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Abstract

Gene mutations influencing melanocytes also impact on physiological and beha-

vioural functions. In this study, we investigated their association with four different

coat colours in the Pura Raza Español (PRE) horse using morphological traits and

molecular datasets. Four different subpopulations were identified according to indi-

vidual coat colour: grey, bay, chestnut and black. Coat colour significantly associated

with morphological measurements. Observed and expected heterozygosity values

were low in grey compared with the other three subpopulations, suggesting the

presence of unique ancestral alleles probably arisen by genetic drift and selection

mechanism effects. Nei's distance demonstrated a clear division among subpopula-

tions, the grey being the most divergent group. Gene flow estimates were similar,

showing the lowest values in grey. Divergence times among subpopulations

assessed with the average square distance suggested that grey was the original PRE

population which diverged from bay, chestnut and black. Our results also demon-

strated a clear morphological differentiation according to coat colour. The close

genetic structure of bay and chestnut PRE subpopulations and the clear differences

in most morphological traits of grey and chestnut PRE mares would suggest the

pleiotropic effect of genomic regions determining coat colour in horses. However,

further analysis including genomic information would be necessary to elucidate the

mechanisms involved.
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1 | INTRODUCTION

Horse production is one of the main agricultural activities in

Spain, responsible for 0.5% of the gross national product. Within

this, the Pura Raza Español (PRE) horse is the most important

breed in terms of census and economic impact on international

trade (Sánchez‐Guerrero, Molina, Gómez, Peña, & Valera, 2016).

Currently, this breed has 231,003 live horses around the world

and a long‐time established genetic selection programme which

includes some registration restrictions regarding the coat colour

of individuals.

Coat colour is one of the most noticeable animal features which

has interested and intrigued mankind for centuries (Pruvost et al.,

2011). Accordingly, the genetic control of pigmentation was one of

the first systems to be determined, including more than 130 loci and

1,000 mutations (Steingrímsson, Copeland, & Jenkins, 2006). Based

on this knowledge, several unique coat colour phenotypic variations

could be produced in horses, increasing the value of the animal (Bel-

lone, 2010; Thiruvenkadan, Kandasamy, & Panneerselvam, 2008).

Some of them could even involve selective advantages essential for
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survival under certain environmental conditions (Dikmen, Dahl, Cole,

Null, & Hansen, 2017; Reissmann & Ludwig, 2013). However, it is

believed that most of the phenotypes currently observed in the

modern horse are the result of domestication and selective breeding

(Horváth et al., 2010; Ludwig et al., 2009). For example, some

breeds as Menorca Purebred (Solé, Santos, Gómez, Galisteo, &

Valera, 2013), American Paint horse and Appaloosa horse are mostly

defined by the colour and patterns of their coats as a result of the

breeders′ selection criteria, based probably on their beauty among

other traits. Similarly, the existence of pleiotropic effects associated

with specific coat colours is also well known. This is the case of grey

horses, whose mutations are involved in the development of mela-

nocytes (e.g. melanocortin receptor or MCR genes) and the appear-

ance of genetic diseases (Bellone, 2010). Moreover, in several

species coat colour could also be associated with behavioural (Ducr-

est, Keller, & Roulin, 2008), morphological (Bize, Gasparini, Klopfen-

stein, Altwegg, & Roulin, 2006) and physiological traits (Roulin,

2004).

Conformational traits have been widely studied in horses due to

their relationship with sporting performance, longevity or predisposi-

tion to lameness (Koenen, van Veldhuizen, & Brascamp, 1995; Saas-

tamoinen & Barrey, 2000; Sánchez‐Guerrero, Cervantes, Molin,

Gutiérrez, & Valera, 2016; Weller, Pfau, Verheyen, May, & Wilson,

2006). For instance, some relationships between conformational

traits and body dimensions were described as advantageous for

dressage discipline (Sánchez‐Guerrero, Cervantes, et al., 2016; Sán-
chez‐Guerrero, Molina, et al., 2016). Despite the fact that the

genetic basis of horse conformational and locomotive traits is poorly

known, several studies have shown high heritabilities on those traits,

thus determining the existence of a specific genetic control system

(Ducro, Bovenhuis, & Back, 2009; Koenen et al., 1995; Sánchez‐
Guerrero, Cervantes, et al., 2016).

Although some studies have reported the possible pleiotropic

effect of coat colour on horses (Finn et al., 2016; Horváth et al.,

2010; Ludwig et al., 2009; Thiruvenkadan et al., 2008), they mainly

focused on their association with genetic diseases. However, to our

knowledge, a systematic large‐scale study assessing the influence of

coat colour in the morphology of the individuals has not yet been

performed.

Therefore, the aim of this study was to determine the effect of

coat colour on the morphological and genetic structure of PRE. For

that purpose, two large‐scale databases including morphological mea-

surements (MM) of more than 90,000 individuals were analysed and

more than 174,000 individuals genotyped. Additionally, morphologi-

cal and genetic divergences among PRE populations based on molec-

ular data were studied.

2 | MATERIALS AND METHODS

2.1 | DNA records

In total, 174,590 individual molecular records belonging to the

breeding programme of the Asociación Nacional de Criadores de

Caballos de Pura Raza Española (ANCCE) were used. Blood samples

were obtained from the jugular vein by the official veterinary ser-

vices of the ANCCE. DNA was extracted using the QIAamp 96 DNA

Blood Kit (Qiagen, Hilden, Germany) and genotyped using the stan-

dard STR panel for horses of the International Society for Animal

Genetics (Table S1, Demyda‐Peyrás et al., 2013).

2.2 | Morphological records

The phenotypic database included morphological traits of 90,941

individuals from 36 countries (15,272 stallions and 75,669 mares).

All records were collected by the ANCCE official veterinary ser-

vices between 2012 and 2016. The horse population was also

clustered in four subpopulations: grey (9,026 stallions and 45,546

mares), bay (4,490 stallions and 22,290 mares), black (1,270 stal-

lions and 6,380 mares) and chestnut (486 stallions and 1,453

mares). For each individual, 23 MM were systematically collected

in official controls of the breed (Sánchez‐Guerrero, Molina, et al.,

2016). All measurements were taken from the left side of the

horse while it was standing on a hard surface and flat ground

assuming a natural position, using standard measuring sticks,

nonelastic measuring tapes and zoometric compasses, according to

the variable to determine. Horses were positioned with the front

legs and hind feet parallel and as near as possible to the perpen-

dicular with the toes lined up. The use of sedatives during mea-

surements was strictly forbidden.

2.3 | Sample clustering and assessment

For the first analysis, all the available individuals were clustered

according to their coat colour in four subpopulations (grey, bay,

black and chestnut), without considering their pedigree (coat colour

subpopulations, n = 174,590). For the second analysis, only individu-

als with at least four full generations of ancestors bearing the same

coat colour (grey horses) or not bearing the grey coat (bay, black or

chestnut) were clustered following the same criteria (pure coat col-

our subpopulations, n = 57,633).

2.4 | Genetic diversity

Genetic diversity across subpopulations was determined in both

analyses using the molecular records available. To this end, the mean

number of alleles per locus (MNA), observed heterozygosity (Ho),

unbiased expected heterozygosity (He, corrected for sample size) and

Wright's FIS were computed using the microsatellite analyser 4.05

program (Dieringer & Schlötterer, 2003). Genetic differentiation

among populations was determined using Wright's FST and Nei

genetic distances (Nei, 1972; corrected for sample size), and plotted

in a dendrogram using the Phylip 3.5 package (Felsenstein, 1989).

The analysis included the horse subpopulations clustered according

to their basic coat colour as well as groups with the remaining PRE

individuals with different coat colours (called “other”; Figure 1). A

pairwise matrix of the genetic distances was then used to obtain a
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neighbor‐joining tree (Saitou & Nei, 1987) with a bootstraps of

1,000 replicates in order to test the robustness of tree topology

using the DISPAN software (Ota, 1993).

2.5 | Gene flow and population divergence time

Gene flow was determined by the effective number of migrants per

generation (Nm; Wright, 1990) using FST estimates (Crow & Kimura,

1970) as follows:

Nm ¼ ð1� FSTÞ=4FST:

Divergence time between populations was estimated using the

genetic distance (δμ)2 (Goldstein, Ruiz Linares, Cavalli‐Sforza, & Feld-

man, 1995):

τgen ¼ ½ðδμÞ2=2β�g;

where β is the mutation rate of microsatellite loci and g is the gener-

ation interval. In this study, mutation rate (β) (Bowling et al., 1997)

and generation interval (Krüger, Gaillard, Stranzinger, & Rieder,

2005) were set at 4 × 10−4 and 7 years, respectively.

2.6 | Morphological diversity

Morphological differences among subpopulations clustered according

to their own coat colour (grey, bay, black and chestnut) were deter-

mined using a general linear model (Statistica v. 8.0, StatSoft, 2007).

Mares and stallions were analysed separately due to the sexual

dimorphism of the PRE breed (Sánchez‐Guerrero, Molina, et al.,

2016). For each trait, significant differences among the four subpop-

ulations were determined using a Ducan posthoc multitest

(p > 0.05).

3 | RESULTS

3.1 | Genetic diversity among coats

The genetic diversity observed among subpopulations is summarized

in Table 1. Grey individuals showed the highest MNA in both analy-

ses, being slightly lower in the pure coat colour subpopulation.

Oppositely, chestnuts showed the lowest MNA and the lowest num-

ber of individuals, with bays and blacks located at closely similar

intermediate values. Interestingly, grey horses showed the lowest Ho

and He compared with the other three subpopulations. These results

were even higher among pure individuals and agreed with the FIS

values observed, showing an elevated degree of relatedness (8.32%

inbreeding).

3.2 | Population structure

The molecular analysis showed a clear division between grey and

the other three subpopulations, being bay and chestnut horses the

most closely related (Figure 1). For instance, genetic distances varied

from 0.003 between bays and chestnuts to 0.04 among greys, bays

and chestnuts. Similarly, pairwise FST values between grey and the

rest of the basic coat colour subpopulations were higher, ranging

from 0.027 to 0.043.

3.3 | Gene flow and divergence time between
populations

Gene flow between subpopulations was estimated through the num-

ber of migrants per generation (Nm; Table 2, upper diagonal). Grey

horses were the most divergent subpopulation, being their Nm values

eight times lower than those observed among the other three sub-

populations. Divergence times among subpopulations, based on the

average square distance (δμ)2, ranged from 112 years (0.0256) in the

F IGURE 1 Neighbor‐joining tree obtained from the Nei genetic
distances among different horse subpopulations (Phylip) (1,000
bootstrap): (a) according to their basic coat colour (grey, bay,
chestnut, black and others [the rest of different coat colour Pura
Raza Español horses]) whose relatives are four generations with the
same coat colour; (b) according to their basic coat colour (grey, bay,
chestnut, black) whose relatives are four generations without grey
coat colour. All the bootstrap values not indicated at the respective
nodes are 100%. 198.5%. 295.1%

TABLE 1 Genetic diversity of the two subpopulations regarding
to coat colour of the Pura Raza Español horse (174,590 and 57,633
individuals, respectively) based on 17 microsatellite loci

Coat colour N MNA Ho He FIS*

Coat colour

subpopulations

Grey 85,888 14.82 0.66 0.67 0.018

Bay 62,431 14.12 0.69 0.70 0.017

Chestnut 4,998 10.88 0.69 0.70 0.016

Black 21,273 13.29 0.68 0.70 0.017

Total 174,590

Pure coat colour

subpopulations

Grey 30,046 13.65 0.64 0.66 0.026

Bay 18,079 12.88 0.69 0.71 0.019

Chestnut 1,209 8.82 0.69 0.71 0.018

Black 8,299 12.06 0.69 0.70 0.017

Total 57,633

Notes. N: sample size; MNA: mean number of alleles per locus; Ho:

observed heterozygosity; He: expected heterozygosity (corrected for

sample size); FIS: heterozygote deficiency coefficient. *p < 0.05.

16 | SÁNCHEZ‐GUERRERO ET AL.



chestnut–black pair to 1247 years (0.1996) in the grey–bay pair,

whereas black–grey and chestnut–grey pairs diverged 536 (0.1225)

and 779 (0.1781) years ago respectively.

3.4 | Morphological diversity among coats

Differences among coat colour subpopulations were significant in 22

and 15 MM in mares and stallions respectively (Table 3). In general,

chestnut horses were the smallest and bays the biggest. On the con-

trary, grey and black subpopulations presented the most homoge-

nous individuals and only 13.04% and 21.74% of the morphological

traits were significantly different among mares and stallions, respec-

tively. In stallions, height at withers (HW) was similar in grey, black

and bay subpopulations, but lower in chestnuts. In mares, grey and

chestnut were the most divergent groups (78.26% of the traits were

statistically different), followed by bay and chestnut mares (73.91%).

As an example, bay mares were significantly taller, grey and black

subpopulations presented similar intermediate values and chestnuts

were the shortest.

4 | DISCUSSION

In this study, we analysed for the first time the relationship between

coat colour and morphological variability using a large PRE horse

dataset that included 90,000 phenotypes and 175,000 genotypes.

To our knowledge, such possible relationship has not been previ-

ously analysed in any breed in this species. Furthermore, the com-

prehensive dataset used in this study (collected during more than

20 years) provides a higher reliability to our results.

Genetic variation in the horse basic coat colour is determined by

two loci associated with the MC1R and ASIP genes (bay, black and

chestnut) (Marklund, Moller, Sandberg, & Andersson, 1996; Rieder,

Taourit, Maria, Langlois, & Guérin, 2001; Sponenberg, 2009), jointly

with the dominant locus STX17, which is responsible of the grey

coat (Rosengren Pielberg et al., 2008). Those genes, among others

associated with melanocyte controls, were previously linked to pleio-

tropic effects on mammals (Ducrest et al., 2008; Reissmann & Lud-

wig, 2013). In horses, they were mostly associated with diseases

such as the lethal white foal syndrome (McCabe et al., 1990), deaf-

ness (Magdesian, Williams, Aleman, Lecouteur, & Madigan, 2009) or

the lavender foal syndrome (Brooks, Gabreski, et al., 2010), as

reviewed by Bellone (2010), but not with morphological traits.

Coat colour is a major attribute which determines breeding prac-

tices in the PRE production system. Nowadays, only individuals

showing large white spots in head and limbs, or of any size in the

rest of the body (piebald, pinto or appaloosa), are forbidden in the

PRE studbook (ANCCE, 2017). Chestnut coat was also forbidden in

the PRE population from 1979 to 2002 and therefore, selection

intensity in this subpopulation was probably lower compared with

the rest of coats. Furthermore, most PRE breeders still raise individu-

als with limited coat colour variability in their herds, and some of

them are specialized in the production of horses with a unique coat

colour (García, Valera, Molina, & Rodero, 1998). This could explain

the lower percentage of grey ancestors observed in the rest of the

subpopulations studied (6.79%, 0.34% and 2.52% in bay, chestnut

and black horses, respectively), despite the fact that grey conforms

half of the whole PRE population.

Coat colour affects several aspects of the horse behaviour

through unclear genetic mechanisms (Finn et al., 2016; Jacobs,

Staiger, Albright, & Brooks, 2016). The small differences in perfor-

mance among individuals bearing several coat colours reported by

Stachurska, Pieta, Łojek, and Szulowska (2007) were absent in

grey or nongrey horses. Since the grey pattern is originated by

the presence of a completely dominant allele (Henner et al.,

2002), probably the pleiotropic effects produced by the rest of

the genes involved in the coat colour control mechanism were

masked. This hypothesis could partially explain our results, consid-

ering that grey horses presented intermediate morphological values

compared with the other phenotypes assessed. Moreover, none of

the genes recently associated with PRE morphometric traits are

involved in coat colour patterns (i.e., LCORL/NCAPG, HMGA2,

USP31 and MECR; Sevane, Dunner, Boado, & Cañon, 2017).

Therefore, since the coat colour mechanism is masked in grey

horses, the genetic effect of coat colour on morphological differ-

ences could not be inferred in this case.

A large genetic variability was observed in all the subpopulations

of pure and nonpure individuals of the breed, as shown by the high

MNA values. Additionally, Ho and He values were also high in all the

subpopulations except for grey horses, suggesting that their genetic

background was wider but more concentrated in some particular lin-

eages, thus leading to an increased genetic drift. These results are

among the highest currently reported in this species in studies per-

formed using similar markers, ranging between 0.40 and 0.79 (Ach-

mann et al., 2004; Berber et al., 2014; Leroy et al., 2009; Plante

et al., 2007; Prystupa, Juras, Cothran, Buchanan, & Plante, 2012);

TABLE 2 The effective number of migrants per generation (Nm, upper diagonal), and the divergence times (lower diagonal) among the basic
coat colour horse subpopulations of the Pura Raza Español horse analysed

Coat colour Grey Bay Chestnut Black

Pure coat colour subpopulations Grey 5.610 5.973 9.030

Bay 0.1996 78.864 54.695

Chestnut 0.1781 0.0156 35.011

Black 0.1225 0.0284 0.0256

Note. μ (mutation rate per population); the number of effective migrants per generation (Nm = (1 − FST)/4FST); (δμ)
2 = average square distance allows to

calculate divergence times with the formula: [(δμ)2/2β]g.
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furthermore, they validate our preliminary study using an 80 times

smaller dataset (2,808 individuals; Negro et al., 2016).

Interestingly, the lowest heterozygosity values were obtained in

grey horses, even though this subpopulation has the highest census

(near 85,000 horses). This could be explained by the increased

selection pressure applied in this particular coat, mainly for func-

tional and morphological traits, due to the existence of widely

renowned lineages which are heavily used as breeders (Valera,

Molina, Gutiérrez, Gómez, & Goyache, 2005). Thus, the number of

stallions employed among breeders is limited considering their cen-

sus, narrowing its genetic base (Sánchez‐Guerrero, Cervantes,

Valera, & Gutiérrez, 2014). In this sense, FIS values were also low

and positive in most subpopulations, suggesting a slight excess of

homozygosity and some kind of directional mating among them.

Those differential traits were probably produced by the different

primary selection objectives derived from the breeders′ aims as

well as by restrictions derived from fluctuations of the breeding

studbook policies. In the case of pure grey individuals, the

hypothesis of increased selection intensity was particularly sup-

ported by FIS values substantially higher (0.026) in comparison with

the rest of the subpopulations (0.016–0.019).
FST values showed that bay and chestnut horses were the most

closely related subpopulations, even clustering together in the phylo-

genetic analysis. On the other hand, grey horses were clearly segre-

gated as an individual genetic cluster, with black horses located in

the middle. This could be due to the fact that since grey coat colour

is a dominant allele (Locke, Penedo, Bricker, Millon, & Murray, 2002),

a horse needs only one copy to be a grey PRE. Such genetic pecu-

liarity is well known by breeders, who take advantage of it to obtain

grey horses the majority of times. On the contrary, the genetic con-

trol of the remaining three coats is narrower; therefore, their genetic

basis would be expected to appear closely clustered.

Gene flow (Nm), which is strongly correlated with population

divergence (Slatkin, 1995), was low between grey and the other

groups of black, bay and chestnut horses. On the contrary, Nm was

higher among the nongrey subpopulations, suggesting lower genetic

TABLE 3 Effects of coat colour within gender in stallions and mares from the PRE worldwide population of Pura Raza Español

Morphological
measurements

LSMeans1

Stallions
Significance

LSMeans1

Mares
Significance

Grey Black Bay Chestnut CC Grey Black Bay Chestnut CC

HW 162.06b 162.12b 162.38b 160.84a *** 159.33b 159.15b 159.71c 158.60a ***

HCr 160.88bc 160.71b 161.16c 159.64a *** 158.69bc 158.44b 158.95c 158.00a ***

LB 160.72b 160.63b 160.88b 159.91a * 160.27bc 160.07b 160.53c 159.59a ***

LH 62.30b 62.26b 62.31b 61.91a ns 61.57a 61.54a 61.81b 61.59ab ***

WH 23.50 23.63 23.57 23.51 ns 23.14b 23.17b 23.20b 23.00a **

CL 9.16ab 9.26b 9.18b 9.07a * 9.02ab 9.09b 9.09b 8.99a **

LN 76.09c 75.36ab 75.64b 75.16a *** 74.27c 73.62b 73.93b 72.87a ***

LS 65.70b 65.72ab 65.70ab 65.35a ns 64.68ab 64.58a 65.03c 64.89bc ***

WC 41.96b 41.71ab 41.84b 41.44a * 40.54b 40.17a 40.46b 39.95a ***

LFA 47.42 47.31 47.41 47.29 ns 46.66b 46.50b 46.74b 46.04a ***

LBa 30.12 30.24 30.32 30.26 ns 30.04a 30.36ab 30.42b 30.14ab ***

LL 30.20b 30.04ab 30.01ab 29.73a ns 31.41b 31.18b 31.15b 29.92a ***

LCr 52.77b 52.81b 52.73b 52.25a * 52.69b 52.66b 52.70b 52.23a **

WCr 52.69b 52.42b 52.55b 51.95a *** 53.86b 53.73b 53.82b 53.12a ***

LF 52.68b 52.39b 52.57b 51.84a *** 51.54b 51.17c 51.54b 50.75a ***

LG 45.21 45.43 45.46 45.19 ns 44.85a 44.68a 45.10ab 45.36b ***

DCr 49.09ab 49.31b 49.33b 48.73a ns 49.63 49.65 49.69 49.59 ns

LBu 51.52b 51.50b 51.47b 51.03a * 50.57b 50.52b 50.61b 50.10a ***

BD 42.67b 42.02a 42.46ab 41.56b *** 42.67c 42.02ab 42.46bc 41.56a ***

DSD 73.68bc 73.44ab 73.88c 73.27ab ** 73.63a 73.57a 73.99b 73.92b ***

PT 188.18c 187.30b 187.51bc 185.66a *** 190.94c 189.75b 190.77c 188.17a ***

PK 33.99b 33.91b 34.08b 33.61a *** 31.54b 31.48b 31.59b 31.22a ***

PCB 20.92b 21.00b 21.03b 20.68a *** 20.00bc 19.95b 20.04c 19.80a ***

Notes. HW: height at withers; HCr: height at croup; LH: length of head; WH: width of head; CL: commissure of lips; LN: length of neck; LS: length of

shoulder; WC: width of chest; LFA: length of forearm; LB: length of body; LBa: length of back; LL: length of loin; LCr: length of croup; WCr: width of

croup; LF: length of femur; LG: length of gaskin; DCr: depth of croup; LBu: length of buttock; BD: bicostal diameter; DSD: dorso‐sternum diameter; PT:

perimeter of thorax; PK: perimeter of knee; PCB: perimeter of cannon bone; CC: coat colour; ns: no significant. 1Any standard errors are higher than

1.03. Mean measurements are expressed in cm. a,b,cValues within a row with different superscripts differ significantly at p < 0.05. *p < 0.05,

**p < 0.01, ***p < 0.001.
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divergences among them. Those differences could be explained by

the indistinct use of black, chestnut and bay stallions among nongrey

breeders, in which the true colour of the individual was expressed

due to the absence of the grey dominant allele. Additionally, these

results are in accordance with the main hypothesis of PRE breeding

history, in which the dominant grey coat was considered to have the

highest prevalence among the founders of the breed, and from

which nongrey coats derived progressively. In this study, the aver-

age‐square distance (δμ)2 analysis between diverged populations was

also in agreement with the idea of the existence of a single ancestral

population—grey horses—which split at some time in the past

(around 500 years) to produce the other coats represented in PRE,

being nongrey individuals bred in high levels of isolation ever since.

Morphology is critically important in nearly all horse breeds

which are subjected to a systematic process of selection over time

(Brooks, Makvandi‐Nejad, et al., 2010). In our study, 23 different

MM were assessed using a comprehensive and systematic dataset to

identify the selection patterns of skeletal size and shape that could

have existed in the PRE population and their possible association

with coat colour. Our results showed that PRE MM values differed

depending on coat colour; they were higher in the grey PRE group

compared with the other grey breeds with common origins such as

Lipizzaner (Zechner et al., 2001), but lower than in another grey

breed such as Old Kladruby (Petlachová et al., 2012). On the con-

trary, MM values in chestnut and black subpopulations were higher

than in other same coated breeds such as Arabian Purebred (Cervan-

tes et al., 2009) and Menorca Purebred (Solé, Valera, Gómez, Cer-

vantes, & Fernández, 2013). Besides, bay PRE MM results were

lower than in other bay populations such as Dutch Warmblood,

Hanoverian, Oldenburg and Trakehner (Brooks, Makvandi‐Nejad, et

al., 2010). This may indicate some kind of diversifying selection for

skeletal size and shape among coated horse breeds which could

explain the different levels of genetic diversity observed in the PRE

subpopulations and the pattern of positive directional selection (i.e.

for HW). However, since populations are dynamic units which can

easily adapt their physiology and morphology to their environments

and breeding schemes (Agaviezor et al., 2012), it is expectable that

this particular population continues evolving to a more “PRE‐like”
phenotype characterized by its complexity. Interestingly, average

heights, widths, depths and perimeters recorded and analysed in all

the available PRE databases were similar to those reported in previ-

ous studies in which colour coat was not used as a clustering param-

eter among individuals (Gómez, Goyache, Molina, & Valera, 2009;

Molina, Valera, Dos Santos, & Rodero, 1999; Sánchez‐Guerrero,
Molina, et al., 2016). Furthermore, all of these morphological differ-

entiations were lower among stallions. Despite gene regulatory net-

works could be differentially controlled between males and females,

it is also true that males are usually more selected than females, and

therefore tend to be more homogenous. However, gender‐related
differences are highly variable between and within breeds, and even

at diverse ages in the same population (Pinto et al., 2005; Sánchez‐
Guerrero, Molina, et al., 2016). Thus, the existence of a pleiotropic

effect expressed differentially between sexes cannot be disregarded.

On the contrary, our results pointed out the existence of morpholog-

ical differentiation in mares associated to a particular coat colour. As

an example, 78.26% of MM were significantly different between

grey and chestnut mares (being chestnut generally smaller). This clear

differentiation in the chestnut group could be explained by the fact

that they were banned from the PRE studbook in 1979 because

they were considered as a crossbreed based on Arabian horses.

However, after the description of the coat colour genetic control

(ASIP and MC1R genes) and the demonstration that chestnut horses

could be derived from black or bay parents, chestnut were reallowed

in the PRE studbook. On the other side, morphological differences

between grey and black subpopulations were lower, in agreement

with the smaller genetic distance observed using the molecular data

and breeding policy history in relation to the coat colour characteris-

tics of the breed. The most genetically related populations (chestnuts

and bays) showed one of the highest morphological differences, that

is, bay horses were the tallest and biggest and chestnut horses the

shortest and smallest, suggesting the possible pleiotropic effect of

coat colour. In spite of such common genetic background, chestnut

horses showed the highest levels of genetic diversity, in agreement

with a lower selection pressure given its prohibition because of PRE

studbook rules during 15 years. Thus, the possibility of a genetic

effect of chestnut colour showing small phenotypes still remains

unclear.

Nowadays, the use of sequence‐derived genotype data allows to

understand the genetic mechanisms underlying complex traits by

increasing the power to detect novel variants. For instance, Frisch-

knecht, Signer‐Hasler, Leeb, Rieder, and Neuditschko (2016) recently

confirmed the existence of a genetic association for HW in horses

and identified a novel QTL on ECA9 associated with other confor-

mation traits using imputation from sequence data. However, most

previous association studies in this species using coat colour as clus-

tering parameter were performed in phenotypes associated with

health disorders (Reissmann & Ludwig, 2013). This could be

explained by the existence of a highly pleiotropic gene network

involving the melanocortin system and colour regulation (San‐Jose,
Ducret, Ducrest, Simon, & Roulin, 2017). This system is also involved

in energy metabolism in domestic animals (Andersson, 2003) and ani-

mal growth (MC4R variant in pig) (Van Den Broeke et al., 2015).

Therefore, we suggest that the observed morphological differentia-

tion and the hypothesis of a possible pleiotropic effect need a more

detailed study through high‐throughput genomic methodologies.

In conclusion, we determined for the first time the existence of a

significant morphological variability among horses with different coat

colours by using a reliable and systematized methodology which

combines molecular markers and a professional and standardized

phenotypic characterization in more than 170,000 horses. These

results suggest the possible existence of a pleiotropic effect of the

coat colour regulatory network associated with the morphology of

horses. However, the presence of directional mating among coated

populations and the fluctuations of breeding studbook policies do

not allow their genetic origin (pleiotropic or genetic selection) to be

determined clearly. Besides, our findings could be used as a starting
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point to determine which effects are involved in the morphological

differences described according to coat colour and to take this effect

into consideration for a further analysis including genomic

information.
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