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Abstract

Coat colour has always been a valuable trait for horse breeders. However, preferences for this
feature have changed over the years. In this research, the Pura Raza Espaifiol horse (PRE) popula-
tion was divided into four subpopulations (Grey, Bay, Black and Others), according to the most
frequent coat colours and those of their ancestors. The purpose was to analyse genetic variability,
reproductive parameters and distances among subpopulations during three key periods in the his-
tory of the breed: before 1960, from 1960 to 2000 and after 2000. The subpopulations composed of
animals with ancestors with the same coat colour showed higher values of recent inbreeding (rang-
ing from 7.13% to 10.44%) and a greater Nei’s minimum distance between them, as a result of
more inbred matings than those carried out in families with members with different coat colours.
Non-pure subpopulations also showed more similar recent inbreeding values (between 6.63% and
6.74%). Strikingly, the productive life of Pure bay, Pure black and other subpopulations with
minority coat colours was considerably longer (10.79, 10.08 and 9.11 years, respectively) com-
pared to the values of grey PRE horses (6.01 and 7.98 years), which is the subpopulation with the
highest census. These results, together with shorter generation intervals of black stallion-offspring
(5.51 years via father-son and 6.39 years via father-daughter) and the fact that this coat colour was
not present in the breed until two decades ago, highlight the recent trend towards the breeding of
black animals.

Key words: equine, genetic diversity, inbreeding, reproductive parameters

The PRE, traditionally known as Andalusian horse, is one of the oldest Euro-
pean horse breeds and the most important horse in Spain according to the census
(Sanchez-Guerrero et al., 2016). Its active worldwide population comprises over
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200,000 individuals in 2016. In the past, it was widely used as a draft horse for agri-
cultural work and in the army. Nevertheless, due to mechanization of farming in the
1960s and 1970s, the number of PRE used in rural areas declined, while it became
increasingly popular as a riding horse. In particular, its use in equestrian sports has
been oriented towards the dressage discipline, where it is currently the most impor-
tant breed participating in Spain (Sanchez et al., 2016). At present, the PRE is also
a leisure horse, used under saddle or carriage at popular festivals.

Coat colour is one of the most noteworthy features of an animal and has histori-
cally been the object of particular interest to humans (Pruvost et al., 2011). The genes
controlling a horse’s coat colour have been known for a long time. However, it was
only in the last 15 years that functional alleles or marker alleles have been detected
at DNA level (Rieder, 2009). A horse’s coat colour is mostly controlled by genes at
12 different loci (Thiruvenkadan et al., 2008), and the three basic coat colours of
horses are black, bay and chestnut. The genetic control over the basic coat colour of
horses resides at two genetic loci, namely Extension (E) and Agouti (A). Among the
basic coat colours, bay is dominant to black and both are epistatic to chestnut. The
grey coat colour is due to the presence of a dominant gene (G) at the grey locus. Grey
is epistatic to all coat colour genes except for white. Thus, a grey horse must have at
least one grey parent (Thiruvenkadan et al., 2008).

Horse breeders traditionally associate coat colours with physical qualities and
behaviour; for instance, it is a widespread belief that chestnut horses, particularly
females, exhibit erratic conduct (Finn et al., 2016). Therefore, a horse’s value has
always been linked to its coat colouration and pattern; and although some studies
support the hypothesis that particular coat colours might be advantageous under
certain environmental conditions, genetic studies have shown that the coat colour
variation observed in the different horse breeds is the result of domestication and
selective breeding (Bellone, 2010; Haase et al., 2007; Horvath et al., 2010; Ludwig
et al., 2009).

Currently, according to the PRE studbook, the prevailing coat colour is grey, fol-
lowed by bay and black. Chestnut, buckskin, roan, isabella, palomino, pearl, overo
or dark bay are minority coat colours. Each coat colour owes its origin to the influ-
ence of different breeds on PRE: grey originated from animals from northern Africa;
bay from the Germanic breeds; chestnut from Arabian horse breeds and black from
Holland horses (Andrade, 1954). Nowadays, all coat colours, except those with large
white spots on the head and limbs, or of any size on the rest of the body (piebald,
pinto or Appaloosa), are accepted in the PRE studbook. The breed standard is dictat-
ed by the National Purebred Spanish Horse Breeders’ Association (ANCCE, 2017).
However, for some years since the foundation of the breed studbook in the 19th
century, the registration of horses of some common colours, such as chestnut, has
not been permitted. Although grey is the coat colour connected to the origins of the
present population and it has always been related to better performance and behav-
iour, PRE breeders have recently been more inclined to opt for less common colours.
These historical differences may involve distinct genetic variability between animals
with different coat colours, which is also favoured by the fact that breeders often pair
up animals of the same colour group (Bartolomé et al., 2010).
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Previous genealogical analyses have shown that there are significant inbreeding
levels in this population caused by the low number of breed founders and the selec-
tion conducted by breeders for type traits (Valera et al., 2005). In 2003, a PRE Breed-
ing Program was initiated, whose main objectives include improving the breed’s
morphology, conformation and functionality while maintaining the genetic variabil-
ity of the breed, by planning matings better (Gémez et al., 2009). It is therefore
important to study the population structure periodically, in order to establish correct
guidelines for the future management of the breed. The large amount of data regis-
tered in the PRE studbook makes it especially reliable for this aim. Moreover, the
evolution of coat colour subpopulations throughout the history of the breed has also
been researched, dividing the studbook into three periods of time: before 1960, when
the PRE was used mainly for agricultural work; from 1960 to 2000: a period of tran-
sition where it begins to be used for leisure and equestrian sport as well as remaining
linked to the rural environment; and after 2000, from where it is used only for leisure
and equestrian sports, mainly dressage.

The objectives of this work were to analyse the genetic diversity of the
PRE population, to estimate reproductive parameters that show the breeding strate-
gies used and to establish the genetic distances among the current PRE subpopula-
tions of horses according to their coat colours, based on the genealogical information
from their studbooks. This could be a good way to illustrate the mating system used
in each subpopulation throughout the breed’s history, and to show how animals with
certain coat colours have been selected, according to the breeders’ preferences.

Material and methods

Pedigree data

Pedigree records from 307,831 horses (148,836 stallions and 158,995 mares)
were available from the PRE studbook (Table 1). Each record includes the individu-
al’s registration code, as well as their sire and dam, name, birth date and coat colour.
In addition, since the 1980s, the pedigree has been recorded through blood-type test-
ing and biochemical polymorphisms, and since 2002 through molecular paternity
tests. Previous records, provided by the National Pura Raza Espaiiol Breeders’ As-
sociation (ANCCE), were initially analysed in order to detect and remove possible
errors of parenthood assignation.

Four subpopulations of PRE were established, based on phenotypic differen-
ces in their coat colour: Grey (n=135,005), Bay (n=96,035), Black (n=28,440) and
Others (a subpopulation including those animals with minority coat colours such as
chestnut, buckskin, etc., n=7945). Each of the first three subpopulations was divided
into two subgroups according to their ancestors’ coat colour. One subgroup was com-
posed of animals with at least three generations of ancestors (parents, grandparents
and great-grandparents) which had the same coat colour as them:

— Pure grey = animals with at least 3 generations of ancestors with grey coat colour.

— Pure bay = animals with at least 3 generations of ancestors with bay coat colour.

— Pure black = animals with at least 3 generations of ancestors with black coat
colour.
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— Non-pure grey = at least one ancestor without grey coat colour.
— Non-pure bay= at least one ancestor without bay coat colour.
— Non-pure black = at least one ancestor without black coat colour.

Table 1. Number of animals of each coat colour and percentage by sex included in the PRE studbook
per period of time: before 1960, between 1960 and 2000, and after 2000

. Gre Ba Black mplet
Period P Y NP P Y NP P NP Others pco(;))uII; t?o?l Total
Number of individuals
<1960 403 1,750 20% 2,152 0* 310 321 5,956
1960-2000 25,618 31,500 2,265 15,036 2% 2,037 303 77,662 307,831
>2000 36,932 71,562 10,699 65,863 398 25,693 7,321 224,213
Males (% of the number of individuals per period)
<1960 52.61% 44.23% 60.00%* 38.62% - 22.58% 31.15% 38.13%
1960-2000  48.86% 48.52% 48.70% 49.76% 100%* 47.96% 43.56% 48.58% 148,836
>2000 49.36% 48.38% 49.11% 49.77%  50%  48.87% 50.61% 48.54%
Females (% of the number of individuals per period)

<1960 47.39% 55.77% 40.00%* 61.38% - 77.42% 68.85% 61.87%
1960-2000  51.14% 51.48% 51.30% 50.24%  0%*  52.04% 56.44% 51.42% 158,995
>2000 50.64% 51.62% 50.89% 50.23% 50%  51.13% 49.39% 51.46%

P: pure; NP: non-pure. “Subpopulations with less than 300 animals were not taken into account in this study.

In the Non-pure grey population, 72.26% were the result of matings between
grey and bay PRE horses, and the same pattern was found in the Non-pure bay popu-
lation (39.31%). In contrast, the commonest mating patterns in the Non-pure black
subpopulation were between bay and black horses (38.31%), followed by those be-
tween two bay horses (20.17%). Animals with an unknown coat colour (0.45%) were
not included in any of the previous groups, but were taken into account to estimate
the parameters of the whole population.

Furthermore, three periods of time were established in the PRE studbook:

— The first includes animals born from the beginning (1800) of the studbook until
1960.

— The second period encompasses horses born between 1960 and 2000.

— The last includes horses born from 2000 to 2016.

These intervals were established in response to the three main periods of changes
in the breed’s history: the 1960s was a decade of decline due to its disuse as a draft
animal; after this time, the PRE horse was selected primarily for its beauty and racial
pattern. It was not until the beginning of the 21st century that its use as a sport horse
was promoted. Important fluctuations in the number of animals over time have oc-
curred in all coat colour subpopulations. The data of subpopulations with fewer than
300 individuals are displayed for informative purposes (Pure bay before 1960, Pure
black before 1960 and Pure black between 1960 and 2000), but these subpopulations
were not included in this research because they were not considered sufficiently rel-
evant.
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Methodology

Reproductive parameters

In order to characterize the possible differences in PRE breeding strategies de-
pending on coat colour over time, certain reproductive parameters were estimated.
‘Age at first and last offspring’ is the age (in years) at which sires and dams had their
first and last son or daughter, which shows the length of time individuals are kept
as breeding animals and the age up to which they are used for that purpose. In addi-
tion, the period of time during which the individuals were kept as breeding animals
(productive life) was calculated as the difference in years between the birth date
of an animal’s last offspring and the birth date of its first one. The total number
of sons and daughters of stallions and mares, or number of offspring per breeding
animal, gives us insight into the permissiveness in spreading the genes of certain in-
dividuals. These parameters were only computed for currently non-active individu-
als, using two criteria: 1) horses whose reproductive age has ended or horses over
30 years old (an age at which it is estimated that the horse is physiologically unable
to procreate), 2) stallions and mares which have had no offspring in the previous
four years.

Generation intervals were computed as the average age of parents at the birth of
their progeny which were kept for reproduction, for the 4 selection paths (father—son,
father—daughter, mother—son and mother—daughter). As inbreeding and pedigree
depth are inter-dependent, pedigree completeness was assessed by the equivalent
complete generations. Equivalent complete generation (EqG) was computed as the
addition, for all known ancestors, of the terms computed as the sum of (;—)", where
n is the number of generations separating the individual from each known ancestor
(Maignel et al., 1996). Genealogical analyses were computed using the program En-
dog v4.8 (Gutiérrez and Goyache, 2005).

Genetic variability and probability of gene origin

The genetic variability was studied across the effective number of founders (f)),
effective number of ancestors (f)), founder genome equivalents (fg , and the number
of ancestors that account for 50% of the gene diversity of the whole population
(N, /. (Lacy, 1989) is the reciprocal of the probability that two alleles selected at
random in the studied population originated from the same founder. This parameter
reflects the number of animals which, given equal contributions, could produce the
same degree of genetic variability found in the population studied. f; is defined as
the minimum number of ancestors, not necessarily founders, which account for the
complete genetic diversity of a population (Boichard et al., 1997). This term consid-
ers the diversity loss caused by the unbalanced use of individuals, which, in turn,
leads to bottlenecks, which are the major cause of gene loss in certain populations. fg
(Ballou and Lacy, 1995) is defined as the number of founders that would be expected
to produce the same genetic diversity as in the population in study if the founders
were equally represented and no loss of alleles had occurred. It was obtained by the
inverse of twice the average coancestry of the individuals included in a pre-defined
reference population, following Caballero and Toro, 2000. The percentage of the
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common founders of subpopulations was also estimated in order to assess the origi-
nal closeness of the coat colour subpopulations.

In addition, Genetic Conservation Index (GCI; Alderson, 1992) was used to as-
sess the genetic contribution of founders for each animal which correspond with the
initial genetic information of the breed. This index is estimated as: GCI=—— , with
p, the proportion of genes of founder 7 in the genome of an individual. P

The proportional contribution of each coat colour subpopulation to the total di-
versity was characterized by the loss or gain of genetic diversity in the whole popu-
lation after removal of the subpopulation from the complete population (Caballero
and Toro, 2002). The Remaining Gene Diversity (GD) is the Nei’s gene diversity
remaining after the elimination of the corresponding subpopulation.

The probability that an individual possesses two identical alleles by descent at
arandomly chosen locus can be measured by the inbreeding coefficient (£) (Malecot,
1948) and was computed following Meuwissen and Luo (1992). At population level,
F represents the percentage of heterozygous loci in the original population that have
become homozygous in the present population due to related matings.

To study the representation of an animal in the whole pedigree, independently
of the knowledge of its own pedigree, the average relatedness coefficient (4R) was
computed. AR is the probability that an allele randomly chosen from the population
in study belongs to an individual. It is computed as the average of the coefficients
integrating the row from the individual in the numerator relationship matrix and it
takes into account, simultaneously, the inbreeding and coancestry coefficients, so it
can be used as a measure of the inbreeding of the whole or sub-population (Goyache
et al., 2003; Gutiérrez et al., 2003). Both F'and AR can be used alternatively or com-
plementarily to predict the long-term inbreeding of a population, as 4R takes into
account the percentage of the complete pedigree originating from a given founder at
population level (Gutiérrez and Goyache, 2005).

Distances between subpopulations

Genetic distances between subpopulations were measured by Nei’s minimum dis-
tance (Nei, 1987), following Caballero and Toro (2000, 2002), as Dij = [(fh_+fjj)/2] - fij,
with flJ the average pairwise coancestry coefficient among individuals of two subpop-
ulations i and j; and £, and_];. the within-subpopulation coancestry using the program

Endog v4.8 (Gutiérrez and Goyache, 2005).

Results

The PRE population census for the three periods is shown in Table 1. On the
whole, grey subpopulations have always had the largest number of animals, while
other subpopulations have had less. Individually, the lowest number of animals cor-
responds to the set of Pure black, which also coincides with the subpopulation with
the greatest increase in individuals (2 in 1960-2000 and 398 in 2000-2016). The
percentages of males and females are balanced, with a slightly higher average per-
centage of females than males (51.65% and 48.35%)).
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The reproductive parameters are shown in Table 2: age at first offspring ranged
from 4.72 years in the most recent ‘Others’ subpopulation to 11.23 years in the com-
plete population before 1960. Interestingly, the age at last offspring varied between
an average of 10.61 years in the complete population and 16.89 in the pure black
subpopulation from 2000 to now. The shortest productive lives in the PRE were
those of Non-pure black animals (4.66 years) and the longest, 11.64 years, for the
same subpopulation during the first and second periods of time, respectively. The
number of offspring per breeding animal underwent substantial changes through the
periods of time: with the exception of the grey and Pure black lines (where the op-
posite situation occurs), the number of progeny in the rest of the subpopulations fell
from the second to the last period. Notably, Non-pure black animals had an average
of 6.91 offspring between the years 1960 and 2000. Generation intervals, computed
for the four pathways and their evolution throughout time are displayed in Table 3.
The father-offspring pathways were the longest in all the subpopulations and periods
of time, while the mother-offspring were the shortest. All the subpopulations, except
the Pure grey, have experienced a decline from the past until now.

The Pedigree completeness of the PRE population, shown in Table 4, resulted

in 9.08 equivalent generations, with a minimum of 8.90 and a maximum of 10.65
from Non-pure and Pure black subpopulations, respectively. The subpopulations with
the least diverse probability of gene origin (f, f and N, ) were the grey ones, and the
lowest number of founder genomes corresponded to the Pure black subpopulation.
The Genetic Conservation Index (GCI) ranged from 9.63 in the case of Pure black
to 13.05, from the ‘Others’ group. All the subpopulations shared a similar average
for Remaining Gene Diversity (GD), which was 0.945. The maximum inbreeding
(F) and average Relatedness (AR) coefficients corresponded to the Pure grey
subpopulation and minimum to all the Non-pure subpopulations. In all cases, there
was a rise in F and AR between the first period of time and the second, which later
fell.

Regarding between-subpopulation Nei’s minimum distances, the most distant
subpopulations were the pure coat colour subpopulations. In contrast, minimum dis-
tances were found between the Non-pure bay and Non-pure black, Non-pure bay
and Others, and Non-pure bay and Non-pure grey subpopulations. All distances are
shown in Table 5, along with the percentage of shared founders. The grey subpopula-
tions were the ones that shared fewer founders with other coat colours (only 4.77%
to 7.41% of founders were common to Non-pure grey and the rest of the coat colour
subpopulations except Pure grey, while Pure bay and Pure black shared 46.6% of
founders.

Discussion

While many species of wild animals are relatively uniform in colour, domestic
stock, such as horses, show a wide variety of coat colour patterns (Rieder, 2009).
Human preferences and demand may have favoured rare alleles or led to previously



Population study of the PRE coat 733

unknown phenotypes due to selective breeding (Klungland and Vage, 2000). The se-
lection of coat colour as a division criterion responds to the fact that for many years,
market (and hence breeders’) preferences have tended more towards a certain colour
or another, either due to the attribution of better performance or for their scarcity, as
seen in breeds such as Hanoverian (Icken et al., 2007).

An innate preference for white variants appears to be a universal human trait,
and white horses have been prized for at least the last 2500 years (Linderholm and
Larson, 2013). The prestige of riding a white horse has thus led to selection by hu-
mans of the grey-causing mutation; this mutation is by far the most common cause
of white colour in horses (Rosengren-Pielberg et al., 2008). Since Grey is a dominant
gene (Rieder, 2009) and it has been the majority coat colour since the foundation
of the PRE studbook, the breed could follow the steps of Lipizzan and become an
almost totally grey population unless selection to obtain other coat colours is carried
out. Until the 18th century, Lipizzans had a wide variety of coat colours (including
dun, bay, chestnut, black, piebald and skewbald). Grey was deliberately selected as
a desirable feature, and so became the coat colour of the overwhelming majority of
Lipizzan horses (Swinney, 2010). Fortunately, from the census point of view, the
PRE population has undergone substantial changes (Table 1). Even if Grey sub-
populations comprise the largest number of individuals, they have experienced the
smallest increases (of 1.44 and 2.27-fold) from the second to the third period. This
clearly indicates a selection towards other coat colours as the way to avoid the pre-
dominance of grey and increase the number of individuals with different coat col-
ours. Pure black animals were notably not present in the breed until the second time
period, when there were only 2 individuals. Notwithstanding, from 2000 to 2016, its
subpopulation comprised 398 horses, which represents an increase of almost 200-
fold. Meanwhile, Non-pure black animals have always been present in the PRE, but
have also undergone a remarkable expansion. This suggests that many black animals
were not the result of matings aimed at specifically obtaining that colour but were,
in fact, the offspring of horses of other coat colours, since black animals can be ob-
tained from the mating of animals of very different coat colours. Theoretically, when
two bay horses are mated, there is a 6% probability of them producing a black foal,
while the probability between bay and black horses is 56.26%. In our population,
Non-pure black horses mainly descend from two bay horses (probably due to the
frequency of this combination) and bay and black horses (probably due to the high
probability of this producing a black foal). In fact, in ancient times, black was an un-
desirable coat colour, since black was associated with the horses that pulled hearses.
However, this belief was replaced by the idea that animals of this coat colour were
stronger, more spirited and also hid morphological defects better. Furthermore, the
increase of the black subpopulations could be indirectly related to the acceptance
in 2004 of the chestnut coat colour as a breed standard. Thus, matings between two
black individuals would have been undesirable in order to avoid a possible chestnut
offspring for years. Besides, even though the Pure bay subpopulation in the early
period of the breed consisted of only 20 horses, this subpopulation reached 2,265
individuals in 1960-2000 (an increase of 113.25-fold), implying that this coat colour
did not become popular until the second time period.
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From the analysis of the reproductive parameters (Table 2), we can observe
that coat colour shows the different reproductive strategies of breeders. Regard-
ing the age at first offspring, Non-pure subpopulations and minority coat colours
(Others) have their progeny sooner than the rest. On the other hand, the age at last
offspring is considerably higher, not only in the case of Pure bay and Pure black,
but also in Others, which demonstrates that these animals are kept for reproduc-
tion for longer periods, possibly with the aim of producing a greater number of off-
spring.

‘Productive life’ is defined as the years that animals are active as breeding ani-
mals. As the date of neither death nor retirement is available for all animals in the
PRE studbook, this parameter has been estimated from the difference between the
age at which animals have their last and first offspring. Interestingly, all PRE, re-
gardless of their coat colour, experienced an increase in their productive life over the
period between 1960 and 2000. This rise in productive life coincides with the decline
of the use of the breed as a draft horse and its rise in popularity as a pleasure or sport
horse. The beginning of the 21st century has seen an increase in the productive life
of Pure subpopulations and Others, but a fall in Non-pure ones, which may be due to
a change in breeders’ policies towards the production of horses with a greater prob-
ability of producing offspring with certain coat colours.

The number of offspring per breeding animal provides insight into the impor-
tance of coat colour in relation to the number of descendants they leave. The results
show that PRE had the fewest offspring before 1960, while the Grey subpopulations
made a greater contribution of descendants per stallion or mare. In the final period,
the Grey subpopulations were the most prolific, with more offspring than the average
of the complete population, followed by Non-pure bay. The least prolific subpopula-
tion since 2000 was Pure black. The number of offspring/breeding animal for the
complete population (3.86) was similar to the mean value of offspring registered in
Lusitano mares: 4.00 (Vicente et al., 2012).

The generation interval (Table 3) is the amount of time required to replace one
generation with the next. This parameter is inversely proportional to the selection
response and is important in the study of genetic structures of populations, due to its
relation with losses in genetic variability. In this study, generation intervals of PRE
were lower for the mother-offspring pathways, except for the Pure black subpopula-
tion. Interestingly, Pure black stallions have their first offspring very young (5.51
years for sons and 6.39 years for daughters). The small number of Pure black stallions
means that these individuals are chosen as breeding animals at very early ages. The
other coat colour subpopulations showed more homogeneous generational intervals,
with the grey subpopulations the longest. The evolution of the breed throughout the
three periods of time showed a remarkable decline in generation intervals. The aver-
age PRE generation intervals were 9.78 years, in line with those reported in Lusitano
(10.3 years; Vicente et al., 2012), Hanoverian (10; Hamann and Distl, 2008), Spanish
Arab-derived horses (10.1-12.0; Cervantes et al., 2009), Mangalarga (9.49; Mota et
al., 2006) and Trakehner (10.2; Teegen et al., 2009); nonetheless, the PRE generation
interval was higher than that reported in a draught breed like Franches-Montagnes
(8.9) (Hasler et al., 2011).
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The Pedigree completeness, probability of gene origin and genealogical param-
eters are shown in Table 4. The PRE is a closed population with a well-established
studbook going back many years, which makes calculations of parameters more re-
liable. The number of equivalent generations in PRE is approximately 9, which is
a high value compared to those of other pedigrees: 3.19 (Menorca Horse; Solé et al.,
2014), 4.43 (German Paint Horse; Siderits et al., 2013) or 7.9 (Spanish Arab Horse;
Cervantes et al., 2008 a). However, other breeds such as the Lipizzan (Zechner et al.,
2002) have higher values of equivalent generations (15.2). Pedigree completeness
did not differ much among coat colour subpopulations in the PRE, which proves the
uniformity of the data collection, regardless of the colour of the animal.

The effective number of founders, defined as the number of equally-contributing
founders resulting in the same genetic diversity as found in the reference population,
was 28, although it differed somewhat among coat colour subpopulations (standard-
ised f, values by subpopulation size show that Pure black had the highest number in
contrast to the Pure grey subpopulation, which had the lowest). In contrast, the num-
bers reported for the Spanish Arab horse, 39.5 (Cervantes et al., 2008) and Lipizzan,
48.2 (Zechner et al., 2002) were considerably higher. Founders contributing to more
than one subpopulation can explain the genetic origin and distances between them.
Our results have shown that subpopulations sharing the most founders were Pure
bay and Pure and Non-pure black, followed by ‘Others’. Conversely, the largest sub-
population, Non-pure grey, had no more than 7.41% of founders in common with the
rest of the subpopulations. This suggests that, at first, subpopulations with less com-
mon coat colours were established from Non-grey animals, possibly to avoid this
colour, due to its dominance, while founders of Grey subpopulations were used more
exclusively to obtain grey offspring. The effective number of ancestors can be used
to identify bottlenecks. The number for the / PRE population, 19, was within the
values of Lipizzan and Spanish Arab (Zechner et al., 2002; Cervantes et al., 2008 b),
which ranged between 16.5 and 29.3. However, it was lower than the 77.7 registered
for the German Hanoverian Horse (Hamann and Distl, 2008) and the figure of around
200 recorded in the German Paint Horse (Siderits et al., 2013).

The number of ancestors that account for 50 per cent of the genetic variability of
the population varied from 5 to 9, in keeping with the subpopulations which showed
higher and lower values of f, and /.. The GCI for the complete population indicated
that an average animal has a mean contribution of 11.14 founders, while, depending
on the coat colour, this value can be as high as 13.05 (Others). In the case of Lusitano
horse, the GCI for a reference population was lower than the PRE population: 9.5
(Vicente et al., 2012).

As regards the remaining gene diversity after removing a subpopulation, all the
coat colour subpopulations contributed with almost the same gene diversity to the
complete population. Nevertheless, despite being of the same order, the Pure grey
subpopulation provided less genetic diversity to the rest of the population. Low GD
values show that the loss of any of the subpopulations does not imply a great loss of
genetic variability. One interpretation of this fact is that all subpopulations are es-
sential for the total genetic diversity at the same level, and it is therefore important to
maintain the current coat colour proportions in the PRE and to avoid a disproportion-
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ate increase in the homozygous Pure grey subpopulation. This work could be used to
take decisions for a future PRE germplasm bank and genomic selection, since there
might be a risk that, due to the high number of grey PRE horses (46.86% of the whole
population), the majority of the horses selected by breeders were of this colour. For
this reason, it would be essential to highlight the importance of maintaining, at least,
the current proportions of coat colours.

The genetic relevance of the diversity of a subpopulation within a population is
an important subject for study, using genealogical and molecular data which is then
easily computed following the methodology of Caballero and Toro (2002), based on
the coancestry matrix and the comparison of between- and within-coancestry coef-
ficients.

In this study, the mean inbreeding of all coat colour subpopulations increased
from the first time period of the studbook until 1960-2000, with a slight decrease in
the final years. Pure colour subpopulations show higher inbreeding coefficients than
Non-pure ones, since these subpopulations are based on matings of more closely
related animals. The study of this breed by Valera et al. (2005), which only included
information up to 1998, found an inbreeding value of 8.48%. This data is in line with
the 8.53% obtained in our results in animals born from 1960 to 2000. The inbreeding
coefficient of the complete PRE population from 2000 up to the present was 7.13%,
which demonstrates that the genetic improvement programme and mating policies
are working well. In comparison, the inbreeding coefficient for Lusitano horses was
11.34% (Vicente et al., 2012), for Lipizzan, 10.8% (Zechner et al., 2002) and for
Spanish Arab, 7.0% (9.8% for individuals born 1995-2004; Cervantes et al., 2008 b).

The average relatedness of the complete PRE population oscillated around
11.00% and 11.98% during the three established periods of time. According to the
study by Valera et al. (2005), this parameter was 12.25% in animals born from the
foundation of the studbook until 1998. In comparison, AR in the Spanish Arab Horse
(Cervantes et al., 2008 b) was 9.1% and 11.64% in the Lusitano breed (Vicente et
al., 2012). However, notable differences between coat colours subpopulations can
be observed. The higher AR values belong to Pure grey animals (16.14% in the final
period of time), followed by Non-pure grey (11.30%). The Pure black subpopulation
had the lowest AR (9.40%).

Nei’s minimum genetic distance (Table 5) is a tool to investigate population sub-
division. The results showed that there is a lack of differentiation between coat col-
our subpopulations in this breed. However, greater distances can be observed among
Pure colour subpopulations, as a consequence of more related matings among indi-
viduals and, therefore, higher coancestry values. These results reinforce the previous
study by Bartolomé et al. (2010), which accounts for the minor genetic distances
between coat colour subpopulations due to their close genetic relation. Also, in the
case of the PRE breed, colour phenotypes may have played a major role during early
domestication events and initial selection (Andersson and Georges, 2004). As re-
flected by the percentage of founders in common (Table 5), a large number of shared
founders does not imply greater distances among subpopulations. Interestingly, one
of the most distant pair of subpopulations, Pure bay and Pure black, share the largest
number of founders (46.16%). This demonstrates that, even if subpopulations had



Population study of the PRE coat 737

a common genetic origin, they have followed a differentiation process based on se-
lection, mainly due to the search for animals with the desired coat colours.

The results obtained in this study highlight the fact that PRE breeders’ apprecia-
tion for coat colours has varied over time, thus modifying mating systems and, as
a consequence, inbreeding and relatedness between animals. In addition, changes
in the breed studbook to allow or prohibit the registration of horses of certain coat
colours and the fact that the commonest current coat colour (grey) is epistatic over
the rest, accentuate the importance of maintaining all coat colours. All of these find-
ings strongly suggest that it is crucial to encourage matings between PRE horses of
different coat colours, in order to act as gene reservoirs and to preserve the genetic
variability. However, the direct practical implementation of this policy is not always
straightforward, as the preferential use of certain stallions and the covering fee also
play key roles in mating decisions. Moreover, the breeding programme for the PRE
prioritises the selection of animals based on their performance while maintaining
the levels of genetic variability. We hope, therefore, that these results could help to
influence the decision to maintain all the present coat colours in current breeding
programmes.
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