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INTRODUCTION 
Horses were domesticated approximately 3500 AC most probably in the steppes of the 
Moldavo-Ukrainian Eurasian area. Although the exact origins of the domestic horse are 
unclear, it seems accepted that domestication occurred on the wild types like the extinct Tarpan 
or the still living Przewalski horses. A comparison between the morphology of such horses and 
those of the present warm-blooded horses discloses the evolution imposed by human beings 
during centuries of selection. Nowadays, great differences are still observable between breeds 
according to their origins and utilisation. The evolution of selection practices is quite 
remarkable. Empirical knowledge of breeders was progressively replaced by a more systematic 
evaluation system of notation such as conformation and gait trials, and more recently by a 
scientific quantitative genetic approach based on earnings, timing and ranking. An additional 
step is being introduced with the inclusion of early criteria estimated on the phenotype and 
hopefully on the genotype. In fact, recent developments in molecular tools have given access to 
DNA information and thus directly to the genotype assuming that the genes acting on the traits 
are known. Thus, it is already possible to use molecular diagnostic tests to detect animals that 
possess favourable genes not observable on the phenotype. This new approach is currently 
being developed to be applicable to a greater number of characters.  
 
Quantitative genetics methods have proven their efficiency in the genetic progress of different 
species of farm animals. They are based on the hypothesis that characters are defined by a large 
number of genes, each having a small effect. Each gene presumably has two alleles, one 
favourable and one unfavourable allele, and animals with the best performances are those 
having the best favourable set of combinations. But all traits are not dependent on a large 
number of genes and some characters are defined either by a single gene or several genes 
among which a few have a major effect (major genes).  
The astonishing progress of molecular biology applied to deciphering the genome has opened 
new perspectives in the management of populations by identifying alleles of genes involved in 
the characters. In recent years, large molecular genetics investments applied to farm animals 
were successful since several alleles at major genes, or closely linked markers, were identified 
and were made available to speed up selection (table 1). 
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Table 1. A selection of production traits influenced by molecular markers 
 

Species Trait Marker Reference 
Bovine Horn development Microsatellite Georges et al., 1993 
Bovine Skeletal-muscle 

hyperplasia 
Myostatin gene Grobet et al., 1997 

Ovine Prolificacy Booroola gene Mulsant et al., 2001 
Ovine Prolificacy Inverdale gene Galloway et al., 2000 
Ovine Muscular hypertrophy Callipyge gene Charlier et al., 2001 

Porcine Meat quality and 
processing yield 

RN gene Milan et al., 2000 

Caprine Intersexuality and 
polledness 

PIS deletion Pailhoux et al., 2001 

Caprine Milk quality Casein gene Brignon et al., 1990 
 
Genetic counselling refers to providing breeders with genotypes of animals at specific genes 
influencing traits of interest to promote breeding management. But this counselling needs 
previous identification of genes, or linked markers, that play a role in trait determination. The 
search for genes is achieved by applying a number of molecular and statistical techniques 
directly used on, or adapted from, animal models such as mice or humans. In this paper, we 
will review the strategies applied to detect associations between molecular markers and traits 
and show how these markers should play a growing role in breeding programs. 
 
THE STRATEGIES 
Research strategies should be adapted to the various situations of trait genetic determinism. 
Quantitative traits are affected by a large number of elements that are usually divided into 
genetic and residual (mainly environmental) components. While the notion of gradient would 
most probably be more adapted to describing the numerous ways traits are genetically 
determined, Mendelian traits are usually distinguished from those dependent on major genes 
and those influenced by quantitative loci. The object of this paper is not to review all of them 
since they range from genotyping a limited number of individuals on a few markers to 
analysing large populations on a number of markers covering the whole genome. Accordingly, 
statistics have been developed to cope with these multiple situations.  
 
Basically, two main molecular strategies have been developed to identify genes of interest. 
Positional cloning consists in the localisation of a gene with polymorphic anonymous markers, 
usually microsatellites, in families with a segregating trait or in specifically designed 
populations. The polymorphic markers must have previously been located relatively to each 
other on genetic maps to cover the entire genome. The second approach uses candidate genes, 
that is genes usually described in other species with a known function related to the trait under 
study. In fact, experience shows that, in the end, both strategies are used in positional candidate 
cloning where the trait is first localised in a chromosomal region within which candidate genes 
are searched. Mapping of markers is based on different methodologies such as genetic mapping 
with microsatellites, cytogenetic mapping with direct localisation on chromosomes, synteny 
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mapping per chromosome, radiation hybrids for a more accurate positioning and finally 
physical mapping, a possible prerequisite to genome sequencing. All mapping information is 
usually gathered together to construct a single integrated map. 
 
In parallel, the mode of inheritance of traits is evaluated and samples of blood or hair are 
collected for DNA analysis. Then, statistical methods are applied to study the associations 
between the markers and the trait. Once the markers defining the trait are identified, reliable 
molecular diagnostic tests have to be developed to detect the defective or improved alleles. 
 
THE MOLECULAR TOOLS 
Both strategies described above need a large number of molecular tools, except if a single 
candidate gene is identified and proved to be entirely responsible for the trait. In other cases, 
markers have to be developed such as the anonymous highly polymorphic microsatellites, the 
less polymorphic but more frequent SNPs (Single Nucleotide Polymorphism) and the identified 
genes allowing a constructive comparison between map-dense species and agronomic species. 
They are used to build different maps : genetic maps with markers localised relative to each 
other, genomic maps where markers are aligned along chromosomes or subsets of 
chromosomes and physical maps in which large fragments are ordered along the genome. 
Homologous markers localised on maps from different species allows their comparison and is 
referred to as comparative mapping. Since 1995, these different maps have been under 
construction in the horse in a collaborative international effort and are available online 
(http://locus.jouy.inra.fr ; http://www.thearkdb.org). 
 
TRAITS PRESENTLY AVAILABLE FOR GENETIC COUNSELLING IN THE 
HORSE 
The first genes of interest in the horse were recently identified and concern a trait for which a 
single gene is involved. Up to now, most reports have used the candidate gene strategy, even if 
confirmed with linked markers, but recently a coloration gene was localised (but has not yet 
been identified) with a positional cloning approach, confirming the feasibility of this approach 
in this species. 
Traits for which a gene was identified in the horse are two diseases (Hyperkalaemic periodic 
paralysis (HYPP), Severe Combined Immunodeficiency (SCID)), one pleiotropic trait (Overo 
Lethal White Syndrome (OLWS)) and two coat colours (chestnut and black). Other coat 
colours (Tobiano, Roan, Cream and Grey) can be defined by linked markers.  
Hyperkalaemic periodic paralysis is characterised by potassium-induced episodes of skeletal 
muscle paralysis mostly observed in the Quarter Horse population. Clinical, genetic and 
electrophysiological similarities between the human and the horse diseases suggest that they 
could represent homologous disorders controlled by the same gene identified in humans as 
HYPP. A PCR-based polymorphism discovered in the sodium channel alpha subunit was found 
to be linked to the disease in a large horse family (Rudolph et al., 1992a). This hypothesis was 
confirmed by the identification of a C/G substitution on the cDNA inducing a Leu/Phe change 
in the fourth transmembrane domain of the protein. (Rudolph et al., 1992b). Initially described 
as a dominant disease, it is now considered as codominant (Naylor et al., 1999). This is the first 
successful linkage analysis and subsequent identification of a mutation in a gene of disease in 
the horse based on the candidate gene strategy.  
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Severe Combined Immunodeficiency Disease (SCID), present in the pure and part-bred Arab 
horses, is the second main disease with an identified gene. The affected animals have a 
defective recombination process in immunoglobulin chain formation resulting in the complete 
blockage of B and T cell lymphopoiesis. Described in 1973 (McGuire and Poppie, 1973), the 
disease was localised by genome screening with 23 microsatellites, of which two were found to 
be closely linked and one in linkage disequilibrium (Bailey et al., 1997). In the same report, the 
authors localised a candidate gene, the DNA protein kinase catalytic subunit (DNA-PK) in a 
synteny group containing the two linked microsatellites, and finally FISH-mapped the gene on 
ECA9p12. At the same time, the causal mutation was identified in the DNA-PK gene by RT-
PCR in two fibroblast cell lines derived from a normal and an SCID foal. A deletion of five 
nucleotides in the sequence induces a frameshift that truncates the protein by 967 aminoacids 
(Shin et al., 1997) resulting in its functional inactivation. 
Overo is a pattern of white-spotted coat colour in horses that can be divided into subtypes 
including frame, calico and splashed white (Bowling, 1996). The mode of inheritance is in 
favour of overo horses being heterozygotes for a dominant allele. Strong candidate genes can 
be found among those affecting melanocyte development and migration in other species. 
Besides, the Overo lethal white syndrome (OLWS) occurs in totally, or almost totally, white 
offspring from overo parents. These foals are affected with intestinal aganglionosis, cannot 
move ingesta, and thus die rapidly. Interestingly, such clinical features also occur in the 
Hirschsprung disease in humans and similar disorders in mice and rats also affect coat colour. 
In these species, the endothelin receptor beta gene (EDNRB) was found to be responsible for 
these affectations. Sequencing of the EDNRB horse cDNA revealed a two base pair substitution 
TC/AG changing an Ile for a Lys in position 118 of the protein. All parents of OLWS foals 
were heterozygous for the mutant allele and all but one had an overo phenotype (Metallinos et 
al., 1998 ; Santschi et al., 1998). This is a typical example of a gene with a pleiotropic effect.  
Coat colour has played a major role in domestic animal selection and is in some cases the only 
criterion to belonging to a breed. Observation of the phenotypes and their segregation in 
different species gave rise to genetic hypotheses summarised, for horses, in allelic formulas for 
all the presumed coat colour genes (Bowling, 1996 ; Sponenberg, 1996). Setting apart the 
white patterns, bay, chestnut and black are the three basic colours from which all other horse 
colours derive. The two colours for which a mutation in a gene was observed are chestnut and 
black ; both studies used the candidate gene strategy and marker association. The first gene 
identified at the Extension locus, was that of chestnut. A PCR-based polymorphism of the 
melanocyte-stimulating hormone receptor (MC1R) gene associated with the chestnut colour 
(Johansson et al., 1994) was confirmed by the identification of a missense mutation C248T 
(Ser83Phe) in the sequence of its single exon (Marklund et al., 1996). All chestnut horses are 
homozygous for this mutation which is in accordance with the recessive status of this 
phenotype. Basically using the same candidate gene strategy, polymorphism was sought in and 
around the Agouti gene supposed to be involved in the black colour in mice. Among different 
point mutations (SNPs), a deletion of five nucleotides in the second exon of the gene inducing 
a frameshift was found to be completely associated, in its homozygous state, with the black 
colour (Rieder et al., 2001). Interestingly, the MC1R gene (Extension) is epistatic to Agouti as 
observed in double recessive homozygous animals which are chestnut and not black (table 2). 
These disease and coat colour genes are now detected with specific molecular tests. 
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Table 2. Coat colours and genotypes at the Extension and Agouti locus 
 

Coat colour Agouti genotypes Extension genotypes 
Bay A/A E/E 
Bay with chestnut allele A/A E/e 
Chestnut A/A e/e 
Bay with black allele A/a E/E 
Bay with chestnut and black alleles A/a E/e 
Chestnut with black allele A/a e/e 
Black a/a E/E 
Black with chestnut allele a/a E/e 
Chestnut with a black genotype 
(epistasy, e/e over a/a) 

a/a e/e 

 
TRAITS DETECTED WITH LINKED MARKERS 
In addition to situations in which the causal mutation is identified, there are traits that, for the 
moment, can only be indirectly detected with linked markers. The presence of an advantageous 
or deleterious allele is thus estimated with a probability due to the distance between the 
markers and the trait locus. The closer the markers, the lower the error of diagnosis. A 
favourable situation is represented by closely linked markers on both sides of the locus of 
interest to reduce haplotype dissociation due to recombination rates. In the horse, alleles at 
three coat colour genes have been estimated with linked markers and a fourth one is about to be 
published.  
Tobiano is one of the four groups of patterns consisting of irregular, asymmetric patches of 
white spotting on the body mainly in the horse groups named paint or pinto. The Tobiano 
pattern is caused by the tobiano allele, which is dominant to its absence. The first linkage 
between markers and Tobiano was described in 1978 (Trommershausen-Smith, 1978). 
Interestingly, a whole linkage group including three protein markers, detected by 
electrophoresis and three coat colour loci (Extension, Tobiano and Roan) was further described 
(Andersson and Sandberg, 1982 ; Sponenberg et al., 1984 ; Bowling, 1987). The albumin locus 
was also found in partial linkage disequilibrium with the Tobiano locus which increases the 
probability to detect the Tobiano allele at the population level but the most useful test is to 
genotype the sire/dam/offspring family on Albumin and the Gc protein to check the foal's 
homozygosity for Tobiano.  
Roan is an additional locus in this group. Roan horses have white hairs intermingled with hairs 
of basic colours and, contrarily to grey, this pattern is present at birth and does not evolve with 
age. It is dominant and is assumed to be lethal in homozygous animals. Comparative mapping 
and functional homologies with other species and genetic analysis indicate that the linkage 
group includes the KIT and the PDGFRA genes and suggests that the KIT gene could be 
involved in the Roan colour. Molecular analysis of the KIT gene has revealed a number of 
polymorphisms including point mutations, splice mRNA variants and insertion of a LINE1 
element leading to a frameshift mutation (Marklund et al., 1999). Unfortunately, none of these 
alterations could be specifically associated to the Roan phenotype which, in addition, may be 
heterogeneous.  
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Cream colour is thought to be due to a dilution gene located on chromosome 21 by genome 
scanning with a reduced set of microsatellites (Locke et al., 2001). This gene dilutes all basic 
colours, chestnut to palomino, bay to perlino, but has no or very little effect on black. A 
candidate gene displaying a similar phenotype in the mouse has been proposed and is under 
investigation in the horse to identify the causal mutation.  
Grey gene allowing for greying with age was also localised by linkage with microsatellites on 
chromosome 25 (Rieder St., Penedo C., Binns M., personal communication). Comparative 
mapping and enrichment of markers in this region will certainly identify the grey gene and its 
causal mutation in the near future.  
 
DISCUSSION AND CONCLUSION  
Genetic counselling is not really a new concept but its impact on breeding management may 
dramatically increase due to the huge quantity of molecular data currently made available. In 
humans, the main interest for mapping and sequencing is the identification of disease genes. 
There are 9938 established gene loci (02/03/05) indexed in the Online Mendelian Inheritance 
in Man database (OMIM, http://www3.ncbi.nlm.nih.gov/omim/) and some important genetic 
diseases are routinely detected by molecular tests. In dogs, 370 genetic disorders have been 
identified and 203 of these have a mode of inheritance known with reasonable certainty 
(Patterson, 2000).  
In the horse, Mendelian traits with an accurate definition of the phenotype were first detected 
and analysed at the molecular level because they were easier to study. The first horse disease 
and coat colour molecular tests are already on the market in several dedicated laboratories and 
it is assumed that the rapidly expanding genomic data will facilitate the identification of genes 
involved in more complex traits. Nevertheless, the process is very long and needs full support 
and collaboration of the horse community, especially those involved in phenotypic data 
collection. If the tools for primo-localisation of simple traits are available, those for QTL 
mapping still have to be developed by increasing the number of polymorphic (microsatellites 
and SNPs) and gene or expressed sequence tag (ESTs) markers.  
Two main issues, the high throughput typing of markers and the collection of reliable 
phenotypic data, have to be addressed. On the one hand, one can rely on the rapidly evolving 
equipment technology and a foreseeable move towards the more easy typing of SNP markers, 
the use of transcriptome and proteome screening. On the other hand, the collection of reliable 
phenotypic data is very much time-consuming and thus has to be rapidly anticipated and 
carried out.  
Once markers that are directly associated to traits or not will be available, genotyping of 
animals will have to be performed with both reliable and sensitive laboratory procedures to 
generate accurate data. Interpretation of test results may be complex and should be performed 
by approved laboratories and transferred to specialists (scientists, veterinarians, …) who will 
serve as genetic counsellors. If molecular genetic data prove to be influencing performance 
traits, one can imagine that they will be included in largely available indexes, for example on 
the internet. For some relatively simple traits such as coat colour, it is conceivable to imagine 
that the phenotype of a foal could be predicted online for predetermined crossings. In other 
cases, counselling will be provided in terms of the risk factor or as an indicator of the 
positioning of an animal in the population. In a reasonably close future, one can expect that the 
knowledge of individual molecular data will benefit the whole population, helping to produce 
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healthier horses that are better adapted to the breeder's and consumer's demand, provided that 
management objectives and policies are clearly defined. 
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