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GENETIC DISSECTION OF
PHENOTYPIC DIVERSITY

IN FARM ANIMALS

Leif Andersson

Farm animal populations harbour rich collections of mutations with phenotypic effects that
have been purposefully enriched by breeding. Most of these mutations do not have
pathological phenotypic consequences, in contrast to the collections of deleterious mutations
in model organisms or those causing inherited disorders in humans. Farm animals are of
particular interest for identifying genes that control growth, energy metabolism, development,
appetite, reproduction and behaviour, as well as other traits that have been manipulated by
breeding. Genome research in farm animals will add to our basic understanding of the genetic
control of these traits and the results will be applied in breeding programmes to reduce the
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incidence of disease and to improve product quality and production efficiency.

Several of the main farm animals (cattle, sheep, goat
and pig) were domesticated 9,000-11,000 years ago,
whereas the dog was domesticated earlier, ~14,000
years ago, and the chicken ~4,500 years ago. Whereas
humans seem to have expanded enormously from a
small population present roughly 100,000 years ago?,
most domestic animals have a much broader genetic
basis. Molecular studies have shown that the two main
forms of domestic cattle, European—African (Bos taurus
taurus) and Asian (Bos taurus indicus), originate from
two different subspecies of the wild ancestor?2,
Similarly, both a European and an Asian subspecies of
the wild boar have contributed to European and Asian
breeds of domestic pig*. Phenotypic selection has creat-
ed a wide diversity of breeds of domestic animal that
are adapted to different climatic conditions and pur-
poses. The phenotypic variation that is observed within
and among breeds of domestic animals is overwhelm-
ing compared with that observed in natural popula-
tions (FI1G.1). Charles Darwin was the first to recognize
that phenotypic diversity in crops and domestic ani-
mals that occurs because of breeding mimics evolution
in natural populations that occurs because of natural
selection®. In fact, phenotypic change under domestica-

tion was one of Darwin’s strongest arguments for the
evolution of new species by natural selection.
Genomics now provides more and more powerful tools
for unravelling the molecular basis of phenotypic
diversity in domestic animals.

Genome research in farm animals differs in several
respects from that in humans or experimental organ-
isms. Notwithstanding the general interest in multifac-
torial genetics, the identification of simple monogenic
disease loci in farm animals is less important, because
animals with inherited disorders (and their parents)
tend to be eliminated from breeding. Most traits of
interest, such as growth, milk production and meat
quality, have a multifactorial background and are con-
trolled by an unknown number of quantitative trait loci
(QTL,; Box 1). Mutations that modify gene function or
gene expression dominate over mutations with patho-
logical consequences because the latter tend to be elimi-
nated by puriFyinG seLecTION. Selective breeding has been
going on for thousands of years and with increasing
intensity during recent centuries. Such selection, over
many generations and in large populations, has driven
the accumulation of new mutations with favourable
phenotypic effects, as well as the development of alleles
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Figure 1 | Phenotypic diversity of domestic animals. The illustration shows the phenotypic
diversity of different breeds of domestic chicken in comparison with the wild ancestor, the Red
Jungle Fowl (a male and female are shown at the bottom). (Painting by Staffan Ullstrém.)

CHROMOSOME PAINTING
Fluorescent in situ
hybridization (FISH) to
chromosomes using a probe
that represents a whole
chromosome or a part of a
chromosome.

and haplotypes that differ by multiple functionally sig-
nificant substitutions.

The main goal of genome research in farm animals is
to map and characterize trait loci that control various
phenotypic characters. The aim of this review is to show
why farm animals provide unique resources for study-
ing genotype—phenotype relationships. The strategies
and prospects for mapping and cloning trait loci are
reviewed and selected examples of interesting mono-
genic and multifactorial trait loci are given.

Genome resources in farm animals

The mapping and identification of trait loci, in particu-
lar QTL, require powerful genome resources. To a large
extent, the strategies and resources used for genome
research in farm animals have followed the way paved
by the human genome project. Dense microsatellite
maps comprising greater than 1,000 markers have been
developed for all the main farm animals (status reports
are available at the Roslin Institute and the US Livestock

Genome Mapping Projects web sites). The numbers of
markers are sufficient for finding trait loci by linkage
analysis. However, once a trait locus has been mapped,
additional polymorphic markers often need to be devel-
oped for positional cloning. Single nucleotide polymor-
phisms (SNPs) are now being developed by several lab-
oratories, but no major initiative like the Human SNP
Consortium has yet been taken.

Large-insert yeast artificial chromosome (YAC) and
bacterial artificial chromosome (BAC) libraries have
been established for all the main farm animals. These
libraries are now extensively used for cloning and char-
acterizing trait loci. Radiation hybrid (RH) panels are
also available for pig?, cattle” and chicken® and are used
for developing high-resolution maps and, in particular,
comparative maps®. The main strength of the RH strate-
gy is that markers and genes can be ordered along the
chromosome with a high resolution without the need
for polymorphisms and extensive pedigree materials,
unlike linkage mapping.

The development of a preliminary transcript map
using expressed sequence tags (ESTs) has been an
important component in the human genome project.
The numbers of ESTs reported in farm animal species
are small compared with that in humans (TaBLE 1) but
the numbers for pig and cattle have increased recently
owing to a large scale initiative at the US Meat Animal
Research Center (MARC). Large collections of
sequenced cDNA clones are needed to allow animal
researchers to take full advantage of the potential of
transcript profiling using array technologies'. Existing
arrays from other species (for example, humans or
mice) might be useful but will give a lower signal-to-
noise ratio than species-specific arrays. The develop-
ment of species-specific arrays is therefore justified for
all the main domestic animals.

The number of genes mapped in farm animals is
still small compared with the situation in humans and
mice. Comparative mapping to exploit the wealth of
map information from other species is therefore an
important component of farm animal genome pro-
grammes. CHROMOSOME PAINTING Using human chromo-
some-specific probes has been successfully used to
establish regions of conserved synteny between mam-
malian farm animals and humans!! (FIG. 2), whereas
linkage mapping has been used for comparative map-
ping in chicken®, It seems that the genome organiza-
tion is better conserved between humans and all farm
animals, including chicken, than between humans
and mouse or rat. This finding is unexpected consid-
ering the evolutionary relationship of these species,
but is consistent with the well-established fact that the
rate of chromosomal evolution differs considerably
between phylogenetic lineages'?*® and that the
genomes of rodents are more rearranged than other
mammals. We find large regions of conserved synteny
(up to whole chromosomes or chromosome arms) in
comparisons between domestic animals and humans,
but the gene order can be rearranged®**. Comparative
mapping will allow extensive use of the near complete
human transcript map.
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BREEDING VALUE

The genetic merit of an
individual estimated using the
phenotypic deviation of its
offspring from the population
mean.

GENETIC DRIFT

The random fluctuation in
allele frequencies as genes are
transmitted from one
generation to the next.

POPULATION STRATIFICATION
The population is divided into
sub-populations. In farm
animals, it is very common that
some breeding animals are used
more frequently in some herds
than in others. This generates
allele frequency differences
between sub-populations and
linkage disequilibrium in the
population.

Box 1 | Quantitative trait loci

Quantitative traits, such as weight and length, show a continuous distribution of phenotypic values rather than the
discrete values observed for a qualitative trait. Quantitative traits are usually controlled by multiple genes and influenced
by environmental factors. A quantitative trait locus (QTL) is defined as a region of the genome that harbours one or
more genes affecting a quantitative trait®. The QTL concept is also used for traits with discrete distributions (such as sick
or healthy) but where one assumes that multiple loci control the phenotype. The total number of QTL that control a
given trait is not absolute, but depends on an arbitrarily chosen threshold, below which the effect of a locus is deemed
too small to be considered as a QTL. Classical quantitative genetics theory assumes that quantitative traits are controlled
by an infinite number of genes, each with an infinitesimal effect. This is of course only a statistical model and gene
mapping studies have revealed that QTL with substantial effects exist. The presence of QTL is detected by gene mapping
studies that show significant differences in phenotypic traits between individuals that have inherited different QTL
alleles from their parents. The molecular basis for QTL is still largely unknown, but QTL mapping in Drosophila suggests
that QTL are often associated with sequence variation in non-coding DNA®, The cloning of a QTL is a challenge for
several reasons. A major hurdle is the poor precision in the location of QTL. This is because the relationship between the
genotype and the phenotype is more complex than it is for a monogenic trait and therefore one cannot directly identify
recombinants between markers and trait loci. However, it is possible to determine the genotype at a QTL indirectly by
progeny testing, which means that the segregation at the QTL is deduced using data on genetic markers and phenotypic

variation among the progeny (see also FIG. 3).

Strategies for finding trait loci

There has been a long tradition of collecting and
analysing data on phenotypic traits for breeding pur-
poses in farm animals, and the most common strategy
for finding trait loci is to use existing pedigrees. This
approach is made easier in farm animals because of
the large family sizes; for example, half-sib families
comprising more than 1,000 progeny from a single
male can be collected in species such as cattle, in
which artificial insemination is practised. Moreover, it
is possible to collect extended pedigrees that comprise
multiple generations. A useful strategy is to increase
the statistical power in QTL mapping by using sreep-
ING vALUES based on phenotypic data from progeny
(FIG. 3). This strategy is used extensively to identify
QTL for milk production traits, as well as for other
traits of interest in dairy cattle!>’.

There are two main strategies for finding trait loci —
association tests using candidate genes and genome scans
based on linkage mapping with anonymous DNA mark-
ers. The candidate gene approach can be very powerful
and can detect loci even with small effects, provided that
the candidate gene represents a true causative gene.
However, there are often many candidate genes for the
trait of interest and it might be more time-consuming to
evaluate all of those than it is to do a genome scan.

Table 1 | Number of ESTs in public databases”

Species Number of expressed
sequence tags

Homo sapiens (human) 2,786,452

Mus musculus and

domesticus (mouse) 1,841,172

Rattus sp. (rat) 233,529

Bos taurus (cattle) 141,567

Danio rerio (zebrafish) 76,310

Sus scrofa (pig) 48,790

Gallus gallus (chicken) 12,995

*dbEST summary by organism, 8 December 2000 (see links).

Furthermore, the candidate gene approach might fail to
identify a major trait locus simply because of the gaps in
our knowledge about gene function. Candidate gene tests
must also be interpreted with caution because spurious
results can occur because of linkage disequilibrium to
linked or non-linked causative genes (see below) or
because the significance thresholds have not been adjust-
ed properly when testing multiple candidate genes. A
genome scan will always find the map location of a trait
locus with a major effect, provided that an accurate
genetic model has been postulated, a reasonable sample
size has been used and that the marker set provides full
genome coverage. However, a genome scan will fail to
detect trait loci with smaller effects if they do not reach
the stringent significance thresholds that must be applied
when doing a large number of tests in a full genome scan.

High-resolution mapping of trait loci can be carried
out by identity-by-descent (IBD) mapping'®*°. IBD map-
ping involves the collection of DNA samples from indi-
viduals that have inherited a certain allele at a trait locus
from acommon ancestor. The samples are screened with
genetic markers to detect the minimum chromosomal
region identical-by-descent among the individuals.
Linkage disequilibrium is also more frequently observed
in farm animals than in large outbred populations such
as the human population. A recent study of dairy cattle
populations revealed fairly strong linkage disequilibrium
for loosely linked loci and even weak linkage disequilibri-
um between loci on different chromosomes?. Linkage
disequilibrium in farm animal populations is generated
by cenetic oriFT, the effects of which are more marked
because of the limited number of breeding animals,
migration and ropuLaTION sTRATIFICATION. The presence of
linkage disequilibrium increases the probability of find-
ing true associations between genetic markers and trait
loci but also increases the risk of spurious associations in
candidate gene studies.

A powerful approach for mapping trait loci is to use
intercrosses between divergent populations. The F, ani-
mals show a high heterozygosity at marker loci and, in
particular, at those loci that account for phenotypic dif-
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ZOO-FISH

Fluorescent in situ
hybridization (FISH) of a
chromosome-specific probe
from one species to
chromosomes from another
species.

ADVANCED INTERCROSS LINES
(AIL).

Subsequent generations (F,, F,
and so on) of an intercross
pedigree, maintained to allow
high-resolution mapping of
trait loci.

RESOURCE POPULATION

A population generated for
particular research purposes,
such as an intercross between
two divergent breeds of farm
animal or a population
containing particularly
interesting phenotypic data.

INTROGRESSION

Transfer of genetic material
from one population to another
by repeated backcrossing.

GERM PLASM

The physical basis of heredity,
and therefore the genetic
material used for breeding.

MARKER-ASSISTED SELECTION
The use of genetic markers to
predict the inheritance of alleles
ataclosely linked trait locus.

INTERSEXES

Individuals that have a mixture
of male and female characters.

Grand-sire

Figure 2 | Conserved genome organization among
vertebrates. Results of a zoo-FISH experiment in which a
human chromosome-17-specific probe shows hybridization
to a single cattle metaphase chromosome (number 19). The
result shows that most of the conserved sequences on
human chromosome 17 are present on cattle chromosome
19. (Picture provided by Dr Bhanu Chowdhary.)

ferences between the two populations. Several inter-
crosses have been generated in farm animals, such as
crosses between the European Wild Boar and Large
White domestic pigs® (FiG. 4a), Asian and European
breeds of pig?? and Bos taurus and Bos indicus cattle?.
These studies have revealed several QTL in the pig with
large effects on body composition. A combined analysis
of almost 3,000 pigs from seven different intercross
experiments revealed consistent QTL effects on growth
and fatness for a region on pig chromosome 4 (REF. 25).
High-resolution mapping of QTL can be obtained by
backcross experiments using animals that carry recom-
binant chromosomes. The development of Abvancep
INTERCROsS LINES (AlL) is another useful approach for

s

o

2... >100

1 2... >100

Figure 3 | Half-sib families and breeding value. The pedigree illustrates the grand-daughter

1 2... >100 1 2... >100 1

design for mapping quantitative trait loci (QTL) using half-sib families’®. Each family comprises
one grand-sire whose sons (20 or more) have been selected as sires. Each son has 100 or
more daughters with phenotypic data, and these are used to estimate accurate breeding
values for the sires, even for traits with a considerable environmental influence. Marker
genotypes are only collected for the grand-sire and his sons, and QTL mapping is carried out
by analysing the segregation of markers from the grand-sire to the sires in relation to
differences in breeding values. If the grand-sire is heterozygous for a QTL with a major effect,
the sons that have received the favourable allele will tend to have higher breeding values than
those that received the unfavourable allele.

improving map resolution in intercross experiments??7,
The generation of backcross and AIL populations is
costly for the larger farm animals and this approach will
only be used for particularly important resource PopuLA-
Tions. However, cross-breeding is frequently used for
genetic improvement and synthetic breeds are some-
times generated by intercrossing two or more breeds. It
should be possible to use such existing populations for
high-resolution mapping of trait loci. Giuffra et al.* have
even proposed that some European pig breeds could be
used for this purpose, because of iNTRocression Of Asian
cermpLAsM iN the eighteenth and nineteenth centuries.

Once the chromosomal localization of a trait locus
has been determined, this information can be applied in
breeding programmes by USiNg MARKER-ASSISTED SELECTION.
However, the ultimate goal when mapping trait loci is
the identification of the causative genes and causative
mutations. Positional candidate cloning will continue to
be the main strategy for this purpose. High-resolution
mapping is a first step towards restricting the region of
interest and thereby the number of potential candidate
genes. Information on map location and gene function
is then combined to identify positional candidate genes,
which are subsequently evaluated by mutation screen-
ing and functional analysis. Positional candidate cloning
in farm animals often relies heavily on the exploitation
of comparative data and will become even more power-
ful with the completion of the human map and the gen-
eration of informative databases on gene function and
gene expression patterns.

Pure positional cloning will only be used rarely in
farm animals. So far, there is only one example of a suc-
cessful positional cloning in a farm animal?® (see below).
Positional cloning will be used in those cases in which
the human and mouse maps are incomplete, when
there are map rearrangements between species or when
a gene has evolved a new function in the farm animal.
The positional cloning of the gene for polledness (lack
of horns) in goats (a case in which the human transcript
map might be of little help) should be accomplished in
the near future because the gene has been precisely
mapped and a large-insert contig has been
constructed?. The gene is particularly interesting
because it is associated with the development of XY
male inTersexes in homozygotes.

The poor precision in QTL mapping (8ox 1) implies
that the molecular identification of these loci will pri-
marily rely on positional candidate cloning because it
is difficult to collect or generate sufficiently large pedi-
grees to allow the map resolution needed for a pure
positional cloning approach with current technology.
Furthermore, it might be difficult to prove a causal
relationship because QTL mutations will often be in
regulatory rather than in coding regions®, and the
phenotypic effect will usually be subtle compared with
the simple loss-of-function mutations that cause
inherited disorders.

Examples of major traits and trait loci
Having considered general aspects of variation in
domestic animals, in this section | review examples of
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trait loci for which the causative gene and mutation
have been identified, or where this can be expected to
happen in the near future. It should be noted that
most of the examples | discuss are for traits in which a
single major gene has provided the starting point for
the analysis.

Coat colour variation. The coat colour of farm ani-
mals shows remarkable diversity, in contrast to the
limited variation within natural populations (FIGS 1 and
4). This is partly explained by a release from natural

F, intercross

b

Wwild type (i)

Patch (IP)

Dominant
white (1)

>400 kb

Figure 4 | The use of intercrosses between divergent populations. a | An intercross
between the European Wild Boar (left) and Large White domestic pigs (right), and the
segregation of coat colour diversity in the F, generation. The white founder and the white F,
animals carry the Dominant white allele at the KIT locus, whereas the Wild Boar and the three
coloured progeny are homozygous for the recessive wild-type allele. b | Three KIT alleles in the
pig. The tandem duplication present in the Patch and Dominant white alleles is larger than
400 kb and it includes the entire KIT coding sequence (L. A. et al., unpublished observations).
G and A indicate the first nucleotide in intron 17. The splice mutation G—A causes skipping of
exon 17. (Photographs of the Wild Boar, Large White and F, animals were provided by Bo
Kristiansson, Quality Genetics AB and Mats Gerentz, respectively.)

selection against individuals with an odd appearance
such as would happen in prey—predator interaction and
in mate selection. Furthermore, breeders have apparently
selected for coat colour diversity: at least during the past
200 years, coat colour has been used as a trademark for
different breeds. Coat colour is therefore surprisingly
important in animal breeding, and several diagnostic
DNA tests for coat colour variation are used by the indus-
try at present. Molecular coat colour genetics in farm ani-
mals relies heavily on mouse coat colour genetics. As an
example, mutations at Mclr, which encodes the
melanocortin receptor 1, were first shown to control the
distribution of red and black pigment in the mouse® and
subsequently in cattle®?, horses®, pigs*, sheep®, dogs?®
and chickens®.

The Dominant white allele in pigs is a particularly
interesting example. Many domestic pigs are white
because they lack melanocytes in the skin (FIG. 4a).
Molecular studies have shown that the dominant white
colour is determined by mutations at KIT, which
encodes the mast/stem-cell growth factor receptor®.
KIT is crucial for the survival of migrating melanocytes
during embryogenesis and for haematopoiesis and
germ-cell development. Loss-of-function mutations in
KIT cause Dominant white spotting in mice and the
dominant Piebald trait in humans, but often have a
severe or lethal phenotype in the homozygous condi-
tion. The Dominant white allele in pigs has a more dras-
tic effect on pigmentation than any known mouse
mutation, but homozygotes are still fully viable. This
puzzle is solved by the observation that the Dominant
white allele involves two mutations — a duplication and
a splice mutation® (FiG. 4b). The duplication is found
on its own in the Patch allele, which causes large patches
of unpigmented skin and hair, probably owing to over-
expression or ectopic expression of KIT. The splice
mutation causes skipping of exon 17 and is assumed to
result in a receptor with normal ligand binding but no
intracellular tyrosine kinase activity. The combination
of overexpression and a structural mutation in the same
allele is thought to explain the extreme effect on pig-
mentation in Dominant white heterozygotes. KIT also
has a crucial role in the normal development of blood
cells, and the presence of the duplicated but otherwise
normal copy rescues homozygous Dominant white ani-
mals from lethality. This illustrates that alleles at trait
loci under selection for many generations can differ by
multiple mutations.

Body composition. Selection based on body composi-
tion, in particular the relative proportion of muscle to
fat tissue, is very important in meat-producing animals.
During the past 50 years, there has been an intensive
selection for lean growth in several breeds. Several genes
that influence body composition have already been
identified or are close to being identified.

The Halothane locus in pigs was one of the first trait
loci to be characterized at the molecular level“. A reces-
sive mutation at this locus causes susceptibility to malig-
nant hyperthermia, which can be triggered by stress or
exposure to the anaesthetic gas halothane. This mutation
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Figure 5 | Double-muscling in cattle. Comparison of a
Belgian blue bull (top) showing the double-muscling
phenotype and a Charolais bull (bottom) without this
phenotype; note the marked muscular hypertrophy of the
hind leg in the Belgian blue animal. The double-muscling
phenotype is caused by homozygosity for a loss-of-function
mutation in the myostatin gene*®~*%, The white colour in the
Belgian blue animal is associated with a missense mutation in
MGF, which encodes the KIT ligand*.

was also associated with a higher lean meat content and
increased in frequency because of strong selection for
this character. The gene causing this phenotype is RYR1,
which encodes the ryanodine receptor 1 —an ion chan-
nel that regulates the release of Ca?* in skeletal muscle.
RYR1 was identified as a positional candidate gene, and
sequencing of RYR1 cDNA from a homozygous normal
and a homozygous mutant animal revealed a single mis-
sense mutation, R614C, in the mutant®4, Interestingly,
the same missense mutation causes malignant hyper-
thermia in some human families.

The RN~ allele is another example of a mutation that
has probably increased in frequency because of selection
for meat content in pigs. It occurs at a high frequency
only in the Hampshire breed and increases glycogen
content in muscle by ~70%. The mutation is associated
with poor processing quality when producing ham and
low pH in the meat because of post-mortem degrada-
tion of glycogen. Positional cloning recently showed
that this phenotype is caused by a missense mutation
(R200Q) in PRKAG3, which encodes an isoform of the
regulatory y-subunit of AMP-activated protein kinase
(AMPK)?%, The distinct phenotypic effect of this muta-
tion indicates that this AMPK isoform has an important
role in energy metabolism in skeletal muscle. It might be
involved in insulin-independent glucose uptake by

skeletal muscle and is therefore a potential drug target
for treatment of type Il diabetes in humans.

A third locus with an important effect on muscle
development and body composition in the pigisa QTL
located at the distal tip of pig chromosome 2. This locus
was independently identified by Jeon et al.®? by
analysing a Wild Boar-Large White intercross and
Nezer et al.*® by using a Pietrain—Large White intercross.
The QTL has a large effect on meat content in the pig
and shows clear paternal expression. It provides a valu-
able opportunity to study the molecular basis for a QTL
because the effect is large, and it is possible to exclude all
positional candidate genes that do not show paternal
expression. The fact that the QTL maps to the same
location as the paternally-expressed insulin-like growth
factor Il gene (IGF2) implicates IGF2 as the main candi-
date gene.

Several beef breeds of cattle, including Belgian Blue,
Charolais and Piedmontese, show a form of muscle
hypertrophy often called double-muscling (FiG.5). The
phenotype is controlled by a recessive mutation at the
mh locus on cattle chromosome 2 (ReF. 44). Myostatin
became the obvious candidate gene for this phenotype
when it was shown that mice homozygous for a targeted
deletion of this gene developed extreme muscularity®.
The myostatin gene product apparently acts as a negative
regulator of skeletal muscle growth. Soon afterwards sev-
eral groups were able to show that myostatin maps to the
same region of cattle chromosome 2 as mh, and that
double-muscled cattle (mh/mh) are homozygous for
loss-of-function mutations in myostatin®-, Grobet et
al.* reported five different loss-of-function alleles pre-
sent in different breeds of beef cattle. Although the selec-
tion for muscularity has picked up several different alle-
les in cattle, no such allele has so far been reported in pig,
despite a similarly strong selection pressure in this
species. A possible explanation is that the prenatal over-
growth associated with these mutations in cattle is
incompatible with the reproductive strategy of the pig,
which produces 5-20 piglets in each litter.

The callipyge (CLPG) gene in sheep causes muscular
hypertrophy. The phenotype was first observed in 1983
in asingle ram, and the mutation most probably arose
spontaneously in one of his close ancestors. CLPG was
mapped to sheep chromosome 18 (rRer. 50) and the phe-
notype was shown to have a peculiar inheritance, denot-
ed polar overdominance® — the phenotype is only
expressed in heterozygotes, and only when the CLPG
allele has been transmitted from the sire. The causative
gene for this phenotype has not yet been reported but a
possible explanation is that the phenotype is due to a
defect in the control of genetic imprinting®.

Two cases have now been reported in which geneti-
cally imprinted loci affect body composition in farm
animals — CLPG in sheep and the IGF2-linked QTL in
pig. A recent study in pig indicates that this might be a
common phenomenon, as four out of five detected
QTL for body composition were reported to show
genetic imprinting®2. The result is surprising because
only a minority of genes show genetic imprinting® and
the observation needs to be verified.
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FIMBRIATED

Fimbria are protein molecules
(often called adhesins or
colonizing factors) that allow
the bacteria to adhere to
receptors on host cells, such as
enterocytes in the intestine.

Fertility traits. Fertility is a very important production
trait but is difficult to study, partly because phenotypic
records are primarily available on breeding animals.
Furthermore, fertility traits have a low heritability
because environmental factors such as health and nutri-
tional status have a large impact.

Two different alleles at the X-linked Inverdale locus
that affect ovulation rate in sheep were recently report-
ed to be due to mutations in BMP15, which encodes a
growth factor expressed in the oocyte®. Heterozygotes
for these mutations have a high ovulation rate, whereas
the homozygotes are infertile. Boorola is another exam-
ple of a gene with a large effect on female reproduction
— it increases both ovulation rate and litter size.
Boorola has been mapped to a region on sheep chro-
mosome 3 that has conserved synteny with human
chromosome 4 (REF. 55).

Polymorphism in an oestrogen receptor gene, a can-
didate gene for reproductive traits, has been reported to
be associated with litter size in pigs®. However, a causal
relationship for the association remains to be shown.
Several QTL for reproductive traits have been identified
in resource populations generated by crossing European
pig breeds and hyperprolific Chinese pigs®.

Monogenic disorders. Several mutations that cause sim-
ple monogenic disorders in farm animals have been
identified, and are catalogued in the Online Mendelian
Inheritance In Animals (OMIA) database. Autosomal
recessive disorders present a problem in animal breed-
ing, because normal carriers can transmit the disease
allele to a large number of progeny. A good example of
this is bovine leukocyte adhesion deficiency, a severe
immunodeficiency syndrome caused by a missense
mutation in ITGB2, which encodes the integrin 32 sub-
unit®®. The mutation was widely spread in the US
Holstein-Friesian cattle population and all affected ani-
mals were related to one famous bull with a huge num-
ber of progeny in the 1950s and 1960s. Severe combined
immunodeficiency in Arabian horses is caused by a
frameshift mutation in the gene for the catalytic subunit
of DNA-dependent protein kinase (PRKDC). In both
these cases, as well as in most other disorders in which
the molecular basis has been revealed, the identification
of the causative gene took advantage of comparative
information from the corresponding disorders in
humans or mice. Diagnostic tests have been developed
and are used by breeders to reduce the incidence of
monogenic disorders. In some cases, such disorders will
provide useful animal models for human disease and
might be used to develop improved therapy. An inter-
esting example of this is the report that the narcolepsy
sleeping disorder in a breed of dogs is caused by a muta-
tion in the gene that encodes the hypocretin (orexin)
receptor 2 (REF. 61).

Markers for improved disease resistance. Selection for
improved general disease resistance in farm animals is
highly desirable for animal welfare, but also because
reducing the losses due to disease is an excellent way of
improving production efficiency. Selection for disease

resistance is difficult to include in traditional breeding
programmes because of the lack of accurate records on
disease incidence in the breeding herds and the strong
environmental factors, such as the exposure to
pathogens. As a result, there is a considerable interest in
finding genetic markers or diagnostic tests that can be
applied in breeding programmes. However, little
progress has been made so far, primarily because of the
difficulty of gaining access to pedigree data with infor-
mative disease records. A marked difference from
human genetics is the lack of detailed clinical records.
Animals that are highly susceptible to disease are rapidly
eliminated from the commercial populations.
Furthermore, the generation of dedicated resource
pedigrees with high incidence of disease (for example,
following a pathogen challenge experiment) is very
expensive and might be unethical. This is an area where
more research is needed and there is no doubt that the
animal breeding industry will readily use the knowledge
to reduce disease incidence. The collection of more
accurate data on disease incidence and disease-related
parameters as well as the exploitation of such data for
genetic studies should be promoted.

Numerous studies on the relationship between
genetic variation and disease resistance have focused on
major histocompatibility complex genes (reviewed in
REF. 62). An interesting attempt to identify genes for
resistance to a major disease involves a cross between
trypanotolerant N’'Dama cattle from West Africa and
susceptible African Zebu cattle®. Trypanosomiasis is a
major cattle disease, and susceptible cattle do not sur-
vive in areas infected with tsetse flies, the vector for try-
panosomes. Genome scans for detecting QTL are
underway, and the results might be used to improve tol-
erance in susceptible cattle.

Two major loci affecting susceptibility to E. coli
infections in pigs have been identified. Susceptibility to
adhesion of F18 rimeriaep E. coli (ECF18), which causes
oedema disease, seems to be controlled by one or two
missense mutations in FUT1, which encodes fucosyl-
transferase 1 (ReF. 64). Adhesion of K88 fimbriated E. coli
strains is controlled by a locus on chromosome 13, but
the causative gene has not yet been reported®.

Marek’s disease (MD) is a lymphoproliferative dis-
ease caused by the MD virus in chicken and has a large
impact on production. A QTL scan using a challenge
test in a resource population revealed at least two QTL
with significant effects on resistance to disease®.

Future perspectives

Genome research in farm animals has already led to sev-
eral important practical applications, such as the diag-
nostic tests for the Halothane (RYR1) and RN
(PRKAG3) mutations that are widely used in pig breed-
ing. However, it is important to note that the identifica-
tion of the causative gene for a trait locus is not a pre-
requisite for practical applications. Several cattle and pig
breeding companies are now using marker-assisted
selection with markers flanking QTL as a complement
to phenotypic selection of breeding animals. It is likely
that large-scale marker analysis will be used routinely, as
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soon as the cost for genotyping has been reduced by a
factor of around ten.

It is obvious that behavioural traits, such as feeding,
aggression/docility, stress tolerance and general activity,
have been modified considerably during domestication
and animal breeding. The various breeds of dog proba-
bly provide the most striking examples of how much
behavioural traits have been changed. Compare, for
instance, the strong tendency for aggressive behaviour in
guard dogs (for example, Dobermann pinscher,
Rottweiler and Mastiff) with those selected for other
purposes (for example, Pointer, Golden retriever and
Poodle). Behavioural traits are difficult to study because
of the strong environmental component and because it
is difficult to collect objective and informative records, in
particular on the number of animals needed for high-
resolution mapping. However, behavioural genetics in
domestic animals is an exciting field for future research.

Linkage disequilibrium mapping will be a very pow-
erful approach for mapping and finding trait loci in
domestic animals once dense SNP maps become avail-
able and the cost for genotyping has been reduced such
that genome scans using thousands of SNPs can be
done. There is also a need for the development of
improved statistical methods for analysing QTL data.
For instance, the importance of epistatic interaction
between QTL is well established in experimental organ-
isms such as Drosophila®. This has hardly been studied
in outbred organisms, although some theoretical work
indicates how this can be accomplished®",

An increasing number of trait loci in farm animals
have been characterized at the molecular level in recent
years. The future prospects for cloning trait loci are
bright, even for major QTL, provided that the QTL is
due to one or more mutations in a single gene and not a
haplotype effect. The reason for this optimism is the
continuous development of better tools and new
resources for genome research. Current initiatives to
develop complete BAC contigs of farm animal genomes
will provide researchers with a large-insert contig cover-
ing the region of interest as soon as a trait locus has been

mapped. Such large-insert contigs can then be used to
build a preliminary transcript map of the region by
high-resolution comparisons with the corresponding
region in humans or mice.

It is also only a matter of time before initiatives will
be taken to sequence the genomes of farm animals. This
will most probably be carried out using a whole-
genome shotgun approach giving 3-6-fold coverage. |
would propose that this be carried out by using genom-
ic DNA from two or more divergent populations, such
as a beef and a dairy cattle breed, or from an improved
breed and the wild ancestor (in those species in which
the wild ancestor is not extinct). This will not reduce the
efficiency in determining the genome sequence much
but will detect a good proportion of fixed genetic differ-
ences between divergent populations. Bioinformatic
analyses should provide scores for the likelihood that an
observed substitution is functionally important, on the
basis of the degree of phylogenetic conservation of the
position and the possible functional consequences of
the substitution (for example, a change of amino acid,
or of a conserved promoter element). The functional
consequences will then be evaluated by experimenta-
tion. By this approach, it should be possible to unravel
the molecular basis for a variety of phenotypic traits of
agricultural, biological and medical significance.
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