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1 Introduction

StePHEN C. BisHopr,! RoGer F.E. AXFORD,?
Frank W. NicHoLAS® AND JoHN B. Owen?

"The Roslin Institute and Royal (Dick) School of Veterinary Studies, University
of Edinburgh, UK; ?Formerly School of Agricultural and Forest Sciences,
University of Wales, UK; 3Department of Animal Science, University of
Sydney, Australia.

Breeding for improved disease resistance has become perhaps the major
challenge facing animal geneticists. The benefits of successfully improving the
resistance of animals to an infectious disease are manifold, including improved
animal welfare, increased efficiency and productivity, and hence a reduced
environmental footprint, reduced reliance on other disease-control measures
and improved public perception. However, breeding for disease resistance
raises many technical challenges. Further, despite its apparent benefits, its sus-
tainability is often questioned due to the potential of pathogen or parasite
evolution; and the role of host genetics within integrated disease-control sys-
tems is often unclear. This 3rd edition of Breeding for Disease Resistance in
Farm Animals addresses many of the pertinent questions relating to the role
of host genetics in disease control, with a number of case-specific scenarios
explored.

When considering breeding for disease resistance, it is necessary to be
clear and consistent in the concepts and terminology being used, to ensure that
readers from disparate disciplines have a common level of understanding of the
topic. This Introduction covers many of the broad concepts necessary for all
readers to appreciate the topic, with a particular focus on recent developments
in genomics and their application to disease genetics. We hope it will make the
individual chapters more enjoyable.

Infectious Disease: the Context

Infectious diseases in livestock result in high economic losses in both developed
and developing countries. They also have potentially major impacts on the
safety of animal products (especially for food safety), animal welfare and the
public perception of livestock production industries. Further, due to the impacts
of climate change and globalization, i.e. increased movement of people and

©CAB International 2011. Breeding for Disease Resistance in Farm Animals, 3rd Edition
(eds S.C. Bishop et al.) 3
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products, new disease threats continue to emerge (Foresight Project, 2006).
For these reasons, the management of infectious disease is of critical impor-
tance to livestock sectors worldwide and is the subject of considerable ongoing
research.

Disease-control strategies include both prevention and cure, and may
include decisions affecting the animal (e.g. vaccination, culling diseased ani-
mals, selection of resistant animals), the pathogen (e.g. chemotherapy) or the
environment (e.g. biosecurity, sanitation). With the recent development of
extensive high-throughput genomic tools that enable dissection of host
responses to infection and comprehensive descriptions of host genetic varia-
tion, research efforts have increasingly turned to quantifying the genetic con-
trol of the host-pathogen interaction, as well as identifying single nucleotide
polymorphisms (SNPs) associated with resistance. Much is promised in terms
of identifying critical host genes that may lead to novel non-genetic means of
combating parasites/pathogens, e.g. new vaccine targets or even entirely novel
approaches to disease management derived from a greater understanding of
the underlying biology. Much is also promised from the use of SNP genotypes
as another source of information to be incorporated into estimated breeding
values (EBVs) for use in conventional selection programmes for ‘disease resist-
ance’ (without knowing anything of the actual genes involved). However, these
promises need to be critically evaluated and some of the concepts are discussed
below.

The use of host genetic variation, including SNPs associated with resist-
ance, to help control disease should always be considered as part of a larger
disease-management strategy. While host genetic manipulation will be a valu-
able tool for some diseases, for other diseases it may be of low priority in rela-
tion to other disease-control strategies, or possibly not even appropriate.
Therefore, careful consideration is required to determine when breeding for
disease resistance is appropriate, and for which diseases it is possible to obtain
the necessary genetic and phenotypic information to achieve this.

Genetic Variation in Disease Resistance

Present-day species of farm livestock have inherited a complex genome from
their wild progenitors. Yet, despite the proliferation of phenotypic variation in
breeds within species, molecular studies reveal that differences at the DNA level
between extant breeds and their wild relatives are rather small. A feature of
both modern and progenitor breeds is the ubiquity of host genetic variation in
disease resistance. This is largely a function of the co-evolution of the host and
its parasitic pathogens (Khibnik and Kondrashov, 1997) — a continual battle to
achieve an ecological equilibrium enabling both species to survive.
Co-evolution models help to explain the existence of host genetic variation
in resistance, and further insight into the continued existence of such variation
can be gained by extending co-evolution models to combine genetic theory
with epidemiology. Several factors are important. First, selection pressures,
especially those for disease resistance, will differ across time and environments.
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Second, in the case of epidemic diseases, natural selection will not make popu-
lations completely resistant to infection. As natural selection moves a host
population towards resistance, the selection pressure for resistance decreases
because a certain proportion of susceptible animals can be carried without
exposing the population as a whole to risks of epidemics (Bishop and MacKenzie,
2003). Once the number of genetically susceptible animals falls below this
level, selection pressure for resistance ceases. Third, modern domestic live-
stock populations have been selected for other characteristics, with disease
impacts masked by non-genetic control measures.

Evidence for host genetic variation in aspects of disease resistance has
been documented for more than 50 diseases, in all major domestic livestock
species (Bishop, 2005). Such genetic variation covers all types of parasite and
pathogen, and the genetic architecture of host resistance ranges from single
major genes to polygenic in the extreme. Almost certainly there is host genetic
variation in resistance to almost every disease: those cases not yet documented
are merely awaiting discovery.

Care must also be taken in the definition of the term ‘disease resistance’,
as it is often used to mean many different things. Infection may be defined as
the colonization of a host by organisms such as viruses, bacteria, protozoa,
helminths and ectoparasites, whereas disease describes the pathogenic conse-
quence of infection. Disease resistance is used generically to cover resistance to
infection, i.e. a host’s ability to moderate the pathogen or parasite lifecycle,
and also resistance to the disease consequence of infection. Sometimes the
terms tolerance or resilience are used to describe a host’s ability to withstand
pathogenic effects of infection.

When and How to Breed for Disease Resistance

The large number of diseases faced by animals in every production system
raises policy and logistical challenges. It is not easy to select for resistance to
more than a few diseases simultaneously; nor is it desirable to do so as it could
potentially remove considerable selection pressure from existing selection
goals. Additionally, adequate control strategies will often exist for many dis-
eases, making justification for expensive and long-term breeding programmes
rather weak.

Approaches to addressing the problem of disease prioritization have
recently been proposed. Davies et al. (2009) describe an approach in which
diseases are ranked in terms of their importance and also in terms of their
amenability to genetic selection. This approach immediately highlights key tar-
get diseases. A further consideration, which isn’t considered by Davies et al.
(2009), is the benefit of genetically improving the resistance of the population
as a whole. This concept may be captured through genetic-epidemiological
models (Bishop and Stear, 2003). Briefly, the consequences of genetic change
in the resistance of a population of animals to an infectious disease depend
upon the transmission pathways of infection. Furthermore, the outcomes of
selection should be measured at the population level, rather than the individual
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animal level, e.g. addressing questions such as ‘is an epidemic likely to occur in
this population and, if so, how severe would it be?” The outcomes are very non-
linear in relation to host genotype, and depend upon the starting point. For
example, a moderate improvement in resistance to viral disease might either
solve the disease problem or make no impact at all, depending on the nature
of the disease and the initial level of resistance of the host. Such considerations
are outlined in Chapter 3, and they provide a means of prioritizing diseases for
research and designing implementation strategies.

Careful consideration has to be made before embarking on a breeding
programme for enhanced resistance to a specific disease. First, a need to
genetically improve resistance has to be established. This will include an
appraisal of the importance of the disease and the possible shortcomings or
non-sustainability of current control measures. Second, the benefits of achiev-
ing improved resistance, including the epidemiological benefits, need to be
assessed. As with all traits in a breeding programme, animal breeders will need
to be convinced that including disease resistance in the breeding goal adds to
the overall value of genetic progress to a greater extent than if disease resist-
ance were not taken into account, i.e. the net benefits of including disease
resistance outweigh the opportunity cost of reduced progress in other traits.

In principle, selection for disease resistance can be performed using either
traits that indicate the response of animals to an infectious challenge or DNA
markers. The latter has the obvious advantage of not requiring exposure to
infection in order to rank animals, and for diseases with severe impacts this
may in fact be the only viable option. As a consequence, much of the current
research in disease genetics is aimed at finding such markers, as described
below. Selection based on animal phenotype will be feasible in cases of endemic
diseases which pose a predictable challenge to animals. Important examples,
discussed in this edition, include mastitis and nematode infections in
ruminants.

Application of Genomics to Disease Genetics

Most of the case studies described in this volume describe the application of
genomics to the target disease in order to disentangle between-host variation
in disease resistance or response to infection. It was of course the discovery of
the structure of DNA in 1953 that heralded the beginning of the molecular
revolution. This subsequently led to an understanding of the structure of genes,
the identification of genetic markers and the development of sequencing tech-
nologies which, within the last decade, have led to complete genome sequences
for several livestock species as well as the ability to detect polymorphisms
throughout the genome.

Some of the major outcomes of the molecular revolution are the ability to:
(i) detect variation in base sequence in most regions of most chromosomes of a
species, i.e. to discover and define DNA markers; (ii) determine the base
sequence of segments of DNA, i.e. to sequence genes and identify likely muta-
tions underlying genetic variation seen between hosts; and (i) detect which
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genes are being transcribed in a particular tissue at a particular time, i.e. to
detect and quantify gene expression. This latter process is critical in under-
standing host responses to infection and in moving towards an understanding
of precisely how hosts differ in their resistance to a disease of interest. Together,
these steps give us the tools to dissect, understand and utilize host genetic vari-
ation in disease resistance. We will consider each of these steps in turn.

Identification and utilization of DNA markers

It was the advent of recombinant DNA technologies, particularly the polymer-
ase chain reaction (PCR) technique, that removed constraints on marker avail-
ability. This in turn allowed large-scale marker discovery, development of dense
linkage maps and ultimately high-throughput genotyping. Microsatellite mark-
ers were initially responsible for the expansion in linkage maps of domestic
livestock, being co-dominant multi-allelic tandem repeats spread throughout
the genome. Microsatellites comprise a simple sequence, usually AC/GT,
which is typically repeated between 10 and 50 times and their alleles are
defined by the number of simple-sequence repeats. The highly polymorphic
nature of microsatellites made them informative for genome mapping studies,
for identification or exclusion of parents and for genetic diversity studies.
However, there is a current tendency for microsatellites to be replaced by SNPs
as the marker of choice for most genomic applications. Although SNPs usually
have only two alleles, and hence are less informative at the individual locus than
microsatellites, they are more amenable to scaling up for high-throughout geno-
typing and ultimately they are more cost-effective. Further, they are more
numerous than microsatellites, occurring perhaps every kilobase of sequence,
enabling much finer mapping of disease-causing loci. Ultimately, SNPs are the
basic building block of much of the observed genetic variability and they pro-
vide testable candidates for causal mutations.

Panels of microsatellite or SNP markers, and the dense linkage maps derived
from these markers, enable identification of regions of chromosomes containing
genes that contribute to variation in a trait of interest, such as disease resistance.
Such regions are called quantitative trait loci (QTL). With microsatellite and sparse
SNP marker panels, QTL are generally identified by linkage studies in defined
pedigrees, exploiting linkage between the DNA markers and the unknown causal
mutation, and hence their co-segregation within families. However, such studies
give poor resolution on the location of the QTL. With the availability of dense
SNP panels (see below), association studies based on population-wide linkage
disequilibrium (LD) between DNA markers and the causal mutation have become
popular. Where the phenotypic and genotypic data allow, a combination of link-
age and LD mapping may allow more precise definition of haplotypes containing
the causal mutation (e.g. Druet and Georges, 2010).

In terms of breeding animals for disease resistance, individual QTL or
marker associations can be exploited by marker-assisted selection (MAS). The
utility of markers for this purpose will depend upon the proportion of the genetic
variation that they explain; it is likely that there will be only a relatively small
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number of diseases where selection on single markers or QTL is warranted as
resistance to most diseases appears to be somewhat polygenic. However, exam-
ples are given in this book where individual markers or QTL do justify selection,
including scrapie resistance in sheep (Chapter 4), resistance to infectious pan-
creatic necrosis in salmon (Chapter 8) and two forms of Escherichia coli resist-
ance in pigs (Chapter 11). In most cases where resistance is polygenic, a far
more powerful approach is the identification of a set of SNPs that together
account for a large portion of the genetic variation in a trait. Although these
may be discovered during a genome-wide association study (GWAS), the key is
to identify SNPs that jointly are able to predict the observed genetic variation
irrespective of their individual significance (Goddard and Hayes, 2009). Selection
based on this approach is generally known as genome-wide selection (GWS).

Genome-wide selection has been enabled by the advent of dense SNP
arrays in most farm animal species. The standard array size is now more
than 50,000 (i.e. 50k) SNPs, covering all regions of the genome, although
in dairy cattle arrays of up to 800 k SNPs are now available. In putting GWS
into practice, the aggregate animal genotype is calculated from the sum of
all SNPs whose effect (estimated from the difference between the two
homozygotes) exceeds an agreed value. This initial stage, where the predic-
tion equations are developed, requires phenotyping and genotyping of
many (thousands of) animals. Subsequently, individual aggregate genotypes
or breeding values can be predicted for genotyped animals that do not have
phenotypes. This has two obvious major advantages for disease genetics:
first, extensive phenotyping and genotyping with all available SNPs is not
required every generation (although it is required from time to time, for
‘recalibration’); and, second, it enables the capture of genetic information
from disease breakdowns in the field.

The density of SNP arrays required for effective GWAS and GWS is a
complex function of effective population size, the extent of LD and the genetic
architecture of the trait of interest, including its heritability. Given the relatively
small effective population sizes of most livestock breeds and long stretches of
LD compared with humans, 50k arrays are generally considered adequate for
calibrating GWS. However, in most circumstances 50k arrays will not capture
all the genetic variation, and greater densities will increase accuracy and enable
more precise GWAS studies.

Genomic studies will generally require large-scale collection of field data to
ensure sufficient power to perform either GWAS or GWS. Of particular interest
in a disease context is the fact that the disease resistance phenotype is often
recorded as a binary trait, e.g. affected or not, leading to a poor ability to identify
genetically resistant animals when the disease prevalence is low. A natural
solution to this problem is to utilize case-control designs, making the accuracy of
the genomic predictions of resistance or disease risk independent of the disease
prevalence (Daetwyler et al., 2008). Coupled with this is the concern that field
disease data are noisy, i.e. the exposure status of animals is often unknown and
the diagnostic test may be poor, with animals often misclassified. However, it has
been shown (Bishop and Woolliams, 2010) that incomplete exposure or poor
diagnostic test specificity or sensitivity simply reduce selection accuracy in rather
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predictable ways, and detectable genetic variation in the face of poor phenotype
ascertainment is indicative of perhaps stronger underlying genetic control.

Finally, in addition to providing tools to enable selection for increased dis-
ease resistance, fine-mapping of QTL can lead to identification of the actual
coding sequence(s), i.e. the mutation, underlying the QTL. This knowledge is
of value in itself, as it can be used to investigate the biochemistry and physiol-
ogy underlying the trait of interest, e.g. disease resistance.

Genome sequencing

We have now reached the stage where whole-genome sequence assemblies
are, or will soon be, available for most of the species discussed in this book.
These assemblies are by no means perfect, and considerable efforts are being
made to improve their accuracy. In addition to giving considerable insight into
the structure of genomes and their evolutionary similarities, they provide a very
powerful point of reference for genome mapping. In other words, they are the
ultimate genetic/genomic map.

From the perspective of understanding and utilizing genetic variation in
disease resistance, it is the re-sequencing of the genome that will be critically
important. Currently, re-sequencing specific genes or short genome regions in
individual animals is an important step in SNP discovery and in the identifica-
tion of potential causal mutations. Ultimately, however, it is the sequencing of
the entire diploid genome of each member of a population of animals that will
give the greatest insight. Not only will this provide the scientific community
with the ultimate identification of genetic variation, but it will also provide the
tools for GWS that will be even more effective than is currently possible with
SNP arrays. Although the costs of re-sequencing individuals are likely to be
high, costs are rapidly falling and the US$1000 human genome sequence is
within reach. From an animal breeding perspective, these extra costs will be
offset by the increased accuracy of GWS from complete sequences and, pos-
sibly more importantly, the likelihood that the calibrated prediction equations
will remain accurate over many more generations than typically observed for
SNP arrays (Meuwissen and Goddard, 2010).

Detecting gene expression

Although genome sequences give a complete description of the genetic varia-
tion that an individual has, they do not directly describe when and how genetic
differences affect observed phenotypes. One of the approaches towards
addressing this issue has been the detection of gene expression. This approach
has been used to quantify how animals respond to stimuli such as a pathogen
challenge, and to compare animals that may differ either genetically or pheno-
typically in their resistance.

Many gene expression studies have been performed using expression
arrays. With this technique the array, or chip, contains the coding sequence of
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all known genes in a species or a subset of genes of interest. From animals par-
ticipating in an experiment, RNA is extracted from a tissue at a particular time,
reflecting the genes being expressed in that tissue at the time of sampling.
A cDNA copy of the RNA is then made, and the genes that are being expressed
in that tissue at the time of sampling are determined by estimating the extent to
which the cDNA hybridizes to each gene on the chip. In many laboratories this
expression of array approach is now being replaced by high-throughput sequenc-
ing approaches, whereby many RNA transcripts (from the same sample) are
sequenced, and bioinformatic techniques are used to relate each specific tran-
script back to known genes. Relative gene expression is then determined from
the number of each unique transcript that has been sequenced.

Irrespective of the means of determining gene expression, comparison of
gene expression in the same tissue at the same time from animals with con-
trasting genotypes or phenotypes (e.g. resistant and susceptible) may be used
to gain insight into the genetic basis of resistance. Interesting questions include
not only differences between animals in how they respond to infection, but also
underlying gene expression differences between animals prior to infection.
Invariably, individual experiments are somewhat limited in their scope, although
conducting meta-analyses on sets of gene-expression data has the potential to
identify biological pathways involved in the trait of interest (e.g. disease resist-
ance). In addition to being important for understanding the possible conse-
quences of selection for disease resistance, the increased understanding of the
biological basis of traits such as response to infection or disease resistance has
the potential to lead to non-genetic interventions to enhance disease control.

Major Opportunities

For a number of reasons, the major opportunities that present themselves for
breeding for disease resistance will tend to be endemic diseases. For example,
it is endemic diseases that are most likely to meet the criteria of being impor-
tant diseases for which other disease control strategies are, by definition, fail-
ing. Such diseases also enable easy capture of phenotypic data upon which to
base selection or calibrate genetic markers.

While many epidemic diseases (e.g. foot and mouth disease, avian influenza)
have a higher profile than most endemic diseases, typically they do not lend
themselves to breeding for disease resistance. First, animal phenotype collection
for such diseases is inherently problematic due to strict containment require-
ments for such diseases. More critically, selecting animals for enhanced resist-
ance, while conceptually a useful insurance policy, is likely to conflict with current
disease-control strategies which are based on eradication. In summary, the
genetic approach must complement rather than conflict with other disease-con-
trol strategies.

Most of the specific infectious diseases covered in this edition are either
endemic in the production systems within which they are important, or potentially
endemic. It is interesting to note a close correspondence between the diseases
identified by Davies et al. (2009) as being the top candidates for disease genetic
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studies and the diseases covered in detail in this edition. In fact, the only high-
ranking disease that is not covered in detail in this edition is coccidiosis in poultry.

Sustainability

The sustainability of genetic improvements in disease resistance is often ques-
tioned, specifically in terms of whether the parasite or pathogen will evolve to
overcome genetic changes in the host. A more tractable question is whether
genetic selection poses a greater or lesser risk of parasite/pathogen evolution
than other forms of disease control, such as chemotherapy or vaccination.
These issues are considered in more detail by Gibson and Bishop (2005), and
some pertinent points are made here.

Much is to be learnt from indigenous livestock breeds. The disease-resistance
genes of indigenous breeds that have evolved under endemic disease challenge
will, by definition, be involved with biological mechanisms against which the path-
ogens have been unable to evolve resistance. Such mechanisms are more likely to
be resistant to the future evolution of the pathogen. As such, utilization of genetic
resistance of indigenous livestock genetic resources has a higher likelihood of hav-
ing long-term sustainability and will be the application of choice where feasible.

In general, disease-control strategies that combine different approaches are
likely to be more sustainable, as pathogens/parasites with a mutation allowing
them to escape one strategy will still be susceptible to other forms of control.
Thus, the combined use of host-genetic resistance with other control strategies
will often be more sustainable than the use of any one control strategy alone.
On the same theme, host-genetic resistance based on several genes will often be
more sustainable than resistance based on a single gene. Further, selection pres-
sures on the pathogen/parasite caused by host-genetic resistance will usually be
lower than with therapeutic or vaccine interventions. Therefore, host-genetic
resistance should be more sustainable than disease-control interventions that
place a strong selection pressure on successful pathogen/parasite mutants.

These brief considerations should not detract from the possibility that det-
rimental pathogen/parasite evolution may occur. This is particularly the case
for pathogens such as bacteria or viruses that have a large population size and
a short generation interval relative to the host. Also, there is a risk with selec-
tion based on genetic markers alone that parasite evolution may go unnoticed;
hence marker-based selection may be more risky than phenotype-based selec-
tion. In practice, however, the greatest pressure on the pathogen to evolve will
only occur after genetic improvement is widely disseminated in the livestock
production system, and the pressures on the parasite will generally be less than
those created by other modes of disease control.

Future Challenges and Threats

We live in a changing world, with many forces for change impacting on live-
stock production sectors. Most obvious are the pressures due to climate change
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and current pressures resulting from changes in the world economic landscape.
Together, these pressures have the potential to change the disease challenges
seen in many production systems and reduce the ability of the livestock sectors
to respond effectively.

As a broad summary of the climate-change phenomenon, many arid tropi-
cal and subtropical regions could become warmer and drier, with substantial
water shortages, whereas current temperate regions may become warmer but
wetter. Consequences have already been seen in Europe with the arrival of
bluetongue as a major disease threat for small ruminants during the summer of
2007.

These threats pose particular challenges for disease geneticists. Because
the threats are likely to comprise sporadic epidemic diseases, they represent
scenarios that are less tractable for disease-genetic studies as well as being
diseases for which the role of host selection is less clear. Nevertheless, much
may be learnt from the harvesting of information from sites of disease break-
downs, e.g. using the natural case-control design created by such breakdowns,
and interrogating differences between cases and controls using dense SNP
arrays. Such information may well contribute to future disease-control
strategies.

Gaps in this Edition

The diseases covered in this edition are a subset of the disease challenges faced
by farmed livestock. However, they are representative of the main diseases for
which breeding for resistance is a realistic possibility. Despite this, some read-
ers may be disappointed to find some diseases missing from this edition.

A highly ranked disease identified by Davies et al. (2009) that is not cov-
ered here is coccidiosis, an economically important intestinal parasitic disease
of poultry caused by Eimeria infection. Due to likely future difficulties in con-
trolling Eimeria infections in Europe, arising from the withdrawal of coccidial
drugs and increasing levels of drug resistance, alternative control measures for
this disease will become a priority. Host genetic variation in resistance is well
established in inbred lines (Bumstead and Millard, 1992; Smith et al., 2002)
and outbred populations (Pinard-van der Laan et al., 1998; Zhu et al., 2003).
With the availability of more powerful genomic tools we expect coccidiosis to
become a target disease for animal geneticists, and hence become a topic for
a chapter in a future edition.

Further diseases that are not covered are fly strike in sheep as well as
bovine tuberculosis and paratuberculosis. Fly strike was covered extensively
in the previous edition and it remains an important issue in many sheep-
producing regions. However, apart from the study of Smith et al. (2008),
little research on genetic variation in resistance has been published since
the previous edition. We are aware of research currently being conducted
with genomic tools, and we look forward to reinstating the chapter on fly
strike in the next edition. Both tuberculosis and paratuberculosis are impor-
tant endemic diseases in many cattle production systems, and are currently
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the focus of considerable research. At the time of planning this edition,
research into host genetic control of these two diseases was generally at an
early stage, and inclusion in a book focusing on breeding for resistance
could not be justified. However, two major studies quantifying genetic vari-
ation between dairy cattle in tuberculosis resistance have recently been pub-
lished (Bermingham et al., 2009; Brotherstone et al., 2010), and this
disease will surely become a central focus of genomic studies over the next
few years.

Aims and Structure of the Book

In addition to covering a wide range of diseases in some detail, this book also
aims to give readers necessary basic information and knowledge of the disci-
plines that underpin breeding for disease resistance. The hope is that readers
who approach the topic with only a sketchy knowledge of these underlying
disciplines will be armed with sufficient information to enable a full apprecia-
tion of chapters of their interest.

This edition has a number of changes from the previous edition, reflecting
changes in available technologies and research. As described above, much of
the focus of disease-genetic studies is now based on the detection of SNP asso-
ciations for their own sake, with possibilities for genome-wide selection follow-
ing as a natural consequence. Further, identification of causal mutations often
leads on to powerful functional studies. These concepts underpin much of the
science described in this volume. Viral diseases have also been the focus of
much research in the last decade. Consequently, the section on viral diseases
has been expanded from a single chapter to a series of host-specific chapters.
Lastly, the inclusion of a chapter devoted to viral diseases in salmonids reflects
the growing importance of aquaculture as a major contributor to rural econo-
mies in many countries.

We hope that you enjoy this new edition.

S.C. Bishop
R.FE. Axford
F.W. Nicholas

J.B. Owen
April 2010
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The Immune System
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Summary

This chapter summarizes and updates our current understanding of the immune systems
of farm animal species. It highlights the relatively recent understanding that innate
immune responses are specific to classes of pathogen and drive downstream adaptive
immune responses, critical for immunological memory. Examples are given where dis-
ease resistance has been shown to involve immune mechanisms and, in a few cases only
to date, genes that encode molecules involved in immune responses. The concept of
increased immune robustness to challenge a wide range of pathogens, by selecting for
increased innate immune responsiveness, is also discussed. Our ability to understand
immune responses in farm animal species and to map genes involved in disease resist-
ance has improved greatly with the availability of genome sequences for these species
and the accompanying post-genomic technologies. The current challenge is to deal with
the consequent data deluge, but prospects for breeding for disease resistance at the level
of the immune response are exciting.

Introduction

The past decade has seen a revolution in our understanding of the immune
response to infection and disease, facilitated by the availability of genome
sequences not just for biomedical model species such as man and mouse, but also
now for farm animal species such as the chicken, cow, horse and pig. The crucial
role and specificity of the innate immune response in driving and controlling
adaptive immune responses to particular pathogens is now beginning to be
understood and manipulated. The roles of the effector cells of the innate immune
response (natural killer (NK) cells and neutrophils) and other lymphocyte sub-
sets (y& T cells), and interactions between these and antigen-presenting cells,
particularly dendritic cells (DCs), are also better characterized. Another major
advance is in our understanding of the regulation of adaptive immune responses,
particularly in the repertoire of CD4 T cell subsets, which has expanded beyond
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the original Th1/Th2 paradigm (Mosmann et al., 1986; Mosmann and Coffman,
1989) to include regulatory subsets (e.g. Treg, Th3, Trl; reviewed in Cohn,
2008; Zhu and Paul, 2008) and other effector subsets (Th17, Harrington et al.,
2005; Th9, Dardalhon et al., 2008; Veldhoen et al., 2008).

Our understanding of these cellular subsets and the responses in which
they are involved for farm animal species naturally lags behind that in biomedi-
cal model species. However, the availability of farm animal genome sequences
has allowed the identification of the repertoires of immune molecules present
in these species and facilitates the rapid development of the reagents neces-
sary to begin to understand their functions. Already it is becoming clear that
immune responses in mammals fit broadly into the biomedical species blue-
print, but that differences do occur in the detail. For non-mammalian species,
however, things can be radically different. For example, the chicken has a dif-
ferent repertoire of immune genes, molecules, cells and tissues compared with
mammals. However, the basic principle of innate immune responses driving
appropriate adaptive immune responses to clear initial infection and provide
immunological memory remains constant for all vertebrate species so far stud-
ied that have an adaptive immune response.

Selection for improved immune resistance is complex. In general, few
single genes or gene products have been shown to influence disease resistance,
with some exceptions such as CCR5 and CXCR4, which are associated with
resistance to HIV (reviewed in Kuhmann and Hartley, 2008), and the single
dominantly expressed chicken MHC class I gene (Wallny et al., 2006), which
is associated with resistance to a number of poultry viruses. It is now commonly
accepted that disease resistance is likely to be a multifactorial trait. Indeed,
selection for an improved adaptive immune response against a particular path-
ogen may compromise the ability to mount an appropriate response against a
different pathogen. However, there is potential to select for increased innate
immune responses, leading to increased immune robustness, or the ability to
resist infection by wide spectra of pathogens.

Innate Immunity

The innate immune response was for many years considered as a non-specific,
barrier-immune function, and in one sense as an evolutionary relic of primor-
dial immune systems predating the development of adaptive immune responses.
However, it is now apparent that the innate immune response is specific, if not
to individual pathogens then to certain classes of pathogens, and that the innate
response drives adaptive immune responses appropriate to combat infection
with a particular pathogen. The innate immune response has its own receptors
(pattern recognition receptors (PRRs)) and effector cells (e.g. neutrophils, NK
cells and DCs), p