weights,
which have also affected the reproductive systems of females and the mating
efficiency of males. The management and husbandry systems for breeding
birds have also developed in parallel with the genetic changes, and a review of
the current scientific knowledge of these birds is both timely and opportune.

This book contains reviews of the literature pertaining to breeding poultry
of the three main poultry species (broiler, turkey and duck) and a chapter on
minor species for which there is some information (Chapter 16). Typically
these birds are fed on cereal-based diets and are housed on deep litter with
various standards of environmental control, depending on the climate and
region. The broiler chicken is probably more advanced genetically than any
other species, and in general the husbandry and management of the other
species are based on the broiler chicken model. There is relatively little published
information on the duck and even less on geese, both of which are kept in
some countries with access to water for swimming and green plant material as
a feed. Geese are not commonly kept in large intensive operations or indoors,
and Romanov (1999) has reviewed the available literature. Ducks are also kept
for the production of foie gras in France, and further information is available in
the report by Guemene and Guy (2004).

An overview of genetic selection and developments in the management of
breeding birds is given in Part I, followed by three chapters in Part II that
summarize current developments in genetic knowledge that may be useful in
the future; Parts Ill, IV and V review current knowledge on reproduction,
mating, fertility and incubation. The rest of the book covers the management
of breeding birds: lighting and environmental enrichment (Part VI), nutrition
(Part VII) and health (Part VIII).

Xi
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The symposium, the 29th in the Poultry Science Symposium series, was
held on 23-25 July 2007 at Surgeons’ Hall, Edinburgh, and consisted of short
overviews of the material by each of the authors. Unfortunately Dr John Kirby
and Dr Rob Renema were unable to produce a manuscript for the book.

[ am greatly indebted to the organizing committee, who generously provided
their expertise in the disparate fields encompassed by this book, including initial
technical editing of the draft manuscripts. [ am grateful for the support and
advice of John Parsons and Kelvin McCracken, respectively secretary and
treasurer of the UK Branch of WPSA, and to Liz Archibald for her sterling
administrative support in preparation for the symposium. The organizing
committee consisted of P.M. Hocking (Chairman), J.A. Parsons, K.J.
McCracken, J.A. Ball, J.S. Bentley, T.F. Davison, K.J. Laughlin, P.J. Sharp
and the late G.C. Perry.

Dr Graham Perry was regrettably taken terminally ill just before the
symposium and Dr Peter Lake kindly chaired the session on Mating Behaviour
and Fertility. Dr Perry organized the two very successful preceding symposia
and provided a great deal of helpful advice and encouragement in the planning
of this meeting. His enthusiasm, commitment and cheerful personality will be
greatly missed.

Finally, I wish to thank the sponsors for their generous support for the
symposium, without which it would not have been possible to meet and
discourse over 3 days in the genial surroundings of Surgeons’ Hall.

P.M. Hocking
Edinburgh
June 2008
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CHAPTER 1

The Genetics of Modern Commercial
Poultry

J.C. McKay
EW Group, Newbridge, Midlothian, UK

ABSTRACT

Genetically improved strains of poultry have been a major contribution to the
success of the poultry industry, which is a major source of animal protein for
the human population in most countries of the world. Improvements in health,
nutrition and environmental management have also contributed to improved
performance, but the majority of the change has been attributed to genetic
improvement.

Egg production has been improved consistently since the late 1930s, and
the industry continues to improve the efficiency of laying hen production by at
least 1% per year. This requires the simultaneous improvement of multiple
traits, including egg number, egg size, liveability, persistency and mature body
weight. There is also continuing progress in uniformity of egg size and colour
and freedom from defects. In broilers, combined selection for growth, body
composition, feed efficiency and liveability continues to deliver 2-3%
improvement per year in the efficiency of meat production. Other traits such
as robustness, specific and general disease resistance, and absence of metabolic
defects have also contributed to this progress.

INTRODUCTION

Poultry have been domesticated for thousands of years, and man has made
many genetic changes during the process of domestication and since then by
establishing local varieties and selecting for various traits. The genetic progress
made since the late 1950s has been the foundation of a modern poultry industry
that is a major source of animal protein in most countries of the world. The
history of poultry domestication and the development of a modern poultry
industry are well reviewed (Crawford, 1990). Recent developments in knowledge
and technology have changed the dynamics of poultry breeding.

© CAB International 2009. Biology of Breeding Poultry (ed. PM. Hocking) 3
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The most important influence on commercial success has been the
improvement in feed conversion ratio (FCR). This chapter reviews the historical
improvements in the efficiency of production of meat and eggs, the current
performance of commercial strains of poultry and the selection criteria that are
likely to be important in the future. In discussing improvements in FCR it is
essential to relate them to improvements in welfare. These improvements
make the chickens fitter to perform well in a broad range of environments,
production systems and disease challenges with high welfare standards.

THE MODERN POULTRY INDUSTRY

The production of poultry meat and eggs is a worldwide industry which supplies
at least one-third of the animal-derived food for the 6 billion people on earth.
The statistical service of the Food and Agriculture Organization records that in
1961 the world produced less than 10 million tonnes of poultry meat. By 2006
the world’s production of poultry meat was 81 million t. This represents a
compound annual growth rate of more than 5%. Poultry meat production has
increased every year since FAO records began. In 1965 the world produced
less than 5 kg of poultry meat per capita, and 45 years later we produce more
than 13 kg per capita. The vast majority of the meat (70 million t) is produced
by broiler chickens, with the remainder produced by turkeys (5 million t), ducks
(3.5 million t), and geese and others (2.5 million t). The production of 71
million t of chicken meat requires an annual crop of at least 40 billion
broilers.

The world’s egg production has also increased steadily throughout this
period, growing from 15 million t in 1961 to 60 million t in 2006, an annual
compound growth rate of 3%. This represents an annual production of at least
1 trillion eggs (1 x 10!2), and these are produced by a population of
approximately 6 billion layer hens (1 x 109). There are as many layer hens as
there are people in the world today. In 1965 we produced 5 kg of eggs per
capita and today we produce more than 10 kg per capita. Ninety-two per cent
of the world’s eggs are produced by layer chickens, with ducks, geese and other
species making up the rest.

Thedevelopment of such an industry has required coordinated improvements
of technologies in a number of areas. The most significant improvements have
been in the following four areas.

1. Environmental control. Controlled-environment housing has ensured
safety from predation, more predictable production and improved biosecurity.
2. Nutrition. The nutritional requirements have changed as birds have been
selected for efficient production.

3. Pouliry health. The development of effective vaccines and therapeutics,
improved biosecurity and better nutrition have all contributed to improved
health. The emergence of breeding companies which are able to supply stock
reliably free of the major vertically transmitted pathogens means that
replacement stock can always be of a high health status.
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4. Genetics. There has been consistent selection for improved productivity
and quality.

THE CONTRIBUTION OF GENETICS

Improvements in health, nutrition and environmental management have con-
tributed to improved performance, but the majority of the change has been
attributed to genetic improvement. Havenstein et al. (2003a,b) compared the
performance of contemporary broilers and a line random bred since 1957. They
estimate that at least 85% of the improvement in performance is attributable to
genetic changes. In broilers, combined selection for growth, body composition,
feed efficiency, reproduction, health and welfare continues to deliver 2-3%
improvement per year in the efficiency of meat production. Other traits such as
robustness, specific and general disease resistance, and absence of metabolic
defects have also contributed to this progress (Aviagen data).

In production environments the data also show clear genetic trends. For
example, in the United States their Industry Reporting Service, which records
the performance of the majority of the broilers produced there, shows that
over the last 5 years growth rates have improved by 0.74 days per year for
broilers grown to 2.27 kg. Breast meat yields have improved by 0.5% per year
and FCR is decreasing by 0.025 per year. The combined improvements in
growth, yield and efficiency mean that the overall efficiency of meat production
is improving by more than 3% per year. Even with such improvements in
growth and efficiency, the liveability of broilers is improving by 0.22% per year
and the condemnation rates have fallen by 0.7% per year over this period. This
outcome requires combined selection for many traits and full recognition of the
importance of the welfare of the birds.

Egg production has been improved consistently since the late 1930s, and
the industry continues to improve the efficiency of production by at least 1%
per year (Hy-Line and industry data). This requires the simultaneous improve-
ment of multiple traits, including egg number, egg size, liveability, persistency
and mature body weight. United States industry estimates are that egg number
to 60 weeks has improved by more than one egg per year and the feed
conversion ratio (FCR) is improving by 0.01 per year. A major component of
this progress has been selection for improved robustness and disease resistance.
Liveability to 60 weeks of age is 0.12% better each year and 0.18% better to
80 weeks of age. There is also continuing progress in uniformity of egg size
and colour and freedom from defects. Again the most important feature of
layer breeding programmes is the ability to improve multiple traits simultaneously
even though some of the traits have adverse genetic correlations.

Although these rates of change cannot be entirely due to genetics, as
discussed above, there are clear indications that the main driver for improved
performance is genetic selection. However, many producers cannot or choose
not to use the full genetic potential of the stock and set performance standards
at locally acceptable levels.
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THE IMPORTANCE OF FEED CONVERSION RATIO (FCR)

The most important influence of genetics on the development of the poultry
industry has been the improvement in FCR. Sustained improvements in FCR
have an impact on the industry through the requirement for less feed per unit
weight of product. This affects the demand for animal feed resources (mainly
grains) and ultimately the cost of production. There are also positive effects on
the environmental impact of poultry production. Less water is required, less
waste is produced and the environmental impact is reduced. All of these factors
have an effect on the sustainability of the poultry industry. In discussing
improvements in FCR it is essential to relate them to improvements in welfare.
The objective of selection is to make the chickens fitter to perform well in a
broad range of environments, production systems and disease challenges.
These factors all contribute to overall bird welfare.

Comparing modern egg layers with those available 30 years ago shows
that in 1975 it took 2.4 t of feed to produce each tonne of eggs whereas today
it takes 1.9 t of feed to produce 1 t of eggs (Hy-Line and FAO: http://faostat.
fao.org). Today at least 115 million t of feed is used to produce eggs. Using the
1975 genotypes to produce all of today’s eggs would require 144 million t of
feed, an increase of 26%. The genetic improvements in efficiency are cumulative
and permanent, and this has made the products of the industry available to a
higher proportion of the world’s population.

The improvements in broiler efficiency are even more dramatic. Between
1975 and today the combined effects of selection for growth, efficiency, yield
and liveability have reduced the feed requirement for meat production from 20
million t of feed per million tonnes of meat to 8.5 million t of feed per million
tonnes of meat (Aviagen and FAQO). The genetic potential of birds is even better
but is not realized in all production environments. It took approximately 700
million t of feed to produce the 81 million t of poultry meat in 2005. Using
a 1970s genotype would have required 1600 million t, an increase of 128%.
The annual improvement of 2-3% in efficiency of meat production has made
a huge cumulative impact on our ability to supply affordable animal protein to
a growing proportion of the world’s population.

A recent study in Australia has examined the sustainability of animal
production industries in light of the growing concern about the environmental
impact of various production systems (Foran et al., 2005). By taking account
of all inputs and outputs they compare the greenhouse gas emissions of beef,
lamb and pork production with that of poultry meat and eggs. Beef production
in Australia produces 26 kg of carbon dioxide equivalent per unit value. Poultry
meat or eggs produce less than one-tenth of this (2.5 kg carbon dioxide
equivalent per unit value). Poultry meat and eggs also have 20% less impact
than pork production (3.2 kg carbon dioxide equivalent per unit value) and
60% less than lamb production (6.4 kg carbon dioxide equivalent per unit
value).

Thus the modern poultry industry has used genetic improvements in the
birds that they care for to establish a very efficient and sustainable industry.


http://faostat.fao.org
http://faostat.fao.org
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Continued improvements in poultry should be faster than in other species
because poultry breeders have advantages of large population size, short
generation interval and considerable genetic variation available to them.

THE FUTURE OF GENETICS IN COMMERCIAL POULTRY

Breeding companies have the responsibility to manage their genetic resources
to deliver stock of predictable performance at high health standards. Population
sizes must be sufficient to avoid inbreeding and ensure that the genetic variation
is maintained to sustain long-term selection responses. The most important
developments in genetics since the late 1980s have been in the ability of
breeding programmes to deliver predictable and coordinated changes in
multiple traits. Thus, selection for improved skeletal quality and heart and lung
function has allowed simultaneous improvements in growth and feed efficiency
and decreasing incidences of skeletal defects and ascites. Major investments are
now being made to further improve the relevance and accuracy of the
measurements made. This will allow more efficient and accurate selection to
make further progress in many traits.

Welfare traits

Successful breeding programmes must recognize that they should place
appropriate emphasis on the welfare of their pure lines and the crosses that will
constitute their commercial products. In layers, for instance, this has required
the application of group selection methodology to improve the liveability of
layers when housed in large populations (see Bijma and Bovenhuis, Chapter 3,
this volume). By reducing intra-group aggression, welfare and productivity have
been improved together. In broilers and turkeys, great emphasis is placed on
improvements in skeletal quality, and heart and lung function to improve
welfare in a broad range of production environments. All successful breeding
programmes will ensure that welfare standards continue to improve to ensure
that poultry production is a sustainable industry.

Robustness

Poultry production globally involves a broad range of environments, which
represent many different environmental, nutritional and disease challenges.
Selection programmes are now selecting to ensure that their products are
robust and thus have predictable performance across this range of environments.
The most important variable worldwide is disease challenge, and breeding
programmes have incorporated selection for specific or general disease
resistance. Production systems are changing in response to the needs of the
birds or the preferences of public opinion, retailers and consumers. For instance,
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more layer birds are being housed in non-cage systems, and breeding pro-
grammes must ensure that birds will perform predictably in a range of alternative
production systems. Nutritional variation has many components but the major
divide in the world’s industry is between maize/soy diets and wheat-based diets.
Wheat-based diets offer a particular challenge for the predictable uptake of
minerals for skeletal development. Besides selecting for birds that can perform
in a broad range of environments, the breeding companies will continue to
cooperate with universities, research centres and producers to improve the
advice given for the technical management of the stock.

Genomics

Ethics

The publication of the chicken genome sequence (Hillier et al., 2004) and a
description of the variation between individuals (Wong et al., 2004) have
quickly changed the structure and operation of commercial breeding pro-
grammes. More than three million single nucleotide polymorphisms (SNPs) are
now available throughout the genome and the technology for large-scale
genotyping is readily accessible. This means that associations can be established
between marker SNPs and traits, allowing more accurate selection for multiple
traits. However, genomics is not an alternative to traditional selection methods
but a means of more fully describing the variation available within populations
and of using the same phenotypic measurements to make more accurate
selection decisions (Andreescu et al., 2007). This will involve considerable
investments in bioinformatics and an integration of traditional and new tech-
nologies. The benefits are likely to be greatest for traits that are difficult to
measure (especially disease resistance and welfare traits) or traits of low
heritability (e.g. some reproductive traits).

Breeding companies have a major influence on food safety, animal health,
animal welfare and the security of the food supply. They also have a responsibility
to ensure that their programmes are sustainable. This requires careful man-
agement and conservation of genetic resources. The number of products
available continues to increase to meet many different production systems and
environments and the demand for a wide range of products. Successful breeding
companies must have a long-term strategy for the management of their genetic
resources for sustainable genetic progress in multiple traits over future decades.
It is therefore important that they operate within an agreed ethical framework.
Their products must be fit for purpose and support sustainable production. This
requires that animal health and welfare are given full recognition by the selection
strategies and that sufficient emphasis is given to traits affecting efficiency of
resource utilization. The target is to deliver balanced, rapid genetic progress.
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CONCLUSION

Breeding companies have worked with producers to revolutionize the production
of poultry meat and eggs, especially since the late 1950s. Genetic change
continues and it is focused on the health and welfare of the animals as well as
producer, retailer and consumer requirements. The investments required in
research, development, production facilities and distribution systems means
that there has been a decreasing number of breeding companies able to
maintain a competitive position in the international market. Genetic change
will continue to be a major contributor to the future development of the industry.
The successful breeding companies will be those that make effective use of the
feedback from producers, retailers and consumers in guiding their genetic
programmes. This will produce maximum benefits for food safety, animal
health and welfare, and efficient utilization of natural resources and will reduce
the environmental impact of animal production.
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CHAPTER 2

Breeder Management: How Did
We Get Here?

K.F. Laughlin
Aviagen, Newbridge, Midlothian, UK

ABSTRACT

Broiler breeders are managed to maximize the output of day-old chicks. This
involves control of body weight, feed intake and day length during both the
rearing and production periods. The relative importance of these factors has
changed over time and with the commercial production strategies of different
countries. Several novel concepts of managing broiler breeders have been
developed in scientific studies. However, examination of the breeder man-
agement advice from commercial breeding companies shows that the precise
methods have then evolved in practical use within the production industry.

Some ideas, such as dwarf breeders, caged housing and artificial
insemination, have not gained industry acceptance to the extent which was
originally assumed. Genetic improvements in breeder performance have been
steady and consistent since the late 1970s but there remains a significant
variation about the average performance, which is an indication of the
‘environmental’ effect. Reducing this variation represents an opportunity for
further improvement in flock performance.

INTRODUCTION

10

The relationship between the scientific studies of meat breeder management
and the practical recommendations provided by breeding companies for
management in a commercial situation will be described in this chapter. Several
later chapters in these proceedings will provide reviews of specific areas of
biology and/or management: broodiness (Sharp, Chapter 11, this volume),
incubation and hatching (French, Chapter 12, this volume), photoperiod and
control of breeding (Lewis, Chapter 14, this volume), feed restriction and
nutrition (Hocking, Chapter 17 and Fisher and Gous, Chapter 18, this volume),
which will consider in more detail the development of these aspects of breeder

© CAB International 2009. Biology of Breeding Pouliry (ed. PM. Hocking)
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management. In addition to developing management systems for broiler
breeders raised in large groups on the floor, there were investigations relating
to the separate management of males and females, either during rearing or
throughout the productive life. The dwarf (dw) gene was incorporated into
broiler breeds to create a parent female which was itself dwarfed but when
mated to a normal male gave rise to normal broiler progeny. The raising of
broiler breeders in cages, both normal and dwarf, with and without the use of
artificial insemination (Al) has also been a topic for many studies.

Regardless of the state of scientific knowledge and its inherent uncertainties,
at any point in time, breeding companies must provide reliable advice in the
form of management guides to their customers and each of the flock managers
that are directly responsible for approximately 18,000 broiler breeder flocks
per year and who must take daily actions to manage 35 million broiler breeder
males and 350 million females producing 44 billion broilers.

Since the late 1950s the poultry science literature has included many
hundreds of papers reporting studies on breeder management. Primarily these
examined feed programmes and nutritional modification, initially to control
growth and then to enhance performance. Additionally the effects of light and
lighting programmes were studied and various novel strategies such as the use
of the dwarf gene (dw) and separate feeding of males. More recently the focus
has changed to the welfare aspects of various management strategies. Over
this same period, primary breeding companies supplying the genetic stocks to
the industry worldwide have provided management advice to assist producers
in optimizing the output of their breeding stock. Some relationship can be seen
between the scientific studies and the advice produced by the breeding
companies, including in some cases use of the industry standard management
recommendations as the ‘control’ against which to test novel ideas.

A major difference between the opportunities for scientific experiments
and the industry approach is that by its nature the scientific method controls as
many variables as possible while changing one or two whereas the real world
situation must deal with the simultaneous variation of multiple inputs. Breeder
management guides must also address situations where there are significant
differences in the major inputs such as feed raw materials, environment (climate
and housing) and management strategies.

The ultimate output of a breeding operation is a 1-day-old commercial
chick to grow for meat production, and this is therefore the best measure of the
success of a management strategy, ideally supplemented with an assessment of
the cost of each chick. This measure of output begins with the total egg pro-
duction, reduced to the number of hatching eggs by factors which determine
an egg unsuitable for incubation and finally by the hatching success. The latter
is determined by both the fertility of the eggs and the hatchability of fertile
eggs. Finally, from a commercial point of view, basing the chick production per
breeder alive at transfer to the production house or capitalization age takes
account of the liveability of the breeder flock. Of course to get a true chick cost
the costs incurred in rearing the birds, including the males, must be included.
Thus translation of scientific study data, which may provide measures only at
certain points in this process, into a commercial strategy can be difficult.
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It is important to distinguish between breeder management techniques and
strategies. The former are the day-to-day interactions with a flock — feed
amount, weight profile, lighting, etc., — which achieve the desired strategy. The
strategy itself is dependent on the economic (and cultural) system in which
breeders are being farmed. A particular driver on strategy is the investment in
the farm, the equipment and the flock itself. The annual returns to a breeding
enterprise are largely influenced by whether farms are contracted or belong to
an integrated production chain: a contract can be adjusted to match the needs
of the farmer, who may also have another source of income apart from the
breeder flock, which effectively subsidizes the latter. The sophistication of the
farm construction and its equipment would add to the investment in either
situation. This need for return on investment may then influence whether the
aim is to have 5% production at 23 weeks or 25 weeks, i.e. earlier returns that
require an earlier age at photostimulation. Finally the target production period,
to 60 weeks of age or 40 weeks of production (or more), is also driven by local
economics. There is no universally right system, but once the strategy is
determined (and understood) then a management process to best achieve this
can be developed.

FEED MANAGEMENT

In one of the earliest papers on breeder management Waldroup et al. (1966)
noted ‘Poultrymen have long been seeking a method to alter the growth pattern
of both egg-type and meat-type pullets in an attempt to improve performance
during the laying period.” In support of this statement they cite the work of
Vondell (1943) and Novikoff and Byerly (1945), which would appear to be the
oldest references to the need to control growth. The aim of the studies reported
during the 1950s and 1960s was variously to delay sexual maturity, control
early egg size and generally improve performance during the laying period.
The ‘Broiler Breeder Paradox’, as recently defined by Decuypere et al.
(2006), which requires reconciliation of the production requirements of the
breeder and satisfactory growth performance of the offspring without recourse
to severe feed restriction, has driven much of the research since the late 1950s.
The use of high-fibre grower feeds was proposed by Couch et al. (1957) and
Issacks et al. (1960), but their reports did not agree as to the effect on
subsequent performance. Alternatively manipulation of protein levels as a
means to delay sexual maturity was examined by Howes and Cottier (1964),
who fed a low-protein ration (100 g crude protein (CP)/kg) but found no delay
in maturity. Conversely, Singsen et al. (1964) proposed a grower diet deficient
in lysine and achieved a delay of 18.4 days in age at 25% production with 50%
production delayed 12.4 days. However, following this, production from 26 to
54 weeks on the restricted group equalled or exceeded production of those on
the normal diet. Waldroup et al. (1966) examined low-protein (100 g CP/kg),
high-fibre (15%) and control (160 g CP/kg protein) diets. The low-protein and
high-fibre diets delayed age at 50% production by 23.6 and 8.7 days compared
with the control, and this was accompanied by a reduction in body weight.
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Performance during the laying phase was not adversely affected by any of the
grower treatments. No differences existed in total hen day production, eggs per
hen, feed consumed, feed utilization, fertility, hatchability or mortality. Delaying
sexual maturity in breeders resulted in more extra-large eggs than were produced
on the control diet. These studies are some of the first attempts to describe
methods to control sexual maturity and breeder performance, but a notable
feature was that treatments began around 8 weeks, until that age birds were fed
ad libitum with no weight control, and natural light was provided until 2 weeks
before mating. Since that time it has become increasingly obvious in the
commercial production situation that the real challenge for managing breeder
performance is a complex relationship involving the control of bird weight,
feed quality and quantity, and light (day length) at all stages from day old to
flock depletion. Further it is necessary in the field situation to make real-time
modifications to the rearing and production programmes when unexpected
deviations occur.

Siegel and Dunnington (1985) summarized the problem of broiler breeders
as ‘selection for increased body weight is negatively correlated with the onset
of sexual maturity’, and this concept has remained in the literature in spite of
all the success of management systems and genetic selection to achieve
increases in breeder performance at the same time as maintaining the improve-
ments in broiler characteristics. In both the scientific literature and breeder
management guides the target and terminology of feed restriction supplanted
the real aim of the exercise, which was to control growth of the breeder during
rearing. There was a focus on feed restriction per se as a way to delay sexual
maturity, which was also a feature of work on growing pullets (Lee et al.,
1971).

The industry focus on feed restriction led to the development of a system
of skip-a-day feeding, in which the allocation of feed for 2 days was given on
alternate days. This was occasionally varied to give the weekly feed allocation
equally on 4 alternate days in each week or on 5 of the 7 days in a week. This
system evolved because the equipment available was not capable of delivering
the small amounts of feed required for 1 day to all birds in the flock in a way in
which all could have equal access. In areas where this practice became unaccept-
able, systems were eventually developed to distribute the feed more quickly
(‘high-speed feeders’), and these were sometimes combined with covers over
the feeding track which could be quickly released after feed was distributed
throughout the house.

One solution to the problem of feed distribution associated with limited
feed allowance during rearing of broiler breeders has been to broadcast pellets
on to the floor. Such a system maximizes feed distribution in a minimum time
and theoretically gives all birds in the flock almost instant equal access to feed.
It is critical for the effective operation of this system that pellets can be made
hard enough to withstand the spreading mechanism and that nipple drinkers
are provided. Bell drinkers will catch a certain proportion of the feed and reduce
the effectiveness of this method. Litter material, litter depth and management
of litter condition are important to the successful operation of this system,
along with a relative absence of other equipment in the house. Thus the
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technique may not be suitable for use in all housing and management systems.
This practice itself, though it addresses some of the bird welfare issues of
feeding broiler breeders, does raise other issues related to floor feeding and
beak treatment. Birds feeding from a track or metal pan routinely smooth the
beak tip, as would occur through natural foraging, whereas on litter systems
with pellet feeding this control of beak condition does not always occur. Birds
can therefore retain sharp beaks, which are a problem if other management
features stimulate feather pecking or cannibalism.

LIGHT MANAGEMENT

For a long period, in the literature, the effects of light were mainly ignored.
This latter situation was probably driven by the fact that in the majority of the
world’s growing areas houses were open sided or had curtains which did not
isolate the birds from changes in the daily light period. Only after the
‘re-cognition’ of the importance of light did commercial housing recom-
mendations include first ‘brownout’, then ‘darkout’ and finally true ‘blackout’ to
ensure that natural light was excluded from the birds during the rearing phase
to achieve the dissipation of juvenile photorefractoriness (see Lewis, Chapter
14, this volume). In most of these systems, the birds are then transferred at the
end of the rearing phase to houses which are not light tight and therefore the
light stimulation occurs instantaneously at the time of transfer.

THE dw ALTERNATIVE

The sex-linked dwarf dw gene has been known for many years (Hutt, 1959)
and described in a variety of chicken lines. The gene was introduced into
commercial products, most notably the ISA Vedette, first sold in 1968, and
Ross PM3, which has been available for more than 30 years. When crossed
with a normal (DW) male dwarf hens produce offspring with similar growth
rates to normal broilers. In a 1976 review Guillaume summarized the potential
advantages of the commercial use of the dw gene as follows. ‘With its reduced
body size, the adult dwarf chicken needs less room in the house. Related
expenses of heating, ventilation, etc.... appear reduced by the same amount.
Since basal metabolism per unit weight is also reduced food energy expenses
are even more clearly decreased.” Guillaume concluded his review by stating,
‘Calet’s 1972 statement that in the near future all broiler female strains will be
dwarf seems well founded.” There was some initial commercial enthusiasm for
dwarf broiler breeders in countries where cage breeder systems were used or
where financial incentives were provided to invest in new house construction.
However, the best current estimate is that no more than 5% of the world’s 360
million broiler parent stock are of a dwarf type. Notwithstanding this a recent
report (Decuypere et al., 2006) remains optimistic about the potential of the
dw gene to contribute to resolving some of the welfare issues associated with
broiler breeder management.
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CAGES AND ARTIFICIAL INSEMINATION

At various times and in various countries since the late 1950s the use of cages
and artificial insemination have been suggested and tried in commercial practice
as a way to overcome the perceived difficulties of managing and improving the
performance of broiler breeders. Both of these techniques require novel
investment in equipment and skills plus the availability of a reliable labour force.
History has shown that these two approaches to broiler breeder management
have gained relatively little use. In developed countries the labour to perform
artificial insemination would not be readily available at the right price and
concerns about animal welfare would not encourage producers to invest in
cages for breeders. In many developing countries the skills and investment
capital have not been available. Thus with the exception of a few countries, e.g.
Russia, China and India, these opportunities have not received any attention,
and even in the exceptions have not been widely adopted. The remaining
suppliers of breeding stock have not developed lines or promoted management
systems that involve cages and artificial insemination. Brillard (2001) has argued
that optimizing Al in broiler breeder flocks would provide geneticists with a
large potential for selection of even heavier male lines. This, however, is
precisely what breeding companies have avoided, preferring to maintain a
balance between the sexes in order to avoid potential welfare issues.

SEPARATE SEX FEEDING DURING THE REARING PERIOD

Breeding company management guides have included separate male and
female target weight curves for many years but in many cases the two sexes
were housed and fed together. This raised the question of which sex should be
‘controlled’ by feed allocation. Raising the males and females in separate houses
or pens allowed separate control of body weight until the point of mating.
The techniques for feeding the sexes separately after mixing were introduced
by McDaniel (1986). This underlying concept could be stated quite simply as ‘It
is beneficial to provide feed separately to males and females in order that the
physical amounts and potentially feed type can be varied between the sexes.
This allows separate control of male body weight during the production period
and female feed amount to ensure continued production.’ Since that time there
has been extensive work on the precise nature of the control and the methods
to effect it. Essentially a system was devised in which the females were provided
with feed in feeders from which the males were physically excluded and the
males were fed in feeders which were positioned at a height which the smaller
females could not access. Differences in relative heights and head sizes of males
and females, age at mating and feeder types have led to much practical
refinement of the original concept. Such a system offered the possibility to
provide a separate feed type to the males and females. A view developed that
males did not require as much calcium for reproduction as females and indeed
that excess calcium might be detrimental. Similarly males might benefit from
feed with lower protein content than that required for females. The lack of
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convincing data on these issues and the difficulty of making, storing and
delivering an additional feed type in a commercial environment means that
little practical use is now made of separate feed types for males. Field evidence
indicates that by far the major benefit for the male performance is controlling
the feed amounts and hence the body weight gained during the production
period (see Hocking, Chapter 17, this volume). The majority of scientific studies
relating to the management of broiler breeders refer to feed restriction and are
designed on the basis of feed allowance defined as amount or quality. However,
the main aim of the rearing process is to grow a bird according to a desired
weight profile, and the most common way to do this is to control feed intake,
quantitatively or qualitatively. Thus, although growth control is achieved by
controlling the feed intake, all of the practical management strategies that have
evolved are based on control of body weight. In the absence of equipment, time
or skills necessary to practise routine weighing and hence manage the growth
of breeding stock, management guides have usually provided an expected feed
allocation. This feed allocation assumes certain parameters about the feed,
largely concerning its energy content (MJ/kg). The guides also always caution
that feed quality varies geographically and temporally and therefore monitoring
of bird weights is essential to achieve the desired weight profile. The nature of
a scientific experiment is to define the inputs a priori (feed amount and quality)
whereas the management guides define the objectives (weekly target weight).
In an environment in which feed can be produced to a reliable standard on a
regular basis and where feed raw materials are simple and subject to little
variation it is possible to determine with some confidence the amount of daily
feed allocation which will result in a desired body weight profile. This would
generally be the case in the USA but is not the situation in many other countries.
For this reason two distinct strategies for managing broiler breeders have
evolved. These are based either on controlling daily feed amount, as in the
USA, or on monitoring bird weight and adjusting feed allocation accordingly,
as in much of the rest of the world.

If we examine the developments in the latter strategy we see that the initial
focus in management guides was on following a target weight at an age rather
than managing growth rate to a particular profile. Later the significance of this
age—weight profile was better understood and management was soon refined
to include an assessment of uniformity of the flock around the average weight.
Initially this was expressed as a percentage of the birds in the flock that were
within +10% of the average weight (NB not the target weight). Initially such an
evaluation was carried out by plotting the actual weights on squared paper and
counting the number within +10% of the average weight. The flock was
therefore assessed according to how close the average weight was to the target
and how uniform the birds were around that average. With the advent of
electronic calculators and computers, weight data could be analysed statistically
and the coefficient of variation (CV) calculated. This has a direct relationship
with the old uniformity calculation and is much simpler to determine. Managing
flocks to a target weight and uniformity was therefore possible and in some
cases flock managers were financially rewarded for achieving a desired CV.
However, it has long been recognized that two birds of equal weight may not
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have the same reproductive potential (the ‘long lean’ bird and the ‘short fat’
bird). In fact Zelenka et al. (1984) hypothesized that multiple thresholds,
including chronological age, body weight and body composition, influence the
onset of sexual maturity in female quail. The inclusion of a routine assessment
of body condition using both a ‘fleshing score’ (breast muscle depth) and ‘fat
score’ (abdominal fat pad size or fat cover on the pubic bone) was introduced
in the late 1990s in some production operations in South America. The
uniformity of these body condition scores measured at 16-20 weeks was seen
as critical to good breeder performance. Such an evaluation can be important
in assessing the reproductive potential for breeders of the recently developed
high-yield broiler lines. Field evidence in South America, where these techniques
are common practice, indicates a benefit in breeder performance of adequate
body condition on breeder productivity.

WEIGHT OR LIGHT?

Throughout the history and evolution of practical breeder management there
have been periods when weight control was seen as being of paramount
importance and others when feed amounts were regarded as most critical.
Light and lighting programmes were always mentioned but quite frequently
misunderstood, particularly with respect to the importance of juvenile photo-
refractoriness and the need for a period of short days during early rearing. As
part of an elegant study Ciacciariello and Gous (2004) (see Chapter 14) pre-
sented results which confirm that broiler breeders do not require a lighting
stimulus in order to initiate ovarian activity and that, where no lighting stimulus
is given, body weight or feeding level plays a critical role in stimulating the birds
to attain sexual maturity. However, when a lighting stimulus is given, factors
such as body weight and body composition become relatively less important in
regulating the age at sexual maturity. This could explain the apparent changes
of emphasis on these three important parameters over time.

LIGHT AND LIGHTING PROGRAMMES

Lewis (Chapter 14, this volume) describes results of an exhaustive and elegant
study carried out at the University of Natal which has revisited many aspects of
lighting and photoperiodic control of breeding in broiler parents, which
extended work on commercial layers and allowed significant comparisons to be
made. An important part of this work was the elucidation of photorefractoriness,
both juvenile and adult, in broiler breeders. Commercial management guides
have for many years provided for ‘in season’ and ‘out of season’ flocks, i.e.
those which hatch in winter and experience natural spring and those which
hatch in summer and mature during naturally declining daylengths in the
northern hemisphere. The alternative to this advice was to persuade producers
that they must control day length in ‘blackout” housing during the rearing period
in order to control sexual maturity. This blackout housing prevents any ingress
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of natural light by ensuring that all cracks in the house structure are sealed and
by adding light traps to the ventilation system. Without this system the adventi-
tious light of long summer days prevents the dissipation of juvenile photo-
refractoriness. Thus the true cause of poor production in out-of-season flocks
is addressed rather than the previously perceived problem of the reducing
natural daylength at the time of achieving sexual maturity, which was assumed
to be overcome by providing artificial light of adequate intensity to effectively
extend the natural day.

RECENT ‘INCLUSIVE’ RESEARCH

The difference between scientific experiments, which tend to fix most
parameters and vary only one or two, and the commercial requirements to
manage and respond to variations in several parameters through the life of a
flock has already been mentioned. Several recent papers report a more
‘inclusive’ approach to broiler breeder research. Renema et al. (2001a,b)
studied interactions between the growth curve and the timing of light stimulation,
as have the many recent papers from Gous, Lewis and others from the
University of Natal. Carcass composition or ‘bird condition” was considered in
the work of Reddish and Lilburn (2004), Renema et al. (1999), Dixson and
Teeter (2001) and Ciacciarello and Gous (2005). Finally a modelling approach
to describing the interaction of various parameters in determining broiler
breeder performance has been taken by Alvarez and Hocking (2007) and
Johnston and Gous (2007) in commercial layers. The latter approach may
eventually be able to make use of the vast amounts of data available from
commercial practice.

COMMERCIAL MANAGEMENT ADVICE

In order to describe and hence understand the process of the evolution of
industrial management advice, management guides for three years, 1976,
2001 and 2007, were examined. In Fig. 2.1A the suggested female body
weight profile was plotted for each of these three years. The shape of the body
weight curve was significantly altered between 1976 and 2001 but only the
absolute values changed in 2007. Target weights from 15 weeks to 30 weeks
increased significantly and continue to do so. A simple examination of the
target weights does not, however, tell the complete story in a way which is
relevant to the biological needs and behaviour of the birds.

If the rate of weight gain is examined (Fig. 2.1B) we see that there is an
initial sharp reduction in the weekly percentage increase in weight to about 10
weeks, followed by a level period to 20 weeks, after which there is a further
reduction in the rate of gain to 30 weeks. It is noticeable that in the 1976 data
the changes are somewhat erratic — a feature which would not be evident from
simple examination of the weight profile — and is not a natural biological
progression. Data from the 2001 and 2007 guides plotted in the same way
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show a much smoother progression, which it could be argued more closely
resembles a biological process. Furthermore, the weekly gains between 10 and
24 weeks are significantly greater and contribute to the desired sigmoid growth
curve. If the absolute weight at 24 weeks is ignored and changes are plotted as
a percentage of the 24-week target (Fig. 2.1C) then we can see more clearly
the change in the programme of weight control. In the recent guides the birds
achieve 50% of their 24-week weight at around 14 weeks as opposed to 9
weeks in 1976. The result of this is that the weight gain of the birds can
accelerate as they approach sexual maturity rather than decrease. Once again
a much more natural biological process is demonstrated. While only three
guides (years) were taken for clarity, the process described above has been
gradual and continuous since the late 1960s. For reference the expected
production performance is provided (Table 2.1), based on the actual data for
the top 25% of flocks. These data show an increase in broiler breeder
reproductive performance at all stages of production of 12% in total eggs, 15%
in hatching eggs and 6% in hatchability, giving an overall improvement of 20%
in total chicks per hen housed. Clearly the genetic and management changes
over this period of time have shown significant improvement in breeder
performance over the same time frame, in which there were considerable
advances in broiler performance. Thus the field and commercial experience
would now be at variance with the view of Siegel and Dunnington (1985)
gained from experimental data on selection experiments. The general
observations in this section would apply to each of the major broiler breeds
though absolute values and timings and the output parameters may not be
identical for all genotypes.

CHANGES IN PRODUCTIVITY

French (Chapter 12, this volume) has reviewed recent advances in incubation
research and practice, and the improvement in expected hatchability over time
has been noted above. Hodgetts (1991) provided data on hatchability
improvements in the UK from 1976 to 1988. This has been extended by
reference to data held by the major breeding companies supplying the UK
market and are reproduced in Fig. 2.2. The most significant improvements in
hatchability of broiler breeders occurred prior to 1990, with relatively little

Table 2.1. Expected performance taken from breeder guides which are intended to be
representative of the top 25% performance of current flocks.

Total eggs/hen Hatching eggs/hen Cumulative Total chicks/hen
housed housed hatchability housed
1976 154.6 144.8 80.4* 116.4t
2001 167.7 159.1 85.6 136.1
2007 173.2 166.6 85.2 141.7

* From Hodgetts (1991); T Calculated.
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improvement thereafter, with average hatchabilities ranging between 82 and
84%. This situation in the UK is similar to that reported for the period 1985 to
2005 for the industry in the USA (Schaal and Cherian, 2007). Hatchability
during this period ranged from 79 to 82% for broiler eggs. The authors
concluded that advances in nutrition, genetic selection and management of
broiler flocks during this time period for the top quartile of flock performance,
which ranges from 84 to 85%, might suggest that, if allowance is made for
fertility (of around 95% in these best flocks), and data are expressed as hatch of
fertile eggs set, then we are close to the biological potential for hatchability.
Further advances in hatchery practice may be limited to improving chick viability
and subsequent broiler performance. Applying this approach to the overall
performance of broiler breeders, as measured by chick numbers per breeder
female, and using field data from different countries and seasons indicate that
there is a remarkably similar variation about the average performance, with a
CV of about 6 in all situations (Table 2.2). This would indicate that there is
opportunity to improve breeder performance by reducing this variation
specifically by improving the poorer performing flocks. In almost all data sets
there is a skew towards the poorer performing flocks (Fig. 2.3), which provides
an opportunity for overall industry improvement. However, an indication of the
technical challenge this presents can be gained from the fact that from Table
2.1 we can see an improvement of 25.3 chicks in 31 years — an average of
0.82 chicks per year. If a production operation wished to advance more rapidly,
by say one more chick, then 20% of the 175 flocks represented in Fig. 2.3
would require an improvement of five chicks per breeder. Clearly this is a
significant task for any management or advisory organization.
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Table 2.2. Field data on the number of chicks per broiler breeder female housed (2004).

USA
Variable UK Japan Summer Winter
Number of flocks 175 232 58 55
Mean 131.4 145.5 130.7 131.0
SD 8.7 8.6 8.7 8.7
Ccv 6.6 5.9 6.7 6.6
60
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Fig. 2.3. UK data on chicks per broiler breeder female housed, indicating distribution of
flocks (n = 175) and area of opportunity for improvement (circled).

DISCUSSION

It is very significant that Waldroup et al. (1966) introduced their paper with the
statement ‘Poultrymen have long been seeking a method to alter the growth
pattern of both egg-type and meat-type pullets in an attempt to improve
performance during the laying period.” This is precisely the challenge for
effectively managing broiler breeding stock, a fact which has often been lost in
work which focused on feed restriction. This focus produced a part of the
solution but also a major part of the problems of management. Having decided
that the solution lay in restricting the birds’ feed intake, the focus in many
studies then moved from understanding the optimal growth pattern to a
relationship between feed restriction and production and health parameters.
There has been an evolution of management strategies from a process
which recognized the need for weight control initially beginning from 8 to 10
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weeks of age and progressing over time to have target weekly body weights
from hatch. The recommended body weight programmes were successful in
improving breeder performance but probably suffered from a broad
generalization that the problem of broiler breeders was that they tended to
overeat and become heavy and/or fat. Therefore the focus was on lowering
weights and restricting feed to control obesity. In practice it soon became clear
that variations in performance between flocks could often be explained by the
uniformity of individuals in the flock. Assuming there was an ideal target weight
to achieve sexual maturity then the more similar the individuals were in the
flock the easier it was to determine the time for photostimulation and the better
the resulting productivity. Initially uniformity and ultimately CV were included
along with average weight as a measure of flock condition. This approach gave
significant success, but it was then realized that uniformity of weight did not
mean uniformity of bird condition. A 2 kg bird could be tall and thin or short
and fat and was unlikely therefore to have a similar body composition and
suitability for stimulation into production. Fleshing and fat pad scores were
then introduced into management strategies, which also required uniformity of
the desired condition across the flock.

It is important to recognize and understand that, while the scientific
evidence may indicate distinct advantages for certain practices, in order for
them to be accepted and incorporated into routine management procedures,
they need to have a net economic benefit and/or be beneficial to the health and
welfare of the birds. When assessing the economic benefit of a management
practice, all input costs from the day-old chick through rearing and production
must be considered against the net output of saleable (usable) day-old chicks
per breeder housed. There must be enough interest or economic pressure to
have the practice incorporated into the management for a particular flock or
flocks and the result must be measurable and demonstrated to be beneficial.
Breeder flocks have a life of more than 1 year, and if the ultimate assessment
is on total egg or chick production or hatchability then there is essentially a lag
time of more than 1 year before a practice can be accepted. Thereafter practices
which are beneficial can gain rapid implementation within companies and from
there across countries. However, there are numerous examples of practices
which do not find expression in all companies or regions of the world due to
differences in fundamental breeder strategy or simple practicalities. Some of
the more labour-intensive practices, such as routine bird weighing and uniformity
assessment, were slow to be incorporated into the management of breeder
flocks in the USA, where almost all breeder farms are privately owned and the
time taken for these activities may not show a benefit to the individual concerned.
Equally in this example the consistency of feed manufacture and composition
in the USA is such that a reasonable standard of body weight control can be
achieved by controlling feed amount. Finally the practice of delaying flock
maturity (first light increase after 21 weeks) with the aim to have 5% production
at 25 weeks of age provides more opportunity for flock uniformity at the time
of photostimulation. The breeder farming system is based on the historical
availability of many farms and supply contracts which take account of this
management strategy. In Europe and many other areas of the world where
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most broiler breeder farms are company owned and/or farming space is
in short supply (and stocking densities are higher), the strategy would be to
have 5% production at 23 weeks of age, with first light stimulation before
21 weeks.

Breeder management strategies and techniques have evolved since the late
1950s, with some ideas originating in scientific studies gaining wide acceptance
and many being modified through field experience. Some ideas, although
theoretically promising, have failed to gain widespread use due to cost or
practicality or the management strategy being followed in a specific region or
time period. Nevertheless there has been a significant improvement in the
normal measures of reproductive performance of broiler breeders at the same
time as production, health and welfare aspects of their broiler offspring have
also increased.
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CHAPTER 3

Developments in Quantitative Genetics
and Genomics Relevant for Poultry
Breeding

P. Bijma and H. Bovenhuis

Animal Breeding and Genomics Centre, Wageningen University,
The Netherlands

ABSTRACT

Developments in genetics and genomics relevant for poultry breeding are
reviewed, focusing on the use of molecular information in breeding pro-
grammes and the potential for improving traits affected by social interactions
among individuals. QTL mapping studies have resulted in almost 700 QTL
for a wide variety of traits, showing that they have been successful. However,
few applications of marker-assisted selection in commercial poultry breeding
exist, mainly because evidence for the QTL is often not conclusive and
confidence intervals for QTL locations are large, making utilization in practice
difficult. Moreover, moving from QTL to causal mutation has been successful
only in a few cases. Thus, neither MAS nor selection for known genes will
greatly increase responses to selection in the near future. Genome-wide
selection (GWS), however, may offer a solution. Basically GWS is a method
to estimate breeding values. Simulation studies suggest that accuracies of
EBVs in the range of 0.7-0.8 are feasible. Tests of GWS on real data are
currently ongoing, and initial results are promising. The second section of
this chapter shows that social interactions create considerable heritable
variance that is hidden in classical analyses. Results show that social effects
contribute more than half of the heritable variance in mortality due to
cannibalism in laying hens, and in growth rate and feed intake in growing
pigs. We present statistical models and breeding strategies to utilize this extra
heritable variation for genetic improvement. Though social genetic effects
may not always be important or may be difficult to use in some cases, the
promising results observed in laying hens and pigs should be sufficient
incentive for further research in this area.
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INTRODUCTION

Poultry breeding has been very successful in both broilers and layers as outlined
in Chapter 1. Improvements have been large in production traits but smaller in
traits related to fitness. Fitness-related traits pose a difficulty because they have
lower heritability, are often more affected by environmental circumstances and
are more sensitive to genotype x environmental interaction between the breed-
ing and commercial environments. Two recently developed tools have the
potential to contribute significantly to the improvement of fitness-related traits:
first, the use of whole-genome marker-assisted breeding value estimation
(‘genomic selection’) and, second, the inclusion of social genetic effects in
breeding programmes.

Though molecular genetics has long been advocated, its contribution to
genetic improvement has been limited, partly because research has focused on
identifying quantitative trait loci (QTL). QTL are difficult to use operationally
because they have often been detected in experimental crosses; QTL frequency
and linkage phase change over time; and the number of essential QTL soon
becomes impractically large. Recently, emphasis has shifted to marker-assisted
breeding value estimation using dense maps covering the entire genome
(‘genomic selection’). In this approach, the sole objective is to maximize the
accuracy of estimated breeding values (EBVs). This approach has high potential
for breeding practice because marker information translates directly into EBVs
for selection candidates, data from commercial environments can be utilized for
estimating breeding values on candidates in the nucleus and application to
multiple traits is straightforward.

Social interactions among individuals have often been treated as environ-
mental noise. However, compared with the physical environment, social inter-
actions are more interesting because they may have a heritable component,
similar to maternal effects. Our results in layers and pigs show that social
interactions create considerable heritable variation that is hidden in classical
analyses. We present statistical models and breeding strategies to utilize this
extra heritable variation for genetic improvement.

UTILIZING MOLECULAR INFORMATION FOR GENETIC
IMPROVEMENT

In the last decade several genome-wide QTL mapping studies have been
performed in poultry. The aim of these studies was to identify chromosomal
regions associated with traits of interest. Recently Hocking (2005) and Abasht
et al. (2006) reviewed the findings of these studies. Abasht et al. (2006)
reported almost 700 QTL, of which approximately one-third was significant at
the 5% genome-wide level. QTL have been identified for a wide variety of traits
which are related to growth, egg production, disease resistance, behaviour and
metabolism. These reviews show that QTL mapping studies have been
successful in identifying chromosomal regions affecting quantitative traits in
poultry. In a number of cases, crosses between divergent breeds have been
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used, such as the cross between red jungle fowl and White Leghorn (Crittenden
et al. 1993) or the Sasumadorri and White Plymouth Rock cross (Tatsuda and
Fujinaka, 2001). In other cases the lines used were less divergent, such as a
cross between lines divergently selected from a common base (Yonash et al.,
2001, Siwek et al., 2003), or a cross between commercial breeds (e.g. Van
Kaam et al., 1998; Rabie et al., 2005).

Analyses contrasting chromosomal segments originating from different
lines are expected to detect genes that explain line differences. There has been
debate on whether QTL explaining between-line variation are the same as
those explaining genetic variation within lines. Because commercial lines have
been under intense selection for many generations, it has been argued that
QTL with important effects must have been fixed within lines. However,
recently de Koning et al. (2003, 2004) showed that several QTL identified in
experimental crosses of chickens are still segregating in a commercial population
of broilers. Pleiotropic effects on other traits might be an explanation for the
fact that these loci are still segregating in commercial broiler populations.

From QTL detection to utilization

It can be concluded that the QTL harvest after 10 years of mapping studies is
rich (Abasht et al. 2006). An obvious next step would be to utilize these findings
in commercial breeding schemes. However, to our knowledge very few (if any)
applications of marker-assisted selection (MAS) in commercial poultry breeding
exist. A number of reasons can be identified. First, most QTL mapping
experiments are not very large and will only detect genes of large effect; for
most QTL the evidence will not be conclusive. These suggestive QTL will need
to be verified in further experiments or by using the findings of other studies.
Abasht et al. (2006) report that in several cases QTL have been detected for
similar traits in similar chromosomal locations. Those confirmed QTL are ready
to be used in breeding schemes. However, traditional QTL mapping experiments
will give inaccurate information on the location of the causative mutation.
Depending upon the size of the experiment and the size of the mapping
population, confidence intervals are in the order of 20-50 cM. Therefore,
utilizing this information directly in a commercial breeding scheme is far from
trivial, because the linkage phase between markers and QTL needs to be
established within families. Further, the established linkage information is
subject to ‘inflation’ as a result of recombination between the marker(s) and the
functional mutation. Arthur and Albers (2003) concluded, therefore, that com-
mercial application of DNA genotyping will largely be through direct genotyping
for critical genes rather than for MAS. However, moving from QTL to causal
mutation (the quantitative trait nucleotide — QTN) is difficult and has only been
successful in a few cases, such as for IGF2 in pigs and DGAT1 in cattle
(Andersson and Georges, 2004). New developments like the chicken genome
sequence (Hillier et al., 2004) and the availability of the SNP map (Wong et al.,
2004), which makes it possible to genotype individuals using genome-wide
SNP assays containing over 20,000 SNPs per assay, will greatly contribute
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to identifying QTNs. However, some recent examples show that genetic
mechanisms underlying these traits might be complicated, e.g. the callipyge
mutation described by Takeda et al. (2006). This illustrates that even with the
availability of the chicken genome sequence and genome-wide SNP assays the
identification of QTNs is difficult. Further, the extent of linkage disequilibrium
in poultry seems to vary considerably between regions and between lines (Aerts
et al., 2007), which will affect the resolution of association studies in specific
lines or chromosomal regions.

We conclude, therefore, that neither MAS nor selection for known genes
will in the short term have a great impact on commercial poultry breeding.
Qualitative traits may be an exception. For example, there exists an association
between the FMO3 gene and fishy taint of eggs that can be used to identify
carriers and the defect subsequently eradicated from the population (Honkatukia
et al., 2005). The contribution of MAS and known genes to improvement of
true quantitative traits, however, will be limited for the near future.

There are, however, interesting opportunities for genome-wide selection
(GWS) as proposed by Meuwissen et al. (2001). GWS has become within
reach with the availability of genome-wide SNP assays. Basically GWS exploits
linkage disequilibrium between markers and QTL, so as to estimate breeding
values of selection candidates. By typing individuals for a dense set of markers
covering the whole genome and linking that information to phenotypic
measurements, the total genetic merit of related individuals without phenotypic
records can be predicted with accuracies in the range of 0.7-0.8 (Meuwissen
et al., 2001). Note that GWS does not attempt to identify genes or QTL
regions but simply estimates associations between chromosomal regions of
interest and uses these associations to predict breeding values of related indivi-
duals. In that sense GWS selection can be characterized as an improved Black-
Box approach. So far, GWS has only been tested using simulated data, and
several questions still need to be addressed, such as the number of markers
required and the need for re-estimation of associations in ongoing breeding
schemes. Tests of GWS on real data are currently ongoing and initial results
suggest that GWS may revolutionize poultry breeding.

Potential contribution of genomic information

Several studies have indicated that use of genomic information is expected to
contribute to traits that are difficult or impossible to measure on the selection
candidate, including sex-limited traits, which can only be measured late in the
animal’s life, or are of low heritability (e.g. Dekkers and Hospital, 2002). These
findings are general and apply to MAS, selection for known genes or GWS,
and are based on the general principle that genomic information is an informa-
tion source that does not rely on the availability of phenotypic observations.
For some traits, traditional selection using phenotypic information does an
excellent job and adding genomic information is not expected to make an
important contribution. An example is body weight in broilers, which can be
measured on both sexes, has a reasonable heritability and can be measured
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early in life. Consequently, traditional selection is very effective to improve
body weight. In contrast, a trait like resistance to ascites is much more difficult
to improve using traditional selection. Selection for ascites resistance can be
done by challenging relatives of selection candidates under cold conditions or
at high altitude, and recording the fraction that survive. Alternatively, indicator
traits like the ratio of right ventricular over total ventricular weight can be used.
However, this also requires that the individual is sacrificed and therefore traits
need to be recorded on relatives of the selection candidates rather than on the
selection candidate itself. Selection for ascites resistance is thus complicated
and expensive. New opportunities to reduce ascites by means of selection will
become available if genomic information is used. Pakdel et al. (2005) evaluated
the consequences of alternative selection strategies for body weight and resis-
tance to ascites in broilers using deterministic simulation. Alternative selection
strategies that used information on different ascites-related traits and the bene-
fits of using genomic information were quantified. Pakdel et al. (2005) concluded
that, by using information on QTL that explain only 5% of the genetic variance,
ascites could be controlled while still permitting considerable selection response
for body weight. An important advantage of having genomic information is
that the information is available on all the selection candidates, which makes it
possible to differentiate full sib individuals and thus facilitate selection within
families. Moreover, no birds need to be euthanized to measure ascites-related
traits. Similar arguments apply for the expected contribution of genomic infor-
mation in selecting, for example, for carcass traits, disease resistance or egg
production. We believe that, with the availability of genome-wide SNP assays
and by using genomic selection, new opportunities have become available to
selectively improve these types of traits.

SOCIAL INTERACTIONS AMONG INDIVIDUALS

Commercial chickens are usually kept in groups, ranging from groups of four
laying hens kept in cages, to groups of thousands of birds kept on floor systems.
The performance of birds may, therefore, depend not only on the properties
of the bird itself but also on (social) properties of other birds present in the same
group. A well-known example is mortality due to cannibalistic behaviour in
non-beak-trimmed laying hens (Muir, 2003). It is unlikely, however, that effects
of social interactions are restricted to cannibalism. Our first results in pigs, for
example, indicate that growth rate in pigs can be substantially affected by social
interactions, even in ad libitum feeding (Bergsma et al., 2008). In general,
other individuals kept in the same group are an important component of the
environment experienced by an individual. Social interactions may therefore
affect most traits of interest in commercial chickens.

From a breeder’s perspective, a social environment is fundamentally differ-
ent from a physical environment, because it may have a heritable component
(Wolf et al., 1998). In contrast to a physical environment, the social environment
experienced by birds can be improved by means of selection. Thus, when social
effects have a heritable component, the performance of birds can be improved
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by breeding birds that provide a better social environment to their group
members. With the exception of maternal effect models, however, classical
breeding theory does not incorporate heritable social effects. Thus there is a
need for extension of quantitative genetic theory. Generalization of quantitative
genetic theory is required to understand how interactions among individuals
affect performance and which selection methods are suited to improve traits
affected by social interactions. This involves both the development of basic
theory of inheritance and response to selection, and the development of
methodology to estimate the genetic parameters of socially affected traits in
real populations.

Here we summarize the basic theory presented in Muir (2005), Bijma et al.
(2007a,b) and Ellen et al. (2007), and discuss implications and extensions
relevant for poultry breeding. The focus will be on translating the basic results
into terms familiar to animal breeders, such as accuracy of selection and additive
genetic variance in trait value.

Theory of the genetics of social interactions

Model

Consider a population consisting of many groups of n birds each. Social
interactions occur among birds within a group and affect phenotypic values of
birds. The phenotypic value of a bird will be the sum of a direct effect due to
the individual itself and the social effects of the n — 1 other birds kept in the
same group. Both the direct effect and the social effect may be decomposed
into a heritable component, A, and a non-heritable component, E. The
observed phenotypic value of each individual, therefore, is the sum of the direct
breeding value and direct environmental effect of the individual itself, and the
summed social breeding values and social environmental effects of its n — 1
group members:

P =Ap,+Ep,+Y As;+ > Eg, (3.1)

i=j i=j

In Equation 3.1, Ap; is the direct breeding value (DBV) of individual i, and
As,; the social breeding value (SBV) of its group member j. The DBV is
equivalent to the classical breeding value, whereas the SBV is a generalization
of a breeding value for maternal effect. The E},; and Eg jare the corresponding
non-heritable effects (‘environment’).

Response to selection

The DBV and SBV represent the heritable components underlying phenotypic
trait values. Thus response to selection will depend on improvement in both
DBVs and SBVs. The relative impact of DBVs and SBVs on response to
selection follows from decomposing the overall population mean into a mean

direct effect and a mean social effect, P = —ZP P +(n- 1)Ps, where
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averages are taken over m individuals, m denoting population size. Total genetic
response per generation, therefore, equals the increase in the DBV (AA)
plus (n — 1) times the increase in the SBV (AAq ):

AP = AAp +(n—1)AAg (3.2)

This result shows that social effects should be weighted by group size minus
one. The (n—1)AAg in Equation 3.2 represents response to selection in the
social environment that individuals experience.

In classical breeding theory, response to selection equals the change in the
(direct) breeding value per generation (Lynch and Walsh, 1998). With interaction
among individuals, however, response contains a component due to SBVs
(Equation 3.2). We therefore generalize the definition of breeding value to
incorporate both direct and social effects, and define a total breeding value:

TBV, = DBV, + (n — 1)SBV, = A, +(n—1)Aq, (3.3)

Analogous to classical theory, response equals the change in TBV per
generation, and the TBV replaces the usual breeding value. This result shows
that, with social interactions among individuals, the total breeding value of a
bird will depend on group size (n). Note that the social component of the TBV
of an individual is expressed not in the individual itself or in its offspring, but in
the phenotypes of their group members.

In addition to a total breeding value, we can also identify the total heritable
variation in the trait. Due to social interactions, the total heritable variation that
is available to generate response to selection will differ from the usual (direct)
additive genetic variance. Analogous to classical theory, the total heritable
variation is the variance of TBVs among individuals:

0'72-8‘/ = Var[ADyi =+ (n 71)A8,i] =
ofgy =04, +2n—Dos  +n—1%05 (3.4)

Analogous to the usual 03, the o%g,, measures the potential of a trait to
respond to selection. For example, an efficient breeding scheme can generate
a response to selection of approximately one genetic standard deviation.
Hence, for traits affected by social interactions, the standard deviation of TBVs,
o1y, is @ measure of the amount of response that can be generated. The term
0, in Equation 3.4 corresponds to the additive genetic variance in classical
theory. The term (n—])zaf\s shows that the presence of heritable social
interactions can substantially increase total heritable variation. This may explain
the rapid responses observed with group selection (e.g. Muir, 1996). Essentially,
the term (n—1)° Jf\s represents the heritable variation present in the social
environment. The term 2(n—l)oADs in Equation 3.4 shows that a negative
genetic covariance between DBVs and SBVs (o ADs) reduces the total heritable
variation. With negative o Aps? individuals with positive breeding values for their
own phenotype (DBV) have, on average, negative social effects on the
phenotypes of their group members (SBV). Thus negative o, = may be
interpreted as ‘heritable competition’. Heritable competition, therefore, reduces
the total heritable variation and thus the potential of the trait to respond to
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selection. In contrast, heritable cooperation (o Aps > 0) increases the total
heritable variation.

In stark contrast to classical theory, the total heritable variation in a trait
can be larger than the phenotypic variance in the trait, i.e. Var(TBV) > Var(P).
It follows from Equation 3.1 that, when groups consist of unrelated individuals,
the phenotypic variance equals Var(P) = aiD + 0’[2_:D + (n—l)(aﬁS —i—aés). In
that case, a population contains a heritable variation which is greater than the
observed phenotypic variance. Social interactions, therefore, result in hidden
heritable variation. The reason that the total heritable variation is not observed
in the phenotypic variance is because the TBV of an individual is distributed
over multiple phenotypes. The total social effect of individual i, (n — 1)A s, isnot
expressed in a single individual, but each of the n—1 group members of
individual i receives an amount Ag ;. The total effect, therefore, does not surface
in the phenotypic variance but is hldden to direct observation. In other words,
in the classical case P, = A, + E,, so Var(A) < Var(P) and h? < 1, whereas with
social interactions P, # TBV, + E,, so there is no need for Var(TBV) < Var(P).
Our preliminary results in pigs indicate that, in a real population, the heritable
variance may indeed exceed the phenotypic variance. As a consequence,
response in traits affected by social interactions can be very large when
compared with the phenotypic standard deviation of the trait. This agrees with
the very large responses that have been observed in some selection experiments
(Muir, 1996). Prospects for genetic improvement of traits affected by social
interactions may, therefore, be substantially better than currently perceived.

Selection methods

The analysis above has shown that social interactions create additional heritable
variation. However, this additional heritable variation may not be utilized to the
full by classical selection strategies, such as mass selection or selection based on
sib information. Improvement of traits affected by social interactions, therefore,
may require modification of our selection methods. Analogous to classical
theory, the response for each selection strategy may be expressed as the
product of intensity, accuracy and genetic standard deviation:

AG = ipO'TBV (35)

in which p is the ‘accuracy of selection’, which is the correlation between the
selection criterion and the TBV of the selection candidate. Below we present
accuracies for mass selection, group selection and sib selection schemes. In all
cases, the individuals that provide the information for selection are kept in
groups of n members but the selection criterion may differ.

Mass selection

With mass selection, individuals are selected by truncation based on their own
phenotypic record only. For traits affected by social interactions, accuracy of
mass selection equals (Ellen et al., 2007):
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04, +n=Dos  +rin—Dos +n—DoZ ]
Pmass = ’

(3.6)

OTBVOP

This result shows that, in contrast to the classical case, accuracy of mass
selection depends on relatedness, r, between birds in a group. When groups

2
JAD +(n71)O'ADS

consist of unrelated birds, r = 0, Equation 3.6 reduces to p,,,.c =
OT1BVIOP

The numerator of this expression, aiD +(n—Yo, ., can take negative values
when direct and social effects have a negative genetic covariance, o aps < 0.
(A negative o, indicates that individuals that have positive direct breeding
values have, on average, negative social breeding values.) As a consequence,
the accuracy of mass selection can be negative, meaning that the population
will respond in the opposite direction to that of selection. What happens in this
case is that mass selection yields a negative correlated response in social effects,
which exceeds the direct response in absolute value, leading to a negative net
result, |(n —1)AAg| > AAp . In other words, due to negative correlated response
in the social effect, mass selection may lead to increased competition, annulling
the increase in the direct effect. This theoretical result is in line with empirical
results of mass selection against mortality due to cannibalism in laying hens
(Muir, 1996).

Equation 3.6 shows that an increase in relatedness between group members
moves the accuracy in a positive direction. For example, with full relatedness,

2 2 2
o4 +2ln—2No, +(n-10c
r = 1, the accuracy equals p,. = A Bos s

5 OTBVOP
o o ) .
TBV _ _ ZIBV  This result is an analogy of the usual accuracy of mass
91BVOP op

selection, which equals the square root of heritability, h = ¢,/op, and is always
positive. Thus, a breeding strategy to counteract an increase in competition is
to keep individuals in groups consisting of relatives, e.g. full sibs, which was
originally proposed by Griffing (1976).

Group selection

In group selection, the entire group of individuals is either selected or rejected
as a whole, based on mean performance of individuals in the group. Thus
selection is by truncation among groups, and the selection criterion is mean
group performance, P,,- The accuracy of group selection (Ellen et al., 2007)
equals:

_ [(n—Dr+ l]UTBV (3.7)

Pgrp

This result shows that the accuracy of group selection is always positive,
because both the numerator and denominator of Equation 3.7 are positive.
Moreover, the accuracy increases with increasing relatedness among group
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members, because the numerator of Pgrp IS higher, although it also increases

op but to a lesser extent. Thus selecting between groups and using groups
arp

composed of relatives are breeding solutions to prevent negative response due
to increased competition.

Sib selection

The use of sib information is common in poultry breeding. This section
investigates response to selection based on sib information, using two different
strategies. First, selection based on mean performance of sibs (P, ) kept in
groups of unrelated individuals. For example, selection based on mean
performance of 20 full sibs kept in 20 distinct groups, in which the group
members of a particular full sib are unrelated to the full sib. Second, selection
based on mean performance of sibs kept in family groups. For example,
selection based on mean performance of 20 full sibs kept in five distinct groups,
each consisting of four full sibs.

The accuracy of selection when using sib information coming from groups
of unrelated individuals equals:

rlod + (n=2o, 1
Puibs = —22. Aos (3.8)
OTBVO B

sibs

in which r is the additive genetic relatedness between the candidate and its sibs.
The numerator of this expression is proportional to that of mass selection with
unrelated groups (Equation 3.6), and thus the response shows the same pattern.
The accuracy takes negative values when aﬁD + (n—l)aADs < 0, which may
occur when direct and social effects have a negative genetic covariance,
04, <0. This result shows that selection based on sib information, coming
from groups of unrelated individuals, may lead to an increase in competition
that exceeds the direct response, yielding a negative net response.

The accuracy of selection when using sib information coming from groups
composed of related individuals is an analogy of the classical accuracy for traits
not affected by interactions among individuals. Without interactions among
individuals, the accuracy of sib selection is given by p = rh/ t+Q—t)/ N, in
which r is relatedness between the candidate and its sibs, h the square root of
heritability, ¢ the intraclass correlations between the sibs, t =rn,_ h® with Tor
denoting mutual relatedness between the sibs, and N is the total number of
observations (Falconer and Mackay, 1996). For example, when using a group
of full sibs that are half-sibs of the candidate, i.e. a group of descendants of the
sire of the candidate but of a single other dam, r = Ya and r, = Y. With social
interactions and groups composed of related individuals, accuracy is an analogy
of this classical expression (Ellen et al., 2007):

SR i/ E— 3.9
T /N >
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In Equation 3.9, 7 is an analogy of the square root of herltablhty and Tis
an analogy of the 1ntraclass correlations between sibs. The 7? = o%gy, / 0Tpy
and 7=rn,7° in whlch o2gy is the total heritable variation in trait value
(Equation 3.4) and UTPV is the variance in total phenotypic values of individuals,
TPV, = (Ap,; + Ep;)+(n—1(Ag; + Es;). The TPV, represents the total
phenotypic effect of a bird on the trait values of its group (including itself), of
which an amount (Ap; +Ep;) is expressed in its own phenotype and an
amount (Ag; +Eg;) in the phenotypes of each of its n — 1 group members.
(Note that the TPV differs from the observed phenotypic value of an individual.)
Analogous to Equatlon 3.4, the variance of total phenotypic values is given by
ofpy = (04, +0f ) + 20—Wou, +op ) + (n=D*(05 +0F,).

Investlgatlon of Equation 3.9 shows that the limiting accuracy when using
information of a large number of sib groups is identical to that in the classical
case. For large N, the accuracy approachesr / \/r?r , which equals 0.5 for half-
sib information, 0.71 for full sib information and 1 for progeny information.
These values are the same as for classical selection based on sibs in the absence
of social interactions. Equation 3.9, therefore, shows that accuracies for traits
affected by social interactions can be similar to accuracies for classical traits.
The key issue is that the sibs need to be kept in family groups. For example,
when 16 half-sibs are available and cages consist of four birds, four cages of
four birds each should be used; the 16 half-sibs should not be distributed over
16 cages each, in addition, containing three unrelated birds.

Parameter estimation

The selection methods described above can be applied without knowledge of
the genetic parameters. Without this information, however, it is unclear whether
those selection strategies are needed at all and what the expected response to
selection is. Moreover, most applied breeding programmes make use of BLUP
for estimating breeding values, which requires knowledge of the genetic
parameters. Thus there is a need to estimate the following genetic parameters:
the direct genetic variance, O'AD, the covariance between direct and social
effects, 0, ; and the additive genetic variance in social effects, O'A These
parameters can be estimated by extending the usual mixed model equatlons, in
a manner similar to estimating maternal genetic effects. This results in the

following model (Muir, 2005; Bijma et al., 2007b):
y=Xb+Zpap +Zgag +e, (3.10)

in which y is the usual vector of observations, Xb the fixed effects, Z a,, the
(direct) additive genetic effects and ap, is a vector of DBVs, with incidence
matrix Z, linking phenotypic values of individuals to their DBV. The Ziag
represent the social additive genetic effects: ag is a vector of SBVs, with
incidence matrix Zg linking phenotypic values of individuals to the SBVs of
their associates. When considering four bird cages, for example, the Z, has a
one at the position of the individual producing the record, and the Zg has three
ones, one for each cage member of the individual producing the record. The
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a
covariance structure of the random genetic terms is: Var al= C®A , where
2 S
0a, OApg . . . .
C= , A is the relationship matrix, and &® denotes the Kronecker
JADS UAS

product of matrices. (Note that the element v, of y in Equation 3.10 corresponds
to P, in Equation 3.1.) Thus, analogous to a maternal effects model, Equatlon
3. 10 is a bivariate model involving the estimation of two variances, ¢4 , and
o4 g and a single covariance, 0 4

The residual term of Equatlon 3.10 requires special attention. Because
social interactions may have a non-heritable component, denoted Eg in
Equation 3.1, records of group members will be correlated for non-genetic
reasons. Such non-genetic correlations between group members need to be
accommodated in the model, to avoid biased estimates of the genetic para-
meters. It follows from Equation 3.1 that the non-genetic covariance between
phenotypic values of group members equals 20p +(n— 2)oE , and that the
residual variance is o2 = O’E +(n l)aE Residuals of group members,
therefore, have ~a non- genetlc correlation  equal to Pe =
20p, +(n— 2ok ]/[GE-D +(n ].)O'E ] Depending onog JE and n, thls
correlation may take either positive or negative values. The w1th1n -group non-
genetic correlation creates an overall residual covariance structure that is block
diagonal:

Var(e) = Ro2, (3.11)

e

with R, = 1, R;=p, when i and j are in the same group, and R;=0 when i
and j are in dlfferent groups.

This structure can be fitted in ASREML using the CORU statement in the
description of the R-structure (Gilmour et al., 2002). Assuming independent
residuals instead of correlated residuals may severely bias the estimated genetic
variance components. Analysis of both simulated and real data show that using
Var(e) = Iaf , instead of Equation 3.11, may yield genetic variance components
that are overestimated by as much as 200-300% (Bijma et al., 2007b).

With large group size (n), the residual correlation is likely to be positive due
tothe termo (n —2) aés in the residual covariance. When the residual correlation
is positive, an equivalent but simpler solution is to fit a random group effect
instead of a correlated residual. It follows from Cov,,,. = Var,, ... that the
between-group variance, i.e. the variance of the random group effect, equals

smup = 20, +(n— 2)o% . When the residual covariance is posmve both
models are equivalent and their relationship is given byp, = gmup / a2.
Analysis of both simulated and real data shows that both models vield identical
estimated genetic parameters and an identical likelihood (unpublished results).
When groups are of equal size there is no information in the data to separate
og, from o . A random group effect or a residual correlation can be
estimated, but their causal components cannot be identified. In most cases this
will not be important because the major interest is in estimating the genetic
variances without bias, not in the non-genetic parameters.
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Varying group sizes

In our model, each individual has a social effect on each of its group members.
Hence, the total social effect originating from individual i equals (n ZDAS ., and
the total heritable variation has a term(n — . If the magnitude of ASI is
independent of group size, then the total herltable variation is infinite for large
n, which is clearly not realistic. It is hkely that the social breeding value, Ag
and the social genetic variance, o4 Ag: w1ll become smaller when group size
becomes larger. As a consequence, the 025y as given by Equation 3.4 apphes
to a specific group size. For other group sizes, the values of o Aps and o A May
be different. A more general formulation of Equation 3.4 would therefore be
oipy = J%D +2n—Yoy n + (n 1)20% , which makes exp11c1t that o,
and ai are functions of group size. When 04, and o5 A are decreasmg
functions of group size, the o2, increases less with group size than suggested
by Equation 3.4.

The dependency of o Aps® UZAS and o4, on group size may be interpreted
as a kind of genotype x environment (G x E) interaction, meaning that the
ranking of individuals will depend on group size. Extrapolation of estimates
obtained from a specific group size to populations with different group sizes will
require knowledge of the relationship betweeno Aps? Uis and n. That
relationship may be non-linear, or differ among traits, and needs to be
established empirically. For example, when the trait of interest is mortality due
to cannibalism in four bird cages versus eight bird cages, there may be little
dependency of 04, and ais on n. This is because a single individual has
sufficient opportunity to Kkill all group members since their number is limited.
The situation is different, however, when comparing four bird cages with floor
systems with thousands of birds. In that case, a single bird can never interact
with all others. Thus, for mortality due to cannibalism, UZAS may be fairly
independent of group size as long as groups are not too large and then decrease
with group size as groups become larger.

When data contain a single group size, there is no need to consider the
relationship between 0'124 and group size when analysing data. The estimated
UZA simply applies to the group size con51dered When data contain groups of
dlfferent size, the relationship between o2 s and group size can be investigated
using random regression models (Hadfield and Wilson, 2007). In such models,
the social effect of an individual can be modelled as a polynomial function of
group size, e.g. using an intercept and a term linear in group size (‘slope’). In
this case, however, the use of random regression models is a complex solution
to a simple problem. A random regression model allows the social effect of
each individual to have a different sensitivity to group size, whereas the main
requirement is for 0124 to depend on group size. A much simpler solution is to
weight the Ag in the model by a function of group size, and find the function of
group size that best fits the data (e.g. Arango et al., 2005). This involves
estimating a single additional fixed effect only. For example, when individuals
compete for a fixed total amount of resources, one may evaluate a model in
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which social effects are inversely proportional ton-1;

P =Ap,+Ep;+ ZASJ +ZESJ , in which n, is the size of the

n; i=j i=j
group of 1r1d1v1dual i Ir1 this case the total heritable variation is independent of
group size; o4gy = 04 A, T204, + o4 % for any value of n.

The variance components for social effects, o5, and O'A , may not be
estimable in all data structures occurring in practice. The o,  and O'A are
estimable when groups are composed at random with respect to famlly but not
when groups are entirely composed of full sibs or half-sibs. In poultry breeding,
family cages are often used to record egg production traits in recurrent tests.
Unfortunately, such data cannot be used to estimate o, _and ais, and there
may be a need for additional data collection in order to estimate them. Note
that the data structure required for variance component estimation differs from
that required for efficient selection without knowledge of the genetic parameters.
When genetic parameters are unknown, socially affected traits can be improved
efficiently by using groups composed of family members (see section Selection
methods). However, data on family groups cannot be used to estimate genetic
parameters.

DISCUSSION

This summary of theoretical analyses and early results suggests that social
effects are potentially very relevant for poultry genetic improvement. This is
most clear from Equation 3.4, which shows that social interactions may
contribute substantially to the heritable variation in trait values. Whether or not
social interactions are of interest to poultry breeders will depend on the trait
considered and on the environment in which birds are kept. Results on mortality
in non-beak-trimmed layers kept in four-bird cages illustrate the relevance of
social genetic effects in that situation (Bijma et al., 2007b). In that study, two-
thirds of the total heritable variation in survival days originated from social
effects. Our preliminary results in pigs indicate that social genetic effects are
important for growth rate and feed intake. In contrast, results of Arango et al.
(2005, 2006) indicate that social genetic effects may be difficult to estimate and
not deviate significantly from zero. At present there is little knowledge of the
importance of social genetic effects in livestock genetic improvement. In cases
where groups are large, such as in broilers, it will be difficult to estimate genetic
parameters. One solution for such cases would be to invest in data collection
on a large number of smaller groups. This would, however, require substantial
investment, and social effects in smaller groups may not correspond accurately
to those in larger groups. A small-scale selection experiment, in which small
groups are used for selection and results are evaluated in larger groups, might
be more promising. Though social genetic effects may not always be important
and may be difficult to use in some cases, the promising results observed in
layer chickens should be sufficient incentive for further research in this area.
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CHAPTER 4

Genetic Modification of the Chicken: New
Technologies with Potential Applications in
Poultry Production

Helen M. Sang

The Roslin Institute and Royal (Dick) School of Veterinary Sciences,
University of Edinburgh, UK

ABSTRACT

The ability to genetically modify any organism provides a powerful tool with
many applications both in contributing to basic science and with the potential
for practical applications. The development of methods to genetically modify
the chicken has only recently made significant advances. We have shown that
gene transfer vectors derived from lentiviruses (for example HIV) can be used
to introduce transgenes with high efficiency. The efficiency of the production
of founder transgenic birds relates to the titre of the vector that is produced. We
have efficiencies ranging from 100% to approximately 10%, with transmission
through the germline from the founder transgenic cockerels ranging from 45
to 0.2%. Transgenes introduced using lentiviral vectors are stable through
several generations and transgene expression is also maintained, in contrast to
transgenic birds generated using retroviral vectors. A second new method for
production of transgenic chickens, involving long-term in vitro culture of pri-
mordial germ cells (the precursors of the gametes), has recently been described.
This approach has significant potential as the basis for sophisticated methods
for genetic modification of chickens.

We are using this technology in a range of applications. Transgenesis can
be used to develop very useful tools for the study of development in chick
embryos and to investigate the function of genes thought to regulate develop-
ment. Gene function is often investigated by knocking out a gene and we are
developing the use of lentiviral vectors to deliver microRNA(miRNA)-expression
constructs to knockdown the expression of specific target genes. One application
of this technology is to express miRNA constructs to knockdown specific
mRNAs of viral genes to interfere with viral replication or investigate function
of viral genes during the course of infection. The potential to utilize the protein
synthetic capability of the laying hen’s oviduct to synthesize human therapeutic
proteins was proposed many years ago. We have shown that regulatory
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sequences from the ovalbumin gene can be used to direct expression of three
candidate human therapeutic proteins in a tightly tissue-specific manner.

INTRODUCTION

A significant tool has been missing from the armoury available to understand
the genetic mechanisms involved in development and growth of poultry. This
has been the ability to genetically modify the chicken. Transgenesis has been
shown in many studies of the mammalian paradigm, the mouse, to be a very
powerful tool in analysis of gene function. Now that the chicken genome
sequence is available (Hillier et al., 2004) we have many possibilities for
applying transgenesis to the study of gene function in the chicken, in basic
biological studies but also in understanding the function of genes involved in
production traits, for example the genes involved in innate and acquired
immunity. Transgenesis is not only a useful tool for studying gene function but
it can also be used to introduce novel and/or artificial genes into the genome.
This technology has been exploited by the plant breeding industry to generate
new traits, for example herbicide resistance or for the expression of proteins
that are toxic to insect pests. The lack of a robust technology for the genetic
modification of the chicken has meant that the investigation of gene function
has been limited and that novel genetic alterations to the chicken genome with
possible applications for the breeding industry have not been possible.
Significant advances towards developing transgenesis in the chick have been
made by a small number of research groups (reviewed in Zajchowski and
Etches, 2000; Sang, 2004). These results have underpinned the recent
successful development of two methods for genetic modification of the chicken:
the use of lentiviral vectors and the in vitro culture and genetic manipulation of
primordial germ cells. These methods will greatly facilitate the study of produc-
tion traits in poultry and also, more controversially, enable the generation of
birds carrying novel traits generated by genetic modification.

LENTIVIRAL VECTOR TRANSGENESIS

The earliest reports of generation of transgenic chickens involved the use of
vectors derived from avian retroviruses (Salter et al., 1987; Bosselman et al.,
1989). These studies were of limited success because the frequency of produc-
tion of transgenic birds was low and the transgenes introduced using these
vectors were not reliably expressed. These vectors have continued to be used
to a limited extent for the production of transgenic birds (Harvey et al., 2002)
and in the very useful RCAS (replication-competent ASLV long terminal repeat
with a splice acceptor) vector system for analysis of short-term transgene
expression in embryos (Hughes et al., 1987). A more recent advance in the
use of viruses as gene transfer vectors has been the development of vectors
from the lentivirus class of retroviruses. Transgenic mammals have been pro-
duced with high efficiency using vectors derived from human immunodeficiency
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virus (Hofmann et al., 2003; Whitelaw et al., 2004) and reliable tissue-specific
expression of transgenes seen after germline transmission (Lois et al., 2002).

We tested the efficiency of production of germline transgenic birds using
vectors derived from the lentivirus equine infectious anaemia virus (EIAV)
(McGrew et al., 2004). Reporter transgenes were cloned into an EIAV vector
genome and concentrated virus produced by transfection of tissue culture cells
with the vector and plasmids expressing the viral proteins required for assembly
of viral particles (Fig. 4.1). The EIAV vectors are self-inactivating, minimal
vectors that have been developed for human gene therapy and which are
incapable of generation of viral particles once integrated into the host genome.
The vectors we used were pseudotyped with vesicular stomatitis virus
glycoprotein (VSV-G), which facilitates infection of cells of a wide range of
types from most species. The packaged virus was concentrated to a titre of
107-108 TU/ml and 1-2 ul of viral suspension injected into the subgerminal
cavity below the embryonic disc of embryos in newly laid eggs. The eggs were
cultured using the method for chick embryo culture that we had described
previously (Perry, 1988), resulting in 27% of the manipulated embryos develop-
ing to give healthy hatched chicks. These experiments generated 12 cockerels,
ten of which were shown to be germline transgenic by breeding with stock
hens. These cockerels transmitted the vector to between 4 and 45% of their
offspring. We showed stable transmission of the integrated vectors from the G,
to the G, generation, establishing that we could set up transgenic lines from the
G, generation. Examination of expression reporter gene constructs, carried by
the EIAV vectors, showed a conserved expression profile between individuals
and maintenance of expression from one generation to the next. This study
demonstrated that lentiviral vectors can be used to generate transgenic chickens
with high efficiency and with no detectable silencing of the expression of
transgenes introduced into the genome using these vectors.

The report described above involved the use of transgenes whose expression
was driven by a viral enhancer/promoter, resulting in transgene expression at
differing levels in some tissues and no detectable expression in others. Ubiquitous
transgene expression driven by the mouse phosphoglycerol kinase promoter
was described in transgenic chickens generated using an HIV vector (Chapman
et al., 2005). For many applications of transgenesis it will be important to
direct expression of transgenes to specific tissues. This has been demonstrated
in quail (Scott and Lois, 2005), where an HIV vector was used to generate
transgenic birds with a transgene consisting of the human synapsinl promoter
driving expression of green fluorescent protein (GFP). GFP was detected only
in neurons and expression was consistent from one generation to the next.

A potential application of transgenesis in the chicken that has been dis-
cussed is the production of therapeutic proteins in the eggs of transgenic hens
(Lillico et al., 2005). There are an increasing number of therapeutic proteins
in development, which are produced in industrial bioreactors. These systems
are very expensive to establish and run, and the potential for using transgenic
animals as bioreactors, with the possibility of producing high-quality, post-
translationally modified proteins, is already advanced, for example in the use of
transgenic goats to produce therapeutic proteins in the mammary gland. The
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Fig. 4.1. Production of transgenic chickens using lentiviral vectors. A. A transgene is inserted
into a minimal virus vector genome. B. The vector is cotransfected with plasmids encoding
essential viral proteins into tissue culture cells, the culture medium harvested and packaged
viral vector particles concentrated by centrifugation. C. The concentrated viral vector
suspension is injected into the embryos of newly laid eggs. D. The eggs are cultured using an
open shell culture sytem to hatch. E. Hatched chicks are screened to identify chimeric
transgenic birds and at sexual maturity are bred to generate transgenic and non-transgenic
chicks. F. The G1 chicks are screened to identify transgenic birds, which are then bred to

establish transgenic lines for analysis.
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basic strategy that is proposed is to target expression of a therapeutic protein
to either the yolk or white of the egg, from which it will be extracted to produce
a purified drug. We have demonstrated that this approach is possible by using
regulatory sequences of the ovalbumin gene, the major egg white protein, to
direct expression of two model therapeutic proteins to the oviduct of laying
hens, using EIAV vectors to generate the transgenic hens (Lillico et al., 2007).
The expression of the proteins is tightly regulated to the magnum of the oviduct,
confirming that tissue-specific expression can be achieved using lentiviral vector
transgenesis.

CELL-MEDIATED TRANSGENESIS

The derivation of mouse embryonic stem cells (mMESC) and the demonstration
that they can be genetically modified in vitro, including modification of endo-
genous genes, followed by generation of transgenic mice from the modified
cells by their incorporation into chimeras, has been an enormously powerful
tool in the study of gene function in mice. Significant advances have been made
in the culture of cells from the blastodermal stage of chick embryo development,
which have many phenotypic characteristics in common with mESC, and
which are described as chick embryonic stem cells (cESC) (Pain et al., 1996).
However, when these cells are introduced into blastodermal embryos they
contribute to all somatic tissues but do not contribute to the germline. This has
been tested extensively in experiments in which cESC have been introduced
into blastodermal embryos that were irradiated to increase the contribution to
chimeras of the cESC. Even though many of the chimeras were over 50%
derived from the cESC, none showed germline transmission from gametes
derived from the cESC (van de Lavoir et al., 2006a). This restricts their use as
a route to transgenesis, using genetically modified cESC, to the study of
chimeric birds. This can be useful, as shown by the expression of a monoclonal
antibody as a component of egg white in chimeric hens generated using cESC
carrying a transgene incorporating ovalbumin regulatory sequences driving
expression of the two chains of a monoclonal antibody (Zhu et al., 2005).
Significant efforts have been focused at targeting primordial germ cells
(PGC) as a route to modification of the chicken genome (D’Costa et al., 2001).
At about 2-3 days of incubation, PGC migrate from a region outside the
developing embryo through the circulatory system to the developing gonads. It
has been shown that PGC can be transferred from one embryo to another and
generate functional gametes in the recipient bird. It has proved difficult to
isolate primary PGC, genetically modify them in vitro and generate transgenic
birds after their transfer to recipient embryos. Recently a method has been
described for long-term culture of proliferating PGC, isolated from this migratory
phase of their development (van de Lavoir et al., 2006b). This method facilitates
the genetic modification of PGC in culture and allows the selection of cells
carrying desired changes prior to their recovery through the germline by
transfer to recipient embryos. This exciting development opens up the possibility
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of making complex genetic modifications to the chicken, including gene knock-
out and other forms of targeting of changes to the chicken genome.

FUTURE APPLICATIONS OF TRANSGENIC TECHNOLOGIES

The two methods outlined above, lentiviral vector transgenesis and transgenesis
using cultured PGC, are much more efficient than previously described methods
for the generation of transgenic birds. Both methods have particular strengths
and weaknesses but their availability makes consideration and testing of many
applications of transgenesis in poultry possible. Lentiviral vectors are limited in
the size of transgene they can deliver and currently cannot be used to target
endogenous genes. They are easy to develop and a single construct can be
used to generate transgenic birds in any genotype by injection of fertile eggs
from a chosen breed. The use of primordial germ cells requires more sophisti-
cated cell culture expertise and would require significant efforts to establish cell
lines from different genotypes, but they can be transfected with transgenes of
possibly unlimited size and the technology and expertise will be developed to
allow gene knockout by homologous recombination and further sophisticated
modifications of the endogenous genome.

These technologies will have many applications in basic biology, probably
limited mainly by the cost of such experiments. They also allow development
of genetic modification strategies that could be introduced into commercial
poultry breeding programmes. These could involve simple overexpression of
growth factors, for example to increase growth rate, but this sort of approach
has not been successful in other farm animal species as there are associated
negative effects on the phenotype (Pursel et al., 1997). More sophisticated
approaches are likely to be more successful. For example, knockdown of
expression of myostatin, a negative regulator of muscle growth, may result in
increased muscle and lower fat, as seen in natural mutations in myostatin in
cattle (Grobet et al., 1997). This knockdown could be achieved either by reduc-
ing expression of the myostatin gene by a targeted mutation or by expression
of a short interfering RNA expressed from a transgene based, for example, on
the microRNA (miRNA) knockdown approach (Das et al., 2006).

The use of RNA interference to deplete a target mRNA has also been
proposed as a novel method for introducing resistance to viral diseases. The
suggested strategy is to express short interfering RNAs (siRNAs) that will block
expression of target viral genes using a transgenic approach (for example by
introduction of transgenes that encode miRNA genes) designed to target con-
served sequences within the viral mMRNA (or genomic RNA) sequences. This will
lead to degradation of the targeted viral mRNA, and, if the targeted mRNA
encodes a gene required for viral replication, viral replication and therefore
productive infection will be reduced or blocked. The potential of this approach
for blocking avian influenza virus replication has been demonstrated by introduc-
tion of siRNAs into embryonated eggs and reduction in influenza virus replication
(Ge et al., 2003). A further approach to blocking viral infection is the possibility
of using intracellular interference by expression of a protein that will act as a
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dominant negative inhibitor of viral infection. This approach has been modelled
by Gonzalez et al. (2005) for replication of infectious bursal disease virus (IBDV)
in tissue culture cells. They demonstrated that expression of a mutant version
of the VP3 viral structural peptide effectively interfered with the IBDV replication
cycle. This approach could easily be adopted by making transgenic birds that
express the interfering protein and subsequently testing the effectiveness of
blocking IBDV infection in commercial poultry.

The above examples illustrate that there is significant potential for pro-
duction of disease-resistant poultry using genetic modification. As robust tech-
nologies are now in place these approaches can be evaluated. The remaining
challenge will be to present these opportunities to the public and determine if
the use of genetic modification to confer disease resistance, which will be of
benefit to both the birds and production companies, and also potentially to
human health in the case of avian influenza, will be acceptable in commercial
production.
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ABSTRACT

In developmental biology terms, sex determination describes the differentiation
of the gonadal primordia into testes or ovaries. In mammals, testis differentiation
is initiated by expression of the male-specific Sry gene, and many of the genes
that regulate the subsequent tissue remodelling have been identified. In birds,
although the process of gonadal development appears morphologically similar
to that in mammals and a number of differentially expressed genes have been
identified, the molecular regulation of sex determination is not conserved in
mammals and birds. To the poultry industry, sex determination is also of
interest, although this usually equates to finding a means of altering sex ratios:
layer breeders would prefer to raise only female offspring whereas broiler and
turkey breeders would prefer males. This short chapter will briefly review how
our basic research findings can impinge on efforts to manipulate sex ratios in
the poultry industry.

INTRODUCTION

54

In the UK 28 million layer chickens are raised each year and the drive for more
efficient production has led to the generation of layer breeds that can lay more
than 300 eggs per year. It is uneconomic to raise male layer birds for meat
production and, as a consequence, these birds are culled at hatch. Similarly, in
some production systems female turkeys are culled at hatch because males are
significantly more profitable than females.

The annual UK disposal of such a large number of hatchlings is both a
significant welfare problem and, in terms of waste generation, a growing
environmental issue. One possible strategy to address these problems would be
to identify the sex of developing embryos prior to hatch and to dispose of the
unwanted eggs at that stage. The following gives a brief overview of the early
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stages of chick development and how knowledge of the underlying molecular
biology might be used to hatch chicks of one sex only.

SCIENTIFIC BACKGROUND

After ovulation the egg is fertilized and begins the process of cell cleavage. As
the oocyte progresses down the oviduct it is surrounded by a vitelline membrane,
layers of albumen and, finally, shell. Twenty-four hours after ovulation, the egg
is laid, and at this stage the early embryo comprises a disc of around 60,000
cells on the surface of the yolk. Over the following 3 days, the vascular system
develops to the extent that a beating heart can be clearly observed. The amniotic
membranes start to develop at day 3 and grow to eventually form a protective
sac around the embryo. Subsequently, the allantois develops into a richly
vascularized structure that surrounds the amnion and embryo and enables the
exchange of gases with the environment (Wolpert et al., 2001).

The first evidence of embryonic gonad development can be seen at day 4
after lay. A genital ridge forms on the ventral surface of the embryonic kidney,
the mesonephros, and develops into an elongated structure that extends for
approximately half the length of the embryo. At day 5 the gonads are morpho-
logically identical in males and females and have not yet developed the specia-
lized structures in which the male and female germ cells will mature. Over the
subsequent 4 days the development of male and female gonads diverges: germ
cells migrate through the bloodstream to the gonads and become associated
with granulosa cells in the cortex of the female ovary or with Sertoli cells in the
medullary sex cords of the male testis (Smith and Sinclair, 2004; Bellairs and
Osmond, 2005). There is a programmed sequence of gene expression corre-
lated with the morphological changes of the gonads. Many of the genes that
are differentially expressed in ovary and testis (such as Sox9, AMH, WT1 and
aromatase) appear to have conserved roles during gonadogenesis in mammals
and birds (Clinton and Haines, 2001; Smith and Sinclair, 2004).

At the beginning of gonadal development, right and left gonads are sym-
metrical. In males this symmetry is maintained as the gonads thicken and form
testes while in females the right ovary regresses so that by day 9 it is clearly
smaller than the left. This gonadal asymmetry is the first clear morphological
difference between males and females.

The full period of development from laying to hatch is 21 days. The major
events of organogenesis, including the development of ovaries and testes, take
place in the first half of this period. Although the developmental signals that
direct tissue development toward testes in males and ovaries in females are
unknown, this process is clearly dependent on the sex chromosome composition.
In chickens, males have two Z chromosomes and females have one Z and one
W chromosome. The W chromosome is much smaller than the Z and has only
a small region that pairs with the Z chromosome at meiosis. Genomic analysis
reveals that the W chromosome has a relatively poor complement of genes
compared with the Z and that much of its length comprises short repeat
sequences that are not transcribed.
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SEX SELECTION IN THE POULTRY INDUSTRY

For most breeds, day-old male and female chicks are virtually indistinguishable.
There are slight differences in the appearance of the cloacal vent, but only
highly trained specialists are able to reliably sex day-old chicks on this basis
(Martin, 1994). In certain breeds feather growth rate and colour are sex-linked
traits that can be used to identify sex; however, this does not avoid the problem
of culling one or other sex at hatch.

The ability to identify the sex of individuals at an early stage of embryonic
development would begin to address the welfare and environmental issues
associated with layer production. To be practical, this would require molecular
methods that can distinguish sex on the basis of a small number of cells and the
means to make such a procedure automated and high-throughput. In reality,
the molecular methods and the necessary automated equipment are already
available; however, these would have to be adapted to fit in with current
industrial practices.

MOLECULAR METHODS OF SEX IDENTIFICATION

Research laboratories already make use of sex chromosome differences to
identify the sex of early embryos. Only a very small amount of material is
required, for example a few pl of blood or a few cells from a feather pulp
suspension. These methods utilize nucleic acid probes or primers that hybridize
to specific regions of the Z and W chromosomes.

The following are three examples of some of the many methods available
that require only minimal quantities of starting material.

Fluorescent in situ hybridization (FISH)

Metaphase spreads of somatic cells allow chromosomes in individual cells to be
visualized under the microscope. The spreads are examined following hybridiza-
tion with W and Z chromosome probes that have been labelled with different
colours — for example, red for a W-specific sequence and blue for a Z-specific
sequence (Tone et al., 1982). Male cells would display chromosome spreads
with two blue spots while female cells would show one blue and one red spot.

Polymerase chain reaction (PCR)

In PCR reactions, DNA primers can be used to amplify targeted regions of the
Z and W chromosomes. In standard PCR reactions, these products are then
visualized following agarose gel electrophoresis, while in quantitative PCR these
products are monitored by the accumulation of fluorescence. The W chromo-
some contains multiple copies of a short, non-coding DNA fragment known as
the Xhol repeat, and a number of PCR sexing assays exploit this to generate a
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strong female-specific product of a particular size (Clinton et al., 2001). Varia-
tions of this principle can be applied to other sequence differences between the
Z and W chromosomes, to provide several options for PCR assays in sex
diagnosis (e.g. Petitte and Kegelmeyer, 1995; Griffiths et al., 1998).

Invader® assay

DNA is incubated with two primers designed to hybridize in an overlapping
fashion to the same target region (see Third Wave Technologies, http://www.
twt.com). When the target is present in a sample, the probes generate a struc-
ture that is cleaved by a specific enzyme. This reaction releases a short ‘invader’
oligonucleotide that interacts with a special chromophore that is in turn cleaved,
releasing a fluorescent signal. The probe is present in excess so continues to
produce cleaved products and amplify the fluorescent signal when its target
DNA sequence is present in the reaction mix. Z and W chromosome differences
can be exploited to generate ‘male’ and ‘female’ signals.

For any sexing assay to be of practical interest to the poultry industry it
must be robust, rapid, simple and inexpensive. In addition, it must be applicable
during the existing short windows when eggs are removed from incubation,
e.g. for ‘candling’ or vaccination. In reality, the Invader®-based assay is the
only existing method that comes close to ‘fitting the bill’. FISH analysis is tech-
nically demanding, time-consuming and limited to small numbers of samples.
PCR is also technically demanding, prone to contamination, and even the most
rapid versions require around 1 h to generate results. On the other hand,
Invader® assays are not PCR-based, require only a water-bath and plate-reader
and can sex chick embryos in 5-10 min.

The technology to take blood samples from young embryos in the egg is
already available. The Embrex company has developed robots that can inject
thousands of eggs per hour with vaccine (see http://www.embrex.com). The
needle enters the egg, delivers vaccine and withdraws. The puncture in the
shell is sealed when the needle is withdrawn. Although the trace amounts of
blood or amniotic fluid that are retained in the needle could potentially be used
to identify the sex of embryos, the equipment can also be adjusted to specifically
collect samples from individual eggs. For example, the method has been
successfully used to collect samples to determine the levels of circulating hor-
mones in embryos between 13 and 18 days (Phelps et al., 2003). The Invader®
assay could be applied to similar samples and it is sufficiently sensitive to
determine sex from 1 pl of blood.

CONCLUSIONS

Separate breeds of poultry are used to increase the efficiency of egg production
in layer hens or weight gain and muscle vields in broiler and turkey males. To
reduce the costs of rearing, birds of the unwanted sex may be culled at hatch,
resulting in the mass slaughter of one-day chicks and poults. This represents a
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huge welfare issue, and the disposal of large amounts of animal waste also
creates an environmental problem. A potential solution is to identify the sex of
the embryos at an early stage and dispose of the unwanted eggs before the
embryo is fully formed. This would require a rapid and inexpensive assay that
could be applied in large numbers. The most promising candidate at the
moment is the Invader® assay, which is a non-PCR-based molecular assay.
With the correct probes it can be used to identify the sex of embryos within 10
min using 1 pl of blood. The technology for rapid sampling of eggs is available
now and there is potential to combine these technologies to produce a rapid in
ovo sexing assay.
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ABSTRACT

Hypothalamic control of the pituitary—gonadal axis in broad terms operates at
two levels. One mediates longer-term responses to maturational signalling, to
environmental and behavioural factors such as changes in photoperiod and
availability of food, and to the expression of incubation behaviour. This level of
control is principally at gonadotrophin-releasing-hormone (GnRH-I) cell bodies
in the hypothalamus, where GnRH-I synthesis occurs. The second level of
control mediating shorter-term reproductive responses, for example the pre-
ovulatory releases of luteinizing hormone (LH) or the first-day hormone
response to photostimulation, may be principally at the median eminence (ME),
where GnRH-I release occurs. Dopamine is emerging as a potential key
regulator at both levels of control, being stimulatory at the GnRH-I cell body
and inhibitory at the ME. Glial cell plasticity may play a key role at both levels
of control.

At the level of the pituitary much has been achieved in understanding the
control of follicle-stimulating hormone (FSH) secretion and synthesis. While it is
clear that FSH secretion responds to feedback signals from the ovary, the
mechanism responsible for the dramatic increase in circulating levels of FSH
around puberty is not fully understood and may involve changing pulsatile
patterns of GnRH-I release. GnRH-I signals through two receptors in the
chicken, but further work is required to understand their respective functions in
the regulation of gonadotrophin synthesis and release. Particularly exciting is
the emerging role of the recently discovered gonadotrophin inhibitory hormone
(GnIH), which is stimulating further research to understand how FSH and LH
synthesis and release are controlled. A particular focus is on the role of GnlH in
the regulation of common gondadotrophin a-subunit expression and con-
sequent gonadotrophin secretion. This may lead to an understanding of how the
complex functions of the ovary are regulated using a limited repertoire of
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primary hypothalamic signalling neuropeptides. Compared with egg-laying-type
hens the reproductive neuroendocrine system in meat-type hens is abnormal,
resulting in the requirement for feed restriction for satisfactory reproductive
performance. In meat-type birds, feed restriction suppresses the activity of
GnRH-I neurones. It is now possible to identify genes critical to the control of
the hypothalamic—pituitary—gonadal axis, and the gene variation critical to the
differences in activity of the axis. This, combined with further dissection of the
genetics of reproduction, should result in new approaches to improving broiler
breeder reproduction and ameliorating the negative effects of selection for
muscle growth on ovarian function.

INTRODUCTION

The hypothalamus integrates signals from the environment, gonads and body
to synchronize the development and maturation of the reproductive system
through appropriate activation of gonadotrophin output from the pituitary
gland to stimulate growth and maintain the functions of the gonads (Fig. 6.1).
The success of the poultry industry and the power of genetic selection for
desirable reproductive traits rely on the correct functioning of the hypothalamic—
pituitary—gonadal axis (HPGA) to control ovulation rate, ovulation, semen
production, incubation behaviour, the development of photorefractoriness and
sexual senescence. Since the last time the HPGA was reviewed at a Poultry
Science Symposium in 1984 (Scanes, 1984; Wilson and Cunningham, 1984)
some aspects of this topic have been reviewed (Johnson and Wang, 1993;
Norgren, 1996; Dunn and Millam, 1998; Decuypere et al., 2002; Pawson
and McNeilly, 2005; Bedecarrats et al., 2006; Tsutsui et al., 2006). Other
contributors to this volume, describing aspects of ovarian development,
photoperiodism and incubation, also refer to functions of the HPGA. In this
review, more recent contributions to understanding the functioning of the axis
in poultry and to new or emerging areas in this field will be addressed while
avoiding specific topics dealt with elsewhere in this volume (Knight et al.,
Chapter 7; Sharp, Chapter 11; Lewis, Chapter 14, this volume).

HYPOTHALAMIC CONTROL
The gonadotrophin-releasing hormone neurone

The chicken gonadotrophin-releasing hormone-lI (cGnRH-I) neurone is
recognized as the point of integration of signals from the external and internal
environment to regulate reproduction through the functions of the HPGA. It
produces a pulsatile output of cGnRH-I whose tempo defines sexual activity.
c¢GnRH-I cell bodies are located in the pre-optic hypothalamus, to which they
migrate from the presumptive nasal regions of the embryo. Neurones containing
c¢GnRH-I are detectable as early as embryonic day 3 or 4 (Norgren and Lehman,
1991). The source of the neurones was thought to be the olfactory placode
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Fig. 6.1. Diagrammatic representation of the HPG axis showing the key components
discussed in the chapter: hypothalamus, median eminence of the hypothalamus, pituitary and
gonad. Key messenger molecules, neurotransmitters, endocrine hormones and paracrine
factors are represented by their molecular abbreviation or full name and are unboxed.
Secreted factors are in bold. Key receptors are shown in boxes. Factors with stimulatory
effects are represented with solid lines and the factors with negative effects with a broken
line. Abbreviations: cGnRH-I, chicken gonadotrophin-releasing hormone |; DA, dopamine;
BENd, beta endorphin; NPY, neuropeptide Y; cGnlH, chicken gonadotrophin inhibitory
hormone; cGnRHR-I, chicken gonadotrophin-releasing hormone receptor I; cGnRHR-II,
chicken gonadotrophin-releasing hormone receptor Il; cGnlHR, chicken gonadotrophin
inhibitory hormone receptor; LHB, luteinizing hormone B subunit; o, common alpha subunit;
FSHB, follicle-stimulating hormone B subunit; LHCGR, luteinizing hormone receptor; FSHR,
follicle-stimulating hormone receptor

itself, but the presumptive ectoderm of the nasal cavity was first suggested in
the chicken (Elamraoui and Dubois, 1993), and this has more recently been
supported by an in situ hybridization study of the development of cGnRH-I-
expressing cells (Witkin et al., 2003). Whatever their initial source, cGnRH-I
neurones migrate from the olfactory epithelium along the olfactory nerve to
reach the septal area of the hypothalamus by embryonic day 7 (Norgren,
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1996), when cGnRH-I peptide concentrations peak; they then decrease and
peak again at day 17 (Millam et al., 1993). In the adult it has been observed
that less than 12% of the cell bodies in the chicken reside in the pre-optic
hypothalamus and therefore the majority of cGnRH-I cells are actually extra-
hypothalamic (Kuenzel and Golden, 2006), suggesting that for birds the term
HPGA may be technically incorrect.

Measurement of cGnRH-I mRNA as a marker of GnRH-I neuronal activity
has made it possible to demonstrate that environmental changes or stimuli such
as increased photoperiod (Dunn and Sharp, 1999; Kang et al., 2006), the
presence or removal of a nest (Dunn et al., 1996) and an increase in food
availability (Ciccone et al., 2007) directly influence the cGnRH-I neurone. Both
hypothalamic ¢GnRH-I peptide and mRNA are regulated by the inhibitory
effects of gonadal steroids. In the pre-optic hypothalamus ¢cGnRH-I peptide
content is increased after castration in cockerels (Knight et al., 1983; Sharp
et al., 1990; Sun et al., 2001a), and this is associated with an increase in the
release of cGnRH-I from the median eminence (Lal et al., 1990). Castration
increases the number of visible immunoreactive hypothalamic cGnRH-I neurones
and the amount of cGnRH-I mRNA, and this is reversed after administration of

oestrogen (Sharp et al., 1994; Sun et al., 2001a; Dunn et al., 2003).

Role of cGnRH-I in key events in the reproductive cycle

Puberty

Knight and colleagues (Knight, 1983; Knight et al., 1985) demonstrated that
puberty in cockerels is accompanied by increases in hypothalamic ¢cGnRH-I
peptide content and capacity to release cGnRH-I from nerve terminals in the
median eminence. This occurs in the face of increased inhibitory steroid
feedback that reduces both cGnRH-I peptide content (Knight et al., 1983; Lal
et al., 1990) and expression of cGnRH-I mRNA (Dunn and Sharp, 1999; Sun
et al., 2001a). In view of these inhibitory effects of steroids on hypothalamic
c¢GnRH-I neurones, major stimulatory inputs appear to develop to increase the
activity of cGnRH-I neurones in cockerels and hens at the onset of puberty. At
this time, cGnRH-I neurones seem most sensitive to stimulatory inputs, and this
may be a result of neural organizational changes resulting from increasing
steroid levels. In the chicken, as observed in the ewe (Evans et al., 1995),
organizational changes in the hypothalamus correlated with sexual maturation
may generate specific patterns of pulsatile cGnRH-I release that may be central
to changes leading to sexual maturation. Increased cGnRH-I neuronal activity
associated with precocious puberty in the chicken is correlated with an increase
in dopamine neuronal activity, which may act directly or indirectly to increase
the stimulatory tone on the cGnRH-I neurone (Fraley and Kuenzel, 1993).
Rapid progress has been made in mammals to identify factors, such as
kisspeptin, that stimulate the hypothalamic GnRH-I pulse generator to activate
puberty (Fernandez-Fernandez et al., 2006), but similar observations have not
been reported in birds.
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Photoperiod

The onset of sexual activity in the chicken is accelerated by increased
photoperiod. It has long been recognized that changes in day length are
perceived in the hypothalamus (Perera and Follett, 1992), and measurement of
hypothalamic ¢cGnRH-I mRNA content has demonstrated stimulation of
cGnRH-I neurones after 7 days of exposure to long days in both somatically
mature hens and cockerels (Dunn and Sharp, 1999) and within 3 days in quail
(Baines et al., 1999) and turkeys (Kang et al., 2006). Similar results have been
observed using cGnRH-I in-situ hybridization (Kuenzel and Golden, 2006) in
photostimulated juvenile chickens treated with sulfamethazine, which induces
premature puberty. However, an increase in luteinizing hormone (LH) secretion
seen after photostimulation in juvenile cockerels was not associated with an
increase in cGnRH-I mRNA, suggesting that there may be neural maturational
changes required before an increase in mRNA can be detected. As demonstrated
by Dunn and Sharp (1999), these changes may be induced by oestrogen. They
may result in different patterns of release of cGnRH-I that favour FSH secretion
and recruitment of follicles to the rapidly growing hierarchy (Dunn et al., 2003).
It seems likely that the reproductive effects of oestrogen are mediated through
the alpha form (Table 6.1) of the oestrogen receptor (Ball et al., 1999).

Ovulation

The pre-ovulatory release of LH is triggered by a pre-ovulatory release of
cGnRH-I (Fraser and Sharp, 1978). This is induced by the positive feedback
action of circulating progesterone derived from the dominant pre-ovulatory
ovarian follicle (Wilson and Sharp, 1973). The amount of cGnRH-I in the
hypothalamus and median eminence decreases after an exogenous
progesterone-induced surge of LH (Johnson and Advis, 1985; Wilson et al.,
1990). However, during a spontaneous pre-ovulatory surge of LH, hypothalamic
c¢GnRH-I peptide content increases (Johnson and Advis, 1985).

Incubation

When hens incubate eggs there is a rapid inhibition of the reproductive system.
This inhibition is, in large part, mediated at the level of the cGnRH-I neurones,
as cGnRH-I mRNA levels decrease dramatically at the onset of incubation. This
depression in GnRH-I mRNA is reversed within 4 days of depriving an incubating
hen of its eggs and nest box (Dunn et al., 1996).

Food restriction

Food restriction is used as a tool in the broiler breeder industry to control
reproductive function, specifically to produce an orderly pattern of ovarian
hierarchical follicular growth. Food restriction does this is by altering the activity
of ¢GnRH-I neurones. Chronic or short-term food restriction reduces the
release of cGnRH-I from the median eminence (Lal et al., 1990; Contijoch et
al., 1992), and cGnRH-I mRNA is lower in food-restricted hens than in hens
fed ad libitum (Ciccone et al., 2007).



Table 6.1. Names and standard acronyms for key genes in the hypothalamic—pituitary—gonadal axis showing the chromosome and position
of the gene with accession number and a key reference. Data for position have been taken from the 2006 build of the chicken genome
sequence (http://www.ensembl.org/Gallus_gallus/index.html or http://genome.ucsc.edu/cgi-bin/hgGateway).

Gene Symbol Chromosome Position Accession number  Reference

Vasoactive intestinal peptide VIP 3 51,388,607-51,395,826 NM_205366 Talbot et al. (1995)

Neuropeptide Y NPY 2 31,392,138-31,400,047  NM_205473 Blomquist et al. (1992)

Gonadotrophin-releasing GNRH-| 22 836,307-839,634 NM_001080877 Dunn et al. (1993)
hormone |

Gonadotrophin-releasing hormone Il GNRH-II 4 92,044,252-92,047,790 AB194403 Ikemoto and Park (2006)

Gonadotrophin inhibitory hormone  NPVF 2 31,731,799-31,735,364 AB120325 Tsutsui et al. (2000)
GnlH

Neuropeptide FF receptor 1 GnlH ~ NPFFR-I 6 12,592,606-12,596,181 NM_204362 Ikemoto and Park (2005)
receptor

Gonadotrophin-releasing hormone  GnRH-RI 10 19,961,229-19,963,079  AJ304414 Sun et al. (2001b)
receptor |

Gonadotrophin-releasing hormone  GnRH-RII 10 22,162,439-22,164,225 AY895154 Shimizu and Bedecarrats (2005)
receptor Il

Follicle-stimulating hormone beta ~ FSHp 5 4,580,528-4,583,901 NM_204257 Shen and Yu (2002)
polypeptide

Luteinizing hormone beta LHB NA NA S70834 Ando and Ishii (1994) (quail)
polypeptide

Glycoprotein hormone alpha GCA 3 79,311,472-79,320,910 BI395075 Predicted
polypeptide

Luteinizing hormone receptor LHCGR 3 7,517,756-7,537,096 NM_204936 Johnson et al. (1996)

Follicle-stimulating hormone receptor FSHR 3 7,353,248-7,430,911 uU51097 You et al. (1996)

Oestrogen receptor 1 alpha ESR1 3 50,936,183-51,041,281 NM_205183 Krust et al. (1986)

Oestrogen receptor 2 beta ESR2 5 55,537,412-55,579,008  AB036415 Lakaye et al. (1998)

Progesterone receptor PGR 1 187,457,391-187,496,309 NM_205262 Conneely et al. (1986)

Activin A receptor, type | ACVR-I 7 37,894,083-37,907,942 NM_204560 Stern et al. (1995)

Activin A receptor, type IIA ACVR-IIA 7 36,127,982-36,182,504  NM_205367 Stern et al. (1995)

Activin A receptor, type 1IB ACVR-1IB 2 5,662,067-5,680,476 NM_204317.1 Stern et al. (1995)

Inhibin, beta A INHBA 2 50,699,071-50,711,410  NM_205396 Chen and Johnson (1996)

Inhibin, alpha INHa 7 23,643,750-23,645,964 NM_001031257 Wang and Johnson (1993)

Inhibin beta B INHBB 7 27,124,138-27,124,437 AF055478 Hecht et al. (2000)
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Reproductive ageing

In ageing reproductively active domestic hens, circulating LH and ovarian
function are diminished, but no decrease has been observed in hypothalamic
cGnRH-Icontent (Sharpetal., 1992). However, some studies have demonstrated
less cGnRH-I in the median eminence (Contijoch et al., 1992), and cGnRH-I
levels in the hypothalamus of older hens are more susceptible to negative
stimuli (Contijoch et al., 1992). Compared with hens at peak of lay, hypothalamic
c¢GnRH-I mRNA is not reduced in old laying or out-of-lay hens, despite large
differences in follicle numbers and other markers of reproductive activity
(Ciccone et al., 2005). This suggests that changes in release, or the pattern of
release, of GnRH-I are more critical to declining reproductive function as hens
age than changes in hypothalamic cGnRH-I peptide or mRNA content.

Neurotransmitter and neuropeptide control of cGnRH-I

Many of the key changes in the avian reproductive cycle are associated with
changes in the activity of cGnRH-I neurones, but progress in identifying the
neurotransmitters and neuropeptides mediating these changes has been slow.
Much of the evidence is from immunocytochemical observations on the ana-
tomical relationships between cell bodies and fibres containing GnRH-I and
neurotransmitters and neuropeptides, and is correlational rather than functional.
Only the neural systems for which there is good evidence for an interaction
with ¢cGnRH-I neurones or fibres will be summarized.

Administration of the neurotransmitter N-methyl-D-aspartate (NMDA)
stimulates LH release, showing that glutamate receptors are important activators
of the HPGA. However, NMDA may act indirectly on cGnRH-I neurones since
no increase in cFos, an indicator of cellular activation, was observed in cGnRH-I
neurones after NMDA administration (Jozsa et al., 1997).

Vasoactive intestinal polypeptide (VIP), which has a critical role in controlling
prolactin release in birds, has been implicated in mediating photoperiodic
effects on GnRH neurones in mammals. In quail, VIP neurones contact cGnRH-1
cells; however, they are not the same VIP neurones that respond to changes in
photoperiod (Teruyama and Beck, 2001). Nerve terminals containing cGnRH-I
and VIP are in close proximity in the median eminence, suggesting the possibility
of regulatory control. Opiates are thought to modulate cGnRH-I release in the
chicken. The release of cGnRH-I from the median eminence is increased by the
opiate antagonist, naloxone, and inhibited by B-endorphin at the time of, but
not before, a spontaneous pre-ovulatory LH surge (Contijoch et al., 1993b).
There is evidence for synaptic contact between enkephalinergic-containing
neurones and cGnRH-I cell bodies in the turkey (Millam et al., 2002) and a
sparse innervation by B-endorphin neurones of the internal zone of the median
eminence (Contijoch et al., 1993b).

Hypothalamic neuropeptide Y (NPY) gene expression is increased after
food restriction (Boswell et al., 1999) and may be involved in the reduction of
c¢GnRH-I gene expression in food-restricted hens (Ciccone et al., 2007).
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Hypothalamic NPY may also be involved in the control of the ovulatory cycle
at the level of the median eminence, which has a high density of NPY nerve
terminals in the internal zone with some overlap with the external zone cGnRH-I
terminals (Contijoch et al., 1993a). NPY stimulates the release of cGnRH-I
from the median eminence during the pre-ovulatory release of LH, and not at
other times in the ovulatory cycle, and the NPY content of the median eminence
decreases at the time of the pre-ovulatory LH surge (Contijoch et al., 1993a).
These observations on NPY and opiates in the regulation of ovulation suggest
that they act at the level of the median eminence to stimulate the release of
stored cGnRH-I peptide to generate the pre-ovulatory release of luteinizing
hormone. It is suggested that progesterone from the mature pre-ovulatory
ovarian follicle may stimulate NPY release from the median eminence, possibly
by lifting an inhibitory action of opiates such as B-endorphin (Advis and
Contijoch, 1993).

Dopamine may regulate GnRH-I release at the levels of both the
hypothalamus and the pituitary. Pituitary LHB mRNA increases when dopamine
is infused into the third ventricle of the turkey brain, and this effect may be
mediated by an increased release of GnRH-I (Bhatt et al., 2003). A regulatory
role for dopamine at the level of the cGnRH-I cell body is suggested by
the observation that a group of dopamine neurones adjacent to ¢cGnRH-I
neurones are activated after photostimulation (Thayananuphat et al., 2007).
Immunocytochemical observations on relationships between dopaminergic and
¢GnRH-I nerve fibres in chickens in which early sexual maturation has been
induced (Fraley and Kuenzel, 1993) or after acute food restriction (Contijoch et
al., 1992) suggest that GnRH-I release may also be mediated by dopamine in
the median eminence.

The interaction between neurotransmitters or neuropeptides and cGnRH-I
neurones may be modulated by glial cells. A role for glial cells in altering the
input to cGnRH-I neurones, particularly after photostimulation, is suggested by
experiments in quail, chickens and mammals. The expression of cFos, a marker
of cellular activation, is upregulated after photostimulation in the quail basal
hypothalamus, but interestingly also in glial cells in the median eminence
(Meddle and Follett, 1997). It has been proposed in the quail that cGnRH-I is
released after photostimulation in response to an increase in the local generation
of triiodothyronine (T5) in the basal hypothalamus. This increase in T, may
induce withdrawal of glial ensheathment of GnRH-I terminals in the median
eminence to allow GnRH-I to be released (Yamamura et al., 2006). cDNA
microarray studies of photoinduced changes in gene expression in the chicken
hypothalamus suggest that heat shock protein 108 (HSP108), a marker of glial
cells, is downregulated in the anterior hypothalamus after photostimulation
(Graham et al., 2003). This may imply a role for glial cells in mediating cGnRH-I
cell function at the cell body, as has been suggested in mammals, where glial
cells regulate the formation of synapses on GnRH neurones (Garcia-Segura

and McCarthy, 2004).
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PITUITARY
Gonadotrophes

The anterior pituitary contains gonadotrophes, the target cells for cGnRH-I
released from the median eminence. The gonadotrophes synthesize and release
luteinizing hormone (LH) and follicle-stimulating hormone (FSH), which are
dimers of the hormone-specific B subunits (LHB and/or FSHp) non-covalently
linked to a common o subunit (Table 6.1). In chickens, FSH and LH are
synthesized in separate cell types (Proudman et al., 1999; Puebla-Osorio et
al., 2002), providing a basis for an analysis of specific mechanisms controlling
LH or FSH synthesis and release.

In the chicken, gonadotrophes producing FSH are identifiable from about
embryonic day 7, while cells producing LH are observed from day 8 (Maseki
et al., 2004). They appear to be part of a functional axis which controls
development of the gonads as oestrogen receptors are found in embryonic
gonadotrophes (Liu and Cui, 2005) and embryonic FSH levels are reduced by
oestrogen (Rombauts et al., 1993). Functional removal of the embryonic
pituitary results in a reduction in somatic, steroidogenic and germ cells in the
ovary, and incubation of the embryonic ovary with FSH increases somatic cell
proliferation (Peralta et al., 2004; Sanchez-Bringas et al., 2006). Gonadal
development is therefore shaped at an early stage by the output of the embryonic
gonadotrophes (Rombauts et al., 1993).

Avian GnRH receptors

Fundamental to the regulation of reproduction is the interaction of the GnRH
ligand with its corresponding receptor (cGnRH-R), which is assumed to be
present on avian gonadotrophes. The binding and subsequent activation of the
receptor result in the activation of second messenger pathways, which ultimately
control the transcription of the gonadotrophin subunit genes. Two isoforms of
GnRH (cGnRH-I and ¢cGnRH-II) occur in the chicken hypothalamus (Dunn and
Millam, 1998) and both stimulate the release of LH in the chicken in vitro
(Millar et al., 1986). Many in vivo studies have confirmed the ability of both
c¢GnRH-I and -II to stimulate the release of LH in chickens (Proudman et al.,
2006). However, gonadotrophin synthesis is assumed to be a result of cGnRH-R
activation by cGnRH-I, since GnRH-II is almost absent from the chicken median
eminence (Sharp et al., 1990).

The number of GnRH-Rs and GnRH ligands has decreased during the
course of evolution, with multiple forms of GnRH and GnRH-Rs occurring in
protochordates, teleost fish and amphibians, while mammals express only one
or two GnRH ligands or receptors, and in some mammals there is specific
silencing of either ¢cGnRH-II or the type II GnRH receptor genes or both
c¢GnRH-II and the type I GnRH receptor genes (Morgan and Millar, 2004;
Sherwood et al., 2006). cGnRH-RI is expressed relatively ubiquitously in the
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chicken (Sun et al., 2001a), and pharmacological studies show that this
receptor has a higher binding affinity and stimulates more inositol phosphate
accumulation when activated by cGnRH-II than by cGnRH-I (Sun et al., 2001b).
This observation suggests that there may be another GnRH-receptor which has
a higher binding affinity for GnRH-I. A second chicken G-protein-coupled
receptor (cGnRH-RII) has been identified on chromosome 10 (Table 6.1),
which is close to the location of cGnRH-RI (Table 6.1). The close proximity of
the two receptors on chromosome 10 (approximately 0.6 Mb) suggests they
may have been derived by gene duplication. The two cGnRH receptor isoforms
share a sequence identity of 55%. Sequence comparison of the two cGnRH-Rs
shows conservation of the aspartic acid and asparagine ligand-binding residues
in transmembrane region 2. ¢cGnRH-RI has a proline—glutamic acid-tyrosine
(PEY) motif in the extracellular domain 3 whereas in cGnRH-RII this motif is
proline—proline-serine (PPS). According to the scheme proposed by Millar et
al. (2004), these motifs in extracellular loop 3 of each receptor type are
receptor type ‘classification motifs’.

The expression of cGnRH-RII mRNA in the pituitary correlates with the
reproductive status of the domestic hen, suggesting that this receptor is likely
to contribute to the regulation of reproduction at the level of the pituitary gland
(Shimizu and Bedecarrats, 2006), while maximal levels of pituitary cGnRH-RI
mRNA coincide with the LH surge prior to ovulation (Lovell et al., 2005).
Pituitary responsiveness to cGnRH-I1 and cGnRH-II is sexually differentiated in
the domestic hen, with LH release being greater in the cockerel than in the
hen. The potencies of cGnRH-I and -Il are similar in the cockerel, while
c¢GnRH-II is more potent than GnRH-I in releasing LH in the hen (Sharp et al.,
1987b). Differences in the control of cGnRH-RI and ¢cGnRH-RII expression
may result in the differential expression of the two receptors during the
reproductive cycle and this may underlie the sexual differentiation of the LH
response to cGnRH-I and cGnRH-IL.

Avian GnRH receptor structure and function

Avian and other non-mammalian GnRH receptors, unlike mammalian
receptors, have a cytoplasmic tail (C-terminal). The tail is involved in receptor-
mediated internalization, ligand binding, receptor expression, phosphorylation
and desensitization (Heding et al., 1998). ¢cGnRH-RIl has a cytoplasmic
C-terminal tail that is slightly longer than the C-terminal tail in cGnRH-RIL
Regions in the cytoplasmic tail known to be critical for receptor internalization
(Pawson et al., 1998) are conserved in both receptors, as are regions in the
cytoplasmic region in transmembrane region 3 and 7 (Arora et al., 1996,
1997). The cGnRH-RI receptor internalizes through a dynamin-dependent
mechanism (Pawson et al., 2003). Desensitization of receptors is caused by
sustained stimulation of the receptor and is a consequence of receptor
phosphorylation which stabilizes association of B-arrestin with the receptor,
resulting in the inhibition of G-protein binding and subsequent inactivation of
effector proteins (McArdle et al., 1999, 2002).
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GnRH-Rs couple to G_ proteins causing an increase of phosphoinositide-
specific phospholipase C (PLC) activity, resulting in the hydrolysis of
phosphatidylinositol-4,5-biphosphate (PIP,) and formation of inositol-1,4,5-
trisphosphate and diacylglycerol with the subsequent mobilization of Ca?* and
phosphokinase C (PKC) activation (Ruf et al., 2003). GnRH receptors can
additionally couple to G, and G, proteins (Ruf et al., 2003), which results in the
inhibition and stimulation of adenylyl cyclase effector proteins, respectively.
Activation of adenylyl cyclase results in production of the cAMP second
messenger that activates protein kinase A (PKA), which phosphorylates
cytoplasmic and nuclear proteins to regulate gene transcription through cAMP
response elements. cGnRH-RI and cGnRH-RII have so far been demonstrated
to signal through G_ proteins (Sun et al., 2001b; Shimizu and Bedecarrats,
2005), but the activation of the other pathways has yet to be demonstrated for
the avian receptors.

Follicle-stimulating hormone (FSH)

The recruitment and subsequent growth of small ovarian follicles to the rapidly
growing hierarchy is dependent on their ability to acquire responsiveness to
FSH (Palmer and Bahr, 1992; Hernandez and Bahr, 2003). However, the
study of FSH has been relatively neglected in comparison with that of LH
because of the lack of tools to measure the FSH protein or mRNA. An early
chicken FSH radio immunoassay (Sakai and Ishii, 1983) appeared to cross-
react with LH and therefore was not used extensively. More recently a more
specific chicken FSH radioimmunoassay (Krishnan et al., 1993) and competitive
assay for FSHB mRNA (Ciccone et al., 2003) have been developed and used
to elucidate how FSH synthesis and release are controlled.

A rapid increase in both pituitary (Bruggeman et al., 1998a) and plasma
FSH (Vanmontfort et al., 1995; Bruggeman et al., 1998a) coincides with the
increase in ovarian follicle growth prior to the onset of lay. Similarly, the
number of FSH cells visible using immunohistochemistry with an antibody to
mammalian FSH increases in hens prior to the return to egg production after
an induced pause (Chowdhury and Yoshimura, 2002). Oestrogen reduces
pituitary FSH expression in chicken embryos (Rombauts et al., 1993) and, in
juvenile hens, oestrogen treatment decreases pituitary FSH content by 97%
(Dunn et al., 2003). This inhibitory effect of oestrogen on pituitary FSH could
be mediated, at least in part, by suppression of hypothalamic cGnRH-I synthesis
and release (Lal et al., 1990; Dunn and Sharp, 1999), and/or by suppression
of pituitary GnRH receptor expression (Sun et al., 2001a). However, the
depressive effect of oestrogen treatment on pituitary FSH but not pituitary
LH content is ameliorated after photostimulation at 54 but not at 34 days of
age (Dunn et al., 2003). Further, photostimulation of 34-day-old hens treated
with oestrogen increases plasma FSH but not plasma LH. This observation
suggests that oestrogen may have organizational effects on the maturing
hypothalamic—pituitary axis in the hen to regulate FSH secretory response to
photostimulation.



72

I.C. Dunn et al. \

In mammals, the synthesis of FSH is GnRH dependent (Padmanabhan et
al., 2002) and involves paracrine interactions between pituitary activin, a
homodimer of inhibin BA (activin A), inhibin BB (activin B) the BABB heterodimer
(activin AB) and follistatin (Table 6.1). Activin stimulates FSH synthesis while
follistatin blocks this action of activin by binding to its receptor (Padmanabhan
et al., 2002). Activin and follistatin mMRNAs have been observed in the chicken
pituitary by Ciccone et al. (2007) but were not detected by another group
(Lovell et al., 2005). Inhibin, a heterodimer of inhibin BA or inhibin BB and
inhibin a (Table 6.1), inhibits FSH synthesis in mammals, and in birds is secreted
from the ovary under the control of FSH (Davis et al., 2001b), and is negatively
correlated with plasma FSH levels (Lovell et al., 2000b). In mammals, GnRH
stimulates the synthesis of pituitary activin and follistatin, with follistatin
synthesis being dependent on GnRH pulse frequency (Burger et al., 2002).
However, in the chicken, no experiments have been reported on the effects of
activin and inhibin on FSH synthesis. In one study, treatment of cultured
chicken pituitaries with pulses of GnRH-II increased follistatin mRNA levels, but
this was not associated with changes in FSHp expression (Ciccone et al.,
2007), while in another study in vitro, using more frequent pulses of cGnRH-I,
FSHP mRNA was increased (Shen and Yu, 2002). Active immunization against
inhibin stimulates FSHB and LHf subunit gene expression in the turkey pituitary
(Ahn et al., 2001), and in the domestic hen stimulates gonadal development
(Lovell et al., 2000a, 2001) and increased reproductive performance (Satterlee
et al., 2002, 2006). In juvenile domestic hens active immunization against
inhibin does not affect plasma FSH concentrations, and it was therefore
concluded that the effect of active immunization against inhibin on ovarian
function is mediated by interfering with the paracrine actions of inhibin in the
ovary rather than at the level of the pituitary to regulate FSH secretion (Lovell
et al., 2000a, 2001). However, betaglycan (the accessory receptor for inhibin)
and activin receptors (which also mediate inhibin’s action) are present in the
pituitary and co-localize with FSH cells (Lovell et al., 2005; Sweeney and
Johnson, 2005).

When hens naturally cease laying, circulating FSH and pituitary FSHS
mRNA concentrations increase and circulating LH decreases (Ciccone et al.,
2005), as in hens after the onset of ovarian atrophy induced by feed deprivation
(Vanmontfort et al., 1994; Lovell et al., 2000b). Similarly, surgical removal of
the largest hierarchical follicles from laying hens also increases FSH secretion
(Johnson et al., 1993). This increase in FSH is ascribed to the lifting of the
inhibitory ovarian feedback of oestrogen and/or inhibin from the developed
gonad at the level of the hypothalamic—pituitary complex.

The likelihood that c¢GnRH-1 regulates FSH secretion indirectly by
controlling pituitary activin and follistatin may explain why GnRH injection
does not increase plasma FSH (Krishnan et al., 1993; Bruggeman et al.,
1998b; Dunn et al., 2003). Further evidence that the mechanisms controlling
FSH and LH secretion are different comes from the observation that pulses of
LH and FSH secretion are not in phase (Vizcarra et al., 2004).

FSH is clearly critical to the development and recruitment of follicles in the
ovary, and the control of FSH release is almost certainly key to the onset of
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reproductive activity. As in mammals, it is not completely clear what factors
control FSH synthesis and release in poultry. There is evidence that cGnRH-I
is involved in modulating FSHp expression, either directly or indirectly, and
oestrogen certainly reduces FSHp expression. However, it is still necessary to
determine if and how the activin—inhibin system is involved, and there is still the
possibility that other factors modulate the synthesis of the FSHp subunit and/
or FSH secretion.

Luteinizing hormone (LH)

The control of LH secretion in the chicken is relatively well understood in com-
parison with FSH, with clear stimulatory effects of photostimulation (Dunn and
Sharp, 1990) and cGnRH-I and -1l (Sharp et al., 1987a) and negative oestradiol
(Dunn et al., 2003) and positive progesterone feedback effects (Wilson and
Sharp, 1975). Pituitary and plasma LH increase prior to the onset of laying
(Bruggeman et al., 1998a), as do visible LH cell numbers in the pituitary after
an induced cessation in egg production (Chowdhury and Yoshimura, 2002).
The pulsatile release of LH was described over 30 years ago in cockerels (Wilson
and Sharp, 1973), and more recent studies have demonstrated that females also
secrete LH, with pulses of about one per hour (Senthilkumaran et al., 2006).
Administration of cGnRH-I to turkeys showed that desensitization occurs with
pulses at frequencies less than one per hour (Guemene and Williams, 1999).

The temporal relationships between the pre-ovulatory surges of plasma
LH, progesterone and testosterone (Wilson and Cunningham, 1984) have
been confirmed in the turkey, using a continuous sampling technique (Yang et
al.,, 1997). The functional significance of the pre-ovulatory release of
testosterone has recently been demonstrated by showing that treatment of
laying hens with a testosterone receptor antagonist blocks the pre-ovulatory
releases of LH and progesterone (Rangel et al., 2006).

Gonadotrophe common alpha subunit

The common alpha (o) subunit (Table 6.1) is generally ignored as a rate-limiting
step in the secretion of gonadotrophins. However, it has been shown to be a
good indicator of GnRH stimulation in man (Hayes et al., 1999). In mammals,
a-subunit expression is four- to fivefold in excess of the B-subunits (Papavasiliou
et al., 1986), but data collected in chickens (Ciccone et al., 2004, 2005,
2007) show that the ratio is between 0.5 and 1.24 (Dunn et al., 2006). In the
chicken, a-subunit mRNA measurements reflect changes in the reproductive
condition better than measurements of gonadotrophin B-subunit mRNAs.
Thus, a-subunit mRNA levels change with age (Ciccone et al., 2003), expression
of incubation behaviour (Dunn et al., 2006) and changes in food intake (Ciccone
etal., 2007) and, in in vitro experiments, a-subunit mRNA changes in response
to pulsatile cGnRH-I and GnIH administration (Ciccone et al., 2004). Finally,
measurements of o, but not LHB, mRNAs are directly correlated with plasma
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LH concentrations and reflect changes in hypothalamic ¢cGnRH-I mRNA
content in ageing broiler breeders (Ciccone et al., 2003). A similar observation
was made in Japanese quail (Kobayashi and Ishii, 2002; Kobayashi et al.,
2002, 2004). It is therefore concluded that pituitary a-subunit mRNA is a
better predictor of reproductive axis activity than the gonadotrophin B-subunit
mRNAs and is correlated with plasma LH levels. It is not correlated with plasma
FSH levels. The control of a-subunit expression may be important in birds in
the control of circulating gonadotrophin levels, particularly LH.

Gonadotrophin inhibitory hormone (GniH)

The observation that FSH and LH are differentially released has prompted a
search for the regulatory factors that might be responsible for this difference.
Gonadotrophin inhibitory hormone (GnIH) is one such recently discovered
factor (Table 6.1). It is a RFamide (SIKPSAYLPLRF-NH,) that is expressed in
neurones in the hypothalamus (Tsutsui et al., 2000) with nerve terminals in the
median eminence (Ukena et al., 2003). Functional receptors for the peptide
have also been cloned, although they may be promiscuous for other RFamides
(Ikemoto and Park, 2005; Yin et al., 2005). GnlH depresses FSHp and gona-
dotrophin a-subunit mRNAs in chicken pituitaries in vitro, associated with a
depression in FSH and LH secretion (Ciccone et al., 2005). LH subunit mRNA
concentration was not affected by acute GnlH treatment (Ciccone et al., 2005)
but may be affected by chronic GnlH treatment (Ubuka et al., 2006). GnlH
neurones contain melatonin receptor, and melatonin treatment depresses GnlH
neuronal function (Ubuka et al., 2005). GnlH mRNA increases in incubating
hens and may be responsible, in part, for the associated depression in plasma
LH; however, GnlH mRNA is not increased in out-of-lay hens at the end of a
laying year (Ciccone et al., 2004). Clearly GnIH has the potential to play a role
in the control of gonadotrophin secretion, but more research is needed before
its role in the regulation of the HPGA of poultry is firmly established.

Other forms of GnRH

The question of a role for cGnRH-II in the control of reproduction has been
unanswered since it was first discovered (Miyamoto et al., 1984). Although
evidence is lacking in poultry, the peptide has been implicated in diverse roles
in mammals, including mediating signalling of nutritional status to the brain,
paracrine roles in the ovary and effects on reproductive behaviour (Kauffman,
2004). Howeuver, it is not believed to control reproduction in birds (Sharp et al.,
1990) or mammals directly (Gault et al., 2003). The molecular cloning of
c¢GnRH-II (Table 6.1, Ikemoto and Park, 2006) opens up new possibilities for
research on its function in poultry. The chicken GnRH-II gene is unusual
amongst GnRH genes so far cloned in that it shares exon sequences with a
ribosomal protein. There has also been speculation that a third form of GnRH,
lamprey GnRH, may be present in the chicken and that it may be a specific
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FSH-releasing factor, but this possiblity has been shown to be unlikely (Proudman
et al., 2006).

OVARY
Gonadotrophin receptors

Gonadotrophin receptors are located in the gonads, specifically the granulosa
and theca cells in the ovary and the Sertoli cells in the testes. The expression
of FSH receptor (Table 6.1) in the domestic hen is correlated with the
develpment of ovarian follicular responsiveness to FSH, being highest in the
granulosa cells of small yellow follicles (6—8 mm diameter), whilst expression in
the theca remains relatively constant in all follicles (You et al., 1996). The
hierarchy of pre-ovulatory follicles is selected from the small yellow follicles and
follicular selection may involve a decrease in epidermal growth factor in the
selected follicle that lifts a suppressive effect on FSH-induced steroidogenesis in
granulosa cells (Hernandez and Bahr, 2003).

LH increases the expression of the LH receptor (Table 6.1) but not the
FSH receptor, and this effect is antagonized by activin A in follicles in the
middle of the rapidly growing pre-ovulatory follicular hierarchy. Activin A may
therefore act in a paracrine manner to control the responsiveness of these
follicles to LH (Davis et al., 2001a). Conversely, in prehierarchical follicles
activin A increases the expression of LH receptor and, together with FSH, it
induces FSH receptor expression (Johnson et al., 2004). LH receptor is also
induced in long-term granulosa cell cultures in the presence of FSH and LH
(Johnson and Bridgham, 2001). In vivo LH receptor mRNA is expressed in the
granulosa of hierarchical follicles, increasing as the follicles mature, and in
theca cells from prehierarchical follicles, increasing until the F2 follicle (Johnson
et al., 1996). Increasing amounts of LH receptors in the granulosa cells of
hierarchical follicles reflect an increased capacity to produce progesterone,
which is greatest in the mature pre-ovulatory follicle.

GENETICS AND THE HYPOTHALAMIC-PITUITARY-GONADAL
AXIS

Modern commercial poultry have been selected for the two key economic
traits, meat or table egg production, which has resulted in meat-type and egg-
type poultry. Both selection strategies have affected the reproductive system.
In egg-type breeds, the age of puberty has been reduced, the persistency of egg
production increased with almost no non-laying days (Preisinger and Flock,
2000), and the requirement for external cues, such as increased day length, to
control reproductive activity is greatly reduced (Morris et al., 1995). In meat-
type birds the selection for growth and meat yield is associated with polyfollicular
ovarian growth resulting in lost egg production (Hocking, 2004; Chapter 17,
this volume). In egg-type poultry there are few, if any, problems reported in the
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reproductive system, but little is known of how selection has acted upon the
endocrine function to improve egg production. In meat-type poultry considerable
attention has been paid to understanding the causes of, and to improving, poor
reproductive performance (Decuypere et al., 2002; Siegel, 2002). The
underlying problem may be in the ovary, where selection for somatic growth
may have affected interactions between growth factors produced in the ovary
that are required for the development of an orderly follicular hierarchy, or it
may be at the level of the hypothalamic—pituitary axis, where selection for
somatic growth may have affected the secretion of reproductive hormones and
the feedback systems required to main endocrine homeostasis. It is likely that
endocrine mechanisms in both the ovary and the hypothalamic—pituitary axis
and the interaction between the two contribute to the poor reproductive
performance of meat-type poultry. However, it is unlikely that the mechanism
controlling ovulation is a contributory factor since the ovulatory cycle in meat-
type turkey hens is similar to that in unselected hens (Buchanan et al., 2002)
and is not influenced by food restriction (Liu et al., 2004).

The responsiveness of thecal tissue from meat-type hens to gonadotrophic
stimuli is greater than that of thecal tissue from egg-type hens, indicating that
selection for growth increases ovarian responsiveness to gonadotrophins and
may be a contributory factor to the tendency for broiler breeders to have
polyfollicular ovarian growth (Hocking and McCormack, 1995). However,
concentrations of plasma gonadotrophins are not predictive of reproductive
traits in broiler breeders (Lewis et al., 2005). There is some evidence that
selection has detrimentally altered the response to photoperiod in meat-type
birds (Dunn and Sharp, 1990; Eitan and Soller, 2001) and is considered in
more detail by Lewis (Chapter 14, this volume). Genetic selection has not
affected hypothalamic NPY gene expression, which is thought to mediate the
effect of food intake on reproduction, although NPY gene expression is affected
by food restriction (Boswell et al., 1999). Comparison of layers with dwarf
broilers indicates higher LH levels in the dwarf broiler (Dunn and Sharp, 1990);
however, in turkeys selected for a high growth rate with a high incidence of
multiple ovulation, baseline circulating LH and oestrogen levels are lower than
in control turkeys with normal, single ovulations (Buchanan et al., 2002). This
latter observation is surprising given that the mass of oestrogenic tissue was
much greater in the turkey hens selected for high growth rate. This observation
in turkeys has been confirmed in a comparison of broiler breeders from a fast-
growing line and lines with better reproductive performance (Onagbesan et al.,
2006). In this experiment LH-stimulated progesterone production by cultured
granulosa cells collected from the mature pre-ovulatory follicle was enhanced in
birds subjected to food restriction and was increased further by the growth
factors BMP-7 and IGF-I (Onagbesan et al., 2006). A further growth factor,
tumour necrosis factor a.,, originating from macrophages in the thecal layer of
hierarchical follicles, is also implicated in modulating the actions of LH and
IGF-I on granulosa cell progesterone production and proliferation (Onagbesan
et al., 2000).

Ultimately it is hoped that we can use genetic methods to identify the
causative genes in broiler breeders that are responsible for polyfollicular ovaries.
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This would allow precision selection against the trait whilst maintaining broiler
traits, provided that identical gene polymorphisms are not responsible for both
traits. Somewhat surprisingly indications are that the heritability of polyfollicular
ovaries is close to zero (Hocking et al., 2007), suggesting that the contribution
of additive genetic variation is low. This leads us to assume that the genetic
control is complex, perhaps comprising effects at interacting loci as well as
dominance components. This is in line with the understanding from physiological
studies which point to multiple aetiologies.

Although there are a number of quantitative trait loci (QTL) studies that
have looked for QTL for reproduction (Hocking, 2005), there are none which
suggest genes expressed in the HPGA, although we have demonstrated an
association between markers in the cGnRH-RI gene and the production of
double-yolked eggs, an indicator of polyfollicular ovaries, in a commercial
broiler breeder line (Dunn et al., 2004). However, in the same study, we did
not confirm an association between markers in the growth hormone receptor
and egg production, as shown in White Leghorns by Kuhnlein et al. (1997).

In contrast to the underlying aetiology of the problem of polyfollicular
ovaries, it is becoming increasingly clear that food restriction ameliorates the
deleterious effect of selection for meat-type traits on reproduction by decreasing
the activity of the HPGA. This includes decreased expression of cGnRH-I
mRNA in the hypothalamus and a-subunit mRNA in the pituitary (Ciccone et
al., 2007), and decreased cGnRH-I peptide in the median eminence and of LH
and FSH in the pituitary.

SUMMARY AND CONCLUSIONS

Since the publication of the last review on the poultry HPGA in 1984, progress
in understanding details of the axis has been facilitated in large part by cloning
chicken genes expressed in the HPGA, and the sequencing of the chicken
genome. We have become aware that, in broad terms, there appear to be two
levels of control of the hypothalamus. One level of control may mediate longer-
term or chronic changes in reproductive function, associated with, for example,
the onset of puberty, the response to photostimulation and availability of food,
or to the expression of incubation behaviour. This seems to act principally at
the level of the cGnRH-I cell bodies in the hypothalamus. The second level of
control mediates shorter-term or acute changes in reproductive function, such
as the generation of the pre-ovulatory surge of LH and the initial hypothalamic
response to photostimulation. The second level of control may act principally
at the median eminence to regulate the release of GnRH-I. Dopamine is
emerging as a potential key regulator of both mechanisms, being stimulatory at
the GnRH-I cell body and inhibitory at the median eminence. Chronic changes
in the functions of GnRH neurones involve changes in interactions with glial
cells.

At the level of the pituitary it is clear that FSH synthesis and secretion are
regulated by endocrine feedback signals from the ovary; however, it is far from
clear what causes the dramatic increase in circulating levels of FSH around
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puberty. A change in patterns of GnRH-I pulsatile secretion is likely to be
involved by altering pituitary paracrine interactions with gonadotrophes.

GnRH-I is now known to signal through two receptors in the chicken, and
further work will be required to determine whether they are involved in the
regulation of LH and FSH release from separate cell types and to identify the
second messenger pathways they use. A particularly exciting development is
the discovery of the emerging role of GnlH, which will stimulate further research
into understanding how gonadotrophin release, and particularly FSH release,
is controlled. This may involve further research on the relationship between the
common o-subunit expression and gonadotrophe function and lead to a better
understanding of how the complex functions of the ovary are controlled using
a limited repertoire of primary signalling hormones.

The HPGA functions normally in egg-laying hens but in an abnormal
manner in meat-type hens. In meat-type birds the environmental manipulation
of the HPGA is currently the only tool available to sustain current production,
but new genetic methods are likely to come from the sequencing of the chicken
genome. One of the intriguing aspects of the avian HPGA is the apparent
absence of components that are present in the mammalian HPGA. Specifically,
in mammals, both leptin and kisspeptin regulate HPGA by mediating the effects
of food intake on reproductive function (Fernandez-Fernandez et al., 2006).
However, genes encoding homologues of kisspeptin and leptin have not been
found in the chicken genome. This may be because the genomic regions
containing these genes have not yet been sequenced, or because birds and
mammals do not use the same neuroendocrine and endocrine mechanisms in
the metabolic control of reproductive activity. Even where a peptide involved in
the regulation of metabolic responses in mammals, for example ghrelin, occurs
in chickens it does not function in the same way as in mammals (Furuse et al.,
2001). It is therefore concluded that it cannot be assumed that mechanisms
controlling the interactions between energy balance and the mammalian HPGA
operate in poultry. In future it should be possible not only to better understand
which genes are critical to control the poultry HPGA but to identify at the
molecular level genetic variation responsible for breed differences in activity of
the axis.
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ABSTRACT

Elucidation of the mechanisms that regulate the orderly maturation and
ovulation of follicles in the hen ovary remains a major challenge for avian
biologists. Whilst pituitary gonadotrophins have long been recognized as
primary regulators of ovarian follicle function, an increasing number of intra-
ovarian growth factors have been implicated as autocrine and paracrine
modulators of follicle cell proliferation and differentiation. Amongst these are
members of the transforming growth factor-B (TGF-B) superfamily, including
activins, inhibins and bone morphogenetic proteins (BMPs). Recent studies
have shown that mRNA transcripts encoding various TGF-f-related ligands,
including inhibin-A, inhibin-B, activin-A, activin-B and BMP-2, -3, -4, -5, -6, -7,
are expressed to different extents by granulosa (GC) and theca cells (TC) of
prehierarchical and pre-ovulatory hen follicles. Similarly, there are differences
in expression of various receptors and binding proteins for these ligands during
follicle development. Evidence supporting a functional involvement of these
signalling systems in follicle development has mainly come from in vitro studies
on isolated chicken GC and TC. Within the hen follicle, most activin-A is
synthesized by the TC layer; treatment of cultured GC with activin-A can
promote ‘basal secretion of inhibin-A, upregulate expression of gonadotrophin
receptors and potentiate gonadotrophin-induced secretion of progesterone and
inhibin-A. This indicates a paracrine role for TC-derived activin-A in modulating
GC function. Conversely, gonadotrophin treatment has been shown to modulate
expression of inhibin and activin subunits, activin receptors and betaglycan
(inhibin co-receptor) by GC and TC, suggesting a possible mechanism for
fine-tuning follicle responsiveness to intra-ovarian activins and inhibins. BMP-4,
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-6 and -7 have also been shown to enhance gonadotrophin-induced progesterone
secretion by hen GC, while BMP-6 has additionally been shown to upregulate
inhibin-A secretion and expression of mRNAs for inhibin and activin subunits,
gonadotrophin receptors and cytochrome P450 side-chain cleavage (P450scc).
Despite these recent observations, when considered together with earlier
reports that other locally produced growth factors (e.g. insulin-like growth
factors, epidermal growth factor, transforming growth factor-alpha, basic
fibroblast growth factor) can modulate GC proliferation and steroidogenesis,
our understanding of the integrated endocrine, paracrine and autocrine control
systems that coordinate avian follicle development is far from complete. The
challenge remains to define the key intra-ovarian signalling networks that are
obligatory for successful follicle progression and distinguish these from those
that are dispensable.

INTRODUCTION

Ovarian follicles

The functional left ovary of a laying domestic hen is endowed with several
thousand follicles at different developmental stages, ranging from ‘small white’
follicles (SWF; less than 1 mm), ‘large white’ follicles (LWF; 2—-4 mm), ‘small
yellow’ follicles (SYF; 4-8 mm) and ‘large yellow’ follicles (LYF; 840 mm). As
follicles advance along this developmental continuum, taking some 2—-3 weeks
to grow from 1.5 to 40 mm, there is a progressive decrease in the number of
follicles belonging to a particular size class (Perry et al., 1983). Typically, the
largest four to eight rapidly growing LYFs are arranged in a distinct size
hierarchy that corresponds to the order in which they will ovulate; ovulation of
the largest of these (termed F1) occurs at intervals of 24-27 h (Bahr and
Johnson, 1984; Cunningham, 1987; Etches, 1996). Succeeding follicles (F2,
F3, F4, etc.) then advance one place in the pre-ovulatory hierarchy and an
additional follicle (6—8 mm diameter) is recruited from the SYF pool (Gilbert et
al., 1983; Etches and Schoch, 1984). The remaining follicle wall after ovulation
is referred to as the post-ovulatory follicle.

The yolk-filled oocyte of a mature follicle is enclosed by a concentric
arrangement of tissues constituting the follicle wall. Moving outwards, this
comprises the vitelline membrane, perivitelline layer, granulosa layer, basement
membrane, theca interna, theca externa and vascularized connective tissue
representing an extension of the follicle stalk (Wyburn et al., 1965). The
germinal disc (GD) contains the female pronucleus and the majority of the
oocyte’s cytoplasmic organelles required for metabolic activity. A very thin layer
of cytoplasm and vitelline membrane stretches around the yolk. The GD is
visible as a white plaque of approximately 2-3 mm lying on the surface of a
mature ovum; there is intimate contact between the GD and adjacent granulosa
cells, indicative of functional interaction (Romanoff, 1960; Perry et al., 1978).

The rapid growth of hierarchical follicles is associated with the extensive
uptake of lipid-rich yellow yolk precursors and requires major remodelling of
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the tissues comprising the follicle wall (Gilbert, 1971). The delivery of blood-
borne yolk precursors is dependent on a well-vascularized theca interna. The
rate of granulosa cell proliferation in rapidly growing follicles of the pre-
ovulatory hierarchy is much less than that in slow-growing 1-8 mm follicles
(Tilly et al., 1992). The majority of unselected prehierarchical follicles (less
than 6 mm in diameter) eventually undergo atresia, attributed to apoptosis and
cellular deletion, whereas follicles recruited to the pre-ovulatory hierarchy rarely

undergo atresia (Gilbert et al., 1983; Tilly et al., 1992).

The laying hen as a model

Typically, oviposition precedes ovulation of the subsequent egg in the laying
sequence by 15-30 min. Eggs belonging to one sequence (‘clutch’) are laid on
consecutive days at progressively later times. An exception arises on a ‘pause
day’, when following the terminal oviposition in a sequence there is no
accompanying ovulation due to the absence of an LH surge (Cunningham,
1987; Etches, 1996). Thus, by monitoring ovipositions, follicles at known
developmental stages relative to the time of ovulation can be readily identified.
The anatomy of the hen follicle permits granulosa and theca cell layers to be
easily separated from one another. Moreover, both cell types are amenable to
cell culture, providing investigators with valuable model systems for functional
in vitro studies to explore the actions and interactions of various signalling
molecules on aspects of follicle cell function such as cell proliferation,
steroidogenesis and apoptosis.

Regulation of follicle development and ovulation

Follicle development culminating in ovulation is primarily regulated by the
temporally coordinated actions of hypothalamic gonadotrophin-releasing
hormone-I (GnRH-I), pituitary gonadotrophins (LH, FSH) and ovarian steroids
(androgens, oestrogens, progesterone), the secretion of which varies in a cyclic
manner during the ovulatory cycle (Johnson and van Tienhoven, 1980; Bahr
et al., 1983; Cunningham et al., 1984; Etches and Duke, 1984 ; Cunningham,
1987). Gonadotrophins bind to specific LH and FSH receptors on both
TC and GC (Johnson et al., 1996; You et al., 1996). Gonadotrophin-
dependent actions include the promotion of cell proliferation, steroidogenesis,
peptide hormone production (e.g. inhibin), plasminogen activator production
and ovulation (Bahr and Johnson, 1984; Cunningham, 1987; Tilly et al.,
1991a,b; Lovell et al., 2002a).

The expression of gonadotrophin receptors (LH-R, FSH-R; Johnson
et al., 1996; You et al., 1996) and steroidogenic capacity (Bahr et al., 1983;
Etches and Duke, 1984) of TC and GC varies during follicle development.
There is a shift from FSH responsiveness to LH responsiveness as follicles are
selected into the pre-ovulatory hierarchy (Tilly et al., 1991a,b; Johnson et al.,
1996; You et al., 1996), accompanied by a decline in expression of
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P450 aromatase and oestrogen production by the theca externa. Expression
of P450c17 and production of androgen by the theca interna fall sharply during
the F2 to F1 transition and are accompanied by a rise in progesterone
production by the GC. Indeed, progesterone secreted by the GC of the F1
follicle has a critical positive feedback action in promoting the pre-ovulatory LH
surge responsible for inducing its own ovulation some 4 h later (Etches, 1996).
However, the processes that coordinate and ‘fine-tune’ follicle progression,
permitting only some follicles to attain ovulatory status, are poorly understood;
they are thought to involve locally produced signals emanating from the ovary
itself, including steroids and proteins.

Intra-ovarian growth factors and follicle development

Evidence has accrued from studies on both mammals and birds to implicate a
range of local intra-ovarian growth factor signalling systems in the regulation of
follicle development and ovulation. Amongst these are the insulin-like growth
factor (IGF) system (Adashi, 1994; Onagbesan and Peddie, 1995; Fortune,
2003), the epidermal growth factor/transforming growth factor-o. system (Li
and Johnson, 1993; Onagbesan et al., 1994, Peddie et al., 1994; Woods et
al., 2005), basic fibroblast growth factor (Li and Johnson, 1993) and several
members of the transforming growth factor- (TGF-B) superfamily (reviews:
Decuypere et al., 1997; Shimasaki et al., 2004; Juengel and McNatty, 2005;
Knight et al., 2005; Knight and Glister, 2006); the latter superfamily has been
under the spotlight in recent years and provides the principal focus for the
present chapter.

THE TGF-3 SUPERFAMILY
Ligands

The TGF-B superfamily includes over 35 structurally related proteins that
function as extracellular ligands in a diverse range of tissues and organ systems
to modulate cellular processes such as proliferation, differentiation, survival and
apoptosis (Massague and Wotton, 2000; Knight and Glister, 2006). Members
of the superfamily include TGF-B isoforms, activins, inhibins, bone morpho-
genetic proteins (BMPs), growth differentiation factors (GDFs) and anti-Mullerian
hormone (AMH, also known as Mullerian-inhibiting substance, MIS). These
molecules are widely represented throughout the animal kingdom and the
amino acid sequences of homologous TGF-B proteins are highly conserved
amongst different species. A common feature shared by TGF-B superfamily
members is that the mature forms are homo- or heterodimers of the carboxy-
terminal regions of larger pre-proproteins. Typically, these dimers are covalently
linked by an interchain disulfide bond between conserved cysteine residues; in
some cases (e.g. GDF3, GDF9) constituent chains are non-covalently linked.
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Receptors, signal transduction and binding proteins

Most TGF-B superfamily ligands exert their effects on target cells by cooperative
binding to two types of signalling receptor (designated type-I and -II), each of
which possesses an extracellular ligand-binding domain, a single transmembrane
domain and an intracellular serine/threonine kinase domain. Typically, ligand
binding to type-Il receptor induces recruitment and transphosphorylation of
type-I receptor to generate a heterotetrameric signalling complex (Massague
and Wotton, 2000; Chang et al., 2002; Miyazawa et al., 2002). In mammals
there are seven known type-I and five type-Il receptors associated with TGF-B
signal transduction; in birds six type-I and five type-Il receptors are known.
Different TGF-B superfamily ligands form active signalling complexes by binding
to one or more combinations of type-I and type-ll receptors, suggesting an
element of redundancy.

Receptor activation leads to the phosphorylation of signalling intermediaries
called receptor-regulated Smads (R-Smads). These associate with a common
partner Smad (co-Smad) and translocate to the nucleus to alter gene expression
through interaction with various transcription factors and co-activators or
co-repressors of transcription (Massague and Wotton, 2000). Inhibitory Smads
(I-Smads) can attenuate TGF- ligand-induced signal transduction pathways at
the intracellular level while several secreted binding proteins (including follistatin,
noggin, chordin and gremlin) bind to some TGF-B members extracellularly,
thus disrupting their interaction with cell surface receptors (Gumienny and
Padgett, 2002). In addition, other cell surface molecules, including betaglycan
(also known as TGF-B type-Ill receptor), function as co-receptors for some
ligands including TGF-B and inhibin. Betaglycan binds TGF-f and inhibin with
high affinity and enhances the presentation of these ligands to type-II receptors
on the cell surface, thus potentiating their action (Lewis et al., 2000; Phillips
and Woodruff, 2004).

TGF-p SUPERFAMILY MEMBERS IN THE AVIAN OVARY
Expression of TGF-f3 superfamily members in developing follicles

The expression of mRNA transcripts encoding TGF-B-related ligands has been
reported in hen ovarian follicles, including inhibin o subunit, inhibin and activin
B, and By subunits (Chen and Johnson, 1996a,b; Davis and Johnson, 1998;
Davis et al., 2001; Knight et al., 2005), TGF-81, -2, -B3 isoforms (Law
et al., 1995), various BMPs (Onagbesan et al., 2003; Al-Musawi et al., 2007)
and GDF9 (Johnson et al., 2005). Moreover, the above studies have revealed
a number of interesting differences in expression pattern according to follicle
cell type and developmental stage. Similarly, follicular GC and TC contents of
several of the translated and post-translationally-processed protein products,
including inhibin-A, inhibin-B, activin-A and activin-binding protein (follistatin),
have been shown to vary in a coordinated fashion (Lovell et al., 1998,

2003).
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The progression of follicles into the pre-ovulatory hierarchy is accompanied
by a dramatic shift from inhibin-B to inhibin-A production (Lovell et al., 1998,
2003), associated with concomitant changes in GC expression of mRNAs for
the corresponding By and B, subunits (Davis and Johnson, 1998; Hecht et al.,
2000; Slappey and Davis, 2003; Knight et al., 2005). In prehierarchical (8-10
mm) follicles, GC selectively produce inhibin-B, while in pre-ovulatory follicles,
especially the F1, GC selectively produce high levels of inhibin-A (Lovell et al.,
2003). The functional significance of this striking shift from inhibin-B to
inhibin-A production remains obscure. As follicles are recruited into the pre-
ovulatory hierarchy they appear to acquire a high ‘activin tone’, reflected by an
increase in TC activin-A production, decreased GC inhibin-B production and a
decrease in follistatin production. During the final stages of the pre-ovulatory
hierarchy, particularly at the F2 and F1 transition, ‘activin tone’ is markedly
reduced, accompanied by a significant rise in inhibin-A and progesterone
production with little change in follistatin level (Lovell et al., 2003). These
sequential shifts in the balance between inhibin and activin during follicular
development imply functional roles for the inhibin—activin system necessary for
the progression of follicles into the pre-ovulatory hierarchy and acquisition of
ovulable status. As yet there have been no comparable studies to quantify
ovarian expression of BMPs at the protein level and, to our knowledge,
immunoassays for avian BMPs have not been developed.

Further reports have documented follicle cell- and stage-dependent changes
in expression of mMRNAs for activin receptors (Slappey and Davis, 2003; Lovell
et al., 2006), BMP receptors (Al-Musawi et al., 2007), inhibin co-receptor,
betaglycan (Knight et al., 2005; Sweeney and Johnson, 2005; Lovell et al.,
2006) and follistatin (Davis and Johnson, 1998). Collectively, the above
evidence reinforces the concept that multiple TGF-B-related signalling systems
(ligands, receptors, binding proteins) are operational at the intra-ovarian level
and are likely to contribute to the regulation of follicle progression. What
evidence is there from functional studies to support such an involvement?

Evidence for functional roles of activins and inhibins in hen follicles

Inhibins and activins have been implicated as direct (paracrine, autocrine) and
indirect (endocrine) regulators of ovarian follicle development in birds
(Vanmontfort et al., 1994; Davis et al., 2001; Lovell et al., 2002a,b; Johnson
et al., 2004; reviews: Decuypere et al., 1997; Knight et al., 2005). Both LH
and FSH promote inhibin-A secretion by GC from hen hierarchical follicles in
vitro (Lovell et al., 2002a,b), and the fall in plasma inhibin-A concentration
that accompanies follicle regression induced by food restriction is associated
with a reciprocal rise in plasma FSH (Lovell et al., 2000). Active immunization
against inhibin o subunit has been shown to advance the onset of lay and
increase laying performance in Japanese quail (Moreau et al., 1998) and
broiler breeder pullets (Satterlee et al., 2002). Inhibin-o. immunization of pullets
has also been shown to increase the number of 8-10 mm follicles at the bottom
of the pre-ovulatory hierarchy, the number of recent post-ovulatory follicles
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and the incidence of double ovipositions (Lovell et al., 2001). Despite the
above evidence that active immunization against inhibin can perturb follicle
development, Lovell et al. (2001) were unable to detect any effect on plasma
gonadotrophin profiles, and the mechanism underlying the ovarian response
has not been resolved. As discussed below, inhibin-a. antibodies may be acting
at an intrafollicular level.

Are activin and inhibin involved in selection of prehierarchical follicles?

It is intriguing that GC expression of inhibin By subunit mRNA (Hecht et al.,
2000; Knight et al., 2005) and inhibin-B protein (Lovell et al., 2003) is
maximal in 7-9 mm follicles at the point of entry into the pre-ovulatory
hierarchy and that the number of follicles in this same size class was twofold
higher in inhibin-a immunized birds (Lovell et al., 2001). This raises the
possibility that partial immunoneutralization of inhibin-B in these follicles tips
the prevailing intrafollicular inhibin:activin balance in favour of activin. In this
regard, activin-A has been shown to augment FSH and LH receptor mRNA
expression in undifferentiated GCs from prehierarchical hen follicles (Johnson
et al., 2004; Woods and Johnson, 2005; Johnson et al., 2006), potentially
sensitizing them to gonadotrophic stimulation, facilitating their acquisition of
steroidogenic competence and subsequent recruitment to the pre-ovulatory
hierarchy.

Lovell et al. (2007) examined whether gonadotrophins, in a reciprocal
manner, influence expression of activin receptors and inhibin co-receptor
(betaglycan) in GC from prehierarchical 6-8 mm follicles. Both gonadotrophins
enhanced activin receptor-IIA (ActRIIA) mRNA expression; LH also increased
activin receptor-l and -IIB mRNA levels, suggesting increased GC responsiveness
to activin, which requires both type-I and -II activin receptors to form an active
signalling complex. However, FSH decreased ActR-I and -IIB mRNA levels,
and both gonadotrophins increased expression of betaglycan (inhibin
co-receptor), possibly indicating a lower GC responsiveness to activin (and
increased responsiveness to inhibin) in prehierarchical follicles. Both LH and
FSH also raised betaglycan mRNA levels in TC from prehierarchical follicles
without affecting expression of activin receptors, suggesting an increased TC
sensitivity to inhibin. As mentioned above, GC inhibin-B production is maximal
in prehierarchical follicles (Lovell et al., 2003). Whether this inhibin-B has a
role in promoting thecal androgen production by hen prehierarchical follicles
has not been established, although a pilot study in the authors’ laboratory has
provided some evidence to support this. An antibody against inhibin o subunit
was shown to inhibit LH-induced androstenedione secretion by 6~8 mm follicle
explants (i.e. TC plus GC) without affecting LH-induced progesterone secretion
(Fig. 7.1). Studies in several mammalian species indicate that inhibin can
upregulate thecal androgen production while activin has the opposite effect
(see Knight and Gilister, 2003).

Collectively, the above observations support the notion that activin-A,
predominantly secreted by the TC of avian prehierarchical follicles, exerts a
local paracrine action on GC to sensitize them to gonadotrophins and facilitate
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Fig. 7.1. Preliminary evidence that endogenous inhibin promotes LH-induced androgen
production by theca cells of prehierarchical follicles. Follicle wall explants were cultured
overnight with or without ovine LH (10 ng/ml) in medium supplemented with an IgG fraction of
normal sheep serum (NSS) or sheep inhibin a subunit (a-inh) antiserum. The inhibin antibody
abolished LH-induced androstenedione secretion but did not affect basal or LH-induced
progesterone secretion. Values are means + SEM (n = 5).

follicle advancement to the pre-ovulatory hierarchy. Mutually, gonadotrophins
(particularly LH) may reinforce this signal by upregulating GC responsiveness
to TC-derived activin. A pronounced though transient rise in inhibin-B
expression by growing prehierarchical follicles may serve as a ‘brake’ on further
development and restrict entry into the pre-ovulatory hierarchy. On the
reasonable assumption that, in vivo, each member of the cohort of 6-9 mm
prehierarchical follicles is exposed to the same level of gonadotrophin supplied
by the thecal vasculature, we hypothesize that the follicle that is promoted to
the hierarchy has an optimal intrafollicular balance of stimulatory (activin-A?)
versus inhibitory (inhibin-B? follistatin?) factors that maximizes gonadotrophin
sensitivity and is most conducive to rapid cell proliferation. One can envisage
that an individual 6—9 mm follicle with one or more of the following characteristics
— high intrafollicular activin-A content, high activin receptor expression, low
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Inhibin-A (pg/UDNA)
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follistatin content, low inhibin-B content, low inhibin co-receptor expression —
would have a selective advantage and a high chance of joining the rapidly
growing pre-ovulatory hierarchy.

Activin and inhibin in pre-ovulatory follicles

In contrast to mammalian follicles, in which GCs are the main source of activins,
the TC layer of chicken pre-ovulatory (F1 to F4) follicles has an approximately
40-fold higher concentration of activin-A protein than the corresponding GC
layer (Lovell et al., 1998, 2003). Moreover, activin type-I and -II receptors are
expressed by pre-ovulatory GC at both the mRNA (Lovell et al., 2007) and
protein (Lovell et al., 2002b) level. This suggests that TC-derived activin-A may
function as a local paracrine regulator of neighbouring GCs. In support of this
hypothesis Lovell et al. (2002b) found that in vitro treatment of GCs from hen
pre-ovulatory follicles (F1 to F3) with activin-A alone greatly enhanced secretion
of inhibin-A in F1 follicles, with a progressively smaller response in F2 and F3
follicles; progesterone secretion was not affected. Furthermore, activin-A
greatly enhanced FSH-induced secretion of inhibin-A and progesterone, the
relative response being greatest in F1 follicles and smallest in F3 follicles (Fig.
7.2). Activin-A also enhanced LH-induced inhibin-A secretion but had only a
marginal effect on LH-induced progesterone secretion. The ability of TC-derived
activin-A to promote the synthesis and secretion of its physiological antagonist,
inhibin-A, by neighbouring GC is of some interest and suggests an autoregulatory
mechanism that might serve to prevent excessive intrafollicular activin signalling,
a role also assigned to the activin binding protein, follistatin.

Additional evidence for a functional interaction between gonadotrophin-
dependent and activin-dependent signalling pathways was provided by Johnson
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Fig. 7.2. Stimulatory effect of activin-A on ‘basal’ and FSH-induced secretion of (a) inhibin-A
and (b) progesterone by granulosa cells from F1, F2 and F3 follicles (data replotted from
Lovell et al., 2002b).
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et al. (2006), who showed that activin-A enhanced both FSH- and LH-receptor
mRNA expression in GC from pre-ovulatory follicles. In a reciprocal manner,
both LH and FSH augment expression of ActRI and ActRIIB mRNA by GC
from pre-ovulatory F1 follicles (Lovell et al., 2007).

A dramatic increase in GC progesterone output, inhibin-A content (Lovell
et al., 1998, 2003) and inhibin B, subunit mRNA expression (Chen and
Johnson, 1996a; Knight et al., 2005) occurs as hierarchical follicles advance
to the F1 position. Both GC inhibin-A protein content and B, subunit mRNA
expression in the F1 follicle fall sharply after the LH surge. It remains to be
established whether the sharp increase in inhibin-A contributes to the rise in
progesterone output by the F1 follicle that plays such a vital role in promoting
the pre-ovulatory LH surge that triggers its ovulation. In view of recent evidence
that TC-derived testosterone facilitates LH-induced progesterone secretion by
GC from pre-ovulatory hen follicles (Rangel et al., 2007) and that administration
of an anti-androgen, flutamide, abolishes the pre-ovulatory surge of progesterone
and blocks ovulation (Rangel et al., 2006), we speculate that recurrent increases
in inhibin-A production by GCs of successive F1 follicles generate cyclic
increases in TC androgen output from other follicles (F2 to Fn hierarchical
follicles and perhaps prehierarchical follicles) and thus facilitate the pre-ovulatory
progesterone surge. Further research is clearly needed to evaluate this
hypothesis but previous in vitro studies have shown that inhibin can enhance
TC androgen production in mammals (Hillier, 1991; Wrathall and Knight,
1995) and embryonic chicken gonad (Rombauts et al., 1996).

Evidence for functional roles of BMPs and GDF9 in hen follicles

Studies over the last decade have revealed the existence of a functional BMP
system in the mammalian ovary that appears to have a number of critical roles
in the regulation of folliculogenesis (reviewed by Shimasaki et al., 2004; Knight
and Glister, 2006). Various BMP ligands, receptors, binding proteins and
signalling intermediaries are expressed in a cell and follicle stage-specific manner,
and in vitro studies of both GC and TC have revealed BMP-induced alterations
in cell proliferation, steroidogenesis and gonadotrophin responsiveness (rodent:
Shimasaki et al., 1999; Otsuka et al., 2001; Erickson and Shimasaki, 2003;
porcine: Brankin et al., 2005; ovine: Bodensteiner et al., 1999; McNatty et
al., 2005; bovine: Bodensteiner et al., 1999; Glister et al., 2004, 2005).
While there is a general paucity of information on BMPs in the avian
ovary, as discussed below, a few recent studies have examined the expression
of BMP ligands and receptors in hen follicles (Onagbesan et al., 2003; Johnson
et al., 2005; Al-Musawi et al., 2007). In addition, Onagbesan et al. (2003)
demonstrated stimulatory effects of BMP-4 and -7 on GC cell proliferation and
gonadotrophin-induced progesterone production, while Al-Musawi et al.
(2007) reported stimulatory effects of BMP-6 on basal and gonadotrophin-
induced secretion of inhibin-A and progesterone by GC, and on expression of
mRNAs for gonadotrophin receptors, inhibin/activin subunits and P450scc.
Johnson et al. (2005) showed that GDF9 is expressed in the avian oocyte and
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provided evidence supporting a stimulatory role for oocyte-derived GDF9 in
hen GC proliferation.

BMPs

In a recent study undertaken in the authors’ laboratory (Al-Musawi et al., 2007)
RT-PCR was used to compare the pattern of expression of BMP ligands and
receptors in cultured GC and TC from prehierarchical and pre-ovulatory (F1)
hen follicles. BMP-2 transcript was detected in GC from prehierarchical follicles,
while BMP-2 and -4 (plus very weak BMP-3 and -5) transcripts were detected
in GC from F1 follicles. Similarly, expression of BMP-2, -4, -6 and -7 mRNA
was reported in chicken GCs from F1 to F3 pre-ovulatory follicles (Onagbesan
et al., 2003). Thus an autocrine and paracrine action of GC-derived BMPs in
pre-ovulatory follicle function is a distinct possibility. In comparison with GC,
however, Al-Musawi et al. (2007) found that cultured chicken TC showed
abundant expression of a more extensive range of BMP ligands at both
prehierarchical (BMP-3, -4, -5, -6, -7 and -15) and pre-ovulatory (BMP-2, -3,
-4, -5, -6 and -7) follicle stages. At both stages TC also expressed the three
BMP receptor forms, compatible with an autocrine and paracrine role of BMPs
in modulating theca cell function from the prehierarchical stage through to
ovulation. This finding is in agreement with Onagbesan et al. (2003), who
reported that TC from F1 to F3 pre-ovulatory follicles express several BMP
ligands (BMP-2, -4, -6 and -7) as well as BMPR-IA, -IB, -Il. To our knowledge
the potential action of BMPs on TC has yet to be explored in the chicken, but
recent studies in cattle (Glister et al., 2005) and sheep (Campbell et al., 2006)
have demonstrated BMP-induced suppression of both basal and LH-induced
androgen secretion by TC.

The above findings prompted Al-Musawi et al. (2007) to undertake
functional studies on GCs from hierarchical follicles to test the hypothesis that
TC-derived BMPs modulate GC function in a paracrine manner. Secretory
responses of GCs to BMP-6, in terms of inhibin-A, inhibin-B and progesterone
secretion, were evaluated. Quantitative RT-PCR was used to examine the effect
of BMP-6 on basal, gonadotrophin- and cyclic adenosine monophosphate
analogue 8-Br-cAMP-induced expression of mRNA transcripts for gonadotrophin
receptors, cytochrome P450scc and the inhibin and activin subunits (a., B,, Bg)-
The study showed that BMP-6 increased ‘basal’ and gonadotrophin-induced
inhibin-A and progesterone secretion but did not enhance the effect of
8-Br-cAMP (Fig. 7.3). This suggested that the observed synergism between
BMP-6 and gonadotrophins might involve BMP-induced upregulation of
gonadotrophin receptors. In support of this theory, treatment with BMP-6
alone increased LHR mRNA in F1 cells and FSHR mRNA in F1, F2 and F3/4
cells. BMP-6 also enhanced LH- and FSH-induced LHR expression in each cell
type but did not raise FSHR expression above that induced by BMP-6 alone.

To further explore the action of BMP-6 on inhibin-A secretion, Al-Musawi
et al. (2007) examined the effect of BMP-6 on expression of mRNAs encoding
inhibin and activin subunits (., B,, Pg). Consistent with its effect on inhibin-A
secretion, BMP-6 enhanced ‘basal’ expression of a and B, subunit mRNA in
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Fig. 7.3. Effect of BMP-6 (50 ng/ml) with or without FSH/LH (100 ng/ml) or 8-Br-cAMP

(0.5 mM) on inhibin-A (a—c; log scale), inhibin-B (d—f) and progesterone (g—i; log scale)
secretion by cultured granulosa cells derived from F1, F2 and F3/4 follicles. Values are means
+ SEM (n = 6 independent cultures); within each panel, means without a common letter are
significantly different (P < 0.05). The hashed line in d—f indicates the effective detection limit
of the inhibin-B assay. (From Al-Musawi et al., 2007, Reproduction 134, 293—-306; © Society
for Reproduction and Fertility. Reproduced by permission.)

F1, F2 and F3/4 GCs. BMP-6 markedly enhanced FSH- and LH-induced
expression of the a subunit in GCs from all follicles and FSH-induced f, subunit
in GCs from F2 and F3/4 follicles but not from F1 follicles. Treatment of GCs
with either BMP-6 alone or FSH and LH had no effect on ‘basal’ BB mRNA
abundance. However, co-treatment of GCs with gonadotrophin and BMP-6
greatly increased By subunit expression, the response being greatest in F3/4
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follicles and lowest in F1 follicles (Fig. 7.4). Collectively, these findings, and
those of Onagbesan et al. (2003), constitute direct evidence to support the
existence of a functional BMP system in the avian ovary in which TC-derived
BMP(s) exert a major influence on GC function. Studies to investigate potential
effects of intrafollicular BMPs on TC function in birds have not been reported,
although, as mentioned above, hen TCs express both type-I and -II receptors
for BMPs (Onagbesan et al., 2003; Al-Musawi et al., 2007) consistent with
such an action. BMP-4, -6 and -7 have been shown to suppress ‘basal’ and
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Fig. 7.4. Effect of BMP-6 (50 ng/ml) with or without FSH/LH (100 ng/ml) or 8-Br-cAMP
(0.5 mM) on relative amounts of mMRNA transcript encoding the inhibin/activin o (a—c; log
scale), B, (d—f) and Bg (g—i) subunits in the F1, F2 and F3/4 granulosa cells. Values are
means + SEM (n = 3 independent cultures); within each panel, means without a common
letter are significantly different (P < 0.05). (From Al-Musawi et al., 2007, Reproduction 134,
293-306; © Society for Reproduction and Fertility. Reproduced by permission.)
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LH-induced androgen secretion by bovine TC in primary culture (Glister et al.,
2005) and so a comparable action in the avian ovary is a distinct possibility.

GDF9

Ablation of the GD region (GD plus adjacent GCs) of a hen follicle 1-2 days
before ovulation induces follicle atresia, associated with a blockage of the pre-
ovulatory LH and progesterone surges (Yoshimura et al., 1994; Yao et al.,
1998). Signals emanating from the GD have a role in promoting GC proliferation
and follicle development (Yao et al., 1998); one such signal appears to be EGF
(Yao and Bahr, 2001). Another signal may be GDF9, an oocyte-specific
member of the TGF-B superfamily first identified in the mouse as playing an
obligatory role in the growth of early-stage (primary) follicles (Dong et al.,
1996; Shimasaki et al., 2004). As reported by Johnson et al. (2005) chicken
GDF9 mRNA and protein are expressed in hen follicles, with the greatest
concentration in oocytes from SWF (<1 mm). In larger, yellow yolk-filled
oocytes, GDF9 appeared to be predominantly localized at the periphery of the
oocyte, separated from the granulosa cell layer by the vitelline membrane. The
observation that SWF-conditioned culture medium promotes proliferation of
hen GC, and that this action was blocked by a GDF9 antibody (Johnson et al.,
2005), supports a functional role for chicken GDF9 in promoting GC
proliferation, akin to its role in mammalian follicles (see Shimasaki et al.,
2004).

CONCLUSIONS

Ovarian follicle development in the hen is closely regulated by a variety of
hormonal and intra-ovarian signals. Emerging evidence indicates that multiple
TGF-B superfamily ligands, receptors and extracellular binding proteins are
expressed by different cell types in avian ovarian follicles. This evidence has
prompted functional in vitro studies that have begun to unravel the physiological
roles of these intra-ovarian factors in follicle growth, selection, steroidogenesis
and ovulation. However, current information arising from studies on isolated
cells is far from complete and there is a need for further investigation to
delineate the key players involved and to resolve the issue of how such a diverse
array of signalling systems (including gonadotrophins, metabolic hormones,
ovarian and adrenal steroids, ovarian growth factors) is integrated at the ‘whole
animal’ level to bring about orderly follicle progression culminating in ovulation
of fertile oocytes.
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CHAPTER 8
Mating Behaviour and Fertility

|.J.H. Duncan
Department of Animal and Poultry Science, University of Guelph, Canada

And with that word he flew down from the beam,
For it was day, and down went his hens all;
And with a cluck he them began to call,

For he had found some corn within the yard.
Regal he was, and fears he did discard.

He feathered Pertelote full many a time

And twenty times he trod her ere 'twas prime.
He looked as if he were a grim lion

As on his toes he strutted up and down;

He deigned not set his foot upon the ground.
He clucked when any grain of corn he found,
And all his wives came running at his call.

Geoffrey Chaucer (1340?-1400)
The Canterbury Tales

The Nun'’s Priest’s Tale

(lines 3172-3183).

ABSTRACT

Mating behaviour in domestic fowl can be divided into an appetitive phase,
courtship, and a consummatory phase, copulation. Courtship displays serve
the important functions of arousing and synchronizing the participants. The
main courtship displays are performed by the cock and comprise waltzing,
wing-flapping, titbitting, cornering, strutting and rear approach. These have all
been observed in the progenitor of the domestic fowl, the red jungle fowl
(Gallus gallus spadiceus). The development of mating behaviour is described.
The presence of males during rearing has an accelerating effect on the sexual
development of hens. Mate choice within a breeding flock of domestic fowl is
not a random process. Both male and female fowl show mate preferences and
these are probably based more on physical attributes than on the behaviour of
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the opposite-sex individual. Females may also choose males according to
certain fitness characteristics, but it is argued that fluctuating asymmetry is
probably not a factor under commercial conditions. There is a strong diurnal
pattern of mating behaviour, with a peak in the late afternoon. Mating efficiency
also increases at this time of day. There is a wide variation in both mating
frequency and mating efficiency between cocks and little relationship between
either of those traits and fertility. All these findings mean that the mating
dynamics in large commercial flocks of breeders is extremely complicated. A
ratio of about 1:10 or 1:11 of cocks:hens usually gives the best fertility, but the
effective ratio is probably nearer 1:20, with many cocks not inseminating hens.
The evidence suggests that the decline in fertility in broiler breeders after 50
weeks of age is probably due to the conformation of the cocks preventing
cloacal contact rather than a reduction in libido. The recent problem of
hyperaggressiveness in broiler breeder males is discussed and a possible cause
suggested. Differences in the mating systems of turkeys and ducks compared
with that of the domestic fowl are described.

INTRODUCTION

In comparison with other poultry science topics, mating behaviour has received
little attention in the past 40 years. Most of the detailed descriptions of mating
behaviour were published in the 1950s and 1960s (e.g. Wood-Gush, 1954,
1956; Lake and Wood-Gush, 1956; Lill and Wood-Gush, 1965) and, while
things were running smoothly within the poultry industry, there seemed no need
to investigate this area in any more depth. However, in the early 1990s, problems
associated with mating were reported (Mench, 1993) and these have stimulated
a renewed interest in this area.

It is often helpful to think of behaviour as being made up of two phases,
the appetitive phase and the consummatory phase. In the poultry industry,
producers are generally concerned about what takes place as a result of
consummatory behaviour, e.g. the amount of food that the birds consume or
the number of eggs that are collected or the percentage fertility reached by a
flock. However, the correct expression of consummatory behaviour largely
depends on it being preceded by appropriate appetitive behaviour. It is often
aberrant appetitive behaviour that can account for poor consummatory
behaviour. When considering mating behaviour, it is therefore important to pay
particular attention to the appetitive elements, which are the various courtship
displays, and not just to the consummatory act of treading, ejaculation and
transmission of semen.

COURTSHIP AND MATING

Domestic fowl have a fairly complex courtship pattern (the appetitive phase),
which appears to serve several functions: it attracts females to the male, assures
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the dominance of the male over the female and thereby facilitates mating, arouses
both participants and synchronizes the act of copulation in both participants.

These functions are extremely important. Compared with most mammalian
species, birds have to overcome several handicaps in order to transfer semen
from male to female. When a male mounts a female, their cloacas point in the
same direction and generally there is no penile organ to lock them together.
Therefore, both the male and the female have to be well organized for semen to
be transferred. They must be highly aroused and very well synchronized for a
successful mating to take place. And that is what courtship behaviour is all about.
Some avian species have evolved extremely elaborate courtship displays, such as
the bowerbirds (e.g. Sericulus spp.) and the lyrebirds (Menura spp.). But even
the humble domestic fowl (Gallus gallus domesticus) has a complex courtship
composed of several elements.

Many courtship displays are thought to be derived from displacement
activities, i.e. behaviour patterns which occur out of context when the animal is
in a conflict situation. These displacement activities gradually become emancipated
from their original motivational systems and incorporated into the mating system
(Bastock, 1967). The following description of mating behaviour in the fowl is
based on the classic research of Wood-Gush (1954, 1956).

Waltzing is generally regarded as a potent courtship display, during which the
cock moves round the hen with short shuffling steps and drops the wing furthest
from her. It is thought that waltzing occurs when there is a strong conflict in the
cock between the tendencies to approach the hen sexually, to attack her
aggressively and to flee.

During wing-flapping both wings are raised above the level of the back and
flapped. Wing-flapping can be performed at various intensities. In its most
vigorous form the cock raises himself to his full height and beats his wings so that
they clap. There is therefore probably an acoustic as well as a visual component
to this display. In its more subdued form, the wings may be raised just above the
level of the back and then dropped. It is thought that wing-flapping also denotes
conflict between sex, aggression and fear but with a smaller sexual component.

During titbitting the cock pecks and scratches the ground, often in a crouched
posture, and gives food calls. The cock often moves away from the hen he
appears to be interested in and titbits in an exaggerated way and so it is easy to
spot. It is probably shown when the cock is highly aroused sexually and his other
displays have been unsuccessful in stimulating a female. It nearly always results in
hens moving towards the cock.

Cornering is a variation of titbitting in which the cock runs to a corner,
stamps his feet, lowers his body to the ground and pecks at the substrate.
Occasionally titbitting and cornering can switch to dust-bathing behaviour. This
presumably happens through ‘postural facilitation’; what starts out as a courtship
display can switch to dust-bathing behaviour when sexual motivation is relatively
low compared with dust-bathing motivation and when the cock adopts a posture
that is common to all three behaviour patterns.

During strutting the cock runs about with his legs slightly bent, his wings
drooped and his neck slightly retracted. This display is often carried out in a jerky
manner and the cock often chases the hens while strutting.
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The rear approach or high-step advance is self-explanatory. The cock
approaches the hen from the rear with slow, high steps.

If the hen is receptive, these courtship displays lead to her crouching with her
wings slightly spread.

During mounting the cock steps on to the hen'’s back (often, but not always,
after a rear approach) and grips her wing bases with his feet and her comb or
neck feathers with his beak. This is usually followed by treading, during which the
cock makes small foot movements, depresses and spreads his tail to one side
while the hen moves her tail to the other side. The male then flexes his pelvis and
slides over the rear of the hen. This is usually followed by cloacal contact and
semen is ejaculated through the engorged phallic folds into the everted cloaca of
the hen (Etches, 1996). Although it is not always possible to see the actual cloacal
contact there are some good indicators that this has taken place: the cock always
stops treading and makes a definite backwards and downwards thrust with his
pelvis and the hen nearly always gives a very characteristic high-intensity feather-
ruffle immediately after the cock dismounts.

In addition to these obvious courtship displays, Wood-Gush (1954) observed
that cocks engaged in courtship behaviour performed occasional feather-ruffles,
tail-wags, head-shakes and preens. In feather-ruffling, the neck is stretched, the
ruff and other body feathers are raised and the whole body is shaken. Tail-wagging
consists of the tail being moved rapidly from side to side in a horizontal plane. In
head-shaking the head is tilted to one side and shaken with rotating movements.
Preening is the manipulation of feathers using the beak. All these behaviour
patterns have been observed as displacement activities when a domestic fowl is
slightly frustrated or in conflict (e.g. Duncan and Wood-Gush, 1972). 1t is likely
that their occurrence during courtship is as displacement activities and not as true
courtship displays.

It is obvious from the foregoing description that the cock plays the more
active role in mating behaviour. However, in order for mating to be successful, it
is necessary for the hen to behave appropriately. Three characteristics are used
to describe female sexual behaviour: (i) attractivity or the stimulus value of a
female for a given male; (i) proceptivity or the extent to which a female initiates
copulation, including appetitive activities aimed at establishing contact with males;
and (iii) receptivity or the willingness of a female to accept courtship and copulatory
behaviour of a male. Attractivity will be discussed in a later section of this chapter.
There is no evidence of female domestic fowl showing proceptivity; however,
there has been interest over the years in receptivity and particularly its relationship
to fecundity or rate of lay (see also Birkhead amd Pizzari, Chapter 9, this
volume).

Using earlier unpublished data (Wilkins, 1915; Heuser, 1916) together with
results from a small experiment, Lamoreux (1940) suggested that sexual receptivity
and fecundity are positively correlated. However, research by others on this topic
could find no such relationship (Upp, 1928; Guhl and Warren, 1946; Wood-
Gush, 1958a).

The relationship between a hen’s position in the social hierarchy and her
receptivity has also been investigated. There is some indication that hens high in
the hierarchy have an above-average rate of lay but are less likely to crouch to
cocks than birds lower in the hierarchy (Guhl et al., 1945; Guhl, 1950).
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It should be noted that all the courtship displays described above have also
been observed in the red jungle fowl (Gallus gallus spadiceus) with any differences
being in relative frequencies and intensities of the displays (Kruijt, 1964; Lill,
1966; Collias and Collias, 1967).

DEVELOPMENT OF MATING BEHAVIOUR

It has been known for a long time that the process of imprinting in the first few
days of a chick’s life can have a profound effect on sexual responses later in life
(e.g. Guiton, 1962, 1966). The imprinting process occurs when a very young
chick, capable of following its mother, follows the first large moving object that it
encounters and forms a strong attachment to it (Lorenz, 1937; Sluckin, 1964;
Bateson, 1966). One of the unique characteristics of the imprinting process is
that, in addition to learning to recognize its mother individually, the chick learns
the broad features of the species and later in life directs its sexual behaviour
towards an animal similar to its parent. It should be noted that the actual sexual
behaviour displayed in adulthood does not seem to be affected by imprinting; it is
the bird’s perception of what is a suitable target for its sexual advances that is
changed (Guiton and Wood-Gush, 1962).

Although the imprinting process is of great theoretical interest, it is of little
importance practically. Breeding stock are generally reared socially from day-old
but in the absence of a mother hen or surrogate, and this does not lead to
problems later in the birds’ breeding lives. However, Guiton and Wood-Gush
(1962) suggest that cockerels that are destined to be semen donors in artificial
insemination programmes might become better donors if imprinted to human
beings while chicks. Guiton and Wood-Gush (1962) also suggest that, where
breeding practice will involve the mating of lines differing markedly in plumage
and morphology, it might be advisable to rear the chicks in mixed broods to avoid
infertility at the start of breeding. While there may be value in this suggestion, the
process involved probably has nothing to do with imprinting (since chicks of a few
days old bear no resemblance to their adult appearance). It is more likely to work
by getting birds accustomed to different plumage and morphological types so that
they are not frightened by the novelty of ‘strange birds’ when the breeding flock
is assembled (Bateson, 1964).

The normal development of sexual behaviour is, of course, under hormonal
control, and this is usually managed through manipulations of the photoperiod.
This is such a large topic, which has received so much attention recently (e.g.
Sharp, 1993; Etches, 1996; Lewis and Morris, 2006; Sharp, Chapter 11 and
Lewis, Chapter 14, in this volume), that it will not be discussed in this chapter.
However, it should be pointed out that sexual behaviour, at least in the male, is
not entirely dependent on post-pubertal hormone levels. Andrew (1966) was able
to elicit copulatory behaviour in male chicks when only 48 h old by thrusting his
hand with fingers extended towards the chick. The chick would climb on to his
hand, make grasping movements with the beak, raise the wings slightly, lower
the pelvis and show treading movements. This sequence usually ended with
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quivering movements of the body. Andrew (1966) also observed titbitting in these
very young males. This suggests that the neural mechanisms necessary for the
performance of some appetitive and consummatory elements of mating are
available from a very early age.

The development of normal sexual behaviour has not received much
attention. Kruijt (1964), in his study of Burmese red jungle fowl, does give some
detailed descriptions of the development of sexual displays. Kruijt (1964) reports
that, between 30 and 80 days of age, elements of sexual behaviour, namely rear
approach and treading by males and copulatory sitting by males and females, did
occur. Occasionally, these elements occurred quite separately from agonistic
behaviour patterns, which were the focus of Kruijt's study. At other times, a
mixture of sexual and agonistic behaviour was observed. Interestingly, the sexual
behaviour performed by males seemed to be directed at both males and females.
Complete copulatory responses were not seen at this age, even when crouching
models of birds of the same age were provided. Kruijt (1964) goes on to report
that this early copulatory behaviour does not change much in form between 80
and 120 days, although more of it progresses to the treading stage. During this
time, the birds’ juvenile vocalizations are developing into the adult type (suggesting
hormonal changes) but complete copulations are still not performed. From about
120 days, males start to perform complete copulations, and titbitting and corner-
ing appear in the jungle fowl's repertoire. During this stage, sexual behaviour is
often mixed with aggressive attacking behaviour. Kruijt (1964) speculates that this
is a result of sexual, aggressive and avoidance behaviour all being activated
simultaneously during male—female encounters.

Does the presence of the opposite sex during rearing have any effect on
the development of sexual behaviour? It is known that in many species of non-
gallinaceous birds, females require the presence of a male to stimulate ovarian
growth and egg laying (Lehrman, 1959). It is known that domestic fowl and
turkey hens will lay eggs in the complete absence of males. However, at least in
turkeys, male presence has been shown to have some effect, as turkey hens will
lay at a higher rate when housed in the presence of toms (Jones and Leighton,
1987; Felts et al., 1992). Early experiments with domestic fowl suggested that
the presence of males had no effect on the onset of puberty or rate of lay in hens
(Venkataramaiah and Choudary, 1973; Bhagwhat and Craig, 1979). However,
in both these studies hens in the all-female flocks were housed in the same room
as the mixed-sex flocks. The hens were therefore exposed to visual and auditory
stimuli from the cocks. Widowski et al. (1998) carried out a more controlled
investigation into the presence of males on sexual maturation and sexual responses
towards humans in domestic fowl laying-strain females. In this study hens in
mixed-sex groups matured earlier. They had larger combs at 15 and 20 weeks
and came into lay about 1 week sooner than hens in single-sex groups. They also
laid more eggs up to 22 weeks. However, by 30 weeks, hens in single-sex groups
had overtaken those in mixed-sex groups. Rearing adjacent to mixed-sex groups
was just as effective in accelerating sexual maturity as being in mixed-sex groups.
This suggests that it is visual or auditory cues from the males that are important
in triggering the acceleration effect and not actual physical contact with them.
However, Widowski et al. (1998) point out that physical contact with the males
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did have some effect. Over 80% of hens in separate-sex pens and pens adjacent
to mixed-sex showed crouching to an approaching human being whereas less
than 20% of hens in mixed-sex groups showed this response.

In a study of White Leghorns, Leonard et al. (1993) found that, for both
males and females, being given early experience of the opposite sex results in
more successful mating in adulthood. In this study, a successful mating was defined
as the male mounting, treading and making cloacal contact. An unsuccessful
mating was defined as the male mounting, or mounting and treading, but making
no cloacal contact. The success rate was the number of successful copulations
expressed as a percentage of mating attempts. When the males and females had
both had early experience of the opposite sex, the success rate was 88% compared
with 68% when neither had early experience of the opposite sex. The rates were
even lower when only one sex had early experience of the opposite sex.

CHOICE OF MATE

Mate choice within Gallus species is not a random process. The profound effects
of imprinting on mate choice later in life have already been mentioned. However,
there are other processes operating as well. In order to understand some of these,
it is necessary to consider the natural social system in which mating takes place.
Domestic fowl are polygamous, as are their progenitors the Burmese red jungle
fowl (Gallus gallus spadiceus). The natural social system, which has been
observed in jungle fowl (Collias et al., 1966; Collias and Collias, 1967) and in
feral domestic fowl (McBride et al., 1969), is for dominant cocks to establish
territories and maintain a small harem of hens and their followers within those
territories. Within one of these groups, the dominant cock performs all, or very
nearly all, the matings. Small mixed-sex flocks of domestic fowl kept under semi-
natural conditions, say in a barnyard, probably operate similarly. In small groups
there is no doubt that the dominant male mates much more frequently than do
the subordinates. However, as the group size increases this pattern becomes less
distinct. It used to be thought that, even in large commercial flocks, males would
set up territories or home ranges, bird movements in general would be fairly
restricted, and dominant males would do most of the mating within their territories
(McBride and Foenander, 1962). However, careful observation has shown that
domestic fowl in large flocks show much less territoriality and home ranging than
had previously been thought. For example, in one study of a flock of 3600 female
and 349 male broiler breeders in a barn measuring 46 m x 15 m, the males
ranged over 16-72% and the females ranged over 11-61% of the total area
(Appleby et al., 1985). Within commercial breeder flocks, therefore, it is likely
that there will be matings amongst many different pair combinations.

However, this does not mean that mate choice is a random process. Upp
(1928) was one of the first to show that domestic fowl have preferences for
members of the opposite sex. In a series of experiments, Lill investigated non-
random mating in detail and showed that both male and female domestic fowl
have mate preferences (Lill and Wood-Gush, 1965; Lill, 1968a,b). However, it
should be pointed out that Lill did not favour using the word ‘preference’ to
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describe this phenomenon; he suggested that it would be better categorized as ‘a
response to signals irrespective of the identity of the “signaller™ (Lill, 1966). An
interesting finding was that males discriminated amongst females on visual cues
and in particular on plumage colour (Lill and Wood-Gush, 1965; Lill, 1968a).
Females discriminated amongst males on physical characteristics rather than on
quantitative differences in male courtship (Lill and Wood-Gush, 1965; Lill,
1968b). Both males and females of pure breeds showed preferences for birds of
the plumage type they had been reared with. Females of a broiler strain, on the
other hand, showed preferences for Brown Leghorn males, which Lill and Wood-
Gush (1965) thought might be a preference for ‘primitive-type plumage’. Lill
(1966) also investigated this phenomenon in Burmese red jungle fowl (Gallus
gallus spadiceus) and showed that both males and females exhibited non-random
mating. For both males and females, the behaviour of the opposite-sex individual
was of only minor importance whereas aspects of physical appearance played a
more crucial role. However, other studies have shown that male behaviour does
have a role, probably combined with morphological characteristics, in determining
female mate choice (Graves et al., 1985; Leonard and Zanette, 1998).

The finding, in some of these studies, that physical appearance was more
important than quality or quantity of courtship is surprising. In recent years, there
have been further investigations into mate selection in both jungle fowl and
domestic fowl, particularly with regard to fitness characteristics. Zuk et al. (1990a)
and Ligon and Zwartjes (1995) showed that red jungle fowl females chose males
with larger combs but paid little attention to plumage colour. Since males infected
with nematode parasites have smaller combs (Zuk et al., 1990b) the implication
is that the females were using comb size as an indicator of fitness. Sexual
ornaments are thought to be reliable indicators of male quality because the
costliness of carrying these traits prevents cheating. The immunocompetence
handicap hypothesis states that males carry ornaments at the expense of their
resistance to disease and parasites and there is evidence that this holds true in
the domestic fowl (Verhulst et al., 1999). There is also evidence to support this
hypothesis in wild turkeys (Meleagris gallopavo), where coccidial infections
reduce plumage iridescence and, it is assumed, the attractiveness of turkey
stags (Hill et al., 2005).

A related aspect of physical appearance that has received some attention
recently is fluctuating asymmetry. Fluctuating asymmetry is the deviation from
perfect symmetry in bilaterally symmetrical traits (Meller and Héglund, 1991;
Mgller and Swaddle, 1997). Deviations from perfect symmetry are thought to
reflect inability in an individual to compensate for stress during development.
Therefore, those individuals who are better able to cope with stress during
development should show less asymmetry (Parsons, 1992). Moreover, ornamental
traits should be more affected than non-ornamental traits.

Several studies have claimed to show sexual selection for individuals showing
greater symmetry (e.g. Mgller, 1990, 1992; Moller and Pomiankowski, 1993).
However, some caution is needed when interpreting these results. For example,
in a detailed investigation of fluctuating asymmetry in red jungle fowl, measures
of asymmetry in both ornamental and non-ornamental traits did not correlate
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well with other indicators of male quality such as comb size, body size and body
condition (Kimball et al., 1997). Therefore, a relationship between fluctuating
asymmetry and quality of a potential sexual partner cannot be assumed. In
addition, it has been shown that starlings (Sturnus vulgaris) in the laboratory
have difficulty in detecting small asymmetrical differences, a process that would
be necessary for such visual cues to be used in sexual selection (Swaddle, 1999;
Swaddle and Ruff, 2004). Finally, there must be some doubt about whether a
species such as the domestic fowl, which has been domesticated for 7000-8000
years, under some degree of artificial selection during that time (West and Zhou,
1989) and under intense artificial selection in the past 60 years, would have
retained a mechanism that probably requires continual fine-tuning.

MATING PATTERNS

There is a strong diurnal pattern of mating behaviour, with a peak during the late
afternoon (e.g. Upp, 1928; Parker et al., 1940; Lake and Wood-Gush, 1956;
Guhl and Fischer, 1969). There is also an increase in the percentage of completed
matings at this time. This is termed the mating efficiency and is the ratio of
attempted matings to completed matings (Wood-Gush and Osborne, 1956). This
pattern ties in quite nicely with artificial insemination (Al) studies which have
found a greater semen vyield and greater absolute spermatozoa numbers in the
late afternoon (Penquite et al., 1929; Lake and Wood-Gush, 1956). Al studies
have also shown that insemination success rate is lower if there is a hard-shelled
egg in the shell gland (Giesen et al., 1980). Since there is less chance of there
being an egg in the shell gland in the late afternoon, this diurnal rhythm of mating
makes sense in evolutionary terms.

MATING FREQUENCY AND SEX DRIVE

There can be wide variation in mating frequency between cocks (Penquite et al.,
1929; Skard, 1937; Guhl et al., 1945; Wood-Gush and Osborne, 1956; Siegel,
1965), with Guhl (1951) reporting a range of 15 to 41 or more matings per day.
There is also wide variation in mating efficiency between cocks (Wood-Gush and
Osborne, 1956). And, just to complicate things even further, there is little relation-
ship between either of those traits and fertility. Even ‘completed’ matings (i.e.
matings in which there appears to be cloacal contact) do not always result in the
transfer of spermatozoa. Studies which have taken smears from hens after
apparently complete matings have found that 14% of matings result in no sperm
transfer (Parker et al., 1940; see also Birkhead and Pizzari, Chapter 9, this
volume).

As well as individual differences in mating frequencies, Wood-Gush and
Osborne (1956) found differences in mating frequencies between six sire families
of cockerels. They also found a negative relationship between comb size
and mating frequency amongst the families, suggesting that differences in
mating frequencies were not due to testosterone differences. In another study,
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Wood-Gush (1958b) confirmed that differences in libido were under genetic
control and that social experiences during rearing had only a slight effect.

In order to investigate the genetic basis of rate of copulation, Wood-Gush
(1960) carried out an experiment in which he selected two strains from these
families for a high and low rate of mating. By the second generation, the high
strain was mating twice as frequently as the low strain. The two strains did not
differ in aggression towards other males, crowing rate, acceptance of unusual
feeds or frequency of alarm calling. Neither was there any indication of differences
in testosterone levels between the strains. It thus appeared that the differences in
mating rate were due to central nervous factors and not to hormonal or experiential
factors. There was a significant difference in semen yield between the strains,
with the low strain producing almost three times the volume of ejaculate from
manual massage compared with the high strain. Siegel (1965) carried out a
similar selection experiment on rate of mating, but with many more birds and
over six generations. He corroborated the findings of Wood-Gush (1960) and
was able to estimate a heritability of 0.18 + 0.05 for increased mating rate and
0.13 + 0.11 for decreased mating rate. Siegel (1965) also found a negative
genetic correlation between mating rate and semen volume and sperm
concentration.

Before discussing the practical implications of all these findings, one other
phenomenon should be described. Guhl et al. (1945) described subordinate
males being attacked frequently by dominants while attempting to mate as young
cocks. Fear became so conditioned to sexual attempts that, later in life, they did
not even try to approach females sexually although dominant males were absent.
Guhl et al. (1945) described this as ‘psychological castration’.

PRACTICAL IMPLICATIONS

All these findings mean that the mating dynamics in a large commercial flock of
breeders are extremely complicated. By trial and error, producers have found that
a ratio of about 1:10 or 1:11 of cocks:hens usually gives the best fertility. Results
from a Dutch study of White Leghorn mating behaviour suggested an upper limit
of 15 for the number of females which one male could mate and obtain optimum
fertility (Brantas et al., 1972). However, this estimate was made for traditional
breeder flocks of several thousand birds. In an investigation with much smaller
groups of one male and 15 broiler breeder hens, Duncan et al. (1990) recorded
the number of matings and fertility rates. From their results they predicted that
fertility could be maintained at a high level with a ratio of 1:40 or 1:50 cocks:hens,
but this prediction would probably only work in groups with one male present.
The problem then is that if something untoward happens to that male (he becomes
lame or injured or ill) there would be a catastrophic decline in fertility in 40-50
hens. The industry has therefore spread the risk and opted for a system with
many hens and cocks and a ratio, reached by trial and error, of around 1:10. Of
course, the effective ratio under commercial conditions is probably nearer to
1:20 or perhaps even higher. It is likely that many cocks in breeder flocks will not
be inseminating hens. There will be males present who are prevented from
mating by dominant flock-mates. There will be males who are psychological
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castrates. There will be males who are rejected by the hens. There will be males
who are infertile for a variety of reasons.

It has long been known that meat strains of domestic fowl are less fertile than
egg-laying strains (Soller et al., 1965; Rappaport and Soller, 1966). By the
1970s and 1980s increased selection for fast growth and breast width had led to
severe fertility problems in broiler breeders after 50 weeks of age (Kirk et al.,
1980). There could be several reasons for this. The bulk or conformation of
males might make it difficult for them to achieve cloacal contact. Male turkeys
have already gone down that route and can now only achieve very low levels of
fertility by natural mating. A common thought in the industry is that a drop in
libido associated with the males gaining too much weight could be responsible for
the reduction in fertility. Musculo-skeletal disease, which is common in male
broiler breeders, could cause pain or mechanical weakness and interfere with
copulation (Duff and Hocking, 1986; Hocking and Duff, 1989). Duncan et al.
(1990) investigated the decrease in fertility in broiler breeders in the later part of
the laying year by monitoring sexual behaviour and fertility at 28, 38 and 58
weeks of age. The males in this study were also fed different energy levels in order
to reach different target body weights. The frequency of all sexual behaviour,
including courtship and copulations, showed a large decrease with age, which
suggested a decline in libido. However, rather unexpectedly, the heavier males
showed less of a decrease in sexual behaviour than lighter males. Moreover, the
reduction in sexual behaviour between 28 and 38 weeks of age had little effect
on fertility, which was comparable with commercial fertility rates. However, there
was a big drop in fertility at 58 weeks, particularly in groups with very heavy or
very light males. The birds were inspected regularly and musculo-skeletal disease
was ruled out as a cause. The very light-weight cocks also showed a bigger decline
in courtship at this time and it was concluded that their energy intake was too low
to maintain full sexual behaviour. The heaviest birds also showed a decline in
courtship, but, rather unexpectedly, this was less of a decline than in the other
groups. Being ‘overweight’ by industry standards did not result in a drastic
reduction of libido. In addition to showing more courtship than the other groups,
they were also seen to mount and tread the females more. The reduction in their
fertility was therefore due to their bulk or their conformation precluding cloacal
contact. An earlier study by Soller et al. (1965) reported that males of the Cornish
breed had a lower fertility than those of the White Rock breed in natural matings,
and the authors attributed this to the special body conformation of the Cornish
breed and not to body weight per se. In a subsequent study, Wilson et al. (1979)
examined the relationship between body weight and several other physical
characteristics in broiler breeders for both natural matings and artificial insemina-
tion. For natural matings, they found a tendency for a negative relationship
between fertility and body weight, breast angle and hip width. Hip width at 8
weeks of age was the only body trait consistently negatively correlated with
fertility. For artificial insemination, there was little relationship between fertility
and any of these traits, suggesting that the effect was not due to some reduction
in semen quality but to difficulty in completing a successful mating. The authors
speculated that the combination of broad breast and wide hips might lead to
difficulty in mounting or difficulty with balance, or lead to a higher incidence of
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leg weakness, all of which might interfere with successful mating. The more likely
reason would seem to be that the combination of broad breast and wide hips will
reduce flexibility in the pelvic girdle and prevent cloacal contact when the male
thrusts downwards. The fact that fertility in broiler breeders commonly drops off
later in the breeding year, as they become broader breasted and wider hipped,
would support this contention. Further corroboration of this hypothesis, that the
problem stems from broad breastedness and reduced flexibility of the pelvic girdle,
was produced by Hocking and Bernard (1997) in an experiment involving
manipulation of body weight in two strains of broiler breeder males. One strain
had lower fertility than the other and this was associated with a greater weight of
breast muscle. The strain with the lower fertility also showed a higher number of
incomplete matings. In this experiment there was a fairly low level of musculo-
skeletal disease and this could not explain differences in fertility. In a more recent
series of experiments, Hocking and Bernard (2000) investigated the separate
effects of age of male and female broiler breeders on fertility, hatchability and
sexual behaviour when male body weight was carefully controlled. They compared
three ages of birds, namely 27-29, 35-37 and 55-57 weeks of age. Although
the younger cocks were observed to mate more frequently than the two older age
groups, this was not reflected in fertility, which was not affected by age. Also,
there were no differences in the frequencies of male courtship behaviour at any
age. These results suggest that ageing may have little effect on the fertility of male
and female broiler breeders when male body weight is adequately controlled to
60 weeks of age.

A common practice to improve fertility of broiler breeders used to be ‘spiking’
the flock or replacing some (25-30%) of the older males with younger ones
(North and Bell, 1990; Leeson and Summers, 2000). However, with the advent
of separate-sex feeding this practice is much less common. The beneficial results
which are reported to follow spiking are generally attributed to the younger age
of the introduced cocks, with the industry assuming that the mechanism is through
increased libido, whereas the real reason is probably due to increased flexibility of
the younger cocks. However, there might be another mechanism adding to the
improved fertility, and that is that placing the new cocks in an environment with
many unknown hens may trigger the Coolidge effect, i.e. the phenomenon
whereby males of nearly every species show continuously high sexual perfor-
mance given the introduction of new receptive females (Brown, 1974).

HYPERAGGRESSIVE BEHAVIOUR IN BROILER BREEDER MALES

During the 1990s, an increasing number of reports described broiler breeder
males showing high levels of aggression towards females (Mench, 1993).
Typically, in an affected flock, the males would patrol the litter area and the
females would restrict themselves to the raised slatted area in a house. Any
female that descended to the litter, say to feed, would be chased and forcibly
mounted. When this syndrome occurred, fertility levels would plummet, and
females would be injured, often with severe lacerations on the backs of their
heads where cocks had pecked and grabbed them with their beaks, and on
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their torsos under their wings where the cocks’ inside claws had ripped the skin
during forced mounts. Some females would even be killed by this behaviour.
Aggressive behaviour by males towards females is very unusual; male domestic
fowl dominate females passively and seldom show any overt aggression towards
them (Wood-Gush, 1956, 1958c; Craig and Bhagwat, 1974; Rushen
1983/84). Hyperaggressive behaviour is both a production problem, because
of much lower fertility rates, and a welfare problem, because females are being
harassed, badly injured and even killed by males. At first, only one strain of
broiler breeder males seemed to be affected, but within a year or two most
strains were showing similar symptoms (Millman et al., 2000). In a series of
experiments, Millman and Duncan (2000a,b,c) showed that the hyperaggressive-
ness towards females could not be explained in terms of a general increase in
aggression. Game fowl males which have been bred for fighting, and are much
more aggressive towards other males than are broiler breeder males (Millman
and Duncan, 2000a), court females very nicely and show little, if any, aggression
towards them (Millman and Duncan, 2000b). Broiler breeder males are very
severely food restricted in order to keep them reproductively fit. Perhaps this
results in high levels of frustration. It is known that frustrated feeding behaviour
can lead to increased aggression in domestic fowl (Duncan and Wood-Gush,
1971). However, when this possibility was tested in male broiler breeders, food
restriction did not seem to be a cause of the increased aggression, either during
the rearing phase (Millman and Duncan, 2000b) or during the adult phase
(Millman et al., 2000). In fact, fully fed males were more aggressive than
restricted-fed males. It should also be stated that the problem definitely resides
with the males; broiler breeder females respond normally to the courtship of
laying-strain males (Millman and Duncan, 2000c).

It has been shown that broiler breeder males are deficient in certain
elements of courtship behaviour. Compared with laying-strain males, broiler
breeders show a similar frequency of waltzing but a much lower frequency of
titbitting and high-step advancing (Millman et al., 2000). The result is that the
females do not always react appropriately when males approach but often
move away and avoid them (Millman and Duncan, 2000c), and this probably
exacerbates the situation by frustrating the males and causing them to be more
aggressive.

More recently, Doherty (2006) has carried out further studies on this topic
and has generally confirmed Millman’s results. She has also shown that male
broiler breeders can learn to perform more effective courtship, but this is not
sufficient to eliminate their hyperaggression.

At the moment, it is not at all clear where the hyperaggressive behaviour
in broiler breeder males has come from. It almost certainly has a genetic basis.
It is also unclear whether the courtship deficiency and the hyperaggressiveness
are separate or linked problems. There is a possibility that these traits are
genetically linked to a production trait, such as broad-breastedness, for which
the breeding companies have been selecting. On the other hand, it may be the
result of a misguided attempt by geneticists to improve fertility, which is poor
in broiler breeders, particularly towards the end of the breeding year. As has
already been stated, there is a misconception in the industry that this drop in



124

I.J.H. Duncan |

fertility is due to decreased libido. If the breeding companies have been selecting
males that approach females very quickly in the mistaken belief that this is a
sign of sexiness, they may have been selecting males that are, in fact, very
aggressive. The fact that male broiler breeders are deficient in titbitting, a
courtship behaviour pattern that involves moving away from the females, is
evidence that points in the same direction.

There are two pieces of information that should be added to this section.
Until recently, all reports of hyperaggressiveness in broiler breeders came from
North America and none came from Europe. In 2006, a survey of broiler
breeder welfare was carried out in Denmark, and as part of this survey a few
breeder farms were visited, farm managers interviewed, and some casual
observations of the birds were made (Duncan and Forkman, 2006). Farm
managers reported that they had never seen male hyperaggressive behaviour
in their flocks and this was confirmed by the casual observations. Typical
domestic fowl courtship and mating were seen. No chasing or forced copulations
were observed nor were hens with tell-tale lacerations. The interesting thing is
that all broiler breeders in Denmark are the Ross 308 strain, which was the first
strain to show problems in North America. It is known that American and
European stock are derived from the same foundation stock. This happened
about 22 years ago and selection procedures have been the same on both
continents (J.C. McKay, Alabama, 2006, personal communication). This large
difference in behaviour between North American and Danish Ross broiler
breeders requires some explanation. It is difficult to imagine that such a big
difference could be due to environmental effects alone. Environmental differ-
ences between the continents tend to be slight. For example, North American
diets are based on maize/soybean formulations whereas European poultry
rations have a wheat base. Probably more significant is the fact that genetic
selection in North America has probably taken place under ‘skip-a-day’ feeding
regimens whereas this has not been the case in Europe. It is possible that
selection under a skip-a-day programme might produce a more aggressive bird
and lead to genetic differences between American and European stock. It
certainly appears that the two stocks have drifted apart genetically.

More difficult to explain, and more worrying, is the recent report of sexual
aggression in broiler breeders in the Netherlands (De Jong et al., 2006). The
Dutch birds involved are Ross 308, exactly the same strain as used in Denmark.
The worrying feature is that the Dutch and Danish stocks should be almost
identical genetically. Either this is not the case, and there is considerable
variation within the European Ross 308 strain, or environmental factors play a
bigger role in causing hyperaggressiveness than previously thought. The whole
topic of genotype—environment interaction with regard to hyperaggressiveness
in broiler breeders obviously requires further investigation.

The second piece of information is that investigations into hyperaggressive-
ness in broiler breeder males have concentrated on measuring the aggressive
tendency and the sexual tendency. However, it should be remembered that
there is another motivational system involved and that is fear or avoidance. It
was proposed more than 50 years ago that conflicts between motivational
systems could lead to ‘displacement activities’ and that these could become
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emancipated during evolution and thereafter serve as social signals (Tinbergen,
1952). Wood-Gush (1956) thought that at least some of the courtship displays
he observed in domestic cocks could originally have been displacement activities
resulting from a conflict between sex, aggression and avoidance. Bastock
(1967) gave this idea more formal standing. As pointed out by Doherty (2006),
it is possible that the tendencies for sex and aggression are still the same in
broiler breeder strains but they have lost some of their fearfulness and tendency
to avoid the females. Avoidance is an extremely important part of the three-
way conflict normally present during sexual encounters (see Fig. 8.1). It is the
tendency to avoid that keeps the male from immediately approaching the
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Fig. 8.1. A possible explanation of hyperaggressiveness in male broiler breeders. (A) is
adapted from Bastock (1967) and represents the motivational conflict normally present in
male domestic fowl during sexual encounters. Sex, aggression and avoidance are in balance
and lead to displacement activities and courtship displays. (B) is adapted from Doherty
(2006) and represents the motivational conflict present in male broiler breeders. Sex and
aggression are unchanged but avoidance is reduced. This leads to an unbalanced conflict, a
reduction in displacement activities and courtship displays, and with both aggression and sex
stimulating the male to approach the female immediately.
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female and it is during this conflict that the courtship displays are shown. If
avoidance is reduced, then the tendencies for both sex and aggression drive the
male towards the female and possibly do that without certain courtship elements
being performed. It would be worthwhile to investigate this possibility in the
future.

MATING BEHAVIOUR IN OTHER POULTRY SPECIES

There has been little recent investigation into the mating behaviour of the other
main poultry species, namely turkeys and ducks. In the case of turkeys, the
reason for the lack of studies is simple: because of the conformation of com-
mercial turkey strains, the industry has been obliged to use artificial insemination
since the 1960s, and so there has been little demand for information on natural
mating. However, there is currently a renewed interest in heritage (relatively
unselected) breeds of turkey to meet certain organic and animal welfare
standards.

There are full descriptions of mating behaviour in the domesticated turkey
stemming from observations taken in the 1950s (e.g. Hale and Schein, 1962).
However, even at that time there was marked variation in the ability of male
turkeys to complete attempted matings (Smyth and Leighton, 1953; Hale,
1955), presumably because selection for breast width had made cloacal contact
difficult.

Compared with domestic fowl, turkey courtship is characterized by slow
and restricted movements of the male combined with elaborate feather display.
The snood becomes elongated and turgid and the naked skin areas of the head
and neck change from red to bright blue. Females often crouch after moving
towards the male, and males never attempt to mount a non-crouching female
(Hale and Schein, 1962). The female head is an extremely important visual
stimulus for arousing and orientating male turkeys during mating (Schein and
Hale, 1957; Schoettle and Schein, 1959), whereas in domestic fowl the female
body is as important a stimulus as the head (Carbaugh et al., 1962). Another
interesting difference from domestic fowl is that female turkeys become non-
receptive to males for several days after complete eversion of the oviduct during
copulation (Hale, 1955). Complete eversion of the oviduct occurs in response
to tactile stimulation of the base of the tail or area to the side of the cloaca
(Hale, 1959) and so occurs whether or not the mating is complete. This can
obviously exacerbate infertility in flocks with a high incidence of incomplete
matings (Hale, 1955).

Mating behaviour of the wild turkey (Meleagris gallopavo) is of particular
interest because the mating system has a superficial resemblance to lekking
behaviour. A lek is a group of males of a species such as black grouse (Tetrao
tetrix) which gathers at a traditional location for the purposes of performing a
competitive mating display. Each day during the breeding season, the same
group of males take up the same individual positions on an arena, each
occupying and defending a small territory. The females choose males according
to their displays (Kruijt and Hogan, 1967). In the case of wild turkeys, however,
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males are typically seen courting in pairs. Genetic analysis of pairs of males
courting together has shown that they are close relatives with half of their
genetic material being identical. The more dominant male sires almost all of the
progeny of this cooperative effort. The theory is that the less dominant male
has a greater chance of passing along genetic material that is identical to his
than he would if he was courting alone (Krakauer, 2005). If the turkey breeding
industry decides to revert to natural mating, it will be an interesting challenge
to make use of this tendency to mate cooperatively.

In the case of ducks, the challenge is somewhat different. All domestic
breeds of duck (apart from Muscovy ducks, Cairina moschata) are derived
from the mallard (Anas platyrhychos). Mallard typically show pair formation,
which is not a characteristic favouring domestication; there are obvious
advantages to human beings in having promiscuous domestic species (Hale,
1962). Desforges and Wood-Gush (1976) compared the sexual behaviour of a
particular breed of domestic duck, the Aylesbury, with the mallard when both
were kept under captive conditions. The social displays of the Aylesbury ducks
were less intense than those of the mallards, and the down—up display was
performed less frequently. Desforges and Wood-Gush (1976) suggested that in
the wild mallard these displays probably act as interspecific ethological isolating
mechanisms, which become unimportant under domestic conditions. Another
notable difference in sexual behaviour was observed in that Aylesbury females
incited several drakes whereas mallard females incited only one. Also, the
preen-behind-wing display was performed to several females by Aylesbury
drakes but only to one female by mallard males. This strongly suggested that
the mallards were forming pairs whereas the Aylesbury ducks were not. Further
evidence for pair formation was the fact that mallard pairs rested in close proxi-
mity and fed together without showing agonistic behaviour whereas this was
not seen with Aylesbury ducks (Desforges and Wood-Gush, 1975). However,
although the Aylesbury ducks tended towards promiscuity, both males and
females directed their sexual behaviour to only two or three individuals.
Desforges and Wood-Gush (1976) suggest that, since complete promiscuity
would be an advantage in commercial practice, this phenomenon of limited
promiscuity requires further study.
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ABSTRACT

Much of our understanding of the reproductive physiology of birds is derived
from research by poultry biologists. Starting in the 1970s behavioural ecologists
began to explore the evolutionary consequences of female promiscuity across
a range of taxa, but mainly insects and birds, focusing on the fact that, if
females copulate with two or more males in a single reproductive cycle, selection
will favour the male that fertilizes the female’s ova. Since male-male competition
and female choice can continue after copulation, this area of research is known
as post-copulatory sexual selection and comprises both sperm competition and
cryptic female choice. Behavioural ecologists concentrated initially on functional
(ultimate) issues (the adaptive significance of particular traits) but later also
started to address mechanistic (proximate) questions. Information on the
reproductive biology of domesticated birds from poultry research and
collaboration between poultry biologists and behavioural ecologists provided an
unusually productive opportunity for understanding some of the mechanisms of
post-copulatory sexual selection in birds within an evolutionary context. We
review those studies to identify the factors that determine male and female
reproductive success.

INTRODUCTION

Until recently the majority of birds were considered to be monogamous, with a
male and female pairing to rear a brood of young together. In his book The
Descent of Man and Selection in Relation to Sex, Darwin reaffirmed the
view that most birds were monogamous, although acknowledging that in
pigeons the male might occasionally break his ‘marriage vows’ (Darwin, 1871).
Even the domestic fowl was assumed to be monogamous; William Smellie
(1790), paraphrasing Buffon, whose works he had translated, said that ‘the
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dunghill cock and hen, in a natural state, pair [i.e. are monogamous]. In a
domestic state, however, the cock is a jealous tyrant, and the hen, a prostitute.’
He was wrong to assume that the fowl's sexual behaviour was entirely a
consequence of domestication, captivity or artificial selection because it later
became clear that the mating system of the red jungle fowl, the ancestor of the
domestic fowl, was anything but monogamous, and best described as ‘harem
polygyny’.

While domestication and artificial selection have moulded the mating
system of the fowl, and influenced the evolution of reproductive behaviour,
studies of feral populations of domestic fowl and captive populations of red
jungle fowl have confirmed that a high degree of sexual promiscuity occurs in
‘natural’ populations (McBride et al., 1969; Collias and Collias, 1996; Pizzari
et al., 2002). These studies confirm that sperm competition is not a by-product
of recent domestication but has been an ancestral and important selective
episode underlying the evolution of reproductive traits in this species.

The entrenched idea that the majority of birds were sexually monogamous
did not begin to change until the late 1960s with the development of ‘behavioural
ecology’ — the evolutionary analysis of animal behaviour (see Krebs and Davies
1978, and subsequent editions; Alcock, 2001 for review). The essence of this
new approach was that natural selection operated mostly on individuals rather
than for the benefit of the group (Dawkins, 1976). One consequence was that
behavioural ecologists started to think about particular behaviours or other
traits as adaptations and to consider how they influenced variation in individual
fitness or the ability of individuals to pass their genes on to future generations.
Until the advent of behavioural ecology it had generally been assumed that the
reproductive interests of males and females were identical and that reproduction
was a cooperative venture between the sexes.

A major change of this paradigm occurred when Parker (1970) published
a paper on insects that set out many of the theoretical foundations for the
behavioural ecology of sperm competition in general. Parker defined sperm
competition as the competition between the ejaculates of males for the fertiliza-
tion of a female’s eggs and recognized that sperm competition had important
evolutionary implications. From an individual selection point of view it was
crucial for males to ensure that their sperm and no one else’s fertilized a
female’s eggs. It would pay males to defend their own paternity from competitors
and, at the same time, ‘steal’ paternity from other males. Parker showed that,
by copulating with already-mated females, males of some insect species could
displace previously stored sperm and replace it with much of their own,
fertilizing the majority of a female’s eggs. The fact that both securing their own
paternity and stealing it from other males was adaptive meant that reproductive
traits — adaptations to sperm competition — were likely to evolve rapidly.

Since Parker’s pioneering paper, it has become clear that sperm competition
is almost ubiquitous across the animal kingdom. The development of molecular
methods to assign paternity in the mid-1980s (Burke and Bruford, 1987)
confirmed that, even in bird species traditionally thought to have a sexually
monogamous mating system, extra-pair copulations and extra-pair fertilization
were widespread. Researchers are now careful to distinguish between social
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monogamy (the observed mating system) and sexual (i.e. genetic) monogamy
(Birkhead and Moller, 1992, 1998; Griffith et al., 2002).

The initial focus of the behavioural ecology approach was on the evolutionary
consequences of behaviour. These included the idea that frequent copulation
within a breeding pair was a male paternity-assurance behaviour and that the
close proximity between a male and female during the days the female was egg
laying was another kind of paternity guard. As they pursued these questions
researchers became interested in more mechanistic issues, such as whether
copulation always resulted in ejaculation, how many sperm males transfer
during copulation, when exactly a female could be fertilized by a male’s sperm,
and so on. Once it became clear that in many species females obtained sperm
from multiple males and that this often resulted in broods of mixed paternity,
researchers began to ask how the sperm from different males compete.

To help answer these questions researchers turned to the poultry biology
literature. Until this point there had been very little overlap between the interests
of field ornithologists and poultry researchers, but behavioural ecologists soon
discovered that not only had poultry researchers already answered some of the
key questions (albeit for different reasons), the domestic fowl and other poultry
proved to be model organisms for answering additional questions (e.g. Pizzari,
2007).

Those of us working on sperm competition in birds and using the fowl as
a study organism have gained enormously from the knowledge and cooperation
of poultry researchers. Evolutionary biologists are interested in mechanisms
underlying variation in individual fitness because these mechanisms generate
Darwinian selection on traits associated with such variation. Poultry researchers
are interested in variation in individual reproductive success to maximize the
efficiency of breeding programmes and the design of artificial selection regimes.
By using an evolutionary framework in which to explore the reproductive
biology of birds, by comparing poultry with other birds (notably passerines, in
which sperm competition is particularly common), and by considering both
ultimate (evolutionary) as well as proximate (mechanistic) aspects of reproductive
biology, we have gained a better understanding of the reproductive biology of
birds. This interdisciplinary approach has proved particularly successful when
investigating the mechanisms through which sperm competition impacts on
variation in male and female fertility. Our aim in this chapter is to review our
key findings relating to sperm competition and male and female fertility.

SPERM COMPETITION AND MALE FERTILITY
Mechanisms of sperm competition

It was noted by poultry breeders that when one cockerel was replaced by
another, the second male fathered the majority of eggs (Crew, 1926; Warren
and Kilpatrick, 1929). Similarly, when hens were artificially inseminated
sequentially with the semen of two males, the longer the interval between the
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inseminations the greater proportion of offspring that were fathered by the
second insemination (Warren and Gish, 1943; Compton et al., 1978). This
phenomenon was referred to as ‘last male sperm precedence’ and several
possible mechanisms were thought to account for it (Lessells and Birkhead,
1990), including: (i) the stratification of sperm (last in, first out) in the female’s
sperm storage tubules (SSTs); (ii) displacement (second insemination displaces
or devalues the previous one); or (iii) passive sperm loss. It was subsequently
shown that last male sperm precedence observed in artificial insemination
experiments was most consistent with the passive sperm loss model (Birkhead
and Biggins, 1998). This did not mean, however, that under natural
circumstances the last male always fertilized the majority of eggs. The natural
situation was inevitably more complex. Rather, it meant that, all else being
equal (i.e. sperm numbers, sperm quality), the greater the interval between two
successive inseminations, the greater share of paternity went to the second
male. This last male effect occurs because sperm are lost from the sperm
storage tubules at a constant rate, and the longer the interval between two
inseminations the greater proportion of sperm from the first male that have
been lost or utilized before the second insemination. In other words, the passive
sperm loss model of last male sperm precedence (all else being equal) hinges
on sperm numbers (see also Colegrave et al., 1995). This was consistent with
an earlier study in which sperm from two males inseminated in different ratios
(9:1, 8:2, 7:3...3:7, 2:8, 1:9) resulted in virtually identical ratios of paternity
(Martin et al., 1974). The effect of sperm numbers means that, if the second
male inseminated many fewer sperm than the previous male, the first male
would father a greater proportion of offspring (Birkhead, 1998). While passive
sperm loss appears the most parsimonious and general explanation for variation
in fertilization success under sperm competition, other mechanisms may still
operate. A recent experimental study in domestic turkeys, Meleagris gallopavo,
based on the artificial insemination of fluorescently stained sperm indicates
that, when multiple successive ejaculates are stored within the same sperm
storage tubule, sperm stratification may occur (King et al., 2002). However,
the proportion of sperm storage tubules of a female containing sperm from
both males was typically low, indicating that, when sperm from different ejacu-
lates are stratified within SSTs but are typically segregated in different SSTs, the
ensuing pattern of variation in paternity may match closely that predicted by
passive sperm loss alone (Pizzari, 2007). Clearly, more experimental work is
needed to fully understand the mechanisms of sperm competition in poultry.
It was well known to early poultry researchers that semen quality varied
markedly across cockerels (e.g. Curtis and Lambert, 1929; Romanoff, 1960).
In the 1990s Froman and Feltmann (1998) devised a simple assay — referred
to as sperm mobility — that in a non-competitive situation predicted fertilization
success. In a competitive situation in which equal numbers of sperm from high-
and low-mobility males were mixed, the high-mobility male fertilized the
majority of eggs. In addition, the greater the disparity in mobility scores between
the two males, the greater proportion of eggs the high-mobility male fathered.
The differences in sperm mobility between males could be considerable, and in
some cases the sperm of a high-mobility male could have a ten times greater
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probability of fertilizing a female’s eggs than a low-mobility male (Birkhead et
al., 1999).

Together, these results indicated that sperm numbers and sperm quality
could have independent important influences on the outcome of sperm
competition. Through artificial insemination experiments, Froman et al. (2002)
quantified the number of sperm stored in the SSTs and the rate of sperm loss
from the SSTs over successive days to disentangle the relative effect of sperm
number and sperm mobility on the fertilizing performance of an ejaculate.
Viable sperm reaching a freshly ovulated egg in the infundibulum undergo the
acrosome reaction and hydrolyse the perivitelline layer (PVL) of the egg,
perforating through to the inner PVL (galliformes: Wishart, 1987; Steele et
al., 1994; Howarth and Donoghue, 1997; Froman et al., 2006; see Birkhead
et al., 1993b for non-galliformes). In the fowl, the probability that an ovum is
fertilized is a function of the number of sperm trapped in the PVL (Wishart,
1987, 1997). Therefore, the number of sperm on the PVL of eggs laid by a
female on successive days following an insemination typically display a charac-
teristic logarithmic decline, which provides an accurate measure of the number
of sperm of an ejaculate that were originally stored in the SSTs (Brillard, 1993)
and the rate at which they were depleted over time (Wishart, 1987).

By artificially inseminating single ejaculates of different mobility and sperm
numbers, Froman et al. (2002) demonstrated that the number of sperm
inseminated mostly influenced the number of sperm initially stored in the SSTs,
while sperm mobility influenced the rate at which sperm were lost from the
SSTs. Recently, Pizzari et al. (2008) explored the way in which relative number
of sperm inseminated and sperm mobility interact to determine the outcome of
sperm competition. Domestic hens were artificially inseminated with hetero-
spermic inseminations containing either four or two times more sperm from a
low-mobility male than from a high-mobility male (4:1 and 2:1 treatments,
respectively), and paternity was monitored in eggs produced by individual hens
over successive days following an insemination. Variation in paternity was
determined by a clear mobility and relative number interaction. Generally, low-
mobility ejaculates were more likely to fertilize the first eggs produced by a hen
following the insemination than the high-mobility ejaculates. In the 4:1 treat-
ment, low-mobility ejaculates retained a fertilizing advantage over the eggs
produced in the first 5 days. However, when the numerical advantage to the
low-mobility ejaculate was halved in the 2:1 treatment, the fertilizing advantage
to the low-mobility ejaculate was restricted to the eggs produced over the first
2 days following an insemination. These results indicate that sperm from low-
mobility ejaculates tend to exit the SSTs before sperm from high-mobility ejacu-
lates, resulting in a numerical advantage of the low-mobility ejaculate around
the first oocytes ovulated following an insemination. This interpretation is
entirely consistent with what we know about sperm mobility and sperm storage
within the SST (Bakst et al., 1994; Froman, 2003).

Sperm mobility measures the overall swimming performance of a
population of sperm. High-mobility ejaculates tend to contain a greater propor-
tion of sperm cells with straight line velocity (VSL) higher than 30 um/s than
ejaculates with lower mobility (Froman and Feltmann, 2000). The mechanisms
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through which sperm mobility influences patterns of sperm storage within the
SST are unresolved.

The mechanisms underlying sperm storage and utilization in the SSTs of
female birds have attracted much attention since the discovery of the SSTs in
the early 1960s but remain elusive and debated (Zavaleta and Ogasawara,
1987; Bakst et al., 1994). Van Krey et al. (1981) assumed that sperm motility
could be inhibited in the SST, leading sperm to agglutinate with each other in
a ‘quiescent’ state within the SST. According to this theory, sperm leave the
SST when the agglutinated state can no longer be maintained, and when this
happens sperm motility is restored. However, this theory is based on assumptions
of the physiology of avian sperm and SST which presently lack empirical
support (Froman, 2003). Recently, Froman (2003) proposed a more con-
servative model and argued that sperm may be maintained in the SST by
swimming against a flow generated in the lumen of the tubule. As sperm
velocity declines below a threshold, sperm are flushed out of the SST and are
able to reach the infundibulum through peristaltic movements of the oviduct for
potential fertilization. Because low-mobility ejaculates contain slower-swimming
sperm, this model predicts that a greater proportion of a low-mobility ejaculate
may reach the infundibulum shortly following insemination than a high-mobility
ejaculate, as indeed appears to be the case (Pizzari et al., 2008).

Repeatable variation in sperm mobility across males (Froman et al., 2002;
Pizzari et al., 2007) indicates potential for the evolution of alternative male
reproductive strategies (see below).

Other factors may also be important in determining the competitive ability
of sperm, including the timing of insemination relative to the time of egg laying
(oviposition latency). For example, female birds store viable sperm in the SSTs
over a prolonged period of time. In the domestic fowl, the median duration of
fertility for an inseminated ejaculate is 14 days, for the domestic turkey, 21
days. Obviously, the effect of oviposition latency is in turn influenced by the
number of sperm initially inseminated and on sperm mobility (see above).

Male adaptations to sperm competition

The mating system of the red jungle fowl is harem polygyny, and under natural
circumstances social groups comprise a dominant male, several females and a
number of subordinate males (McBride et al., 1969; Collias and Collias, 1996;
Pizzari et al., 2002). Observations of feral fowl show that, while females
typically prefer to associate with and copulate with the dominant male,
subordinate males make frequent attempts to copulate with females (Pizzari,
2001). As a consequence of the promiscuity in this mating system and the
prolonged sperm storage by females, ejaculates typically face a high risk of
sperm competition, and as a result male fowl have evolved a number of
behavioural, anatomical and physiological adaptations to sperm competition.
Most notably, male fowl have relatively large testes, as in other species in which
sperm competition is intense (Mgller, 1991; Calhim and Birkhead, 2007).
Relatively large testes allow males to sustain high sperm output, in part in
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response to copulating with several females that might be fertile simultaneously
but primarily because of sperm competition.

In addition to promoting the evolution of increased testicular investment,
sperm competition has also led to the evolution of strategies through which
individual males can allocate their limited sperm reserves strategically according
to the reproductive value attached to different copulation opportunities (Parker,
1998; Wedell et al., 2002).

The ability of male fowl to ejaculate repeatedly is well known. We developed
a simple method for collecting ejaculates (Pizzari and Birkhead, 2000; Pizzari,
2007), based on established techniques (Nishiyama, 1961; Nishiyama and
Fujishima, 1961), and were able to demonstrate not only a remarkable capacity
for successive ejaculation, albeit with a diminishing number of sperm, but a
strong Coolidge effect. That is, after a succession of ejaculates with the same
female, on being presented with a new female, the number of sperm in a
male’s ejaculate increased, suggesting that male fowl allocate sperm strategically
to maximize their reproductive success (Pizzari et al., 2003).

Of particular relevance to fertility is the fact that males often tend to mount
a female that they previously inseminated without delivering additional sperm
(Pizzari et al., 2003). A recent series of experiments demonstrated the func-
tional significance of this non-random occurrence of ‘aspermic’ copulations.
Lovlie et al. (2005) showed that females exposed to ‘aspermic’ copulations, or,
in other words, females exposed exclusively to the stimulus of male mounting,
were unlikely to copulate again with a new male, while females that were not
mounted were more likely to copulate with a new male. These results indicate
that mounting per se may have strong, albeit transient, inhibitory effects on
female promiscuity. Importantly, we were able to demonstrate that female
inhibition caused by mounting per se was sufficient to reduce the number of
sperm from a new male being stored in the female’s SSTs (Levlie et al., 2005).
These effects strongly suggest that, by mounting females they previously
inseminated, males may be able to defend their paternity without additional
ejaculate investment in a female. While this strategy may be beneficial for the
male because it increases his share of paternity, females that are prevented
from re-mating may pay a fertility cost as the proportion of eggs fertilized may
be reduced.

The development of techniques to collect natural ejaculates from male fowl
enabled us to conduct a series of experiments to establish how much control
males had over the number of sperm they transferred and whether this differed
with male social status and female quality. These studies showed that, depending
on their social status, male fowl had unprecedented capacity to adjust the
numbers of sperm that they transferred to females, according to the social
status of a male, the reproductive quality of the female (Pizzari et al., 2003;
Cornwallis and Birkhead, 2006, 2007) and her genetic relatedness to a male
(Pizzari et al., 2004a; see below).

For example, socially dominant fowl preferentially allocated more sperm to
attractive females (i.e. females with larger sexual ornaments such as the comb);
subordinate males do not show any preferential allocation, possibly because, by
always being in a disfavoured role in terms of sperm competition (that is, almost
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always facing sperm competition), it pays subordinate males to always transfer
as many sperm as possible whenever they obtain a copulation opportunity.
This study also showed that there were consistent differences between (socially
dominant) individuals in their ability to adjust their ejaculate size (Cornwallis and
Birkhead, 2006, 2007). In a further study, it was shown that both the number
and, more surprisingly, the quality of sperm (measured as velocity, which
influences fertilization success) depend both on male social status and on female
attractiveness, suggesting that trade-offs exist between pre- and post-copulatory
traits that influence male reproductive success (Cornwallis and Birkhead, 2008).
While differential allocation of sperm numbers to individual copulations has
been observed across a number of species (e.g. Wedell et al., 2002), rapid
change in the sperm mobility of individual males was unexpected. However,
Froman et al. (2002) demonstrated that, in a random-bred population of
domestic fowl, males producing low-mobility ejaculates were significantly more
likely to be socially dominant over males producing high sperm mobility,
indicating that there may be a trade-off between male investment in sperm
mobility and male status. More recently, Pizzari et al. (2007) further explored
the causal relationship between sperm mobility and male social status, and
showed that this trade-off may be phenotypicaly plastic. The study experimentally
changed the social status of males and analysed relative changes in sperm
mobility before and after status manipulations. The results suggest that, while
sperm mobility remains highly repeatable within males, males that become
dominant following the experimental status change suffer a decline in sperm
mobility, whilst sperm mobility remains constant in males that are socially
subdominant.

Fowl spermatids take on average 14 days to fully develop into spermatozoa
and reach the distal end of the ductus deferens adjacent to the cloaca (Lake,
1984; Kirby and Froman, 2000), and, since some of the fluctuations in relative
sperm mobility observed by Cornwallis and Birkhead (2007) and Pizzari et al.
(2007) occurred within just 3 days of the status change, these are too rapid to
be explained by changes in sperm production occurring during the change in
status. Instead, these results indicate that changes in sperm mobility may be
determined by rapid changes in the biochemical milieu of the seminal plasma,
where sperm mature in the extragonadal sperm stores of a male. Consistent
with this idea, Froman et al. (2006) provided convincing in vitro evidence that
seminal plasma may have critical effects on sperm mobility. Seminal plasma is
glutamate rich, and Froman et al. (2006) indicate that glutamate may enable
sperm uptake of Ca2* during maturation in the ductus deferens. Variation in
mobility appears to be determined by the fact that high sperm mitochondrial
Ca?* levels trigger the formation of mitochondrial permeability transition pores,
which accelerate sperm senescence and reduce the metabolic performance of
individual sperm, and thus the mobility of an ejaculate.

Because ejaculates of low mobility are competitive only for a brief period
of time, a male producing ejaculates of low mobility may need to copulate
frequently with a female to ‘top up’ his sperm reserves in the female’s SSTs.
Consequently, from an evolutionary point of view, a trade-off between male
investment in sperm mobility and in social status may occur, in which dominant
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males invest preferentially in female monopolization and reduced risk of sperm
competition.

FEMALE REPRODUCTIVE SUCCESS

Female reproductive success in birds depends upon fecundity, fertility, hatching
success and the subsequent survival of hatched young. Fertility is the proportion
of eggs that are fertilized and hatching success (sometimes called hatchability in
poultry research) is the proportion of eggs that hatch. Female reproductive
success depends on both sperm quantity and quality. The poultry industry has
placed great emphasis on female fertility since it often seeks to maximize the
number of fertile eggs per female and as a result has selected for female fertility
and uses management practices that have little relation to the natural reproductive
biology of the species. For example, a female jungle fowl may typically lay a
clutch of six to eight eggs two or three times a year whereas commercial fowl
typically lay one egg each day throughout the year. Like all birds, female fowl
store sperm and can produce fertile eggs for a maximum of 3 or 4 weeks after
the last insemination (Romanoff, 1960). However, the duration of fertility (the
‘fertile period’; Lake, 1975) is highly dependent upon the numbers of sperm
inseminated, with fewer sperm resulting in a shorter fertile period (Taneja and
Gowe, 1961). Typically, poultry researchers inseminate about 200 x 10°©
sperm, resulting in a median fertile period of about 14 days. In natural
copulations, sexually rested red jungle fowl usually inseminate fewer sperm than
this (usually <50 x 10°; Pizzari and Birkhead, 2000; Pizzari et al., 2004a).
However, under natural conditions, female fowl copulate repeatedly several
times each day, both before and during the egg-laying period, so the total
sperm load in the sperm storage tubules may not be as dissimilar as the difference
in ejaculate size suggests, although, judging from counts of sperm on the
perivitelline layers of eggs, they are typically lower than those from artificially
inseminated commercial hens. Since the mating system of red jungle fowl is
characterized by a mixture of male polygyny and female polyandry and males
have an enormous capacity for copulation and insemination, under natural
conditions females must rarely suffer infertility as a result of insufficient sperm.

Pre-copulatory mate choice

Under natural conditions female birds may control the quality of the sperm they
use to fertilize their eggs through processes that operate before and after
copulation. These processes represent a central part of Darwin’s concept of
sexual selection and are usually referred to as pre-copulatory and post-copulatory
sexual selection. In terms of pre-copulatory sexual selection, attempts to test
the idea that female red jungle fowl prefer males of different phenotypes
consistently showed a female preference for males with a large and brightly
coloured comb while female response to other male phenotypic traits proved
less consistent (Zuk et al., 1990; Parker and Ligon, 2003). Pizzari et al.
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(2004b) tested the idea that this female preference may be explained by male
comb size being associated with the production of better ejaculates. While
males with a larger comb had higher relative testicular mass, there was no
evidence that sperm swimming velocity was predicted by comb size. Therefore,
males with larger combs may have higher sperm reserves but not necessarily
better quality sperm. Inconsistent relationships between male comb size and
sperm swimming performance have also been reported by Parker et al. (2006)
in a population of red jungle fowl, and by McGary et al. (2003) in domestic
broiler breeder strains. In addition, because male sperm allocation is highly
plastic in this species (see above), it would be difficult for females to predict the
number of sperm inseminated by a male if his quality was based simply on the
expression of a sexual ornament. On the other hand, it appears increasingly
likely that male comb expression may reflect important and heritable aspects of
the male immune system (Zuk et al., 1995). Because comb phenotypes are
heritable, it is possible that female preference for male comb characteristics
may be maintained by offspring viability benefits (Parker, 2003; Parker and
Garant, 2004).

It is important to bear in mind that these mate choice experiments were
designed to detect female preference for certain male physical characteristics
while minimizing the effect of social interactions between males. Subsequent
studies of free-ranging birds showed that females exhibited a clear preference
for socially dominant males (e.g. Wood-Gush, 1971; Leonard and Zanette,
1998; Pizzari and Birkhead, 2000; Pizzari, 2001). The extent to which male
comb expression and social status influence female preference in natural
groups, independently and through an interaction, remains unclear. In free-
ranging red jungle fowl groups an interaction between male comb and status
was observed: most females preferred dominant partners but bottom-ranking
females were more likely to copulate with subdominant males when these had
larger combs (Johnsen et al., 2001). In general, males with larger combs have
a competitive advantage (Graves et al., 1985; Ligon et al., 1990; Zuk and
Johnsen, 2000), and comb size co-varies positively with male status, although
this relationship is often weak (Johnsen et al., 2001; Parker et al., 2002).
Experimental manipulations of male status are followed by changes in comb
expression (Zuk and Johnsen, 2000; Parker et al., 2002), suggesting a sensitive
feedback between perceived social status and ornament expression. Large
combs elicit confrontation and comb reduction may avoid costly fights (Parker
and Ligon, 2002).

Later studies showed that male status affects both the quantity and quality
of sperm that they transfer to females, thereby masking the difference between
pre- and post-copulatory processes (see below and Pizzari et al., 2007;
Cornwallis and Birkhead, 2007, 2008). Although female fowl show a clear
preference for socially dominant males, we do not yet know whether dominance
per se (that is, after controlling for sperm numbers and quality) influences
female reproductive success.

Post-copulatory processes of female choice centre on the storage and
utilization of sperm by females. Female birds store only 1 or 2% of inseminated
sperm (Bakst and Brillard, 1990; Brillard and Antoine, 1990); the figures for a



\ Sperm Competition and Fertilization Success 143

small passerine bird (mass: 12—-17 g), the zebra finch Taeniopygia guttata, are
similar (Birkhead et al., 1993b).

The larger the insemination the smaller the proportion stored (Brillard and
Antoine, 1990), suggesting that the sperm that are stored may be a non-
random subset of those inseminated (see also Birkhead and Brillard, 2007).
Similar massive reductions in the number of sperm retained by females are
known to occur in many other animal taxa, and a long-standing question has
been whether the retained portion represents a ‘selected’ cohort of sperm
(Birkhead et al., 1993a). In experiments involving rabbits, Cohen and Tyler
(1980) reported pronounced non-random selection of sperm, a result, however,
that was not repeatable (Overstreet, 1983). In birds there is circumstantial
evidence for non-random selection of sperm. Eslick and McDaniel (1992)
looked at fertility and embryo mortality in fowl inseminated with different
numbers of sperm and found that both fertility (not surprisingly) and embryo
mortality increased the smaller the number of sperm inseminated. One
explanation for the increase in embryo mortality suggests that with only a small
number of sperm females are forced to utilize suboptimal sperm. However, this
idea is currently being tested (Hemmings, Brillard and Birkhead, unpublished).

In an attempt to maximize the duration of fertility (and minimize the number
of times hens need to be artificially inseminated), poultry researchers selected
for the number of chicks hatched following a single insemination (Brillard et al.,
1998). This selection resulted in a marked increase in the duration of fertility,
an effect achieved, in part at least, through a 25% increase in the number of
SSTs in the selected line compared with the control line, which in turn resulted
in a significantly greater number of sperm stored from a standard insemination.
It is not known whether the selected lines had larger SSTs (although this is
currently being investigated; Hemmings, Brillard and Birkhead, unpublished),
which may also increase the capacity for sperm storage. Certainly, in other
birds, SSTs differ markedly in length between species (Briskie and Montgomerie,
1992). Nor is it known whether the rate of release of sperm from the SSTs
differed between selected and control lines (Brillard et al., 1998).

Post-copulatory phenomena: cryptic female choice

Almost by definition, sperm competition focuses on the male, and certainly for
many years it was assumed that females were passive participants in what was
seen as an exclusively male exercise. In the early 1900s there was speculation
that females may play a more important role in controlling fertilization, and in
the mid-1980s the issue was raised again by Thornhill (1983) in his study of the
scorpionfly, Harpobittacus nigriceps, and referred to as ‘cryptic female
choice’, cryptic because it occurred out of sight inside the female’s body, but
again there was little attempt to test the idea. In an encyclopedic review of
reproductive processes Eberhard (1996) made a strong case for cryptic female
choice in animals as a whole, mainly on the grounds of plausibility rather than
unequivocal empirical evidence. Indeed, testing cryptic female choice proved to
be far from easy because it requires controlling for all possible male effects to
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be confident that the observed effect is female-mediated (Birkhead, 1998,
2000).

The domestic fowl proved to be an ideal species in which to test cryptic
female choice. In multi-male groups, female fowl are routinely subjected to
forced copulation attempts by subordinate males. Usually females simply run
away from such advances. On other occasions, if the male grasps the female
(usually by the nape or comb), she utters a specific distress call that alerts the
dominant male, who then approaches rapidly and intervenes (Pizzari, 2001).
Experimental playback of these calls confirmed that they serve to attract the
dominant male during forced copulation attempts by subordinates. The fact
that female feral fowl so obviously attempt to avoid being inseminated by
subordinates and preferentially solicit copulations from the dominant males is
clear evidence for a preference for the dominant male. The fact that females
are susceptible to forced inseminations is precisely the kind of situation in which
post-insemination mechanisms of male choice might be expected to evolve
(Eberhard, 1996). Thornhill (1988) reported female fowl ejecting semen
immediately after insemination, and using habituated feral fowl we confirmed
that sperm ejection occurred and did so predominantly after females had been
inseminated by subordinate males. We also experimentally manipulated male
dominance and found the same effect (Pizzari and Birkhead, 2000). Our results
indicated that females based their decision on whether to eject semen or not on
male status.

We also tested the hypothesis that female fowl might exert cryptic female
choice in the absence of any male phenotypic cues. Using nine pairs of males
(taken at random and with no knowledge of their sperm mobility or status), we
mixed equal numbers of viable sperm from each cockerel and inseminated
them into each of ten females (per male pair) and recorded the paternity of the
offspring from each female. We repeated this procedure over several successive
months with the same individuals, in order to check for consistency in patterns
of paternity. Our prediction was that, if cryptic female choice does not exist,
the pattern of paternity should be similar across all females. This was not the
case: certain individual females preferentially and consistently fertilized their
eggs using sperm of one male while others used the sperm of the other male.
This provides strong support for the idea of cryptic female choice (Birkhead et
al., 2004). The mechanism by which females use the sperm of one male in
preference to another is unknown but may involve an interaction between
sperm surface proteins and the female reproductive tract (Birkhead and Brillard,
2007; see below). One of the adaptive explanations for cryptic female choice
is that it is a mechanism for avoiding genetic incompatibility (Tregenza and
Wedell, 2000).

Clear experimental evidence for cryptic female choice against genetically
incompatible partners was provided by a recent study of red jungle fowl. A
classic case of genetic incompatibility between reproductive partners is inbreed-
ing, which results in inbreeding depression through loss of overdominance
effects and the expression of deleterious recessives (Charlesworth and
Charlesworth, 1987). Natural populations of red jungle fowl are often small,
isolated and prone to inbreeding. Indeed, as many as 4% of the copulations
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observed in free-range captive populations of red jungle fowl occurred between
first-order relatives (Collias and Collias, 1996). Inbreeding depression has been
documented in domestic fowl (Craig and Baruth, 1965; Cheng et al., 1985;
Abplanalp et al., 1992). Pizzari et al. (2004a) demonstrated that, when
exposed to a single prospective partner, either unrelated or full sib, male and
female red jungle fowl ‘disagree’ over inbreeding. When forced to copulate with
a brother, females select against sperm of their brother after insemination.
They do so in a way that significantly reduces the number of sperm reaching
the eggs produced by a female following insemination by a related male relative
to the eggs produced by the same female following insemination by an unrelated
male. Males, on the other hand, copulate just as readily with sisters as with
unrelated females, and in fact appear to inseminate more sperm into their
sisters. The functional significance of this male response may be explained by
the strong selection against genetically related sperm operated by females.
Recent follow-ups of this study have confirmed these antagonistic male and
female responses, and shown that, when they are simultaneously exposed to
both related and unrelated females, males too display a preference for unrelated
females (Lavlie, unpublished data). Together, these results reveal that, because
of inbreeding depression, both sexes should favour unrelated partners when
given the opportunity to choose. However, because males can produce gametes
at a faster rate than females, under some conditions they may also benefit by
investing in inbreeding, while females typically avoid inbreeding. These
evolutionary dynamics are likely to have profound implications for patterns of
variation in fertility and paternity in domestic fowl populations.

CONCLUSION

Prior to the 1970s much of our understanding of the reproductive biology of
birds was derived from studies of the domestic fowl and turkeys by poultry
biologists. A paradigm shift in evolutionary thinking in the 1970s, and the
development of molecular paternity assays in the 1980s that demonstrated
that promiscuity and mixed paternity were widespread in birds (despite most
species exhibiting a socially monogamous mating system), triggered a study of
both the functional (ultimate) and mechanistic (proximate) aspects of sperm
competition in birds by evolutionary biologists. Acknowledging the huge body
of information on the reproductive biology of domesticated birds derived from
the studies of poultry biologists, evolutionary biologists recognized the enormous
potential of the domestic fowl as a model organism for the study of post-
copulatory sexual selection (i.e. sperm competition and cryptic female choice).
These studies, which built on earlier knowledge and have involved collaborations
with poultry biologists, and studies of feral fowl in situations that encouraged
their natural behaviour have resulted in a considerable advance in our
understanding of the reproductive biology of birds, especially the factors that
determine both male and female reproductive success.
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CHAPTER 10
Semen Quality and Semen Storage

G.J. Wishart
University of Abertay, Dundee, UK

ABSTRACT

Poultry semen quality and semen storage respectively can be considered in
terms of the intrinsic components of spermatozoa and seminal plasma and
their properties, and of the oviducal sperm-storage systems and their regulation.
However, the focus of this chapter is on the technologies for assessing semen
quality and for storing semen in vitro.

Semen quality is considered as methods for sperm quality evaluation to
identify males of different fertilizing abilities. It is shown that sperm quality
assays can be used to predict fertilizing ability and to select the ‘best breeders’
from a flock of chickens or turkeys when artificial insemination is employed. It
may also be possible to select for sperm quality traits in breeding programmes.
Sperm quality assays have, however, been shown to be poor monitors of the
loss of fertilizing ability that occurs in semen during storage.

Semen storage is reviewed in terms of cryopreservation, which enables
long-term storage of spermatozoa at —196°C, the temperature of liquid
nitrogen, and liquid semen storage, usually at lower than ambient temperatures
above 0°C for up to 24 or 48 h.

The most significant advance in sperm cryopreservation technology is the
recent establishment of poultry sperm banks in several countries — the result of
an international realization of the rate of loss of poultry breeds and lines. The
background to the cryopreservation technology used in these cryobanks is
considered with a view to providing an appreciation of the opportunities and
limitations of poultry sperm cryopreservation.

Liquid semen storage of chicken spermatozoa at temperatures of around
5°C is a well-established, although little-used, technology. Turkey sperm storage
is successfully utilized in commercial breeding operations, but the efficiency of
such systems in maintaining sperm fertilizing ability in vitro for 24 h pale into
insignificance in comparison to the in vivo oviducal storage system, which can
maintain fertilizing ability for many weeks.

© CAB International 2009. Biology of Breeding Poultry (ed. PM. Hocking) 151



| 152 G.J. Wishart

INTRODUCTION

The development of systems for semen collection and artificial insemination of
poultry from the 1930s onwards provided the opportunity for manipulation of
semen for storage and analysis before insemination (see Lake, 1995). The
practical outcome of this has included long-term (frozen) and short-term (liquid)
storage of semen and the grading of semen quality, especially for the identi-
fication of individual male fertility.

Progress in all of these applications has been slow, due to the comparatively
limited understanding of the basic biology of poultry sperm and fertility, which
has undermined confidence in, for example, sperm cryopreservation and
sperm quality testing technologies that have been available since the late
1950s but are only recently finding significant application. There remains
plenty of room for improvement, especially in semen storage technology, but,
with limited investment and expertise in basic research in this area, it may be
more circumspect to characterize and define the possibilities and limitations of
the technologies that are currently available.

SEMEN QUALITY
Purity, source and composition of sample

The first and most basic aspect of semen quality is that the sample, on collection,
should be free from faecal and urate contamination. The basic cloacal anatomy
of birds, whether comprising the phallus of galliformes and most genera or the
extended intromissary organ of the anseriformes and ratites, has the external
opening of the ductuli deferentia close to the ureter and coprodeum outlets, so
that contamination, especially with an inexperienced handler or stressed bird,
is not unlikely (see Lake and Stewart, 1978a).

There is a lymph-like exudate that emanates from the folds of the phallus
of chickens and turkeys, which has been termed ‘transparent fluid’, and there
are equivalent fluids in other species, such as the particularly exaggerated
‘foam’ produced by quail. Whether or not the inclusion of this fluid in manually
collected ejaculates in chickens is an artefact of the manual collection technique
and whether it should be considered as an ‘accessory fluid’ equivalent to those
of the mammalian reproductive tract have been the subject of some debate (see
Lake, 1971). However, experiments in which semen was collected during
natural mating from the vagina or on to a barrier fixed to the male (see Fujihara
et al., 1986) or female (T. Pizzari, Oxford, personal communication, 2004)
cloaca demonstrated that transparent fluid as well as opaque ductus deferens
semen were transferred during natural copulation. Some evidence suggests
that transparent fluid may be deleterious to sperm quality during storage (see

Lake, 1971).
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Semen volume and concentration

The most straightforward parameter of semen quality is that of sperm
concentration — usually routinely measured by light scattering in a ‘photometer’,
colorimeter or spectrophotometer — with the optical density correlated with the
sperm concentration of samples estimated using a haemocytometer (see Bakst
and Cecil, 1997a). Normal sperm concentration varies among species and is
typically 2-4 x 10° sperm/ml in chickens and about double that in turkeys (see
Lake and Stewart, 1978a). Lower than expected sperm concentration may be
the result of inadequate testicular sperm production or concentration of sperma-
tozoa in the ductus deferens and is indicative of an inadequate reproductive
tract. If low sperm concentration is found with increased semen volume, then
this might indicate that the sample has been excessively diluted with transparent
fluid. Naturally, more sperm, whether the result of greater semen volume or
sperm concentration, relates to better semen quality, but since the fact that
fertilizing ability correlated more significantly with sperm quality than quantity
(Cooper and Rowell, 1958; Wishart and Palmer, 1986a; Froman et al., 1997)
the rest of this review will consider parameters of sperm quality.

Methods of assessment of sperm quality

The evaluation of sperm quality is performed in an attempt to predict the
fertilizing ability of individual birds, or samples of semen from different groups
of birds, or samples of semen that have been processed (or stored) differently.
The requirements of such tests differ with respect to whether they are to be
used in a laboratory situation, for example in developing methods for bird
husbandry or semen storage, or whether the tests are to be used routinely ‘in
the field’. In the former case they should be objective, repeatable and provide
as comprehensively as possible a measure of sperm function, and for field use
they must also be quick, simple, robust and relatively inexpensive.

Tests of sperm quality have been limited to the assessment of: (i) sperm
morphology; (i) integrity of organelles — plasma membrane, acrosome, mito-
chondria, nucleus; (iii) normal energy metabolism; (iv) the ability to display
appropriate motility; and (v) the ability to bind to and penetrate the egg
investments. Brief descriptions of the principal methods that have been
employed as in vitro tests of semen quality will be given below and are
summarized in Table 10.1. A convenient practical outline for most of these
methods can be found in Bakst and Cecil (1997b). Unless otherwise stated, the
methods refer to the chicken, in which species most work has been done. The
few studies that have been performed with turkeys are also mentioned. With
other species, such studies generally involve very few individuals, so that these
are, in preference, omitted from this review, which will concentrate on
comparative and integrative aspects of sperm quality. The review will also focus
on studies involving objective methods of sperm quality determination, which
have been mostly published from the 1980s onwards. A good review of earlier
work and subjective methods is that of Wilson et al. (1979). Changes in sperm
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Table 10.1. Sperm quality tests.

Method Principle
1. Morphology Individual sperm morphology assessed by light microscopy
in dried semen smears
2. Dye exclusion/ (@)  Assessed microscopically in individual sperm on dried
inclusion semen smears concurrently with (1) above, or in wet
preparations, usually with a fluorescent dye
(b)  Sperm stained with fluorescent dye and assessed as bulk
fluorescence
(c) Sperm stained with fluorescent dye and assessed
individually using flow cytometry
3. Motility (a) Assessed microscopically as collective movement
expressed as a score or individual sperm movement
expressed as % motile
(b)  Assessed as the disturbance of a fine light beam
transduced and integrated into an electronic signal
()  Assessed by light scattering of sperm rearranging within, or
moving out of, the light path of a spectrophotometer
(d)  Assessed by computer-assisted sperm analysis (CASA)
(e)  Assessed (by light scattering) as the movement of sperm
populations between solutions of different viscosities
4. Metabolism (a)  Dye reduction — generally from colourless oxidized form to
coloured reduced form
(b)  ATP content — measured by luminometry
5. Sperm:egg (a) Measured as the ability of spermatozoa to produce points of
interaction hydrolysis in the inner perivitelline layer

(b)  Measured as the ability of spermatozoa to bind to
perivitelline proteins

quality that arise during in vitro storage will be dealt with in the relevant sections
on semen storage.

Morphology

Morphological assessment (Table 10.1, 1) is usually performed on spermatozoa
air-dried on to a background stain such as nigrosin (Lake and Stewart, 1978a),
showing up the features of unstained (or more usually eosin-stained — see next
section) spermatozoa. Usually morphology of individual spermatozoa is
categorized as ‘normal’ or as one of a range of abnormal types such as ‘bent-
neck’ or ‘macrocephalic’, and the proportions of each type calculated after
assessing at least 100 individual spermatozoa. This is, of course, time-consuming
and subjective. It is also possible, with experience, to see some features (such
as the presence of an acrosome) of immobilized spermatozoa in wet preparations
under phase optics, but this is not useful as a routine sperm quality assay and
neither is the use of scanning or transmission electron microscopy, although
these techniques can be used to provide a more detailed assessment of surface
and internal morphology of individual spermatozoa (e.g. Froman and Kirby,
2005).
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Dye exclusion and/or inclusion

The method for assessing sperm morphology against a background stain in
dried semen smears is usually used in conjunction with a dye such as eosin,
which will only penetrate (and thus stain) sperm organelles that have damaged
membranes, to enable a concurrent assessment of sperm morphology and
membrane integrity (e.g. Lake and Stewart, 1978a).

As well as the visible ‘exclusion’ dyes, such as eosin, fluorescent dyes such
as propidium iodide have been used, which will penetrate damaged plasma and
nuclear membranes to stain nuclei red (Table 10.1, 2a). Propidium iodide is
conveniently used in combination with a counterstaining ‘inclusion’ dye such
as carboxyfluorescein diacetate (Bayyari et al., 1990) or SYBR-14 (Chalah
and Brillard, 1998), which penetrates the intact plasma membrane to be
de-esterified within the sperm cytosol and thus releases, the fluorescent moiety,
which, therefore, stains only metabolically intact, membrane-intact cells.
Although in one study (Chalah and Brillard, 1998) the fluorescent dye system
was considered to be more efficient than that using visible smears, both systems
are time-consuming and subjective.

The exclusion dye system has been made objective by using ethidium
bromide in a ‘tube’ test in which the bulk fluorescence emitted by nuclear-
stained membrane-permeable sperm is measured with a fluorimeter and
expressed as a proportion of the total fluorescence produced by all sperm
nuclei in the sample, measured after deliberately permeabilizing all the
spermatozoa with detergent (Table 10.1, 2b; Bilgilli and Renden, 1984). A
more sophisticated alternative to manual assessment of sperm stained with
SYBR-14 and propidium iodide is to subject the stained spermatozoa to flow
cytometry (Table 10.1, 2c), as has been performed with turkey spermatozoa
(Donoghue et al., 1996) with the advantage that the status of thousands of
spermatozoa can be assessed objectively within minutes.

Motility
Motility is the most obvious function of spermatozoa and may be viewed
microscopically and, under some conditions, macroscopically. It has been
assessed using a variety of subjective and objective qualitative and quantitative
assessments. The most fundamental semi-quantitative measure is the ‘score
system’, in which the ‘swirling’ motion of a sample of diluted or undiluted
semen provides a score of between 1 (no movement) and 5 (all of the sperm in
vigorous motion) (Table 10.1, 3a; Wheeler and Andrews, 1943). This highly
subjective system has been developed into an objective test using the ‘sperm
quality analyser’ (SQA), which measures the degree of interference of a fine
light beam as it passes through a ‘swirling’ sample of spermatozoa, defining
this as the ‘sperm motility index’ (or ‘sperm quality index; Neuman et al.,
2002a), which is high for vigorous movement and zero for a static sample
(Table 10.1, 3b; McDaniel et al., 1998).

The ‘proportion of motile spermatozoa’ is sometimes estimated by viewing
individual sperm motility in highly dilute samples, but unless this is done semi-
manually using freeze-frame videomicroscopy (e.g. Ashizawa et al., 1989) it
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remains highly subjective. The first objective assay of chicken sperm motility,
introduced by Wall and Boone (1973) and characterized by Wishart and Ross
(1985), was based on the reduction in optical density that occurs when the
movement of a sperm suspension in a flow cell is arrested — a phenomenon
that may depend on the rheotactic properties of spermatozoa or, perhaps, the
attraction of spermatozoa to the sides of the flow cell (G.J. Wishart, personal
observation). The method may be used to derive parameters that relate both to
the speed of movement of spermatozoa and to the proportion of moving
spermatozoa in the sample (Table 10.1, 3c; Wishart and Ross, 1985).
Computer-assisted sperm analysis of motility defines a range of more subtle
parameters of sperm movement, including the proportion of motile spermatozoa
and the straight line and curvilinear velocities (Table 10.1, 3d). It has been used
for the assessment of both turkey (Bakst and Cecil, 1992) and chicken (Froman
and Feltmann, 2000) sperm. More recently an extensive investigation of sperm
motility has been made using a method (Table 10.1, 3e) that measures, as light
scattering, the movement of a population of spermatozoa from a low-viscosity
medium into a medium of high viscosity containing the polymer Accudenz
(Froman and McLean, 1996), defined in later papers as sperm mobility (e.g.
Froman et al., 1999).

Metabolism

Oxidoreduction dyes are coloured in one or other of their oxidized or reduced
forms and so may enter spermatozoa to be reduced by sperm metabolism to
produce a coloured-from-uncoloured or uncoloured-from-coloured product.
Although the first dyes used were in the latter category and sperm were assessed
subjectively as the time taken to ‘bleach’ the colour (Cooper and Rowell, 1958),
the reduction of tetrazolium dyes, which are colourless in their oxidized and
highly coloured in their reduced form, can be assessed objectively (Table 10.1,
4a) as optical density produced following incubation with spermatozoa
(Chaudhuri and Wishart, 1988). Alternative methods that do not require the
use of metabolic poisons to encourage dye reduction and clarification of sperm
components to form an optically clear product, without the need for
centrifugation, have also been introduced (Hazary and Wishart, 2000).

Endogenous indicators of sperm metabolic efficiency may be considered to
be more ‘natural’, such as sperm ATP (Table 10.1, 4b), which can be measured
by luminometry using firefly luciferase (Wishart and Palmer, 1986a). This basic
assay has also been adapted for multiple-sample throughput using a scintillation
counter (Long and Guthrie, 2006).

Sperm:egg interaction

Two unrelated methods of assessing sperm quality have been developed based
on sperm interaction with the egg investments, the outer and inner perivitelline
layers. One method (Table 10.1, 5b) involves assessing the ability of sperm to
bind to solubilized (outer and inner) perivitelline proteins in a multi-well plate
and assessing the number of sperm bound by reading the fluorescence after
staining with a DNA-specific fluorochrome (Barbato et al., 1998).
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The second method (Table 10.1, 5a) is based on the finding that sperm can
produce, in vitro, points of hydrolysis in the inner perivitelline layer of ova
removed from the body cavity or infundibulum (Bramwell and Howarth, 1992).
This was later characterized as an assay measuring sperm interaction with
pieces of inner perivitelline layer separated from laid eggs, and quantified as the
number of points of hydrolysis per unit area (Robertson et al., 1998).

Individual bird sperm quality

Sperm quality and fertilizing ability

Whatever the application or parameter, sperm quality tests should ideally be
able to predict fertilizing ability, or be shown to be correlated with fertilizing
ability, or at least should be able to rank birds according to the measured
parameters on the assumption that these are likely to reflect fertilizing ability.
In both mammals and birds, tests of semen quality have often been considered
to be poor predictors of fertilizing ability. However, the research documented
below clearly demonstrates that, in poultry, sperm quality tests are highly
significantly correlated with fertilizing ability.

The general principle of sperm quality tests is that they should, as much as
possible, reflect the various functions that spermatozoa must display during
their interaction with the female reproductive tract and the ovum. In mammals,
the reason for poor correlations between sperm quality tests and fertilizing
ability is considered to be because these interactions are multifarious and the
tests only measure one small aspect of this (Amann and Hammerstedt, 1993).
In birds, this argument would also seem to be valid and these functions would
include (see Bakst et al., 1994): (i) transport through the vagina and entry into
the sperm storage tubules (SSTs), requiring motility and perhaps appropriate
surface proteins and glycoproteins; (ii) maintenance in the SSTs, which may
depend on internal substrates or a response to regulatory signals; (iii) exit from
the tubules, which may require increased or decreased motility (Froman, 2003);
(iv) transport from the uterovaginal junction to the infundibulum, which may be
passive, dependent on uterine contractions; (v) inner perivitelline-layer binding,
acrosome reaction and hypermotility for penetration of the inner perivitelline
layer; (vi) binding to proteins for the oolemma receptors for engulfment; and
(vii) the ability to form a male pronucleus with an intact genome.

In birds, poor correlations between a sperm quality assessment and
fertilizing ability has also been the result of the way in which ‘fertility’ is
measured, in that the relationship between the numbers of inseminated
spermatozoa and the proportion of fertile eggs laid by inseminated hens is
logarithmic and saturable (e.g. Wishart, 1985). Thus, when high single or
multiple doses of spermatozoa are inseminated, it is difficult to distinguish the
‘fertility” of samples even when there is a significant innate difference in the
numbers or quality of inseminated spermatozoa. Additionally, there is
considerable variation in the hens’ response to inseminated spermatozoa, in
terms of the proportion of fertile eggs laid by hens inseminated with aliquots of
the same sample of semen (see Wishart, 1995).
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Relationships between sperm quality tests and fertilizing ability can be
clarified when fertility trials are conducted using large numbers of birds and a
range of insemination doses (Wishart, 1985) or samples with a variable range of
quality parameters (Froman et al., 1999) and by taking the non-linearity of the
relationship into consideration. A linear relationship may be derived when using
suboptimal insemination doses (Wishart and Palmer, 1986a) or when replacing
the fertility assessment with the measurement of the number of points of
hydrolysis made by spermatozoa in the inner perivitelline layer (Robertson et
al., 1998). When this has been taken into consideration, there is a significantly
high correlation or regression relationship between the fertilizing ability of
samples from individual chicken males and sperm motility (Table 10.1, 3c)
and ATP (Wishart and Palmer, 1986a), tetrazolium dye reduction (Chaudhuri et
al., 1988; Hazary et al., 2001), and sperm mobility (Froman et al., 1999).
Thus, in chickens, single-parameter sperm quality tests can be shown to correlate
with sperm fertilizing ability, so either the avian system is less complex than that
of mammals or the avian system for measuring ‘fertility’ is more quantitative.

Interrelationship between sperm quality parameters

The finding that several parameters of sperm quality are correlated with
fertilizing ability suggests that these parameters (Table 10.1) may also be
correlated with each other, and the available evidence, summarized in Box
10.1, supports this conclusion. Indeed, the results of all sperm quality tests
seem to be interrelated, with the exception of one study, which showed the
sperm motility index (3b) was poorly correlated with sperm mobility (r = 0.01)
and motile concentration (3d; r = 0.14) (Froman et al., 2003). But, since the
sperm motility index (3b) has been shown to be correlated with the proportion
of motile spermatozoa deliberately arranged in samples (McDaniel et al., 1998)
and has been correlated with motility (3e; r = 0.78; Wishart and Wilson, 1997
Y. Wilson and G. Wishart, unpublished results), it seems reasonable to assume
that all of these sperm quality parameters are interrelated. This raises the idea
that there may be a common factor underpinning sperm characteristics and
function in each of the tests. Froman and Feltmann (2005) proposed that
between-male differences in sperm mobility were the result of differential
mitochondrial ATP synthesis, since the two parameters were correlated and
sperm mobility could be increased by protein phosphatase inhibition and was
therefore not limiting. However, since substrate-level (glycolytic) ATP production
was also related to low and high sperm mobilities (Froman and Feltmann,
1998), the difference is not confined to oxidative phosphorylation. This is also
confirmed by the finding that poor sperm quality is measured as low sperm
tetrazolium dye reduction in the presence of cyanide (Chaudhuri and Wishart,
1988), which inhibits cytochrome oxidase and thus oxidative phosphorylation.
However, the hypothesis that sperm quality is fundamentally dependent on
mitochondrial activity remains valid and was given further credence by the
finding that, in semen samples from ‘low-sperm-mobility’ males, 47% of
spermatozoa had swollen mitochondria with disorganized cristae, compared
with 4% for the high-mobility group (Froman and Kirby, 2005).



Semen Quality and Semen Storage 159

Box 10.1. Correlations between indirect (laboratory) measures of fertility.

e Chicken sperm tetrazolium dye reduction with motility (Table 10.1, 3c; r = 0.88), ATP
(r = 0.93) and morphology (0.72) (Chaudhuri et al., 1988)

* Chicken sperm perivitelline penetration with ATP (r = 0.85) and motility (Table 10.1, 3c;
r 0.76) (Robertson et al., 1998)

e Chicken sperm mobility and ATP (r = 0.8) (Froman and Feltmann, 1998)

e Chicken sperm mobility and motile concentration (Table 10.1, 3d; r= 0.71) (Froman and
Feltmann, 2000)

e Chicken sperm tetrazolium dye reduction and ATP (r = 0.92), mobility (r = 0.79) and
perivitelline penetration assay (r = 0.79) (Hazary et al., 2001)

e Chicken sperm mobility with the rate of oxygen consumption (r = 0.83; Froman and
Kirby, 2005)

These results suggest that there is a primary lesion in the midpiece, which
would affect sperm energy metabolism, although not necessarily restricted to,
or focused on, oxidative metabolism. This would lead to a reduction in ion flux,
membrane potential and general sperm integrity, as evinced from the finding
that general sperm integrity is correlated with motility and metabolic features
in samples of spermatozoa (Chaudhuri et al., 1988). It has been proposed that
the cause of this mitochondrial abnormality is linked to excessive glutamate
found in the excurrent ducts of the male reproductive tract from low-sperm-
mobility males, which causes an increase in sperm mitochondrial calcium
uptake, leading to mitochondrial toxicity (Froman et al., 2006).

Whilst there is clearly an interrelationship between the above tests of the
quality of spermatozoa as a population in a semen sample, we do not know the
interrelationship between sperm quality parameters at the level of individual
spermatozoa, even when individual sperm parameters are assessed. Nor do we
know, when ATP levels of one sample of semen on a per sperm basis are, for
example, half that of another sample, whether all spermatozoa in the second
sample have half the ATP of the first or whether half of the spermatozoa have
no ATP at all — or something in between. It is a reasonable guess, however, that
a sperm that is eosin-permeable is likely to be unable to produce ATP and
display motility. Most of these tests, therefore, identify a subpopulation of
spermatozoa that are incapable of fertilization, the corollary of which is that
there is a subpopulation more capable of fertilization, such as those with a
linear motile velocity of more than 30 pm/s (Froman et al., 2003). The
establishment of subpopulations of spermatozoa with different ‘quality’
parameters means that the ‘primary lesion’ is not absolute but initiates a
sequence of events and that some spermatozoa may be affected by these
adverse effects more than others, perhaps based on their ‘age’ or environment
within the seminiferous tubules or male reproductive tract.

Sperm quality as a trait and heritability

The various sperm quality parameters, sperm mobility (Froman and McLean,
1996), sperm ATP, motility (3e) and perivitelline layer hydrolysis (Robertson
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et al., 1998), are traits that are repeatable within ejaculations from individual
birds, and sperm mobility differences are maintained throughout 20 weeks of
the breeding season (Froman et al., 1997; Froman, 2006). Furthermore sperm
mobility among males is normally distributed, with an approximately tenfold
range (Froman and McLean, 1996). Extrapolating to all assays, sperm quality
appears to be an individual male trait, which raises the question regarding its
heritability.

The results of genetic selection for sperm quality have been disappointing.
For example, selection based on ‘good’ sperm morphology of White Plymouth
Rock chickens vielded variable results over seven generations, while selection
for poor sperm quality showed no increase in this parameter over the same
period (Haije et al., 1981). Known heritable reduction in sperm quality does
exist in, for example, the subfertile Delaware strain, in which the lesion is
associated with aberrant morphology of the male excurrent duct (Kirby et al.,
1990).

The hypothesis that the primary lesion for poor sperm quality might derive
from sperm oxidative metabolism (Froman and Feltmann, 1998), combined
with the knowledge that mitochondrial genes, which code for components of
the electron transport chain and have been implicated in mammalian infertility
(Gemmell et al., 2004), led Froman et al. (2002) to perform experiments that
suggested that the heritability of sperm mobility might have a significant
maternal influence. Furthermore, a single nucleotide polymorphism (SNP)
identified by restriction fragment length polymorphism (RFLP) analysis was
later shown to be associated with low-, but not high-, sperm-mobility males
(Froman and Kirby, 2005). Further research will determine the contributions of
the sperm mitochondrial genome and of factors such as the environment of the
male reproductive tract to chicken sperm quality.

Turkey sperm quality

Although comparative work on sperm quality assays from individual turkeys
has been more limited, sperm motility parameters have also been shown to
have apparently normal distributions with a tenfold (3c; Wishart, 1993) or
sixfold (3b; Neuman et al., 2002b) range. Sperm mobility also shows a normal
distribution among individual turkeys with a fourfold range (Holsberger et al.,
1998), and the differences between high- and low-mobility males (Holsberger
et al., 1998) and males categorized by the SQA (Neuman et al., 2002b) are
maintained throughout several months of the reproductive cycle. Groups of
turkeys with high and low sperm mobility have, respectively, higher and lower
fertilizing ability (King et al., 2000), and the same has been found for samples
of turkey semen with high and low levels of binding to perivitelline proteins (Gill
et al., 1999). When semen was pooled from males with different sperm
mobilities, it was found that the males with the higher sperm mobility sired the
majority of the offspring (Donoghue et al., 1999).Thus the same features of
sperm quality found in chicken samples may also be applicable to turkeys.
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Conclusion and implications of sperm quality assessment

Despite earlier scepticism, research during the last 20 years has shown that
there are objective (and 50 years for subjective) in vitro tests of chicken sperm
quality that have been shown to reflect the fertilizing ability of semen samples
from individual males. Birds from flocks have an approximately tenfold range
of these traits, which follows a normal distribution, and individual bird sperm
quality is a trait that is maintained throughout the breeding season. On this
basis, these tests can be used for selecting males for breeding programmes
involving artificial insemination and are therefore relevant to turkey breeding,
but in only a few instances to chicken breeding, since fertility in birds breeding
by natural mating is compounded by other factors (Bilcik and Russek-Cohen,
2005; see Duncan, Chapter 8, this volume). Poor sperm quality may have its
origins in defects in mitochondrial integrity stemming from, or as a result of,
limitations in sperm energy metabolism, which has a genetic component that
is inherited through the female lineage. If this is, as has been proposed, linked
to a mitochondrial gene, then the value of selecting for such a trait may be that
it only affects sperm function (Gemmell et al., 2004) and not other parameters
of reproduction or growth. The question of which sperm quality test to
recommend for genetic selection of males to improve fertility may be judged in
terms of price, simplicity, multiple-sample throughput, expense and robustness.
In this respect, the sperm mobility and sperm tetrazolium reduction assays
score well on these features.

SPERM CRYOPRESERVATION
Background

The study of cryobiology started in earnest when Polge (1951) reported the
first live progeny — chickens — from cryopreserved spermatozoa that had, by a
serendipitous error, been exposed to the (thus identified) cryopreservative
action of glycerol. Since then, there have been many reviews on avian sperm
cryopreservation (Lake, 1986; Bakst, 1990; Hammerstedt and Graham, 1992;
Bellagamba et al., 1993; Hiibner et al., 1994; Hammerstedt, 1995; Surai and
Wishart, 1996; Wishart and Hartley, 1998; Donoghue and Wishart, 2000;
Wishart, 2003), which document the various different sperm diluents, cryo-
preservatives, storage vessels, freezing systems, thawing systems and insemi-
nation regimens that have been applied mostly to chickens but also some other
avian species.

Production of live progeny from many domestic and non-domestic birds
has been possible, but routine application of bird-sperm cryopreservation, even
to chickens, for which the procedure has been best characterized and may be
most efficient, has been slow to be adopted. The reason for this is that the
process, in terms of recovery of spermatozoa capable of fertilization, is largely
inefficient and quite variable between different lines or breeds. However,
recently it has been recognized that different breeds and strains of chickens that
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may be valuable to agriculture or medical research or to the poultry industry are
being lost at an alarming rate, due to lack of funds or infrastructure to maintain
them. This has been outlined in publications from both North America (Pisenti
et al., 1999) and Europe (ERFP, 2003). Additionally, the increased incidence
of avian flu infections, with the policy of mass culling, threatens rare lines of
birds that are maintained in small localized groups. These factors led to a recent
symposium on the conservation of avian genetic resources, which is summarized
in Siegel and Qureshi (2006) and others (Poultry Science, 2006, vol. 85, pp.
198-257). Thus, there has been renewed interest in poultry conservation in
general and sperm cryopreservation in particular, with the setting up of poultry
‘sperm banks’ in the USA (Blackburn, 2006; US National Animal Germplasm
Program, 2007), France (Blesbois et al., 2007; French National Cryobank,
2007) and The Netherlands (Woelders et al., 2006; Netherlands Centre for
Genetic Resources, 2007). The establishment of these gene banks does not
reflect any major developments in the fundamental science of avian sperm
cryopreservation but the characterization and standardization of protocols and
systems to ensure sample identification and biosafety. This part of the review
will therefore consider the current status of chicken sperm cryopreservation
technology and that of spermatozoa from other poultry species.

Chicken sperm cryopreservation

Cryopreservation systems

The above-mentioned reviews may be consulted for a more detailed and
comprehensively referenced description of earlier work. The rest of this section
will be restricted to providing a background to aid an appreciation of the
methods used in the ‘sperm banks’ listed above. The major basic systems of all
methods involve the steps listed in Box 10.2.

Comparison of the efficacy of the different optional systems in maintaining
sperm fertilizing ability (usually expressed as the proportion of eggs laid by
inseminated hens) should be confined to those examples where experimental
regimes are tested concurrently. Thus, freezing samples as pellets made by
dropping aliquots of sperm suspensions into liquid nitrogen, with dimethyl-
sulfoxide as cryoprotectant, has been found to be more efficient than freezing
with glycerol as cryoprotectant in straws in a programmable freezer (Chalah et
al., 1999; Tselutin et al., 1999). However, pellets do not provide sufficient bio-
security levels necessary for sperm banking, being stored in liquid nitrogen in
open containers, whilst straws can be sealed, printed with identification
information and take up little space and so are favoured for sperm banking
(Blesbois et al., 2007).

A comparison of cryoprotectants used for semen freezing in straws or
ampoules, where this has been performed directly, demonstrates that fertilizing
ability is better preserved by glycerol rather than dimethylacetamide (Tajima et
al., 1990; Tselutin et al., 1999; Blesbois et al., 2007) or dimethylsulfoxide
(Haije, 1990; Tajima et al., 1990), and that dimethylformamide is as efficient



Semen Quality and Semen Storage 163

Box 10.2. Basic steps in cryopreservation of chicken spermatozoa.

1.
2.
3.

(<20 I =

Cooling of semen to around 5°C
Addition of cryoprotectant
Freezing of samples:

(a) as pellets from around 0.2 ml of sperm suspension dropped into
(i) solid CO,
(i) a plastic plate held at —=70°C in nitrogen vapour
(iii) liquid nitrogen
(b) in glass/plastic vials or ‘straws’ frozen
(i) in liquid nitrogen vapour
(i) in a programmable freezer

. Storage of samples — submerged in liquid nitrogen at —196°C
. Thawing of samples at 5°C, 37°C or 60°C
. Removal of glycerol (when glycerol is used as a cryoprotectant) by:

(a) centrifugation
(b) dialysis

. Insemination

as glycerol (Chalah et al., 1999) but better than dimethylacetamide or ethylene
glycol (Schramm, 1991). Thus, even with the inconvenience of having to
remove glycerol from samples after thawing, which is necessary since glycerol
has a contraceptive action on sperm samples inseminated intravaginally (see
Hammerstedt and Graham, 1992), the most efficient straw- or vial-based
systems for maintenance of chicken spermatozoa during cryopreservation
employ glycerol as a cryoprotectant.

Such a system is used in the French Avian Cryobank (Blesbois et al., 2007),
based on the method of Seigneurin and Blesbois (1995), which, in turn, is
based on the method of Lake and colleagues (Lake and Stewart, 1978b) but
using a faster cooling rate (—7 as opposed to —1°C per min, which improved
fertility around twofold), and straws instead of glass ampoules, which does not
seem to affect resultant fertility (Ravie and Lake, 1984). The system used in the
US National Animal Germplasm Program is based on the same technology,
except the cooling rate is defined as the time and depth that samples are held
in liquid nitrogen vapour before plunging into liquid nitrogen. Adaptations of
this method resulted in fertilization of >90% of eggs from hens inseminated
four times with approximately 400 million spermatozoa (Lake et al., 1981),
76% fertile eggs following five inseminations of 300 million spermatozoa
(Seigneurin and Blesbois, 1995) and 59% fertile eggs following three
inseminations of 600 million spermatozoa from line ‘Y33’ frozen as part of the
French Avian Cryobank programme (Blesbois et al., 2007).

Quantitating fertilizing ability
This system clearly works well but some caution needs to be elicited: one study,
employing the method of Lake et al. (1981), achieved fertilization of up to
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90% of eggs with a single insemination of around 600 million frozen and
thawed spermatozoa but also showed that the attainment of 50% fertilized
eggs required approximately 60 times more frozen, compared with fresh,
spermatozoa. In other words, over 98% of spermatozoa had lost their fertilizing
ability as a result of cryopreservation (Wishart, 1985). This level of loss was
confirmed by comparing the numbers of spermatozoa associated with the
perivitelline layer of eggs from hens inseminated with fresh and cryopreserved
spermatozoa (Alexander et al., 1993). The reason that fertility can be achieved
with samples that contain such a high proportion of damaged spermatozoa is
that fertile eggs typically contain many hundred times more spermatozoa than
are necessary for fertilization (Wishart, 1997). Thus, if six sperm points of
hydrolysis in the inner perivitelline layer over the germinal disc are typically
required for an egg to be fertile (Wishart, 1997), then there should be at least
360 sperm associated with this region following insemination with fresh
spermatozoa to ensure that one fertile egg is achievable with spermatozoa
from the same sample following freezing. Also, considering that there is a daily
loss of 30% of spermatozoa from the oviduct each day after an insemination
(Wishart, 1987), then there would need to be 514 sperm associated with the
inner perivitelline layer over the germinal disc of the first egg laid after
insemination for two fertile eggs to be laid on consecutive days and 735 for
three fertile eggs. The appropriate level of fertility should be checked in fresh
spermatozoa before attempting to produce progeny from cryopreserved
spermatozoa.

Strain differences in response to sperm cryopreservation

The problem for breed or line sperm cryobanking is that most of the
cryopreservation protocols have been developed with highly fertile males and
females, whereas the lines selected for cryobanking are likely to be of variable
innate fertility, which may be compromised in birds from small inbred
populations. Not only are there likely to be differences in individual ‘fresh’
sperm quality (see previous section) but individual birds may produce semen
with different responses to cryopreservation — ‘freezability’. Ansah et al. (1985)
assumed that their selection of a line of broiler breeders, based on fertility
following insemination with frozen/thawed semen, reflected such ‘freezability’
but this remains to be demonstrated conclusively, since the line selected for this
trait also showed innately higher ‘fertility’ with unfrozen spermatozoa (see
Alexander et al., 1993). Both the above forms of variability have been shown
in studies using males and females from the same mutant chicken lines (Tajima
et al., 1990). Inseminating spermatozoa from different lines into females from
the same lines has been shown to affect (usually reducing) the fertilizing ability
of cryopreserved semen compared with the fertility obtained when inseminating
into females from a line of known high fertility (Blesbois et al., 2007).

Use of tests of sperm function in vitro, with some exceptions (Wishart and
Palmer, 1986b; Long, 2006), greatly overestimate the fertilizing ability of
cryopreserved spermatozoa (see Donoghue and Wishart, 2000) or are rather
crude predictors of the fertilizing ability of cryopreserved spermatozoa (Chalah
et al., 1999). Thus, the best strategy for screening males for freezing is to select
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on the basis of fresh sperm quality, and to choose male—female combinations on
the basis of sperm numbers associated with the perivitelline layers of eggs from
hens inseminated with fresh spermatozoa (Alexander et al., 1993). However, if
these numbers are below the threshold outlined above, that does not mean that
the line in question cannot be successfully cryobanked as spermatozoa, as a
more invasive insemination protocol may be successful. Bacon et al. (1986)
demonstrated that cryopreserved spermatozoa from White Leghorn lines that
produced no fertile eggs following intravaginal insemination could produce some
fertile eggs following transvaginal intrauterine insemination and that all seven
lines studied produced eggs following surgical intramagnal insemination.

Cryopreservation of spermatozoa from other poultry species

Turkeys

There have been a few reports of the production of poults from turkey
spermatozoa cryopreserved using dimethylsulfoxide (Sexton, 1981; Graham et
al., 1982; Zavos and Graham, 1983), ethylene glycol and dimethylacetamide
(Schramm and Hubner, 1988; see Surai and Wishart, 1996) or combinations
of glycerol and ethylene glycol or dimethylacetamide (Macpherson et al.,
1969). In contrast to chicken sperm, there has been little, or no, success in
turkeys using glycerol alone, except when intramagnal insemination was
employed (Park et al., 1978). In general, reports on turkey sperm cryo-
preservation have been sporadic and have involved different systems, so an
integrated consideration of their comparative efficiency is difficult. The author
has also received personal communications from members of several research
groups that have had regular success in producing progeny from cryopreserved
chicken spermatozoa but have had negative results from turkey trials. So either
turkey sperm suffer more damage during cryopreservation or there is a more
stringent selectivity of turkey spermatozoa in the female reproductive tract.
With respect to the latter parameter, the rate of release of turkey
spermatozoa from uterovaginal sperm storage tubules is slower that that of
chickens, so that, for a given insemination dose, approximately three times
fewer turkey than chicken spermatozoa are found associated with the egg
(Wishart, 1995). However, although turkey and chicken spermatozoa have a
similar morphology (Thurston and Hess, 1987) and might therefore be expected
to be subjected to the same biophysical stresses during freezing, they have been
shown to be less able to maintain viability after a hyperosmotic shock (mimicking
the cryopreservation cycle) and are generally more susceptible than chicken
spermatozoa to damage caused by cryopreservation in dimethylsulfoxide.
Interestingly, chicken spermatozoa are more susceptible to damage caused by
slow cooling, whilst turkey spermatozoa are more susceptible to damage caused
by fast cooling (Blanco et al., 2000). Blesbois et al. (2005) showed that chicken
spermatozoa have greater membrane fluidity than turkey spermatozoa, noting
that this should promote resistance to cryo-damage. Although the cryopreserved
chicken semen samples in their study contained more viable spermatozoa,
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which relates to the difference in quoted fertility following freezing by pelleting
in dimethylacetamide (chicken: 80%; turkeys: 40%), the proportional loss of
sperm viability was not much different (36.8% versus 36.2%) in chicken and
turkey spermatozoa following cryopreservation (Blesbois et al., 2005). The
greater loss of sperm ATP following incubation of frozen and thawed
spermatozoa in vitro (Wishart and Palmer, 1986b) is perhaps a reflection of
their known metabolic differences (Wishart, 1989).

Geese

Geese have been produced following insemination of sperm cryopreserved
with dimethylacetamide using pellets (Tselutin et al., 1995), and the process
was more efficient than when using ethylene glycol or dimethylsulfoxide as
cryopreservatives (Kurbatov and colleagues, see Surai and Wishart, 1996).
Gander semen has also shown fertilizing ability following cryopreservation in
straws using dimethylformamide, which was considered to be more efficient
than when using dimethylsulfoxide (Sakhatsky and colleagues, see Surai and
Wishart, 1996) and dimethylacetamide, or dimethylsulfoxide (Tai et al., 2001).
Lukaszewicz and colleagues have cryopreserved semen with dimethylformamide
in straws, achieving 88% fertility in White Italian geese (Lukaszewicz, 2002)
and 37.5% and 25% in Greylag and White Koluda geese, respectively
(Lukaszewicz et al., 2004).

Ducks

Ducks have also been produced from semen frozen in vials using
dimethylacetamide (Tselutin et al., 1995; Sakhatsky and colleagues, see Surai
and Wishart, 1996), as pellets in the same cryoprotectant (Kurbatov and
colleagues, see Surai and Wishart, 1996) and in straws with dimethylsulfoxide
(Han et al., 2005).

Guinea fowl

Recently guinea fowl progeny have been produced, for the first time, from
sperm cryopreserved in straws using dimethylformamide — chosen in preference
to glycerol and dimethylacetamide (Seigneurin and Blesbois, 2006). The
relatively low fertility achieved may be a reflection of the relatively poor survival
rate of guinea fowl spermatozoa compared with chicken spermatozoa, which
is possibly a reflection of their lower membrane fluidity (Blesbois et al., 2005).

Conclusions — sperm cryopreservation

The fertility of ducks and geese inseminated with cryopreserved semen has
been variable. It is noticeable that, as for turkey spermatozoa, glycerol has not
been reported as a successful cryoprotectant as it has for chicken spermatozoa,
adding weight to the idea that spermatozoa from different species will react
differently to the freezing conditions (Blanco et al., 2000). However, such
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direct comparisons between spermatozoa from the various species have yet to
be made and may be hampered by the fact that guinea fowl (Barna and Wishart,
2003) and ganders (Lukaszewicz, 2006) contain many more pleiomorphic
forms of spermatozoa compared with those of chicken, turkey and duck. While
the production of progeny from turkeys, geese and ducks is certainly proven,
the technology needs to be made more efficient and systems standardized for
these to be sufficiently established to warrant ‘sperm banking’.

The establishment of the avian ‘sperm banks’ is a very welcome advance
that uses well-established poultry sperm cryopreservation technology. The
important technical aspect of these is that the methods should be very well
characterized and standardized — and fertility proven for each batch of stored
sperm. Such a comprehensive approach has certainly been undertaken by
Blesbois et al. (2007) for the French National Cryobank, but, at the time of
writing, there is no information on fertilizing ability of samples from the chicken
sperm samples stored in the US National Animal Germplasm Program.
Additionally, although the sperm cryopreservation methodology (freezing in
straws with dimethylacetamide) used in the Dutch cryobank (see Netherlands
Centre for Genetic Resources) has been reported to maintain ‘good’ fertilizing
ability (Woelders et al., 2006), the system used is very similar to one which did
not compare favourably with methods using glycerol (Tselutin et al., 1999;
Blesbois et al., 2007). The problem remains that simply reporting ‘fertility’
produced by one system is unhelpful for quantitative comparison with other
systems, for which the solution would be to report egg perivitelline sperm
numbers found using fresh and frozen semen. Selecting males on the basis of
their sperm quality may be helpful and also perhaps using recipient hens from
strains selected on the basis of best ‘fecundity’ (as response to inseminated
spermatozoa). Maybe such strains could be further selected on their genetic
proximity to the sperm-banked lines and breeds, since maintaining females of
the same line or breed for insemination with banked spermatozoa is contrary
to the principle of ‘gene-banking’. Of course, strains or breeds cannot be
‘reconstituted’ by sperm cryopreservation except, as a near proximation, by
extensive backcrossing. Such reconstitution would require cryopreservation of
embryonic cells (see Petitte, 2006), a technology which is in its infancy. It
cannot be said that chicken sperm cryopreservation is in its infancy, but the
major problem remains — not so much why so many spermatozoa are damaged
by cryopreservation but why a small proportion survive such an unnatural
process. The answer lies either, as for sperm quality assessment, in sperm
heterogeneity or in the microenvironment during the freezing process.

LIQUID SEMEN STORAGE
Principles and practice of liquid semen storage
The principles and practice of liquid semen storage for poultry have been

reviewed in greater detail elsewhere (Lake and Wishart, 1984; Wishart, 1989,
2004; Bakst, 1990; Bootwalla and Miles, 1992; Christensen, 1995; Lake,
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1995; Thurston, 1995; Donoghue and Wishart, 2000). The fundamental
principle is that chicken or turkey semen is diluted in a medium based on the
ionic environment of the male reproductive tract (notably with the main anion
as glutamate rather than chloride), although hypertonic compared with seminal
plasma, with an added glycolytic substrate and a buffer maintaining a pH of
around 7.1. The suspension of spermatozoa in this medium is then held at low
temperature — usually around 5°C — to minimize sperm metabolic rate and any
deleterious catabolic processes, as well as proliferation of microorganisms.
However, chicken spermatozoa may be stored under anaerobic conditions, in
which they can maintain ATP levels and fertilizing ability, but turkey spermatozoa,
which have poor glycolytic capacity and require oxidative phosphorylation to
maintain energy levels, must be stored under aerobic conditions.

In practice, chicken semen, diluted two- or threefold and held in tubes at
5°C, was found to maintain fertility levels of more than 90% of fertile eggs laid
by inseminated hens after storage for 24 h (Van Wambeke, 1967; Lake and
Ravie, 1979). Turkey semen, held at a similar temperature but under oxygenated
conditions provided by ‘bubbling” of gas through samples held in tubes or
agitation in flasks, with or without the presence of oxygen-carrying
perfluorochemicals (see Thurston, 1995), can maintain similar levels of fertility
for 24 and even 48 h (Lake et al., 1984; Huyghebaert et al., 1987).

Storage of chicken semen has few practical applications. With efficient
storage for 24 h in ‘still’ tubes held at 5°C, semen could, international biosecurity
regulations permitting, be transported globally. Turkey semen has the added
disadvantage of having to be agitated, or otherwise aerated, during transit. This
is certainly a commercial reality for storage of semen for around 6 h during
road transit (within the USA) from ‘stud farms’ to the insemination site
(Christensen, 1995). Despite the successful maintenance of turkey sperm
fertilizing ability during storage, there is still a need for improvement to ensure
maintenance of acceptable fertilizing ability in stored semen from males with
relatively poor initial sperm quality (Thurston, 1995). Towards this end, some
analyses of the effects of storage on turkey spermatozoa have been made and
conditions of storage manipulated in an attempt to improve the maintenance
of fertilizing ability.

Effect of low-temperature liquid storage on turkey sperm fertilizing ability
and quality

As for cryopreservation of chicken spermatozoa, the fact that ‘good’ fertility
can be achieved with chicken or turkey semen after low-temperature liquid
storage does not indicate that such storage has no deleterious effect on sperm
fertilizing ability, which may be masked by insemination of large insemination
doses. The effect of 24 h storage at 5°C on the intrinsic function of turkey
semen has been assessed as the number of spermatozoa in the outer perivitelline
layer of eggs from inseminated hens, which was reduced to 21% under
conditions in which the fertility fell from 94 to 88% (Donoghue et al., 1995).
In a later experiment, the numbers of holes produced by spermatozoa in the
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inner perivitelline layer was reduced to 63% by the same storage regime
(Donoghue, 1996). Although there is clearly variation in the effect of such
storage on different semen samples, the effect is unlikely to be as severe as that
of cryopreservation.

As with cryopreservation, the effect of liquid semen storage on turkey in
vitro sperm quality has been found, as with chicken sperm quality tests (see
Wishart, 1989), to be poorly related to its effects on fertility (see Donoghue and
Wishart, 2000). It is likely that the standard tests of sperm quality are too
insensitive to identify subtle damage in turkey semen samples stored for 24 h
at 5°C. Ethidium bromide exclusion by turkey spermatozoa was negligible
except when sperm were subjected to an additional hypo-osmotic shock, which
reduced this sperm quality parameter to 42% in stored spermatozoa but left
fresh spermatozoa unaffected (Bakst et al., 1991). The osmotic-shock technique
adapted to the basic test of live versus dead fluorescent stains coupled with flow
cytometry resulted in similar observations (Donoghue et al., 1996). The ability
of spermatozoa to penetrate the inner perivitelline layer in vitro was reduced
to 30% under conditions in which sperm eosin permeability and tetrazolium
reduction remained unchanged (Wishart et al., 1995). Sperm mobility was
reduced to 25% under conditions where fertilizing ability was reduced from 96
to 48% (Parkhurst et al., 2000).

Lipid peroxidation and liquid sperm storage

The requirement for oxygenation of turkey spermatozoa during liquid storage
has led to consideration of the possibility that a source of sperm damage might
be the toxic effects of oxygen free radicals and resultant lipid peroxidation.
Both chicken and turkey spermatozoa have been shown to form lipid peroxides
on aerated incubation in vitro (see Donoghue and Wishart, 2000), a con-
sequence of their having a high proportion of polyunsaturated fatty acids (see
Surai et al., 2001; Breque et al., 2003). Turkey semen produces the lipid
peroxides during storage at low temperatures (Cecil and Bakst, 1993) and the
addition of antioxidants has also been shown to greatly improve the maintenance
of turkey sperm motility and membrane integrity (Donoghue and Donoghue,
1997). However, in other experiments, vitamin E had no effect on sperm
peroxide production, motility or fertilizing ability (Long and Kramer, 2003), or
had no effect on sperm peroxide production but aided maintenance of sperm
motility and morphology (Douard et al., 2004), or otherwise spermatozoa did
not show an increase in lipid peroxide production during 48 h at 4°C (Douard
et al., 2005). The lack of consensus in these findings may be the result of using
different birds, lipid peroxidation or sperm quality assays and needs to be
resolved. Otherwise, for low-temperature semen storage, the link between
turkey sperm polyunsaturated fatty acid peroxidation and functional deterioration
will remain unproven and the practical application of improved sperm storage
systems hindered.
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Oxidative substrates and liquid semen storage

Glutamate, acetate and citrate are constituents of the major poultry liquid-
semen storage media (see Bakst, 1990; Bootwalla and Miles, 1992). Glutamate
is probably not important as an oxidative substrate for chicken spermatozoa
(see Lake and Wishart, 1984) and may even have a deleterious effect on stored
chicken spermatozoa at high (Froman, 2003; Froman and Kirby, 2005),
although not at low (Chaudhuri and Lake, 1988), temperatures. Acetate
appears to have a significant impact in improving the maintenance of turkey
sperm ATP and motility during storage at 4°C (Douard et al., 2004).

As for chicken semen (Blesbois et al., 1999), turkey spermatozoa, during
aerobic storage at 5°C for 48 h, lose phospholipids as the result of their
hydrolysis, followed by either metabolism or peroxidation, the former being
more likely because the proportion of fatty acids as polyunsaturates remains
unchanged during storage (Douard et al., 2000). The presence of seminal
plasma (Douard et al., 2005) or added oxidative substrate (Douard et al., 2004)
did not appear to ‘spare’ turkey sperm phospholipids during storage, suggesting
to these authors that the seminal plasma does not contribute substrate to
incubated spermatozoa and that endogenous phospholipids are not significant
substrates for sperm during in vitro storage. However, exogenous or endogenous
lipid substrates utilized by chicken or turkey spermatozoa during liquid storage
remain to be identified.

Conclusions - liquid semen storage

The technology for chicken liquid semen storage is adequate for the limited use
to which it might be put and has been for several decades. Turkey semen
storage under oxidative conditions can be less than adequate (see Thurston,
1995; Long and Kramer, 2003), especially when samples are from poorly
fertile males. Attempts have therefore been made to improve the maintenance
of turkey spermatozoa fertilizing ability during storage, but improvements, so
far, have been limited.

Whilst cryopreservation is an ‘unnatural’ process in which sperm damage
might be expected, with liquid storage of semen normal sperm metabolic
processes are presumed to take place, albeit at a slower rate. The expectation
or target for liquid in vitro storage might be that it should match in vivo storage
of spermatozoa, which may be a couple of days in the male excurrent ducts,
followed by a couple of weeks in the chicken (or several more weeks in the
turkey) oviducal SSTs (see Bakst et al., 1994). The successes and failings of the
storage media based on mimicking the fluid environment of the male tract are
catalogued above, but, with the technology so well established, a complete
change of tack to mimic the environment of the female tract (Bakst and Long,
2004), despite interesting preliminary results (Chaudhuri and Lake, 1988),
seems unlikely. Furthermore the microenvironment of the SSTs is not easily
accessible for analysis (Holm et al., 2000), and it might not just be the luminal
microenvironment of the SSTs that is important for sperm maintenance but
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the interaction between spermatozoa and the cells of the SSTs. The fertilizing
ability of chicken spermatozoa can be maintained for several days in vitro at
40°C in the presence of cultured somatic cells (Ashizawa et al., 1976), the cells
presumably removing toxic compounds produced by the spermatozoa (such as
peroxides or low-molecular-weight seminal plasma factors — see above) or
providing factors that maintain sperm viability. Such cell:sperm interaction
would be difficult to scale up in vitro, although the idea of maintaining
spermatozoa in an ‘open’ system, which would enable dynamic addition and
removal of substrates, etc., rather than the ‘closed’ systems of the current
technology, has been considered (Hammerstedt, 1993).
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CHAPTER 11
Broodiness and Broody Control

P.J. Sharp

The Roslin Institute and Royal (Dick) School of Veterinary Sciences,
University of Edinburgh, UK

ABSTRACT

Broodiness is a nuisance and sometimes a serious problem in some poultry.
The behaviour is recognized as persistent nesting, usually associated with
cessation of egg laying. Broodiness has two components: incubation and
brooding behaviour; the former can only be induced in laying hens, while the
latter can be induced in both laying and non-laying hens and in males, by forced
fostering of chicks. The motivation to incubate wanes after 4-5 weeks sitting
on infertile eggs, while brooding behaviour gradually declines as the chicks
become independent and egg laying resumes. Incubation and brooding
behaviour are associated with low concentrations of plasma luteinizing hormone
(LH) and ovarian steroids, and with high and low concentrations of plasma
prolactin, respectively. The preoptic area of the hypothalamus (POA) forms
part of the neural circuitry controlling both incubation and brooding behaviours.
High concentrations of prolactin and low concentrations of plasma LH in
incubating hens are a consequence, respectively, of increased vasoactive
intestinal polypeptide (VIP) and decreased gonadotrophin-releasing hormone
(GnRH) release from the hypothalamus. Changes in the release of these two
neuropeptides from the hypothalamus are, in part, a consequence of changes
in their rates of synthesis. The release of VIP in incubating hens is stimulated
by dopaminergic input from the POA, which in turn is stimulated by a
serotonergic input. Incubation behaviour is a form of extended nesting behaviour
induced by the synergistic action of oestrogen and progesterone. It is transformed
into incubation behaviour by increased prolactin secretion stimulated by neural
information transmitted through the brood patch from a clutch of eggs to
hypothalamic VIP neurones. Broody control is best achieved by good husbandry
directed to discouraging the behaviour. Pharmacological and immunological
methods can be used to control or prevent broodiness but for most practical
purposes are uneconomic and some may delay resumption of egg production.
Broodiness is a polygenic trait, and quantitative trait loci analysis can be applied
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to identify regions of the genome controlling broodiness. Identification of
markers in, or linked to, these genes and associated with broody behaviour is
likely to be of value in breeding programmes incorporating DNA marker-
assisted selection.

INTRODUCTION

The term ‘broodiness’ is used to describe incubation and brooding behaviours
that enable the development of fertilized eggs to hatching and the subsequent
care of chicks until they become capable of full independence (Ramsey, 1953).
The two behaviours are controlled by different neurocircuitry and associated
with different patterns of hormone secretion. Incubation behaviour in poultry is
characterized by sitting almost continuously on a clutch of eggs for 3 weeks until
they hatch, while brooding behaviour is directed to the care of newly hatched
chicks (Richard-Yris et al., 1983; Opel and Proudman, 1988; Ruscio and
Adkins-Regan, 2004). In poultry, the expression of incubation behaviour is
restricted to the female, while brooding behaviour can be induced in both sexes
(Burrows and Byerly, 1938; Nalbandov and Card, 1945; Ruscio and Adkins-
Regan, 2004). From the time poultry were first domesticated there was a conflict
between selection for appearance, body weight, behaviour and egg production,
and the requirement for good broody behaviour to breed the next generation.
This conflict arose because broodiness is characterized by ovarian regression
and loss of egg production but can be resolved by the use of surrogate mothers
with good broody behaviour and, in modern times, by the use of non-broody
breeds and artificial incubation. In commercial poultry systems, particularly
where birds are not caged and have the opportunity to become attached to nest
sites, the broody trait can be a nuisance and sometimes seriously depress flock
egg production. This problem can usually be managed by good husbandry,
which requires careful attention to be paid to recognizing the first signs of
incubation behaviour and acting quickly to discourage it. There is interest in
finding less labour-intensive methods of reducing the incidence of broodiness, by
pharmacological or genetic means, but a genetic solution is preferable. Research
on broodiness in poultry has focused on behavioural analyses (e.g. Richard-Yris
et al., 1983; Leboucher et al., 1991) and endocrine control mechanisms
(Harvey and Bedrak, 1984; El Halawani et al., 1988, 1997, 2002; Sharp,
1989; El Halawani and Rozenboim, 1993; Sharp et al., 1998). This review will
highlight key publications on the behavioural analyses and neuroendocrine
control of broodiness, and broody control, with particular emphasis on work
published in the past few years. Finally, consideration will be given to the pros-
pects for a genetic solution to broodiness using DNA marker-assisted selection.

BEHAVIOURAL CHANGES ASSOCIATED WITH INCUBATION

The key behavioural change signalling impending broodiness is an increase in
nesting behaviour. In bantam hens about to become broody, as each egg is laid
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on successive days the birds spend more time nesting, starting earlier before,
and finishing later after, each oviposition (Lea et al., 1981) (Fig. 11.1). Nesting
behaviour increases on successive days as the hens return to their nests and
eggs more frequently and for longer periods. A similar increase in nesting
frequency is seen in turkeys before the start of incubation (Haller and Cherms,
1961). Finally, nesting behaviour begins at night and progressively extends to
occupy most of the day, at which point nesting behaviour has transformed to
full incubation behaviour (Lea et al., 1981). The hens sit on their clutches and
persistently turn their eggs, rearranging them to ensure they are all well covered.
The development of this behaviour is associated with clucking, loss of feathers
from the breast to form a brood patch and, usually, cessation of egg laying.
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Fig. 11.1. Daily changes in concentrations of plasma prolactin during the 9 days before the
onset on incubation in bantam hens in relation to nesting frequency and egg laying. Note that
nesting frequency increases in association with the development of nocturnal increases in
plasma prolactin until the first day of incubation, when egg laying stops. Thereafter, plasma
prolactin is permanently elevated and the hen is almost continuously on the nest (data from

Lea et al., 1981).
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However, some lines of commercial domestic hens (P.J. Sharp, unpublished
observation) and turkeys (Lea and Sharp, 1982) may incubate eggs but not
stop laying. In bantam hens, incubation behaviour and cessation of egg laying
starts after 10-20 eggs have accumulated in a clutch. It has been suggested that
bantam hens, and maybe other birds, stop laying when they have accumulated
a full clutch by using an ‘egg numerostat’. This allows them to visually compare
the size of clutch with an optimal size that is recognized as a result of genetic
programming of cognitive function in the higher nervous system (Steen and
Parker, 1981). This view is not widely accepted since in some birds, such as the
red grouse, in the wild the same number of eggs is laid whether or not eggs are
removed from the nests whilst the birds are still laying (Moss and Watson,
1982).

During the normal 3-week incubation period, bantam hens kept in floor
pens spend 90-99% of their time on their nests with two breaks (recesses)
during the day, one in the morning and one in the afternoon (Lea et al., 1981;
Bertrand, 1994). Similar observations have been made on feral chickens
(Duncan et al., 1978). The motivation of incubating turkeys or domestic hens
to re-nest after nest deprivation is maintained for 3-5 days (El Halawani et al.,
1988; Sharp et al., 1988; Richard-Yris et al., 1998). When an incubating
domestic hen is off the nest, its behavioural repertoire includes ingestive
(feeding, drinking), searching (foraging, walking) and comfort (preening,
stretching, defecating, dust bathing, body shaking) activities (McBride et al.,
1969; Savory et al., 1978; Bertrand, 1994). During the first recess of the day,
incubating bantam hens spend 74% of their time feeding and drinking, or
rapidly walking around between the feeders and drinkers, with the remaining
time being largely spent on comfort behaviours (Bertrand, 1994). Feeding
occurs in bouts of more than a minute’s duration. The morning and afternoon
recesses are of similar duration (Lea et al., 1981), and, although quantitative
observations have not been reported for the afternoon recesses, casual
observation suggests that behaviour within them is the same as in the morning
(Bertrand, 1994). Incubation is normally terminated when the chicks hatch but
may persist if the nest contains unhatched eggs. If a clutch of eggs is removed
from an incubating bantam, clucking will stop and egg laying will resume after
8-12 days (Sharp et al., 1979).

If all the eggs are infertile, as in flocks of hens kept for table egg production,
incubation may persist for a prolonged period. This is likely to be up to 3-4
months, as was observed at Roslin Institute in bantam hens incubating infertile
eggs in floor pens in a temperature-controlled, artificially illuminated poultry
hut with minimum disturbance (P.J. Sharp, personal observation). An analysis
of many species of wild birds shows that incubation of infertile eggs persists for
about 50% longer than is normally required to hatch them (Skutch, 1962). It is
possible that prolonged incubation in domestic hens kept in indoor housing
and sitting on infertile eggs may be a consequence of environmental conditions
being insufficiently variable to distract the hens from abandoning the behaviour,
even though motivation to express it is low. This hypothesis was investigated
in bantam hens incubating infertile eggs in floor pens (Bertrand, 1994).
Behaviours were quantified during the first recess between 2 and 10 weeks of
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incubation and were seen to begin to change after 4-5 weeks, suggesting
decreased motivation to incubate, although there was no change in the duration
of the recess (about 24 min). The hens began to start their first recess
progressively earlier after the lights came on (4.24 + 0.3 h at 2 weeks versus
2.78 + 0.28 hat 10 weeks, P < 0.001), while ingestive behaviour progressively
became less dominant and searching (Fig. 11.2) and comfort behaviours
became more frequent. Ingestive behaviour also changed, with a marked
increase in the number of short feeding bouts of less than a minute (0.87 +
0.21 at 2 weeks versus 11.12 = 1.70 at 10 weeks, P < 0.001) interspersed
with foraging behaviours. Casual observation also indicated that after prolonged
incubation (i.e. 8-10 weeks) the number of daily recesses increased to about
four and that they were all less than an hour (Bertrand, 1994). These
observations suggest that after 4-5 weeks’ incubation motivation to incubate
decreases and are consistent with Skutch’s (1962) observation in wild birds that
motivation to incubate infertile eggs wanes after the normal incubation time is
extended by about 50%. A decline in motivation to incubate after prolonged
incubation was confirmed using an operant conditioning method where
incubating hens were required to push through a weighted door to regain

. Feeding or drinking |:| Foraging or random walking

Number of 15 hens showing the behaviour

2 3 4 5 6 7 8 9 1
Weeks of incubation

Fig. 11.2. Changes in ingestive (feeding and drinking) or searching behaviours (foraging or
random walking) during extended incubation in 15 bantam hens. The behaviours were
recorded as the first behaviour shown when the birds leave their nests each morning for a
break. Note at about 4-5 weeks, the birds’ behaviour becomes less focused on essential
ingestive behaviours compared with searching behaviours. This is interpreted as a decrease
in motivation to incubate (from Bertrand, 1994).
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access to their nest after the first recess. Hens started to push at the door, when
given the opportunity to do so, more quickly after 2-4 weeks than after 8-10
weeks of incubation (62.8 + 20.6 s at 2-4 weeks versus 164.3 + 13.00 s at
8-10 weeks, P < 0.005) (Bertrand, 1994).

BEHAVIOURAL CHANGES ASSOCIATED WITH BROODING

Brooding begins as soon as the chicks hatch. The hen encourages her chicks
to nestle underneath her body by crouching in a distinctive manner and slightly
raising her wings. She continues to cluck and comes to the assistance of chicks
emitting a distress call and gives a special food call (titbitting), picking up and
dropping food to encourage them to eat (Ramsey, 1953; Sherry, 1981). The
chicks become imprinted on their mother and recognize her cluck vocalization
(Kent, 1989). Brooding behaviour can be induced in laying hens and capons by
confining them with newly hatched chicks (Burrows and Byerly, 1938) and can
be induced in the same way in ‘non-broody’ strains of domestic hen (Richard-
Yris et al., 1983, 1987a,b, 1998). As the chick acquires the ability to
thermoregulate, contact with the mother hen progressively decreases (Sherry,
1981) and broody behaviour declines but can be reactivated by introducing
newly hatched chicks (Richard-Yris and Leboucher, 1986). Previous experience
of brooding behaviour subtly alters the response of a hen to her chicks (Hogan-
Warburg et al., 1993). Brooding hens show cyclical sequences of behaviours:
brooding, preening, feeding with drinking, exploring, dust bathing and then
brooding again. The average cycle length is about 0.5 h, with brooding and
feeding taking up about 90% of the time. The cycle length in inexperienced
mothers is longer than in experience mothers (32.5 min versus 22.7 min,
P < 0.05), which can be accounted for by differences in brooding and feeding
times.

Brooding behaviour progressively declines over 4—10 weeks, after which
laying resumes (Sharp et al., 1979). The time taken to resume egg laying after
removal of chicks from brooding bantam hens depends on time elapsed since
the chicks hatched. Egg laying resumed in three brooding bantam hens 24, 5
and 7 days, respectively, after removing chicks that had been brooded for 4,
20 and 28 days (Sharp et al., 1979).

NEURAL CIRCUITRY CONTROLLING INCUBATION AND
BROODING BEHAVIOURS

Electrolytic lesions at any one of three sites in the hypothalamus of the turkey
hen blocks incubation behaviour (Youngren et al., 1989). These sites are in the
preoptic area (POA), the basal hypothalamic ventromedial nucleus (VMN) and
the lateral hypothalamus. It thus appears that the POA is connected to the
VMN by lateral hypothalamic neural pathways to form the core of the neural
circuitry that controls incubation behaviour. This view is supported by studies
on the ring dove using two techniques: [14C]2-deoxyglucose (2DG) auto-
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radiography and cfos immunocytochemistry (Georgiou et al., 1995; Sharp et
al., 1996). The 2DG technique involves the systemic injection of 2DG, which
is recognized and taken up by cells as glucose to provide energy for increased
metabolic activity. 2DG is not metabolized and is retained in the cell, and
consequently an increase in cellular 2DG is a marker of increased cellular
activity. Using this technique, the uptake of 2DG was seen to increase in the
POM and basal hypothalamus at the onset of incubation (Georgiou et al.,
1995). The POA identified in this study corresponds to the POA identified in
the turkey lesioning study (Belle et al., 2005). In addition, 2DG uptake was also
observed to change in two other brain structures in the ring dove at the onset
of incubation: the palaeostriatum primitivum and nucleus ovoidalis (Georgiou
et al., 1995). The uptake of 2DG was depressed in the palaeostriatum
primitivum, a brain area concerned with locomotory activity, and a decrease in
activity here may reflect the reduction in movement in incubating birds. In
contrast, the uptake of 2DG was increased at the onset of incubation in the
nucleus ovoidalis, which is involved in the control of vocalization and aggression,
both of which are components of nest defence behaviour. Towards the end of
incubation in the ring dove, there is a marked general enhanced uptake of 2DG
in the forebrain, preoptic hypothalamus and cerebellum. A similar increase in
2DG uptake is also seen in non-incubating doves after administration of
prolactin (Lea et al., 1995). It is suggested that this enhanced neural activity
may reflect an effect of increased prolactin secretion at the end of incubation
to enhance processing of sensory responsiveness to hatchlings (squabs) and to
enhance parental (brooding) behaviours (Lea et al., 1995). It should be noted
that, unlike poultry, prolactin secretion does not increase in ring doves until 5
days after the onset of incubation (Goldsmith et al., 1981). It is unknown
whether similar changes occur in the brains of incubating poultry.

The second technique used to map neurocircuitry involved in the control of
incubation is cfos immunocytochemisry. The cfos proto-oncogene induces a
protein that regulates the transcription of target genes, and its expression is
used as a marker of cellular stimulation in the central nervous system. Using
this technique, it was found in the ring dove that there was a large increase in
cfos-labelled cells in the POA and basal hypothalamus at the onset of incubation
behaviour in both sexes (Sharp et al., 1996). An increase in cfos-labelled cells
was also seen in brooding ring doves in the POA and additionally in the lateral
hypothalamus when they were reunited with their young after overnight
separation (Buntin et al., 2006). The observations on 2GD uptake and cfos
expression at the onset of incubation and during brooding in the ring dove
support the lesioning study in the turkey implicating neural circuitry within, and
between, the POA and basal hypothalamus in the control of incubation
behaviour (Youngren et al., 1989).

There is less information available on the central nervous system neural
circuitry involved in the expression of brooding behaviour. The hypothalamic
preoptic area is implicated in the ring dove, where lesions disrupt parental
feeding of the young with crop sac ‘milk’ (Slawski and Buntin, 1995). This view
was supported in a study using ZENK (another intermediate early gene)
immunocytochemistry in quail brooding foster chicks (Ruscio and Adkins-Regan,
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2004). The initiation of brooding behaviour in quail was associated with
increased cfos expression in the ectostriatum and medial portion of the bed
nucleus of the stria terminalis. These two brain areas are thought to be involved,
respectively, in focusing visual attention on chicks and in fear responses, and
may mediate reduced fearfulness of potential predators (Ruscio and Adkins-
Regan, 2004).

MORPHOLOGICAL CHANGES ASSOCIATED WITH BROODINESS

The onset of incubation behaviour is associated with loss of body weight,
development of a brood patch, ovarian regression, cessation of laying, narrowing
of the gap between the pelvic bones, and loss of redness and shrinkage of the
comb (Harvey and Bedrak, 1984). Body weight decreases by 13-15% during
normal incubation as a consequence of decreased appetite (Savory, 1979). If
the hens are sitting on infertile eggs, this loss of body weight does not continue
beyond the time the chicks would normally hatch (Bertrand, 1994). Between 14
and 21 days after the chicks hatch, feathers on the mother’s brood patch begin
to regrow, and the comb begins to redden as the hens come back into lay (Sharp
etal., 1979).

CHANGES IN CIRCULATING HORMONES ASSOCIATED WITH
INCUBATION AND BROODING BEHAVIOURS

The onset of incubation in poultry is marked by decreased plasma LH resulting
in depressed plasma oestrogen, progesterone and testosterone, by ovarian
regression, and an increase in plasma prolactin (Harvey and Bedrak, 1984;
Porter et al., 1991a). In the bantam hen, this increase in plasma prolactin is
initiated at night, and on subsequent days persists for longer periods into the
light period until the first day of full incubation, when plasma prolactin remains
constantly elevated (Lea et al., 1983). This pattern of increasing plasma
prolactin is correlated with nesting behaviour (Lea et al., 1981). In turkeys, a
similar tendency for plasma prolactin to increase at night has been observed
immediately before the onset of incubation, although this does not occur prior
to an increase in daytime prolactin levels (Proudman, 1998). Plasma prolactin
tends to decrease after prolonged incubation in both turkeys (Bédécarrats et
al., 1997) and bantam hens (Bertrand, 1994). If the nest and eggs are removed
from incubating turkeys and domestic chickens, plasma prolactin immediately
decreases but increases after nest return provided incubation resumes (El
Halawani et al., 1980; Sharp et al., 1988). If re-nesting does not occur, plasma
prolactin remains depressed. In nest-deprived incubating bantam hens, after
nest return and resumption of incubation, plasma prolactin increases to a lower
level than before nest deprivation (Bertrand, 1994).

Concentrations of plasma prolactin decrease after chicks hatch, but not as
rapidly as when incubating hens are deprived of their nests and eggs (Sharp et
al., 1988). On the other hand, plasma prolactin does not increase in laying or
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non-laying domestic hens in which brooding behaviour has been induced by
forced adoption of newly hatched chicks (Richard-Yris et al., 1987a). These
observations indicate that loss of visual and tactile stimuli from a clutch of
unhatched eggs removes a stimulatory control on prolactin secretion that is
attenuated by the presence of newly hatched chicks. However, the facilitatory
effect of newly hatched chicks on prolactin secretion is conditional on the hen
having recently terminated incubation.

The concentrations of plasma prolactin and luteinizing hormone (LH) in
incubating hens are inversely related, but this relationship is not precise. In
blood samples taken late in the daily photoperiod from bantam hens, plasma
LH begins to decrease at the onset of incubation 2 days later than the increase
in plasma prolactin (Lea et al., 1981). However, the converse relationship is
seen in incubating bantams deprived of their nests, where plasma LH begins to
increase about 3 h before the decrease in plasma prolactin (Sharp et al., 1988).
In brooding hens, plasma LH remains depressed immediately after the chicks
hatch, but, as the chicks become progressively more independent, plasma LH
begins to increase in association with increased concentrations of plasma
progesterone (Sharp et al., 1979), reflecting the development of pre-ovulatory
ovarian follicles (Williams and Sharp, 1977), while plasma prolactin remains
low (Sharp et al., 1988). In hens forced to foster young, laying is inhibited and
plasma LH and oestrogen are depressed (Richard-Yris et al., 1983, 1987a,b;
Leboucher et al., 1990). Conversely plasma LH and oestrogen increase in
brooding hens when the chicks are removed (Kuwayama et al., 1992). These
observations demonstrate that the mechanisms controlling LH and prolactin
release in broody poultry are, in part, independent of each other.

Other hormones measured in incubating domestic hens and turkeys are
corticosterone, which is increased, and growth hormone and triiodothyronine,
which are both depressed (Harvey and Bedrak, 1984).

NEUROENDOCRINE CONTROL OF PROLACTIN SECRETION IN
INCUBATING AND BROODING HENS

In hens coming into lay, increasing oestrogen originating from rapidly growing
ovarian follicles (Tanabe et al., 1981) stimulates baseline prolactin secretion by
acting directly on the anterior pituitary gland (Knapp et al., 1988; review: El
Halawani et al., 2002). The much steeper increase in plasma prolactin secretion
associated with the onset of incubation is a consequence of increased pituitary
gland prolactin mRNA and prolactin (Talbot et al., 1991; Wong et al., 1991).
Using quantitative immunocytochemistry, it has been shown that the numbers
of visible cells containing prolactin in the pituitary gland increase at the onset
of incubation and that this is partly a consequence of transdifferention of growth
hormone cells (somatotrophes) into cells containing both prolactin and growth
hormone (mammosomatotrophes) (Ramesh et al., 1998). Decreased prolactin
in incubating turkeys deprived of nest and eggs is caused by programmed cell
death (apoptosis) of pituitary prolactin cells and the disappearance of
mammosomatotrophes (Ramesh et al., 2001). Increased pituitary prolactin
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and prolactin secretion in incubating poultry is a consequence of increased
release of the avian prolactin-releasing factor, vasoactive intestinal polypeptide
(VIP), from neurones in the basal hypothalamus (Sharp et al., 1989; reviews:
El Halawani and Rozenboim, 1993; El Halawani et al., 1997, 2002; Sharp et
al., 1998). Vasoactive intestinal polypeptide directly stimulates the pituitary
gland to synthesize and secrete prolactin (Talbot et al., 1991), and the
concentration of VIP in the blood draining the median eminence of the
hypothalamus into the pituitary gland is threefold higher in incubating than in
laying hens (Youngren et al., 1996). As indicated by patterns of prolactin
secretion, the release of VIP is pulsatile in laying and incubating turkeys
(Proudman and Wentworth, 1996). The stimulatory action of VIP on prolactin
release is mediated by the VIP receptors present in the pituitary gland (Chaiseha
et al., 2004). The abundance of VIP receptor mRNA in the pituitary gland is
higher in incubating and laying turkey hens than in out-of-lay hens, suggesting
that changes in prolactin secretion during the reproductive cycles are partly
regulated by changes in VIP receptor at the pituitary level.

The homeostatic control of prolactin secretion involves an inhibitory
feedback action of prolactin at the level of the hypothalamus to suppress VIP
synthesis and release, and possibly at the level of the pituitary to depress VIP
receptor abundance (Rozenboim et al., 1993; review: El Halawani et al.,
1997). Thus, cerebro-intraventricular administration of ovine prolactin in the
laying turkey depresses prolactin secretion, hypothalamic VIP and anterior
pituitary VIP receptors (Rozenboim et al., 1993). This inhibitory effect of
prolactin is likely to be mediated by prolactin receptor present in both the basal
hypothalamus and the anterior pituitary gland (Zhou et al., 1996; Ohkubo et
al., 1998). This conclusion is supported by the presence of prolactin receptor
in basal hypothalamic VIP neurones (Das, 2008).

Although prolactin secretion is controlled predominantly by the stimulatory
action of hypothalamic VIP, there is an inhibitory control system too, mediated
by the dopaminergic D, receptor in the pituitary gland (Xu et al., 1996; review:
El Halawani et al., 2002). In support of this view, a D, receptor agonist
stimulates prolactin mRNA steady-state levels, and basal and VIP-stimulated
prolactin release in cultured laying turkey pituitary cells (Al Kahtane et al.,
2003). This inhibitory control system for prolactin release is likely to be
suppressed in incubating hens because the expression of pituitary D, receptors
decreases (MacNamee and Sharp, 1989b).

The activity of basal hypothalamic VIP neurones regulating prolactin
secretion in incubating turkeys is stimulated by a dopaminergic input mediated
by D, receptors located on the VIP neurones (Chaiseha et al., 2001; Youngren
etal.,2002; Bhatt et al., 2003; review: El Halawani et al., 2002). Dopaminergic
input to the basal hypothalamic VIP neurones probably originates in dopaminergic
cells in the basal hypothalamus (Al-Zailaie et al., 2006) controlled by neural
pathways from the preoptic hypothalamus (Youngren et al., 2002). Since
electrolytic lesions in the preoptic hypothalamus block incubation behaviour
(Youngren et al., 1989), it appears that this brain area plays a key role in
relaying environmental information required to induce the behaviour to basal
hypothalamic VIP neurones. Environmental information required to stimulate
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incubation behaviour is relayed to dopaminergic neurones controlling VIP
release via neural pathways containing serotonin (Youngren et al., 1998) and
dynorphin (Youngren et al., 1999). It can therefore be inferred that incubation
behaviour is causally related to increased serotonergic and then dopaminergic
activity in the preoptic hypothalamus, which, in turn, stimulates the activity of
VIP neurones in the basal hypothalamus to increase prolactin secretion. This
view is supported by the observation that the turnovers of serotonin (MacNamee
and Sharp, 1989a) and dopamine (MacNamee and Sharp, 1989b) in the
anterior hypothalamus are increased in incubating bantam hens.

NEUROENDOCRINE CONTROL OF GONADOTROPHIN
SECRETION IN INCUBATING AND BROODING HENS

The decrease in plasma LH in incubating poultry is not a consequence of a loss
of pituitary responsiveness to gonadotrophin-releasing hormone-I (GnRH-I) or
-Il (Sharp and Lea, 1981; El Halawani et al., 1987; Guémené and Williams,
1999). However, while GnRH-I is abundant in the median eminence in the
turkey and domestic hen, GnRH-II is virtually absent (Sharp et al., 1990;
Millam et al., 1995), indicating that GnRH-I rather than GnRH-II directly
stimulates pituitary gonadotrophin synthesis (You et al., 1995) and release.
The decrease in plasma LH in incubating poultry is, at least in part, a con-
sequence of decreased GnRH-I synthesis, as indicated by the decrease in
hypothalamic GnRH-I mRNA in incubating bantam hens and an increase after
the hens are deprived of their nests (Dunn et al., 1996). It is likely that GnRH-I
release is also directly inhibited, since in the turkey hypothalamus GnRH-I
content increases after the onset of incubation, in association with decreased
LH secretion (Millam et al., 1995), but subsequently decreases (Rozenboim et
al., 1993), presumably as a consequence of decreased GnRH-I synthesis. In
the incubating turkey the concentration of GnRH-Il increases in the hippocampus
but not elsewhere in the brain, implying that this peptide might play a role in
the control of gonadotrophin secretion above the level of the pituitary gland or
in the expression of incubation behaviour (Millam et al., 1995).

Low concentrations of plasma LH in incubating domesticated hens are
partly maintained by an inhibitory feedback action of steroids produced by the
regressed ovary, since ovariectomy results in increased LH secretion (Lea et
al., 1996), although this does not appear to be the case in incubating turkeys
(El Halawani et al., 1993). However, low plasma LH may also be maintained
in incubating poultry by increased plasma prolactin acting at the level of the
anterior pituitary to inhibit LH synthesis (You et al., 1995), and at the level of
the hypothalamus to depress GnRH-I content (Rozenboim et al., 1993).
Further evidence for an inhibitory action of prolactin on LH secretion in
incubating hens comes from the finding that immunoneutralization of prolactin
by an injection of prolactin antibody results in an immediate increase in plasma
LH in bantam hens (Lea et al., 1981). Additionally, prolactin administration
suppresses ovariectomy-induced increased LH secretion in the turkey (El
Halawani et al., 1991) and increased LH secretion in nest-deprived incubating
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bantams (Sharp et al., 1988). Naturally occurring high concentrations of pro-
lactin appear to attenuate the increase in plasma LH seen after ovariectomy in
incubating bantam hens (Lea et al., 1996).

It should be emphasized that LH secretion in broody hens is, at least in
part, independent of control by prolactin. This can be deduced by the
observations that low concentrations of plasma LH in incubating and brooding
hens, respectively, occur in the presence of high and low concentrations of
plasma prolactin, while changes in prolactin and LH secretion may not be
precisely correlated at the onset of incubation or after nest deprivation and
return (see above for references).

A further hypothalamic neuropeptide that may play a role in suppressing
LH secretion in broody poultry is gonadotrophin hormone inhibitory hormone
(GnIH), discovered in 2001, and this, like GnRH-I and VIP, is abundantly present
in the median eminence (Tsutsui et al., 2001). It inhibits LH release by acting
directly on the pituitary gland to inhibit gonadotrophin synthesis (Ciccone et al.,
2004). The amount of hypothalamic GnlH mRNA is higher in incubating than
in laying or non-incubating out-of-lay hens, implying a key role for GnlH in
suppressing LH release in incubating hens (Ciccone et al., 2004). This view is
reinforced by the finding that the size of visible immunocytochemically identifiable
hypothalamic GnIH neurones increases in incubating hens (Das, 2008).

HORMONAL CONTROL OF BROODINESS

The hormonal control of broodiness involves interactions between oestrogen,
progesterone and prolactin, and environmental information transmitted
through the brood patch (Fig. 11.3). Neural information from the brood 