The oldest breeds of horse
In recent years there have been a substantial number of studies of the genetic diversity of equine breeds using pedigree, molecular or a combination of both data sources. The effectiveness of the use of both data types in the understanding and management of rare breeds have been investigated using both theoretical modelling (Fernandez et al., 2005) and studies of closed studbooks (Cunningham, 2005, Luis et al., 2007b).

The Cleveland Bay horse is an extremely old British breed which has its origins in the Cleveland Hills of Northern England. The first studbook was published in 1885, and this contains retrospective pedigrees of animals dating back to 1732. This provides us with a closed non-thoroughbred studbook dating back almost 300 years and for 38 generations from the present day. In addition the breed Society now has a mandatory policy of microsatellite based parentage testing at time of registration. Unrestricted access to the microsatellite test data as well as the stud book records provides a rare opportunity to evaluate both methods of assessing genetic diversity in the breed and in turn to provide comprehensive advice to breeders regarding best conservation practice for this endangered breed.

The breed belongs to the group of horses known as warm blooded, that are a product of a cross of hot-blooded Oriental / Barb /Turkish or Mediterranean stock on the cold-blooded Northern European heavy draught horse. Itis reputed to have evolved in the matriline from the now extinct Chapman horse, which early records show were being bred on the monastic estates of the region well before the dissolution of the monasteries in the mid 16th century (Dent, 1978).

Although stated as being "free of blood" in the first three volumes of the studbook, early research into the founders of the breed recognised the contribution on the male side by some notable thoroughbred stallions that were standing at stud or travelling in the region in the late 18th and early 19th Centuries.(Scarth-Dixon, 1929).

Over the years the breed has been used extensively as both a work horse and a riding horse, and has been crossed with other breeds to produce carriage horses. Indeed at one time there was a separate breed society with its own studbook - The Yorkshire Coach Horse Society - for such animals. It is reputed that in the United States one Buffallo Bill used Cleveland Bay horses in his "Wild West Show". Such has been the desirability of the pure Cleveland Bay for contributing "substance and bone" when crossed with other equine breeds that they have been exported globally. In addition to North America the breed has been exported to Australasia, Pakistan and Japan, where to this day a Cleveland Bay stallion stands at the Imperial stud.

The fashion for such effective cross-bred horses is one factor that brought the pure bred Cleveland Bay horse to the edge of extinction The population decreased in size dramatically and the breed became highly endangered after the Great War of 1914 -1918 when large numbers of Cleveland Bay horses were used to haul artillery on the battlefields of Northern Europe. The popularity of the breed continued to decline in the 1920's and 30's as the increasing use of motorised transport reduced the need for carriage horses and post World War II as tractors brought mechanisation to farming.

In an attempt to improve the diversity of the home based breeding population, the stallion Farnley Exchange was brought back from the United States of America in 1945 to stand at stud. By the early 1960's there were only four stallions of breeding age left in existence and the breed is known to have gone through a genetic bottleneck at this time.

In the 1960's HM the Queen purchased the stallion Mulgrave Supreme, thus preventing his export, and stood him at public stud, both to promote and help conserve the genetic diversity of the breed in the United Kingdom. Since that time the breed has seen a moderate recovery in numbers, partly because of patronage of the breed society by HM the Queen and the use of Cleveland Bay horses at the Royal Mews.

By the late 1990's between 35 and 50 pure bred animals were being registered annually by the Cleveland Bay Horse Society, whose studbook now includes animals being bred both in the United Kingdom, Europe, North America and Australasia.

The breed is one of only three equines listed as "Critical" by the UK Rare Breeds Survival Trust, indicating that the population has less than 300 breeding females.

Earlier investigation of the CBHS Studbook records (Emmerson, 1984) indicated there were eight female ancestry lines existing within the breed.

A more recent study (Walling, 1994) restricted to animals entered in the CBHS studbook between 1934 and 1995, highlighted the limited genetic diversity in the breed and the increasing levels of inbreeding. It was recognised that further in depth analysis of the status of the breed would be needed in order to aide any breed management plan.

The aim of this investigation is to carry out a comparative analysis of the genetic diversity in the Cleveland Bay Horse population using both genealogical and molecular methods and to provide information which will support a global breed conservation strategy for the Cleveland Bay Horse Society
Materials and Methods
1. Data acquisition
The Cleveland Bay Horse Society published its first studbook in 1884. Volume One contained retrospective pedigrees of 567 stallions foaled prior to January 1880.The Society has maintained its studbook since that time, now comprising 37 volumes and containing pedigree information on 5452 animals (2720 female animals / 2732 male animals). In 1985 the Society published its Centenary studbook, which contained a summary of all animals recorded in previous volumes. This pedigree data was digitised in Filemaker™ format, to form the basis of this study.

The Cleveland Bay Horse Society provided access to a total of 535 microsatellite parentage testing reports. These had been obtained by commercial analysis of hair follicle samples taken from individual animals for registration verification. Samples were tested for a panel of 16 microsatellite markers, approved by ISAG equine genetics group, by the Animal Health Trust, at Newmarket, UK. Close examination of stud book records, recent Breed Society census records and the microsatellite data set enabled the identification of a reference population of 402 animals,registered in the 10 year period 1997 to 2006, most closely representing the most current full generation of the global population of Cleveland Bay horses. This reference population was used for further comparative analysis, using both genealogical and molecular methods.
2. Demographic and Genetic Analysis
Studbook information was analysed in order to identify stallion and dam lines, defined respectively as unbroken descent through male or female animals only from an ancestor to a descendant(Cunningham et al., 2001). The results of this analysis were compared with those previously reported (Emmerson, 1984) & (Walling, 1994). More detailed demographic and genealogical analyses were carried out using the computer programmes GENES (Lacy, 1998);ENGOG v4.6(Gutierrez and Goyache, 2005)and EVA(Berg et al., 2007)

The Inbreeding Coefficient(Wright, 1922) for every animal in the studbook, defined as the probability that an individual has two identical alleles by descent

The Increase in Inbreeding (∆F), calculated for each generation by means of the formula, where Ft and Ft-1 are the average inbreeding at the ith generation.

The Mean Kinship(Malècot, 1948) of every animal, being the probability that two alleles sampled at random from homologous loci in the population will be homozygous. In addition the Mean Kinship of every living animal to the living population was also calculated.

Using this information Expected Heterozygosity was calculated, being equal to 1 - Mean Kinship of the population;

The Average Relatedness Coefficient (AR) ((Goyache et al., 2003) - the probability that an allele randomly chosen from the whole population in the pedigree belongs to the animal.

Detailed founder and ancestor analysis was carried out, to determine the Number of Founders, where a founder is defined as an animal that has contributed by breeding to the living population, but there is no record in the studbook of its own parent animals. Calculations were made of founder contributions to each animal in the Reference Population and of the number of living descendants of each founder.

The Effective Number of Founders (ƒe) (Lacy, 1989. ) defined as the number of equally contributing founders that would be expected to produce the same genetic diversity as in the population under study. This is computed as: Click to view the MathML source, qk being the probability of gene origin of the kth founder and f the real number of founders. If every founder makes the same contribution, the effective number of founders will equal the actual number of founders.

The Equivalent Number of Founders computed weighting the unknown parent as half a founder. Individuals with only one parent know are designated as half founders.

The Effective Number of Ancestors (ƒa) (Boichard et al., 1997)-is the minimum number of ancestors (which may or may not be founders) required to explain the complete genetic diversity of the population under study. This index accounts for the losses of genetic variability produced by the unbalanced use of reproductive individuals and also takes into account bottlenecks in the pedigree. The parameter fa was computed as Click to view the MathML source, where qj is the marginal contribution of an ancestor j. Once an ancestor is assigned as having the largest genetic contribution, no more account is taken of more remote ancestors in the same branch of the pedigree, leaving the animal as a "pseudo founder". The marginal contributions of all ancestors will sum to 1.

Founder Genomes Surviving -- the summed allelic retentions or the number of founder alleles still in the population.

F- statistics(Wright, 1978) - F (fixation) statistics extend the study of inbreeding coefficients in the case of sub-divided populations. FIT is inbreeding of individuals in the total population.FIS is the inbreeding of individuals within sub-populations. FST is not strictly a fixation index as it represents the correlation between two gametes taken at random in two sub-populations from the total population. It measures the degree of genetic differentiation of the sub-populations. The three indices are obtained as: and , where and are, respectively, the mean coancestry and the inbreeding coefficient for the entire metapopulation, and, the average coancestry for the subpopulation, so that (1 - FIT ) = ( 1 - FIS)( 1 - FST).(Caballero and Toro, 2002) (2000, 2002).

ENDOG (Gutierrez and Goyache, 2005)was used to calculate Nei's minimum distance (Nei, 1987)- the genetic distance between subpopulations i and j given by the equation D
3. Molecular Analysis
Total DNA was isolated at the Animal Health Trust's laboratories, from hair follicle samples following standard commercial procedures. A set of 16microsatellites (ASB17 VHL20 HTG10 HTG4 AHT5 AHT4 HMS3 HMS6 HMS7 ASB23 LEX3 LEX33 ASB2 HTG6 HTG7 HMS2) was analyzed in all the sampled individuals.

Analysis of the microsatellite data was carried out using MolKin v3.0 (Gutierrez et al., 2005b), GENALEX v6.2 (Peakall and Smouse, 2006), GenePop v1.2 (Raymond and Rousset, 1995)and Cervus 3.0(Kalinowski et al., 2007)

The primary calculations were the computation of:-

Molecular Coancestry coefficients (fij) (Caballero and Toro, 2002) - the probability that two randomly sampled alleles from the same locus in two individuals are identical by state

The Average Number of Alleles per Locus (A), corrected in order to account for sample size using Hurlbert's rarefaction method (1971) as Click to view the MathML source, where g is the specified sampled size

Observed Heterozygosity (Ho) and Expected Heterozygosity (He )(Nei, 1987)

The Polymorphic Informative Content (PIC) (Botstein et al., 1980)-being the value of a marker for detecting polymorphism within a population, depending on the number of detectable alleles and the distribution of their frequency (Guo and Elston, 1999).

F-Statistics - FIT, FST, and FIS (Wright, 1978).Molecular F stats were obtained as: Nei's minimum distance (Dm) and Nei's standard distance (Ds) (Nei, 1987) computed as Dm = [(fkk + fmm)/2] - fkm, and Ds = - ln [fkm / (fkk · fmm)½], where fkk and fmm are the average coancestry between individuals belonging to population k and m, and fkm is the average coancestry between individuals belonging to populations k and m.

The programme BAPS (Corander et al., 2004) was used to identify possible structuring within the Cleveland Bay Population, using baysian methods to calculate maximum likelihoods for a user determined maximum number of populations. The programme TREX (Makarenkov, 2001a)was used to construct phylogenetic trees to illustrate the structure from the distance matrix data.
Results
1. Demographic and Genetic Analysis
The pedigree file included a total of 5422 animals, of which 2661 were male and 2761 were female. Society data on death date of animals relies exclusively on notification from breeders and owners and is far from complete. Thus it is difficult to determine with absolute confidence the make up of the living population. However, after preliminary analysis showed the generation interval in the dataset to be 10 years,, the studbook data was revised to reflect a reference population from the most recent complete generation (1997 to 2006) of 402 individual animals. Of these, 193 animals were male and 209 female. Of the 193 males only 38 animals were registered as having been neutered but the true total is likely to be far higher. The selected reference population was sired by 83 unique stallions, out of 219 unique mares.

Over the three most recent breeding seasons for which complete records are available, (2005 - 2007), 153 animals are registered in the studbook, sired by 52 different stallions, out of 120 different mares. These latter figures most closely represent the current actively breeding global population. In 2008 there were 88 male animals holding Society stallion licences. 40 of these licensed animals have progeny registered in the studbook.

A total of 11 stallion lines were identified in the studbook. However as previously reported (Walling, 1994) only one paternal ancestry line is present in the reference (living) population. This line had previously been traced back and attributed to Wonderful Lad (SB No 361), but more detailed analysis of the Cleveland Bay Studbook traces this line a further five generations to the stallion Skyrocket (SB No280) born in 1805. Research of other records, including Wetherby's General Studbook, traces this paternal ancestry line back into the thoroughbred registers a further 5 generations to one of its principal founders, The Byerley Turk, who was possibly a Toorkman as opposed to an Arab horse (Miles and Lupton, 1868)foaled about 1679, and brought to England after being captured at the siege of Buda in Hungary in 1688.

Analysis of the female members of the studbook identified a total of 17dam lines. As previously reported (Emmerson, 1984, Walling, 1994) only nine maternal ancestry lines are present in the reference population. Three of these lines ( 2,4 & 9) are only represented, in direct female descent, by one or two individual animals. The three most common of the maternal lines make up 70% of the present female population: Line Six - Trimmer (32.01%), Line One - Stainthorpe's Star (19.42%) and Line Five - Depper (18.16%). However, analysis of the relative contributions of the most influential maternal ancestry lines to the genome of the reference population reveals that some of the lines least well represented in direct descent actually continue to make a substantial genetic contribution.
2. Molecular Analysis
Microsatellite analysis results were obtained for the same standardised reference population of 402 individuals as was used for the Genealogical and Demographic Analysis. The total number of alleles found for 16 microsatellite loci was 99. The mean number of alleles per locus was 6.19 ranging from 4 to 10. The mean Observed Heterozygosity (Ho) ranged between 0.052(HTG7) and 0.716 (VHL20) the mean being 0.0.4486 whilst the mean Expected Heterozygosity (He)was 0.5341. The mean Polymorphic Information Content (PIC) was 0.4957. The highest values for He and PIC were found for microsatellite LEX33 whilst the lowest were found for microsatellite HTG6.

A distance matrix (Nei, 1987) was constructed from the microsatellite data assigned to sub-populations by maternal ancestry line. This data was then input into the online version of TREX (Makarenkov, 2001a)used to produce phylogenetic trees illustrating the relative genetic distances between the lines.

Proportional Radial Neighbour Joining Tree showing relative distances between subpopulations by maternal ancestry line.

Further analysis of the population structure was conducted using the programme BAPS (Corander et al., 2004). 17 clusters within the microsatellite dataset were identified, with a highly significant probability of 0.99998.
Discussion
The overall results presented here highlight the significant losses of founder representation that have occurred in the Cleveland Bay Horse population. Approximately 91% of the stallion and 48% of the dam lines are lost in the reference population. The unbalanced representation of the founders is illustrated by the effective number of founder animals (fe) and the effective number of ancestors (fa). The parameter fe constitutes over a third of the equivalent number of founder animals for the RP, whilst the ratio fa/fe is 22.5%. This ratio is substantially lower than that reported in other horse breeds such as 41.7% in the Andalusian (Valera et al., 2005) or 54.4% in the Lipizzan (Zechner et al., 2002) and also lower than the figure of 38.2% recently reported for the endangered Catalonian donkey (Gutierrez et al., 2005a)

The average inbreeding computed for the Cleveland Bay Horse at 20.64%in the RP is substantially higher than most of the values reported in the literature (Valera et al., 2005), with typical values ranging from 6.5% to 12.5%. Although most of these inbreeding values have been computed in breeds with deep pedigrees such as Andalusian, Lipizzan or Thoroughbred there are significant differences in population sizes, and the accumulation of inbreeding in populations of restricted size will occur at a greater rate.

The smaller the number of individuals in a randomly mating breed the greater will be the accumulation of inbreeding because of the restricted choice of mates. The Cleveland Bay horse is therefore predisposed to inbreeding and associated loss of genetic variation. In the reference population of 402 individuals the Effective Population Size (Ne) computed via individual increase in inbreeding was 27.84.

The Effective Population Size (Ne) computed via regression on equivalent generations was 26.29. Inbreeding and genetic loss under random mating will occur at 1/2Ne per generation. Thus in the Reference Population where Mean Ne is 32.32 under random mating we can expect inbreeding to accumulate at 1.5% per generation

This is reflected by the genealogical FIS values. This parameter characterises the mating policy meaning the departure from random mating as a deviation from Hardy-Weinberg proportions. Positive FIS values mean that the average F value within a population exceeds the between individuals coancestry, thus indicating that matings between relatives have taken place(Caballero and Toro, 2000, Gutierrez et al., 2005a) Moreover, the average AR values computed for nine complete generation shown in Table3 are roughly equivalent the value of F. In an ideal scenario with random matings and no population subdivision, AR would be approximately twice the F value of the next generation.(Goyache et al., 2003) However until the year 2002, F has continued to increase in the Cleveland Bay Horse population.

Examination of the distribution of mean kinship values appears to demonstrate a correlation between the values obtained by assessment from the pedigree data and those obtained from analysis of microsatellite data.

Molecular information obtained in this study using Cleveland Bay Horse microsatellite analysis shows that genetic diversity within the breed is more restricted than has been reported in the majority of other horse breeds.

Across the reference population there is complete heterozygosity. However at subpopulation level three groups show homozygosity at multiple loci. Female Line Two is 68.75% polymorphic with fixation at HMS3 and LEX3. Female Line Four is 43.75% polymorphic with fixation of alleles at HMS3, ASB23, HTG4, HTG10 and LEX3. Female Line 8 is 93.75% polymorphic with fixation at LEX3.

Populations that have experienced a recent reduction of their effective population size exhibit a correlative reduction of the allele numbers (k) and gene diversity (He) at polymorphic loci. But the allele numbers is reduced faster than the gene diversity. Thus, in a recently bottlenecked population, the observed gene diversity is higher than the expected equilibrium gene diversity (He) which is computed from the observed number of alleles (k), under the assumption of a constant-size (equilibrium) population (Luikart and Cornuet, 1998).The existence of a population bottleneck in the 1950's, when the number of breeding age Cleveland Bay stallions was reduced to four, has previously been reported(Walling, 1994). There is clear genetic evidence of this event shown in the excess of observed heterozygosity across subpopulations with the exception of ancestry line nine. The latter is of more recent origin having evolved from a grading up scheme post 1950. In all other subgroups the excess is positive ranging from 2.12% in Line 5 to 19.6% in Line 4. However this investigation has revealed that lines two four and eight are not polymorphic. The observed heterozygosity excess amongst the five polymorphic lines peaks in line one at 6.1%.

This departure from random mating will have been influenced by a number of factors common to restricted populations of domesticated equines. These include selection by breeders for particular lines of descent; natural differences in fertility between individuals; a restricted number of male animals leaving significantly more offspring than females and geographic distribution of animals and breeders making some matings far easier than others. The reduced number of alleles and fixation at some loci in Female ancestry lines is evidence of loss of founder representation from these lines. This lower heterozygosity is also indicative of the typical practice of the larger studs, where breeding tends to be done in pasture by free live cover and the use of only one stallion per year per herd and where the same stallion may be retained for several breeding years. This strategy is compounded by breeders with only a small number of breeding females sending their animals to run with these herds or to be covered in hand by the same stallion.

This strategy has different implications for the genetic diversity of the Cleveland Bay Horse compared to the one of mares travelling to stud to be covered in hand by a greater range of stallions that do not have their own herds of mares(Luis et al., 2007a) and also through trade or exchange will change geographic location albeit on an irregular basis. Although his latter practice has clear benefits in conservation programmes, there is the danger of inappropriate matings bringing the more common and less frequent alleles together. Whilst such matings increase the frequency of the rarer alleles they simultaneously increase the frequency of the more common ones(Lacy, 2000), highlighting the need for in depth understanding of the genetic diversity of any rare breed and for an effective management plan for it's maintenance.

There has been considerable debate about the most effective methods of conserving and managing endangered populations. Before the advent of mitochondrial and microsatellite DNA analysis the accepted strategy has been through minimizing inbreeding whilst managing Mean Kinship/Average Relatedness(Ballou et al., 1995, Lacy, 2000) More recently other have proposed the use of molecular methods (Caballero and Toro, 2002, Fernandez et al., 2001, Meuwissen, 2000, De Rochambeau et al., 2000). It now seems that where pedigree data is robust and complete over a significant number of generations, genealogical data remains the preferred method by which to manage founder contributions ,inbreeding and kinship/relatedness(Fernandez et al., 2005) Indeed Lacy has highlighted the problems caused in conservation programmes based on private or rare alleles(Lacy, 2000.)

Baysian analysis of within population structure using microsatellite data shows significant evidence for 17 subgroups, of which the majority of animals seem to form into three main clades (Figures 8). Although this study has been based on the use of pedigree and microsatellite marker data for the Cleveland Bay horse there is now firm evidence of the value of mitochondrial DNA for such investigations. and an accumulating number of investigations of the origins and relatedness of modern equines (Canon et al., 2000, Cunningham et al., 2001, Jansen et al., 2002, Vila et al., 2001, McGahern et al., 2006)).It has been reported that the Cleveland Bay horse belongs to haplotype C(McGahern et al., 2006)which is common amongst older northern European breeds such as the Exmoor, Icelandic, Fjord, Connemara and Scottish Highland. This correlates with the assertion that in the matriline the Cleveland Bay has evolved from the Chapman horse which was an ancient Northern European breed(Dent, 1978).The comparative studies have been based on five Cleveland bay mtDNA sequences deposited in GeneBank by Cothran and Frankham within which there are three haplotypes. There is scope for further sampling of all of the existing matrilines to determine how many haplotypes are present in the reference population and whether there is any correlation with the three Clades identified by this investigation.
Conclusions
This study reports the first in depth genetic analysis of the Cleveland Bay Horse, using both pedigree and microsatellite data. It reveals substantial loss of genetic diversity and high levels or relatedness and inbreeding. The results of this study highlight the importance of the Cleveland Bay Horse Society implementing an effective and sustainable breed management plan.

(Following release of interim results of this study the Cleveland Bay Horse Society has implemented a global strategy of management of Mean Kinship and Inbreeding Coefficients).
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