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ABSTRACT
Lindgren, G. 2001. Genome Mapping in the Horse. Acta Universitatis Upsaliensis. Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 632. 33 pp. Uppsala.
ISBN 91-554-5036-9

Our ability to map and sequence whole genomes is one of the most important
developments in biological science. It will provide us with an unprecedented insight into
the genetic background of phenotypic traits, such as disease resistance, reproduction and
growth and also makes it feasible to study the processes of genome evolution. The main
focus of this thesis has been to develop a linkage map of the horse (Equus caballus)
genome. A secondary aim was to expand the number of physically mapped genes in the
horse, allowing comparative analyses with data from the human genome map. Finally,
attempts were made to identify single nucleotide polymorphisms (SNPs) on the horse Y
chromosome.

The development of a genome map relies on the information generated by both
linkage and cytogenetical studies. To integrate genetical and physical assignments in the
very early phase of equine genome map construction, 19 polymorphic microsatellite
markers were isolated from lambda phage clones which, in parallel, were physically
assigned to chromosomes by fluorescent in situ hybridization (FISH). The microsatellites
were simultaneously mapped by linkage analysis in a Swedish reference pedigree.

A first primary male autosomal linkage map of the domestic horse was constructed
by segregation analysis of 140 genetic markers within eight half-sib families with, in total,
263 offspring. One hundred markers were arranged into 25 linkage groups, 22 of which
could be assigned physically to 18 different chromosomes. The total map distance
contained within linkage groups was 679 cM. The presented map provides an important
framework for future genome mapping in the horse.

Our contribution to the comparative horse genome map, was the presentation of
map data for 12 novel genes using FISH and somatic cell hybrid mapping. All
chromosomal assignments except one were in agreement with human-horse Zoo-FISH
data. The exception concerned the CLU gene which was mapped by synteny to ECA2
while human-horse Zoo-FISH data predicted that it would be located on ECA9.

The level of SNPs on the horse Y chromosome was also investigated by DNA
sequencing and denaturing high performance liquid chromatography (DHPLC) of Y
chromosome-specific fragments derived mainly from BAC clone subcloning. The amount
of genetic variability was found to be very low, consistent with low male effective
population size.

Key words: Horse, microsatellites, linkage analysis, FISH, Type I markers, BAC library,
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Introduction

The horse (Equus caballus) was domesticated about 6000 years ago (Clutton-Brock
1999). Thereafter, horses have played an essential role in the development of many
civilizations. The bond between people and horses remains strong and in addition to their
importance as companion animals in sport and recreation, contact with horses is one
alternative way for rehabilitation from certain psychological problems, neurological
injuries and stroke in humans (Håkansson, 2000). Early horse breeders selected
individuals with the most attractive phenotypic characters for breeding without knowledge
of their genetic status and indeed, much was achieved through this kind of selection.
Today, approximately 400 distinctive horse breeds are recognised (Scherf 1995), although
in general they are not as phenotypically distinctive as dog breeds. These horse breeds
mainly reflect selection on type and utility, but are also based on colour, geographical
origin and speed. A greater knowledge of the horse genome and of the genes controlling
desired traits will dramatically increase the efficiency of artificial selection. Identification
of quantitative trait loci (QTL) and implementation of marker-assisted selection (MAS)
provide new tools for animal breeding and will most likely become common tools for
selective horse breeding in the future. The prime driving force for genome mapping in
animals is to understand the genetic background for traits such as disease, reproduction
and growth. In addition, a genome map of the horse will also contribute to a greater
understanding of the evolution of the mammalian genome. This thesis focuses on the
development of the horse genome map.

Background to genome mapping

Genetics has become an indispensable component of almost all research in modern
biology and medicine. This position has been achieved through the synthesis of classical
and molecular approaches. Hereditary phenomena have been utilised by humans since
before civilisation with ancient people improving plant crops and domesticated animals by
selecting the most desirable individuals for breeding. However, an understanding of the
principles of genetics only began in the 1860s when the Augustinian monk Gregor
Mendel performed a set of experiments that revealed the existence of heritable elements,
which later were defined as genes. According to Mendel's theory, characters are
determined by discrete units that are inherited intact down through the generations. This
model explained many observations that could not be explained by the idea of blending
inheritance. The importance of Mendel's ideas and contribution was not recognised until
around 1900, after his death.

Modern genetics is based on the concept of the gene, the fundamental unit of
heredity. A gene is a functional section of the long DNA molecule that constitutes the
fundamental structure of a chromosome. Each cell in an organism has either one or two
sets of the DNA (note tetraploids though), the complete set of which is called a genome.
Most organisms utilise a common information storage system, DNA, in which
information flows from DNA to RNA to protein. During the first quarter of the 20th
century, studies focused on the discovery and visualization of chromosomes in several
species. The most crucial breakthrough was the description of the DNA double helix by
Watson and Crick in 1953. Thereafter, the genetic code was unlocked with the discovery
of how cells read the information contained in genes. Recombinant DNA technology,
including cloning and sequencing, was developed in the 1970s allowing the sequencing of
genes and subsequently whole genomes, creating the ultimate physical genetic map.
Recently, the initial sequence of the human genome was reported (Venter et al. 2001 and
International Human Genome Sequencing Consortium 2001).
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Genome mapping utilises several complementary techniques of which the most
important are described below. Briefly, there are two kinds of genome maps; genetic and
physical. The genetic map is based on recombination frequencies and involves analysis of
the segregation of polymorphic genetic markers in pedigrees. It gives information on
which markers that belong to the same linkage group, their relative order and the distance
between them. The physical map determines on which chromosome or chromosomal
region a DNA fragment, e.g. a marker or a gene, resides. Genetic markers used in genome
mapping have been classified based on the level of conservation. Type I markers are
coding markers conserved across different species and typically having low
polymorphism (e.g. CATS and SSCPs). By contrast, Type II markers, exemplified by
microsatellites, are highly polymorphic markers, invaluable for constructing genetic
linkage maps.

The significance of genome mapping in domestic animals

Why is it of interest to study genomes? DNA has provided the basis for the evolutionary
process that created the tremendous number of existing different life forms. By studying
the genomes in different organisms the great organismal variety and many other questions
may be explained.

Genome mapping can be divided into two main important components;
construction of the genome map and the utilisation of the map. For many years, large-
scale genetic linkage mapping was held up by the lack of available markers. The rapid
development of genetic markers that came along with the invention of recombinant DNA
technology has opened the way for the construction of detailed genetic linkage maps for
numerous different species. For farm animals, comprehensive genetic linkage maps are
available for several of the most important species, such as cattle (Bos taurus) (Kappes
1997), chicken (Gallus gallus) (Groenen 2000), sheep (Ovis aries) (de Gortari 1998) and
pig (Sus scrofa) (Mikawa 1999).

Genome maps can be used to identify genes or chromosomal regions regulating
the genetic background to various phenotypic traits. Both monogenic traits, controlled by a
single gene, and polygenic traits, controlled by an unknown number of genes as well as by
environmental factors, can be studied. A trait can be mapped to a region by linkage
analysis, in which markers evenly spread over the genome are analysed in a family
material in which a certain trait is segregating. Markers that are inherited together with the
trait must be physically close to the gene for that trait. The final goal is to clone the gene
and identify the causative mutation. Further, genome maps can be used for comparative
genome mapping in which homologous loci in other species are explored, for evolutionary
studies, and also for comparisons of the recombination frequency within and between
species.

Methods in genome mapping

Genetic linkage mapping

Genetic linkage represents a deviation from Mendel's law regarding the independent
assortment of alleles during the formation of gametes. When two genes are close together
on the same chromosome, they do not assort independently at meiosis. Genes that are far
apart on the same chromosome do appear to assort independently. The reason for this
phenomenon is the occurrence of cross-overs between a pair of homologous
chromosomes at meiosis (see Figure 1). The proportion of intrachromosomal recombinant
genotypes is a measure of the crossing-over frequency of a particular chromosome pair.
The more distant two loci are on a chromosome, the more likely it is that a cross-over will
occur between them. The recombination frequency can therefore be



3

Figure 1. A molecular event of recombination may be schematically represented by two
double-stranded molecules breaking and rejoining.

used as a measure of the distance between loci. If the recombination frequency is lower
than 50%, the loci are said to be genetically linked. The unit of map distance is
centiMorgan (cM), with one cM corresponding to a recombination frequency of 1%.
Linkage mapping involves following the segregation of alleles in families to establish
whether or not the alleles at one locus cosegregate with alleles at other loci. To be able to
do this, it is necessary to determine the parental origination of each allele at a locus in the
progeny. Both polymorphic genetic markers and pedigrees are required for this.
Currently, the most commonly used marker for linkage analysis in mammals is
microsatellites, which will be described in more detail below. There are two principal types
of pedigrees used to generate a resource pedigree with a high level of heterozygosity; the
intercross and the backcross design. In the former, two divergent breeds are crossed to get
a high level of heterozygosity in the F1 generation. In a backcross design the F1 animals
are crossed to one of the parental lines. In an intercross design the F1 animals are crossed
to each other to generate F2 individuals. When constructing a map with many linked loci it
is more efficient to perform multi-locus analyses than to do separate  pairwise linkage
analyses and try to put them together into a map. CRIMAP (Green et al. 1990) and
LINKAGE (Lathrop and Lalouel 1988), among others, provide computational tools to
perform multi-locus analyses.

Although the idea behind linkage mapping is quite simple there are a number of
pitfalls to be aware of and dealt with. For example, over longer chromosomal distances it
is likely that there will be multiple cross-overs which could lead to recombinants being
scored as non-recombinants. Therefore, recombination frequencies are not additive.
Another problem is the phenomenon of interference, for example, with positive
interference a cross-over has the effect of reducing the probability of a second cross-over
in its vicinity. Several mapping functions exist to accomodate these problems and convert
frequency of cross-overs into linear map distance. Some mapping functions take
interference into account whereas others do not. A number of mapping functions have
been derived depending upon the degree of interference assumed (Kosambi 1944).
Increasing the number of markers will make the map more accurate with respect to these
pitfalls.

Homologous chromosomes

Cross-over

Results from recombination
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The frequency of recombination varies with age and chromosomal position, being
particularly high in certain chromosomal regions called “hot spots”. Chromosomal
regions close to the telomeres tend to recombine more frequently than regions close to the
centromere, however it has been shown that recombination suppression at the centromere
is not universal (Lynn 2000). Furthermore, the heterogametic sex generally show less
recombination than the homogametic sex (Dunn and Bennett 1967). Generally, these
factors are not corrected for in map construction, although the extent which this affects the
construction of linkage maps is not clear. However, available linkage analysis programs
allow separate estimation of distances in the two sexes, which in turn can be compared
with a map derived assuming equal recombination (Archibald and Haley 1998).

Physical mapping

In situ hybridization
In situ hybridisation is important in gene mapping for localising and orienting linkage
groups to chromosomes as well as to assign syntenic groups (see below) of markers
established from somatic cell hybrid mapping to chromosomes. It enables the visualisation
of a probe of interest on the chromosome. The probe is usually a particular segment of
cloned DNA which is labelled to allow detection. The target is normally a preparation of
chromosomal DNA placed on a microscope slide. Both the probe and the target DNA are
denaturated and then hybridised to let the probe anneal to the complementary sequence.
Unbound probe is then washed off to allow the visualisation of the specific hybridisation
signal using appropriate detection methods. The probes used can vary considerably in
size, and range from a few bases to several hundred kilobases cloned in e.g. yeast artificial
chromosome (YAC) vectors. The target is usually metaphase or prometaphase
chromosomes. Non-isotopic probe labelling methods have largely replaced the earlier
isotopic procedures (Waterston and Sulston 1995). Fluorescence in situ hybridisation
(FISH) is the most common non-isotopic method used. FISH for chromosome
assignment and chromosome band localisation is now a routine mapping procedure.
Development of fluorescent labelling detection systems enables simultaneous
hybridisation of multiple probes known as multicolour FISH.

Somatic cell hybrid (SCH) mapping
This technique is based on the discovery that interspecific hybrids loose the chromosomes
of one species, allowing genetic characters to be assigned to particular chromosomes by
analysing a panel of somatic cell hybrid clones (Naylor 1997). It is sometimes referred to
as synteny mapping, were synteny means on the same chromosome. When markers are
known to be located on the same chromosome, they are referred to as syntenic markers.
The SCH technique is a very common way of identifying markers that belong to the same
chromosome, ie. to define syntenic groups of markers. Basically, two cell lines from
different species are fused to produce  hybrid cells. These hybrid cells lose the majority of
the chromosomes of the target species but may keep one or a few of them. The principle
of construction of somatic cell hybrids is shown in Figure 2. The optimal case is when the
clones have kept only one whole chromosome or chromosome arm (Chowdhary 1998a).
By using a selective medium only the hybrid cells will survive. Cytogenetic methods are
used to characterise the hybrid clones for their foreign chromosomal content. The
presence or absence of a particular locus in the cell line is usually analysed by PCR.
Neither polymorphic markers nor pedigrees are required for this technique. Somatic cell
hybrid mapping provides a valuable tool for the development of comparative gene maps
because it allows the mapping of large number of coding genes.
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Figure 2. Principle of construction of whole-cell somatic hybrids.

Radiation hybrid (RH) mapping
Radiation hybrid mapping combines approaches from both physical and genetic mapping
and is based on experiments by Gross and Harris (1975, 1977a, b). The technique was
further developed by Cox et al. (1990) who demonstrated that a hamster-human somatic
cell hybrid containing only one human chromosome could be used as a donor in hybrid
formation, and that the selectable marker could lie in the hamster portion of the irradiated
donor genome. Essentially, it is a SCH technique with the difference that before fusion of
cell lines, the whole or partial genome of the target species is irradiated to cause
fragmentation of chromosomes. Cox et al. (1990) assumed that the further apart any two
markers are on a chromosome, the more likely that the irradiation would break them apart
so that they would segregate into different hybrids. When using this technique a panel of
radiation hybrid cell lines are analysed for the presence or absence of markers. The
frequency with which the markers co-segregate reflects the distance between them and
allows ordering of markers. The distance between markers is expressed in centiRays (cR)
and a distance of one cR between two markers corresponds to 1% frequency of
chromosomal breakage between the markers after exposure of a particular X-ray dose
(Walter and Goodfellow 1993). It is possible to control the frequency of radiation induced
breaks by altering the radiation dose, where a higher dose will cause more breaks. This
means that the resolution of the map can be increased by a higher radiation dose of donor
DNA, or vice versa (Stewart and Cox 1997). The frequency of breakage appears to be
linearly related to physical distance and there do not seem to be hot spots for breakage
along the chromosome (Cox and Myers 1992). Recently, a high-resolution radiation
hybrid map of the human genome draft sequence was constructed by using a panel of 90
whole-genome radiation hybrids (Olivier et al. 2001). RH panels exist for some farm
animals like pig (Yerle et al. 1998) and cattle (Womack et al. 1997).
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Comparative mapping
Comparative maps display the chromosomal location of homologous genes in different
species and genetic segments conserved through evolutionary time. Genome organisation
is well conserved in mammals. With well developed comparative maps, gene mapping data
can be transferred from the more dense human and mouse gene maps to other species.
Comparative chromosome painting or Zoo-FISH is a powerful method for detecting
evolutionary conserved chromosomal regions (Chowdhary et al 1998b). This involves
hybridisation of whole, or parts of chromosomes derived from one species to metaphase
chromosomes of a second species. However, this technique only gives a gross picture of
the conserved segments, because the probes used have to be very large (at least 5 Mb) to
allow proper hybridisation, and therefore results need to be fine tuned with techniques
such as linkage or RH mapping.

The equine genome

The study organism

This thesis focuses on  mapping the genome of the horse (Figure 3). The modern horse
has one of the most complete fossil histories and belongs to the order Perissodactyla, (the
odd-toed hoofed mammals). Table 1 outlines the classification of the Perissodactyla
(Prothero and Schoch 1989). The order contains three extant groups, horses, tapirs and
rhinos. Tapirs and rhinos diverged in the Late Eocene 40 million years ago (mya).

Table 1. Classification of the order Perissodactyla by Prothero and Schoch (1989).
______________________________________________________________________

Order Perissodactyla
     Suborder Titanotheriomorpha - brontotheres
     Suborder Hippomorpha

Superfamily Pachynolophoidea
Superfamily Equioidea

Family Palaeotheriidae
Family Equidae

     Suborder Moropomorpha
Parvorder Ancylopoda - chalicotheres
Parvorder Ceratomorpha - tapirs and rhinos

______________________________________________________________________

The family Equidae includes all horse breeds in addition tovarious species of zebra
and ass. This family is known from the early Eocene 54 mya (Groves and Ryder 2000).
The purported ancestor of the Equidae is the species formerly known as Hyracotherium
cuniculum, from the genus Cymbalophus (Hooker 1984). A slightly shortened
classification of the Equidae is given in Table 2 (Evander 1989). The evolutionary history
can be traced through the different genera; Orohippus (Early Eocene, 50-47 mya),
Epihippus (Middle and Late Eocene, 47-40 mya), Mesohippus (Late Eocene and Early
Oligocene, 40-30 mya), and Miohippus (Latest Eocene and Oligocene, 37-25 mya). Thus,
the lineage of the modern horse appears to have branched very little until the latest stages.
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Table 2. Classification of the family Equidae, slightly modified from Evander (1989).
______________________________________________________________________

Family Equidae
     Cymbalophus
     Orohippus
     Epihippus
     Mesohippus
     Miohippus
     Subfamily Anchitheriinae
     Subfamily Equinae

Kalobatippus
Archaeohippus
Parahippus
Tribe Protohippini
Tribe Hipparionini
Tribe Equini

Dinohippus
Hippidion
Onohippidion
Astrohippus
Pliohippus
Equus

______________________________________________________________________

The archaeological record suggests that the horse was domesticated about  6000 years ago
somewhere in the region of Ukraine and southern Russia. Recently, an analysis of the
mtDNA control region sequences of 191 domestic horses revealed a high sequence
diversity (Vilà et al. 2001), suggesting a widespread integration of matrilines and a
prolonged period of domestication of wild horses.

Genome structure and size

Mammalian genomes appear highly conserved in size and gene content. The size of the
haploid genome is known as the C-value and this value has been estimated as follows for
some mammals; human 3200 Mb, mouse 2700 Mb, pig 2700 Mb and cow 3000 Mb
(Miller 1997). The fact that genome size does not correlate well with the complexity of
organisms is known as the C-value paradox. However, the paradox might be explained by
the discovery that genomes contain a large quantity of repetitive sequences (reviewed in
Gregory et al. 1999). The relative proportions of the genome that are occupied by unique
DNA and repetitive DNA vary substantially between different organisms (Lewin 1994). In
contrast to the similarity in genome size and gene number in mammals, chromosome
number varies a lot between mammalian species: from the Indian muntjak (Muntiacus
muntjak) with 2n=6/7 to a South American rodent (Tympanoctomys barrerae) with
2n=102 (Qumsiyeh 1994).

Each eukaryotic nucleus encloses the nuclear DNA which is structurally arranged
in a fixed number of chromosomes. Chromosomes exist in a highly extended linear form
during most of the cell cycle, condensing  into more compact bodies prior to cell division.
In this condensed stage the chromosomes may be microscopically examined. The
chromosome contains two defined parts known as the centromere and the telomere. While
chromosomes generally duplicate in interphase the centromere always duplicates during
the contracted metaphase stage. The centromere is a constriction at a fixed position for
each chromosome that controls the movement of the chromosome (the separation of the
two sister chromatides) during mitosis. Mammalian centromeres are made up of very large
regions of repeated sequences. The position of the centromere on the chromosome is used
to classify the chromosomes into meta-, submeta-, telo- and acrocentric chromosomes.
The ends of the chromosomes, the telomeres, are composed of small
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Figure 3. Icelandic horse

arrays of tandemly repeated DNA. The substance of chromosomes is chromatin and
includes not only DNA but also chromosomal proteins and RNA. Chromatin exists in two
forms: the condensed heterochromatin and the less condensed euchromatin.
Heterochromatin stains densely in microscopic preparations and is believed to be
genetically inert. Euchromatin is thought to contain the normally functioning genes. Both
centromeres and telomeres consist of heterochromatin.

Briefly, there are two types of repetitive DNA; interspersed and tandemly repeated
DNA. One common type of dispersed DNA is classified according to the size of the
repeat unit, and are called either long interspersed elements (LINEs, typically longer than
1000 bases), or short interspersed elements (SINEs, usually shorter than 500 bases). The
majority of LINEs and SINEs has most likely arisen from the action of reverse
transcriptase. For SINEs, the DNA is a copy of either 7SL RNA or a certain tRNA
molecule. Most mammalian tRNA-derived SINEs are thought to originate from tRNA-
Lys, whilst in horses they appear to derive from tRNA-Ser (Sakagami et al. 1994b).
Equine SINEs form two families, ERE-1 and ERE-2, which share some sequence
similarity but have different subunit structure (Gallagher et al. 1999). As is the case for
many other mammals, SINEs and LINEs in the horse are often associated with
microsatellites in their 3' end (Breen et al. 1997; Hiromura et al. 1997; Gallagher et al.
1999).
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In regions where the repeat units occur immediately adjacently to one another they
are termed as tandem repeats. If there are many thousands of copies of the repeat unit at
one site, the DNA is called satellite DNA. The size of the repeat unit in satellite DNA is
usually less than 500 bp, with the total number of repeats at one site ranging somewhere
between 1000 and 50000. As the size of the tandem repeat unit at one site decreases, the
terms minisatellite (Jeffreys et al. 1985a) and microsatellite (Litt and Luty 1989) are used
to describe them. Minisatellites have repeated units of 10-50 bp while microsatellites have
repeated units of 1-6 bp. The most common type of repeat units in microsatellites are
mono-, di-, tri- and tetra repeat units. The use of microsatellites, in particular, as highly
polymorphic genetic markers has revolutionised the field of genome mapping since the
early 1990s.

The karyotype

The number and morphology of chromosomes in a species is called the karyotype. In
1959 Rothfels et al. showed that the diploid chromosome number of the horse is 2n=64.
Only the dog with 2n=78 has a higher diploid number among the domestic animals. The
horse karyotype consists of 13 meta- and submetacentric (bi-armed) and 18 acrocentric
pairs of autosomes, as well as a large submetacentric X and a small acrocentric Y
chromosome. The current standard karyotype for the horse was defined by the
International System for Cytogenetic Nomenclature of the Domestic Horse (ISCNH
1997) and is shown in Figure 4. The committee provided a detailed description of both G-
and R-banded chromosomes along with ideograms showing landmarks and band numbers
for each of the banding types. In G-banding, the chromosomes are treated with trypsin
followed by Giemsa staining which defines regions with high A (adenine) and T
(thymine) content. Reversed banding patterns are produced by R-banding in which BrdU
(5-bromo-2'-deoxyuridine) incorporation in late interphase is followed by Giemsa staining
to highlight the GC-rich chromatin.

Cytogenetic studies in several related equid species have revealed great variation in
chromosome number, for example, the diploid number varies from 2n=32 in Hartmann´s
mountain zebra (Benirschke and Malouf 1967) to 2n=66 in Przewalski´s horse (Ryder
1978). Despite the extensive chromosomal differences, the various equine species can
produce viable offspring when breeding together. Generally however, the hybrid offspring
are all sterile except for in cases of hybridisation between E. caballus and E. przewalskii
or among the hemiones (Mongolian wild ass, Persian wild ass, Transcaspian wild ass,
Indian wild ass), and occasionally in mules and hinnies (Rong et al. 1988).

Equine genome mapping

Several linkages between equine protein polymorphisms and blood groups systems were
reported relatively early (e.g. Sandberg 1974; Sandberg and Juneja 1978). Equine linkage
mapping continued to deal with protein polymorphic markers during the 1980s (e.g.
McGuire and Weitkamp; Guttormsen and Weitkamp et al. 1981; Weitkamp et al. 1982;
Andersson et al. 1983a, b; Weitkamp et al. 1983; Andersson and Sandberg 1984; Bowling
1987). However, coding sequences are under selective pressure to conserve the biological
function of the proteins and this selection means that most proteins show little variation.
Without variation proteins are not very informative in linkage analysis.

Minisatellites demonstrate extensive intraspecific polymorphism in terms of
varying number of repeats and have been used for DNA fingerprinting of organisms
(Jeffreys et al. 1985a, b), e.g. for identification of individuals and for studying genetic
relationships. When a cloned probe containing a minisatellite sequence is annealed with
DNA blots of restriction endonuclease digested DNA, multiple bands will hybridise. The
pattern of bands produced is specific for each individual. Georges et al. (1988) first
examined the use of minisatellites in the horse on a family of Belgian half-bred horses
using four different minisatellite probes. Hopkins et al. (1991) used human minisatellite
probes 33.15 and 33.6 to solve a paternity case in closely related Exmoor ponies. Guerin
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Figure 4. The current standard karyotype for the horse as defined by the International
System for Cytogenetic Nomenclature of the Domestic Horse (ISCNH 1997).
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et al. (1993) also used the 33.6 minisatellite probe in a variety of horse breeds. DNA
fingerprinting has also been carried out using a synthetic (TG)n polynucleotide probe to
study its application to population comparisons (Ellegren et al. 1992a). Minisatellite
sequences have also been characterised in the horse by Flint et al. (1988) and Anglana et
al. (1996). DNA fingerprinting requires comparatively large amounts of DNA for
Southern blotting and has largely been replaced by PCR-based methods, e.g. using
microsatellites.

The discovery of microsatellite markers in the end of the 1980s was a major
breakthrough for genome mapping. Microsatellite polymorphism is commonly measured
as the length of the repeat sequence amplified by PCR, using primers flanking the repeat
region. The sequences immediately flanking the microsatellites, which serve as primer
binding sites, are generally not conserved between species. Hence, there is a need to isolate
species-specific microsatellites. The first horse microsatellites were isolated by Ellegren et
al. (1992b) and Marklund et al. (1994) who demonstrated their suitability for parentage
testing and linkage studies due to high levels of polymorphism. To date, approximately
900 microsatellites (of which 634 have been published) have been isolated in the horse,
most of which were developed from small insert genomic libraries. However, a proportion
of microsatellites have also been isolated from cosmid, phage or BAC libraries (Tozaki et
al. 1995; Sakagami et al. 1995; Breen et al. 1997; Godard et al. 1997, 1998; Hirota et al.
1997; Marti et al. 1998).

The radiolabelling approach was used when physical assignment by in situ
hybridisation of loci to horse chromosomes began. The first assignments were for the
equine major histocompatibility complex (ELA) to ECA20q14-q22 (Ansari et al. 1988;
Mäkinen et al. 1989). Human and pig genomic or cDNA probes were used in the
beginning when no horse-specific probes were available. However, specifically for the
genome map, a significant effort was made to develop equine genomic libraries and
identify genes, microsatellite markers and sequence-tagged sites (STSs) in large insert
clone libraries (phage, cosmid and BAC libraries) suitable for in situ hybridisation (Breen
et al. 1997; Godard et al. 1997, 1998, 1999, 2000; Hirota et al. 1997; Lear et al. 2000,
2001; Lindgren et al. 2001a, b; Mariat 2001). To date, there is only one reported study
using double-colour FISH for ordering of markers in the horse (Raudsepp et al. 1999).
There are no reported studies using higher resolution techniques like fibre FISH or
interphase FISH in horses.

Three research groups have produced synteny mapping data for the horse using
horse-rodent SCH panels (Williams et al. 1993; Bailey et al. 1995; Shiue et al. 1999). In
the first one, developed by Williams et al. (1993), three syntenic groups based on eight
Type I loci mapped by Southern blotting and isozyme analysis were identified. In 1995,
Bailey et al. established six synteny groups by analysing 15 microsatellite markers and
two Type I loci. More than 500 markers have now been assigned to 33 syntenic groups
using the UC Davis horse x mouse SCH panel (Caetano et al. 1999a, b, c; Hopman et al.
1999; Murphie et al. 1999; Ruth et al. 1999; Shiue et al. 1999, 2000; Tallmadge et al.
1999; Bowling et al. 2000). The markers used includes RAPDs, microsatellites and Type I
markers. All 33 syntenic groups have been assigned to chromosomes using in situ
hybridisation and Zoo-FISH (Raudsepp et al. 1996).

Two radiation hybrid panels have been established and characterised in the horse
(B. P. Chowdhary, personal communication; Kiguwa et al. 2000). The Copenhagen-Texas
panel was generated by the irradiation of a horse fibroblast cell line for a total of 5000 rad.
The cells were then fused with the Chinese hamster TK- fibroblast line A23 (Chowhary
and Raudsepp 2000). The second panel was prepared by the Department of Genetics,
Cambridge University, Cambridge in collaboration with Research Genetics, Cambridge,
UK. These resources will be very important for incorporating and ordering Type I
markers on the horse gene map as there is no need for polymorphism using this
technique.
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Comparative chromosome painting or Zoo-FISH is a powerful method for
detecting evolutionary conserved chromosomal regions (Chowdhary et al 1998b).
Raudsepp et al. (1996) presented conserved chromosomal segments in horse and man
using Zoo-FISH and the results is shown in Figure 5. This work determines the gross
degree of chromosome conservation between the horse and the human genome. Five
genes and two equine microsatellites were FISH mapped in both horse and donkey
(Raudsepp et al. 1997, 1999), providing the first comparative map data between the two
equid species.

A summary of the information stored in databases of gene mapping projects in the
horse, can be found at:

ArkDB horse Genome (Roslin Node)
http://www.ri.bbsrc.ac.uk/cgi-bin/arkdb/browsers/browser.sh?species=horse
Horsmap (INRA, Jouy-en-Josas, France)
http://locus.jouy.inra.fr/cgi-bin/lgbc/mapping/common/intro2.pl?BASE=horse

At present, the number of assigned loci in the horse are at least 673 (at least 150 additional
markers have been mapped but are not yet published) of which 523 are microsatellite
markers and 150 are designated genes. 147 microsatellites have been mapped by FISH.
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Figure 5. Conserved chromosomal segments in horse and man using Zoo-FISH
(Raudsepp et al. 1996).
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General research aims

� To integrate genetical and physical assignments of equine microsatellite markers

� To develop a primary male autosomal linkage map of the horse genome

� To physically anchor and orientate  equine linkage groups

� To contribute with information to the comparative horse map by using fluorescent
in situ hybridisation (FISH) and somatic cell hybrid mapping

� To identify single nucleotide polymorphisms (SNPs) on the horse Y chromosome
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Results and discussion

Integration of genetical and physical assignments of equine
microsatellite markers (Paper I)

Microsatellites or short tandem repeats (STRs) are widely accepted as the markers of
choice for the development of genome maps. The main reason for this being their high
level of polymorphism, abundant frequency in the genome, and also because the analysis
of these kinds of markers is readily performed. They are conventionally isolated from
some form of small insert libraries. The small insert size facilitates sequencing of
microsatellite flanking regions, but at the same time prohibits physical mapping by in situ
hybridisation due to too weak hybridisation signal. The development of a genome map
relies on the information generated by both linkage and cytogenetical studies, i.e. it is
important to anchor genetic markers to particular chromosomal regions. One way to
integrate genetical and physical assignments is to isolate polymorphic microsatellite
markers from some form of large insert genomic library, such as a phage-, cosmid- or
BAC library. This is important in the first phase of developing genome maps to get an
overview of how well the karyotype is covered and allows rapid assignment of linkage
groups to chromosomes. In later stages of mapping, physical and genetical integration is
important, for example, in tracing candidate genes and for studies of the patterns of
recombination along the chromsomes. In this study we report the first integration of
genetical and physical data for the equine genome map.

We screened 10,000 clones from a horse genomic DNA library (constructed in the
vector λ-FIX II, with an average insert size of 15kb), with a poly[dAC:dTG] probe using
standard procedures. The detection of approximately 200 strong positive clones indicated
a dispersion of a (CA)n microsatellite marker every 750kb in the horse genome;
obviously, this estimate is greatly affected by what is considered as a positive clone.
Twenty positive clones (named ASB followed by a number for each clone) were selected
at random and subsequently subcloned and sequenced. A (CA)n microsatellite was
identified in all clones, with 90% (18) containing at least 15 or more tandem repeat units,
and 40% (8) containing 20 or more. Primers were designed to amplify across the
microsatellite in each locus, however we were unable to produce a clean PCR product for
one of them, even with a number of different primers. Each of the remaining 19
microsatellite loci were tested for polymorphism in three horse populations; Australian
Thoroughbred, Arab and a population of mixed breeds (Standardbred, Shetland, Finn,
New Forest Pony and Welch Cob). As expected, both the number of alleles and the
heterozygosity of each marker were generally greater in the mixed population than in the
single breeds. Of the 19 markers studied, at least 15 (79%) showed levels of
heterozygosity in excess of 50% in all three populations. Database searching was
performed of the microsatellite repeat flanking sequences against the GenBank, cDNA
and NBRF databases with the BLAST program (Altschul et al. 1990). The microsatellite
repeat sequences were removed from their flanking sequences to avoid matches with
similar repeats in the databases. Four of the 20 microsatellite positive clones could be
matched to known genes.

Chromosomal location of the phage clones representing all 20 loci was made by
FISH analysis. Seventeen mapped to single sites, one mapped to two clear locations
suggesting that the clone was chimeric, one mapped to multiple centromeres suggesting
that it contained satellite sequences, and produced no visible signal despite repeated
attempts. These assignments involved eight equine autosomes; ECA1, 2, 4, 6, 9, 10, 15 and
16. The precise localisation of each locus is given in Table 3 (Paper I, Appendix) and
representative images are presented in Figure 6. The microsatellites were simultaneously
mapped by linkage analysis in a Swedish reference pedigree comprising eight half-sib
families. Segregation of the markers was related to a set of 35 other genetic markers
previously typed in the pedigree. Cases of linkage were detected with CRI-MAP (Green et
al. 1990), applying a lod score (z) criterion of 3.0 for significant linkage. Thirteen of
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Figure 6. Partial metaphases demonstrating the fluorescence in situ localisation of ASB 2-
9, 11-19, and 22.



1 7

the 19 markers showed linkage to at least one other marker (see Table 3 in Paper I,
Appendix). Linkages between two ASB markers were always consistent with their being
assigned physically to the same chromsome; ASB8 and ASB12 on ECA1 (horse
chromosome 1), ASB4 and ASB5 on ECA9, ASB6 and ASB9 on ECA10, and ASB15 and
ASB19 on ECA15.

Some of the linkages detected in this study relate in various ways to previously
made assignments. One example being the gene for glucose phosphate isomerase (GPI)
which is located at terminal part of ECA10p (Harbitz et al. 1990) and has been found to be
linked to A1BG with a recombination frequency of 23% (Andersson et al. 1983). We
observed significant linkage (z = 5.59) and 14% recombination between A1BG and ASB9.
Since ASB9 was in situ mapped to ECA10q15-17, the linkage group GPI-A1BG-ASB9 is
likely to cover the whole p arm of ECA10, in that case representing the first chromosomal
arm of a horse chromosome being tagged with linked genetic markers.

The last compilation of genetically mapped markers in the horse included only
approximately 20 loci distributed in five different linkage groups (Sandberg and
Andersson 1992). Hence, in this study we made a substantial contribution to the genetic
map of the horse, providing linkage data for 21 new markers. Furthermore, the fact that 13
of these markers were assigned to chromosomes by in situ hybridisation and that six
additional, but so far unlinked markers were also physically mapped provided a starting
point for future equine genome mapping.

A primary linkage map of the horse genome (Paper II)

The importance of linkage mapping in domestic animals has been discussed in the
Introduction. In an initiative to extend the knowledge of the equine genome, we have
established a reference pedigree for genome mapping, and here we present the
construction of the first preliminary, male autosomal linkage map of the horse genome.
The reference pedigree consists of eight half-sib families (four Standardbred trotters and
four Icelandic horse stallions) with a total of 263 offspring. The pedigree was genotyped
with 140 polymorphic markers, 121 of which were PCR-based microsatellites and about
one-third of which had been physically assigned to chromosomes by in situ hybridisation
(all presented in Table 1 in Paper II, Appendix). The markers included five new,
previously undescribed restriction fragment length polymorphisms (RFLPs) which were
detected using human or porcine cDNA probes; FUCA1, GLUT1, LPL, MYL1,3 and
TYR.

Marker heterozygosity varied extensively between loci, from one out of the eight
sires being heterozygote to all being so. The average number of heterozygous sires was
4.3, corresponding to an observed heterozygosity (Ho) of 53%. In general, microsatellites
were more variable than other markers (Ho=56% vs. 35%). Two important consequences
of only the sires and their offspring being included in the study were that we only
measured male recombination fractions and that we could not deduce the transmission of
paternal alleles for all offspring. The average number of fully informative offspring per
marker was 89, with the range being from 9 to 235.

An overview of the linkage data is given in Figure 1 in Paper II (Appendix), where
the equine idiogram (ISCNH 1997) is shown together with the established linkage
groups. Linkage between markers was analysed using the program CRIMAP (Green et al.
1990). One hundred of the 140 markers (72%) showed linkage to at least one other
marker. Using multipoint analysis we established 25 linkage groups. Twenty-two of these
were assigned to 18 different chromosomes, generally because one or more of the markers
included in a linkage group were physically mapped by in situ hybridisation (see legend
of Figure 1, Paper II, Appendix). Chromosomes covered by linkage groups were ECA1,
ECA2, ECA3, ECA4, ECA5, ECA6, ECA7, ECA9, ECA10, ECA11, ECA13, ECA15,
ECA16, ECA18, ECA19, ECA21, ECA22, and ECA30.

Linkage groups ranged between 0 and 103 cM (multi-point distances in Kosambi
cM), the longest residing on ECA4, and the number of markers within groups between
two and 10. The sum of the length of all linkage groups was 679 cM, with an average
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distance between adjacent markers of 12.6 cM. Clearly, a much greater total genetic length
is revealed if one accounts for the flanking distances covered by end markers in linkage
groups, and the distances covered by the 40 unlinked markers. Using the mean number of
informative meioses per marker (89), we can estimate that, on average, our data set allows
linkage between two random markers spaced up to 15 cM apart to be detected with a lod
score criterion of 3. Thereby assuming that each of the 2x25=50 end markers on average
cover 15 flanking cMs, the total map length would be about 1425 cM. Furthermore, with
the addition of unlinked markers, it is reasonable that the marker set covers well above
1500 cM. It is hard to deduce what fraction of the genome is thereby covered, principally
because we do not know the total recombinational distance (genetic length) of the equine
genome. Total sex-average distances for other mammalian species range from about 1600
cM (mouse; Davisson and Roderick 1989) to 3500 cM or even higher (human;
Weissenbach et al. 1992). In at least some species the male recombination rate is
considerably less than that in females (Ellegren et al. 1994, Morton 1991), but this might
not be a ubiquitous phenomenon among mammals as suggested by data from cattle and
sheep (Barendse et al. 1997, Crawford et al. 1995). The only clue to the genetic length of
the equine genome comes from the analysis of meiotic chromosomes (Scott and Long
1980). The number of per cell chiasma in late diplotene or diakinesis among stallions was
counted to 54.4 ±1.8 S.E., which is comparable to that found in sheep (Chapman and
Bruere 1977, Long 1978), but higher than that in pig (Burt and Bell 1987), cattle and goat
(Logue 1977). The observed number of chiasma in horse would suggest a total male
genetic distance of 2720 cM (while it would be 2000 - 2500 cM in pig, cattle and goat).

The linkage groups on ECA3, ECA4, and ECA15 contained five in situ mapped
markers, the one on ECA2 had four whereas ECA1, ECA9, ECA10, ECA11, ECA19 and
ECA22 had either two or three physically anchored markers. In most of these cases this
allowed determining the orientation of the linkage group along the respective
chromosomes. Data from chromosomes with more than one physical tag also allowed a
rough analysis of the relationship between genetic and physical distances in the equine
genome. Using the approach described in Ellegren et al. (1994), we analysed this
relationship by measuring the physical distance between the most distant anchored
markers within linkage groups, expressed as the relative proportion of the genome covered
by these markers (measured with a ruler on the karyotype, from the midpoints of in situ
assignments), and compared this with the recombinational distance between these markers.
A minimum length of linkage groups to be considered was set to 20 cM. Six groups
fulfilled these criteria and gave the mean of 0.68 cM/Mb ± 0.05 S.E.

Two new gene assignments were made in this study, phosphoglucomutase (PGM)
to ECA5 and transferrin (TF) to ECA16. Human PGM maps to HSA1p31. According to
Zoo-FISH (Raudsepp et al. 1996), HSA1 corresponds to three different equine
chromosomes, ECA2p, ECA5 and ECA30, but it is not known which parts of the human
chromosome are homologous to each of the three equine chromosomes. Our mapping of
PGM now shows that ECA5 is homologous to at least parts of the p arm of HSA1. Since
the linkage group on ECA5 is not orientated, we cannot deduce in what way the HSA1
conservation is arranged along ECA5. The assignment of the TF locus to ECA16 is in
agreement with Zoo-FISH data since human TF maps to HSA3q21 and HSA3
corresponds to ECA16 and ECA19. The HSA3q21 band is relatively close to the
centromere and given the rather distal location of TF on ECA16, it is possible that the
entire q arm of HSA3 corresponds to ECA16, but is orientated inversely. If so, the HSA3
- ECA19 homology would involve the p arm of HSA3. Of course, internal rearrangements
may occur, but Zoo-FISH data suggest that such events have been rare following the split
of the human and equine lineages (Raudsepp et al. 1996).

With the linkage map presented here, it will now become feasible to make genome
scans for traits of unknown genetic background in the horse. Also, the present map should
provide an important framework for future genome mapping in the horse.

In addition to the linkage map presented in this study, two other linkage maps have
been constructed. In 1995, the First International Equine Gene Mapping Workshop was
held with the goal of constructing a low density male linkage map of the horse genome
and the results from this effort are described in Guérin et al. (1999). More recently, a
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comprehensive low-density horse linkage map based on two, three-generation, full-sibling,
cross-bred reference families has been presented by Swinburne et al. (2000).

All three maps can be viewed at :
Horse Genome Project
http://www.uky.edu/Ag/Horsemap/Maps/index.html

FISH and somatic cell hybrid mapping of a set of horse genes
(Paper III)

Microsatellite markers have been extensively used in the construction of genome maps in
domestic animals, including the cat (Menotti-Raymond et al.1999), dog (Werner et
al.1999), sheep (de Gortari et al.1998), cow (Kappes et al.1997) and also the horse
(Lindgren et al.1998, Guérin et al.1999, Shiue et al.1999, Swinburne et al. 2000).
However, although microsatellites are highly suitable as linkage markers, representing
anonymous DNA segments, they are of limited use for transferring mapping data from
one species to another. For this reason it is advantageous to incorporate Type I coding
genes into maps (O´Brien et al.1993). As coding sequences tend to be well conserved,
through evolutionary time, gene map information can therefore be applied between
different genomes under investigation e.g. between human and other mammalian
genomes. Indeed, comparative mapping has become a most useful tool for identification of
trait genes in domestic animals (e.g. Hasler-Rapacz et al.1998). Recently, a first
comparative gene map of the horse genome was established, mainly based on somatic cell
hybrid data (Caetano et al.1999b).

The fact that detailed map information is only available for a limited number of
horse genes restricts the possibility of candidate approaches in mapping trait loci through
comparative data. To widen the information on the comparative horse map, we present here
map data for 12 novel genes using fluorescence in situ hybridisation and somatic cell
hybrid mapping, and confirm the synteny assignment of a further gene using FISH.

GenBank was searched for horse specific coding genomic DNA or mRNA
sequences. Primers were designed for amplification of 200-500 bp fragments of either
introns, or 5' or 3' untranslated regions of 13 different genes (ANP, CD2, CLU, CRISP3,
CYP17, FGG, IL1RN, IL10, MMP13, PRM1, PTGS2, TNFA and TP53); their full names
and primer sequences are listed in Table 1 in Paper III (Appendix). Two different horse
BAC libraries (Godard et al.1998, L. Skow, unpublished) were screened by PCR for the
presence of clones containing these 13 Type I loci. The screening procedure essentially
followed that described in Godard et al. (1998). First, the BAC library presented by
Godard et al. (1998) was screened by PCR for the 13 horse Type I markers and eight of
which (ANP, CD2, CRISP3, FGG, IL1RN, PRM1, PTGS2 and TNFA) were found to be
represented by at least one clone. The remaining five genes were subsequently screened
for in the BAC library developed at the Texas A & M University (L. Skow, unpublished),
but only one, MMP13 could be identified. Thus, no clone was found for CLU, CYP17,
IL10 or TP53 in either of the two BAC libraries.

FISH signals for individual positive BAC clones were analysed in 10 metaphase
chromosome spreads. All nine BAC clones showed clear hybridisation sites on both
homologues of the corresponding chromosome; the resulting chromosome band
assignments are given in Table 3 and representative images are presented in Figure 1
(Paper II, Appendix). The clones mapped to six different equine chromosomes (ECA2,
ECA5, ECA7, ECA13, ECA15 and ECA20). The physical localisation of CD2 and PTGS2
to ECA5 represents the first genes FISH mapped to this horse chromosome.

The establishment of the UC Davis SCH panel has been described previously
(Shiue et al.1999). DNA from the same 108 horse-mouse heterohybridoma cell lines as
used in previous studies (Caetano et al.1999a, b; Shiue, 1999; Shiue et al. 1999, 2000)
were used in this study. DNA from each cell line was amplified with primers for the four
primer sets that did not yield a positive BAC clone (CLU, CYP17, IL10 and TP53) and
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Table 3. FISH and synteny mapping results for 13 Type I loci in the horse and
comparison with the human-horse zoo-FISH data.
______________________________________________________________________
Locus FISH (F)/ Physical position Physical position Zoo-FISH

Synteny (S) Horse Human Human-Horse
______________________________________________________________________
ANP F 2p14prox-p13 1p36 2p, 5, 30
CD2 F 5q11 1p13 2p, 5, 30
CLU S 2 8p21-p12 9
CRISP3 F 20q22 6 10q, 20
CYP17S* 1p 10q24.3 1p, 29
FGG F 2q14.3-q21.1 4q28 2q, 3q
IL1RN F 15q13dist-q14prox 2q14.2 1q, 15, 18
IL10 S 5 1q31-q32 2p, 5, 30
MMP13 F* 7p15 11q22.3 7
PRM1 F 13q14-q15prox 16p13.3 3p, 13q
PTGS2 F 5p15 1q25.2-q25.3 2p, 5, 30
TNFA F 20q16dist-q21.1 6p21.3 10q, 20
TP53 S 11 17p13.1 11
______________________________________________________________________
F: Loci FISH mapped using clones found in a BAC library developed in France (Godard et al. 1998). F*:
Loci FISH mapped using clones found in a horse BAC library developed in Texas (L. Skow,
unpublished). S: Loci mapped by somatic cell hybrid analysis (Shiue et al. 1999) and for which no clones
were found in either of the two BAC libraries. S*: Loci mapped by Y-L Shiue (1999).

the product was scored for presence or absence of horse-specific fragments after
electrophoresis. Correlation coefficients were calculated between all of the markers in the
UC Davis SCH panel database and each of the loci studied. A correlation value greater or
equal to 0.70 was accepted as evidence for synteny between two markers (Chevalet and
Corpet 1986). The synteny assignments of IL10, CLU and TP53 are based on significant
correlation values with reference markers from Caetano et al. (1999b). The synteny
assignment of CYP17 is based on significant correlation values with markers linked to
H27A1, that have been FISH mapped to ECA1p16-p15 (K. Mathiasson, personal
communication).

Although the overall relationships between horse and human chromosomes have
been delineated by comparative chromosome painting (Zoo-FISH; Raudsepp et al. 1996)
and as many as 140 genes have been mapped by somatic cell hybrid analysis (Caetano et
al. 1999b, Shiue et al. 2000), the addition of Type I loci to the physical or genetic horse
map is still valuable for deriving more detailed information on how the horse genome
relates to that of other mammals. For this reason we compared all new gene assignments
with existing human-horse Zoo-FISH data, some of which justify further comment.

The entire ECA15 shares homology with HSA2. The assignment of IL1RN to
ECA15q13dist-q14prox represents the fourth gene positioned by FISH to ECA15,
permitting analysis of gene order conservation between ECA15 and HSA2 (Figure 7).
Apparently, an inversion must have occurred in one lineage since the gene order is IL1RN-
LCT-CAD-ODC1 in the horse and LCT-IL1RN-CAD-ODC1 in human. This kind of
chromosomal rearrangement within conserved segments has been seen in comparisons of
human and other domestic animals, for example the pig (Johansson et al. 1995).

The FISH mapping of CD2 and PTGS2 to ECA5q11 and ECA5p15, respectively,
represent the first genes mapped by in situ hybridisation to this horse chromosome. Four
other equine type I genes have previously been mapped to ECA5 by somatic cell hybrid
mapping (Caetano et al. 1999b) and an additional gene (PGM) has been assigned to the
same chromosome by linkage analysis (Lindgren et al. 1998). In man, both CD2 and
PTGS2 map to HSA1 and their relative location on the chromosome resembles that in the
horse, except that the chromosome arms are reversed. CD2 is located in a proximal
position (HSA1p13, ECA5q11) in both species whereas PTGS2 is found towards the
middle of the other chromosome arm (HSA1q25.2-q25.3, ECA5p15). The assignment of
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CD2 also shows that there is a chromosomal breakpoint on the p-arm of HSA1, as ANP
on HSA1p36 maps to ECA2.

One new gene assignment was not in agreement with Zoo-FISH data. CLU was
localized to ECA2 by somatic cell hybrid mapping, however CLU maps to HSA8p21-p12
in man and HSA8 is homologous to ECA9 according to Zoo-FISH data. Whether a small
region of HSA8 is actually conserved with a region on ECA2 will need to be defined by
further comparative mapping of loci from HSA8 in the horse.

The results presented in this study highlight the need for well-defined and
characterised relationships between the human and horse genomes. Comparative maps of
greater resolution may lead to a more efficient identification of trait genes, by using
comparative candidate strategies,  in the future.

Figure 7. ECA15 and HSA2. An inversion have occurred in either lineage.
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Physical anchorage and orientation of equine linkage groups
(Paper IV)

To combine previously generated  linkage data in the horse (Lindgren et al. 1998, Guérin
et al. 1999, Swinburne et al. 2000) with physical map data, we screened a horse BAC
library (Godard et al. 1998), with a set of microsatellite markers derived from presently
unassigned linkage groups, or in one case an unassigned marker. Three markers were also
selected for the purpose of orienting anchored linkage groups with respect to the
chromosomes. BAC clones were subsequently used as probes in dual colour FISH to
identify their precise chromosomal origin.

A horse BAC library was screened by PCR for the presence of 19 different
microsatellite markers; AHT7, AHT20, ASB38, EB2E8, HMS5, HMS25, HMS45, LEX005,
LEX014, LEX015, LEX023, LEX029, LEX038, LEX044, TKY111, UCDEQ14,
UCDEQ425, UCDEQ464 and VIASH21. The screening procedure essentially followed
that described in Godard et al. (1998). The primer pairs were used to amplify DNA from
the 17 super-pools of the library and then from the corresponding 44 plate/row/column
pools. Positive clones could be identified for eleven out of the 19 microsatellites (Table 1,
Paper IV, Appendix).

Chromosomal band location of the BAC clones representing the 11 loci was made
by dual colour FISH analysis. The chromosomal location of each clone was made by
reference to latest standardised karyotype of the horse (ISCNH 1997). The resulting
chromosome band assignments are given in Table 1 (Paper IV, Appendix).

The 11 microsatellites were from eight different linkage groups, except for one that
was an unlinked marker. Most of these linkage groups were believed to map to the
telocentric chromosomes, based on somatic cell hybrid analysis (Shiue et al. 1999). The
eight groups and the single unlinked marker were assigned to nine horse chromosomes;
for four of them (ECA6, ECA25, ECA27 and ECA28), these were their first in situ
anchored markers.

The microsatellite AHT20 was FISH mapped to ECA21q14-q15. This assignment
makes it possible to orientate the linkage group TKY21-SGCV14-SGCV16-AHT20-
HTG10-LEX060-COR068-COR073-LEX031-LEX037 along the chromosome as both
SGCV14 and SGCV16 had previously been FISH mapped to ECA21q13. The orientation
is thus centromere-TKY21-SGCV14-SGCV16-AHT20-HTG10-LEX060-COR068-
COR073-LEX031-LEX037-telomere. A further two microsatellites, LEX044 and EB2E8,
were FISH mapped to ECA26q13-q15 and ECA26q15, respectively. A17 has previously
been FISH mapped to 26q13-q14. This allows the orientation of the linkage group
COR071-LEX044-A17-EB2E8-UM005 with COR071 proximal to the centromere.

ECA27 was tagged for the first time with in situ hybridisation data; LEX005 and
HMS45 included in the linkage group COR031-UCDEQ5-ASB38-COR040-HMS45-
LEX005-COR017 both map to ECA27q16 – the orientation thus remains to be
determined. Two more equine chromosomes, ECA6 and ECA25, were also targeted with
in situ hybridisation data for the first time and enabled anchoring of linkage groups
COR010-LEX065-UM015-TKY111-TKY28 to ECA6 and NVHEQ43-AHT7-
UCDEQ405-COR018-TXN-UCDEQ464 to ECA25, through the mapping of TKY111
and UCDEQ464, respectively. ECA 28 was mapped with a single microsatellite marker,
UCDEQ425, not included in any linkage group, however it is the first FISH mapped
microsatellite marker to that particular chromosome. For five (EB2E8, LEX014, LEX023,
LEX044 and UCDEQ464) of the markers used in this study somatic cell hybrid data
(Shiue et al. 1999) were available and the FISH locations made here were all in agreement
with those. Several of the assigned chromosomes still have only one physically mapped
marker that anchors their linkage group and the development of additional physically
mapped markers on these linkage groups will therefore be important. Further, it will also
be of great interest to physically map the two markers situated at the ends of each linkage
group to estimate the coverage of each chromosomes by the linkage groups.
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Low genetic variability on the Y chromosome of domestic horses
(Paper V)

The application of genetic markers, e.g. single nucleotide polymorphisms (SNPs) or
microsatellites, from the Y chromosome has recently proven most useful for the study of
population or evolutionary processes. Importantly, by tracking the genetic history of
patrilines studies of Y chromosome polymorphisms can complement analyses based on
mitochondrial DNA (mtDNA), which reflects matrilinear inheritance, or autosomal
markers. Certainly, the application of Y chromosome markers would be useful for studies
of horse domestication, relationships between breeds and the genetic composition of
individual breeds. As no polymorphic markers are yet available for the equine Y
chromosome we report here the results from a large-scale screen for Y-linked SNPs
among domestic horses.

An equine bacterial artificial chromosome (BAC) library (L. Skow, unpublished)
was screened by PCR for the presence of clones containing the zink finger protein Y
(ZFY) gene. The primers used were designed to amplify a fragment from within one of the
exons for the ZFY gene; these primers were designed such that they would not amplify the
homologous gene on the X chromosome, ZFX. The BAC clone was subsequently
subcloned and sequenced, and PCR primers for 13 different 300-1000 bp fragments of
anonymous sequence, avoiding known equine repetitive elements within primer sequences,
were designed. Two further Y chromosome-specific markers were developed for the
SMCY gene where primers were based on conserved sequence identified from alignment
of the Y-linked SMCY gene of human and mouse. The two markers were flanking intron 3
and 7, respectively. Again, primers were designed such that they should not amplify from
the homologous SMCX gene. All primer pairs proved to be Y chromosome-specific as
judged from their subsequent successful amplification of male but not female horse
genomic DNA. The 15 Y chromosome fragments were screened for SNPs by DNA
sequencing of PCR products obtained from amplification of unrelated male domestic
horses of several different breeds, plus one male of the Przewalski’s horse. The DNA
samples screened from the male domestic horses consisted of a set of 23 individuals from
twelve different breeds. These horses included Arab (2 individuals), Akhal Teké (2),
Ardenne (2), Connemara pony (2), Exmoor pony (2), Fjord (2), Gotland pony (2),
Icelandic horse (2), Shetland pony (2), Standardbred (1), North-Swedish horse (2), and
Thoroughbred (2). Twelve or 24 individuals were generally screened for each fragment
(Table 1, Paper V, Appendix) and the total length of Y chromosome sequence scanned in
this way was 6014 bp. For about half of the fragments overlapping sequence was obtained
from both ends (Table 1, Paper V, Appendix), while sequencing was successful only in
one direction for the remainder. For one fragment, ZFY43A, we also used DHPLC to
screen for variability, in this case on a total of 48 individuals.

Only segregating site (K) was identified, in the ZFY55B fragment. This was in the
form of a rare allele present in a single individual, the Przewalski’s horse. The
polymorphism concerned an A↔G transition at a potential CpG site, confirmed by several
independent amplifications and sequencing reactions (Figure 8). The failure to
demonstrate genetic variability in about 6 kb of Y chromosome sequence of domestic
horses clearly points to low levels of polymorphism on this chromosome. However, it is
not likely that low Y chromosome variability of domestic horses reflects an overall low
level of polymorphism in the genome. For instance, screening for genetic variability in
introns and untranscribed regions of equine genes using single strand conformation
polymorphism (SSCP) analysis, clearly a less sensitive method compared to DNA
sequencing, we found 3 polymorphisms in about 6 kb of autosomal sequence; only eight
horses of two different breeds were screened in that case (Lindgren et al. 1998, 2001a).
Moreover, a recent screening for SNPs in 26 kb of autosomal sequence among
Thoroughbreds revealed one polymorphic site every 1500 bp (M.B., unpublished) Finally,
data from both autosomal microsatellites (Ellegren et al. 1992b) and mtDNA (Marklund et
al. 1995) suggest high levels of genetic variability in the domestic horse.
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Figure 8. DNA sequence chromatograms showing the identified A↔G SNP at the equine
ZFY55B locis. Top: sequence from the domestic horse. Below: sequence from the
Przewalski’s horse.

Assuming that the overall levels of genetic variability in the domestic horse is not
unusually low (cf. above), variability on Y may yet  be lower than expected if there is a
strong sex-bias in breeding. Specifically, if the number of stallions contributing to the
gene pool is significantly lower than that of mares, variability on Y should be lowered
compared to the rest of the genome. We believe this could be a plausible scenario and
indeed it gains some support from previous genetic studies. Horse breeding has
traditionally taken place, and still does, by selecting stallions and letting them cover many
mares each (Levine 1999). Under such a breeding scheme the number of patrilines
remaining in the population would be significantly less than the number of matrilines. Vilá
et al. (2001) found a clear difference in the genetic structure among horse breeds revealed
by mtDNA and autosomal microsatellite data. While mtDNA haplotypes are widely
distributed among breeds with no clear genetic structure, microsatellite data reveal distinct
differentiation between breeds. This can be explained by that maternal gene flow between
breeds exceeds paternal gene flow and/or that the male effective population size is less
than female effective population size.

However, a male of the Przewalski’s horse, a wild horse with unclear taxonomic
status, was found to differ at one nucleotide position compared to domestic horses. In the
absence of knowledge of the ancestral state of this polymorphism, through information
from an outgroup species, we cannot say which lineage represents the derived state.
Nevertheless, the distinction between patrilines of Przewalski’s and domestic horses
points at the former representing a taxon genetically different from the domestic horse and
its ancestors. This contrasts with recent data based on analyses of mtDNA.

In conclusion, we have made the first large-scale survey of genetic variability on
the Y chromosome of the domestic horse. The observation of complete monomorphism in
about 6 kb sequence among 12-24 male horses of many different breeds indicates that
levels of genetic variability on domestic horse Y chromosome is low. One possible
interpretation of this is that the number of males contributing to the gene pool of domestic
horses has been low, reducing the number of surviving patrilines. The identification of a
variable site in a single male Przewalski’s horse suggests that the evolutionary lineage
leading to the Przewalski’s horse is either ancestral to domestic horses or represents a
more recent branch separated from domestic horses or their wild ancestors.
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Future Prospects

There are several important tasks to fulfil in the field of horse genome mapping in the
future. Firstly, the existing genetic and physical maps should be integrated. The
availability of equine BAC libraries (Godard et al. 1998 and L. Skow, unpublished) will
allow identification of large-insert clones containing genetically mapped markers, and the
subsequent physical mapping of such clones with FISH. Secondly, gaps in the present
map should be filled with markers. Moreover, it is of interest to develope certain
chromosome regions with particular high marker density for cloning of genes in the
region. Monochromosomal somatic cell hybrids, flow-sorted chromosomes (using FACS)
or microdissected chromosome fragments provide sources for the identification of
markers (e.g. microsatellites), from specific regions of the genome. The goal will be to
extend the present linkage maps to reach a nearly complete genome coverage. During the
last three years, three genetic linkage maps have been developed over the equine genome
(Lindgren et al. 1998, Guérin et al. 1999, Swinburne et al. 2000). It is likely that this goal
could be reached in the near future by merging linkage data from different maps to
produce a consensus linkage map through strong international collaborative effort by the
Equine Gene Mapping Workshop.

The present linkage maps opens the way to perform genome scans for
identification of phenotypically important genes in the horse. However, the density of
markers will probably be too low for positional cloning of a specific gene of interest. One
alternative is the use of a comparative positional approach, for which a comparative gene
map is needed (Murray and Bowling 2000). With a well developed comparative map it
would be possible to transfer mapping data from one species to another as coding
sequences tend to be evolutionarily well conserved. The point here is to transfer mapping
data from the well developed human and mouse genome maps to the less developed maps
of e.g. the domestic animals. Raudsepp et al. (1996) presented conserved chromosomal
segments in horse and man using Zoo-FISH. This work determines the gross degree of
chromosome conservation between the horse and the human genome. However, a more
fine-tuned comparative gene map is needed for positional candidate cloning of genes of
interest. Only a few genes have been put on the horse linkage map because the limited
amount of polymorphism found in such loci. The initial comparative gene maps are often
based on synteny maps that do not give information on gene order (Murray and Bowling
2000). Caetano et al. (1999c) presented a comparative gene map of the horse consisting of
127 loci, mainly based on somatic cell hybrid mapping. The use of cDNA fragments,
termed expressed sequence tags (ESTs), from cDNA libraries as markers in genome
mapping is believed to be an effective approach to increase the number of mapped genes
in the horse. ESTs provide good markers for use in radiation hybrid mapping as there is
no need for polymorphism. Radiation hybrid mapping will probably be an important tool
to rapidly increase the information of the horse comparative gene map in the future.

As most biologically important traits, as well as many diseases, often show a
polygenic inheritance, the identification of genes which regulate quantitative traits  will be
essential for our basic understanding of the relationship between genotype and phenotype.
Further, the mapping and identification of quantitative trait loci (QTL), as well as
qualitative traits, in domestic animals are valuable for animal breeders. At present, DNA
tests based on flanking markers for QTLs are used in animal breeding programmes for
reproductive traits in pigs (Rothschild et al. 1997) and for milkproduction in cattle (Riquet
et al. 1999). Hence, it is possible that the identification of QTLs (e.g. QTLs underlying
certain diseases or QTLs important for reproduction) will also prove to be important in
horse breeding in the future.

The more we learn, the more there is to explore...
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