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Abstract

:

Simple Summary


Hair whorls in horses are a hereditary trait that may be associated with various factors, including the temperament or the coat color of the animals. Hair whorls are described as changes in the hair pattern and may take various forms: circular whorls (spirals of hair with a round epicenter) and linear whorls (a line where the hairs span out on both sides from the center, producing an oval shape similar to a feather). The aim of this study is to estimate the frequency and genetic parameters of the number and position of circular and linear hair whorls (on head, body-neck and limbs) of the Pura Raza Española horse according to different factors such as gender, level of inbreeding, birth period and coat color. In this breed, circular whorls are more prevalent than linear whorls, with both showing a relevant symmetry. The laterality of hair whorls has been also evidenced and are most concentrated on the left-hand side. Most horses, particularly gray ones, showed circular hair whorls below the central line of the eyes; in a previous paper, this was associated with a calmer and more docile temperament. Hair whorls have medium-high heritability and can be included in a breeding program due to their relationship with behavior.




Abstract


Hair whorls are a hereditary feature in horses that may be associated with temperament and coat color. Hair whorls are described as changes in the hair pattern and may take various forms, such as circular and linear whorls. We first carried out a frequency analysis of hair whorls (circular and linear). Next, a Generalized Non-Linear Model was computed to assess the significance of some potential influencing factors, and a genetic parameter estimation was performed. ENDOG software v4.8 was used to estimate the inbreeding coefficient of all the animals analyzed. It was more common to find horses with circular hair whorls than with linear whorls. The heritability ranges obtained were, in general, medium-high for both circular whorls (0.20 to 0.90) and linear whorls (0.44 to 0.84). High positive correlations were found on the between left and right positions, indicating a tendency to symmetry in certain locations. The laterality of hair whorls was also evidenced, with the biggest concentration on the left-hand side, particularly in gray horses, showing circular whorls below the central line of eyes, which has been associated in a previous paper with a calmer and more docile temperament.
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1. Introduction


Numerous papers have studied the relationship between body conformation, coat color or coat particularities and temperament traits in domestic animals [1,2,3,4,5,6,7,8]. Among the particularities which have been studied in greater depth are hair whorl patterns [5,9,10,11,12]. These hair features, also called trichoglyphs, are laid down between the 10th and the 16th weeks in utero in humans and can act as an indicator of abnormal cerebral development [13]. It is widely known that hair whorls come from the same layer of cells in the embryo as the nervous system [14], and trichoglyphs have been linked to early fetal brain development. Further study of hair whorls may therefore provide useful insight into both behavioral and neurobiological development [15], having been related in humans to neuro developmental disorders such as schizophrenia. In addition, in dogs, relationships have been found between hair whorls and motor and sensory laterality [16,17].



In this context, the existence of an asymmetric connection between brain function and behavior has also been previously demonstrated [18,19]. In animals, the right hemisphere is related to flight response before new events, while the left hemisphere controls routine behavior when the animal is relaxed [16,20,21].



In horses, since ancient times, many superstitions have been related to the number and position of hair whorls, as pointed out by Hudayl [22]; for example, hair whorls that appear on the neck and in the interaxillary region are considered good omens, and those on the lower part of the thigh, and on the jaw, back and shoulders bring bad luck. Aguilar [23], writing in 1572, considered it a bad sign that hair whorls were located on the temples, jaws, back or heart. At the beginning of the 20th century, Suë [24] referred to the Arabian horse “Godolphin”, one of the founders of the thoroughbred horse, as an animal with a hair whorl on its chest that “boded ill for its owner”.



However, nowadays, this association between the presence of hair whorls, mainly on the forehead, and equine temperament has been scientifically studied, and the results have been presented in different papers [9,12,25].



Certain genomic regions associated with hair traits in horses have now been identified [26]. The possible pleiotropic effect of these genes, whose metabolic activity is related to hair follicle growth, has been also highlighted, thus providing the first evidence of a genetic–biological association between hair whorls and temperament in horses [26]. In general, the phenotype of hair whorl traits is a good indicator of the genotype, since these traits have a large additive genetic variance. In addition, hair whorl traits in horses show high heritability [27,28,29] and are highly correlated with one another [27]. On the other hand, other particularities of whorls, such as linear whorls, have not been studied in depth before in horses.



The Pura Raza Española (PRE) horse is the main native Spanish equine breed, with a census of 275,018 animals, with 26.23% of its census being distributed in 67 countries spread over the five continents. It is a breed that has contributed to the formation of numerous equine breeds [30], and the horses of this breed stand out for being balanced, docile and with a calm temperament. They also adapt with ease to different situations, such as working in the field or in equestrian competitions such as Dressage or High School Dressage [31]. They are horses that respond easily to the rider’s encouragement, which is why they are considered obedient, and they have a great capacity for learning.



The aim of this study is to estimate the frequency and genetic parameters (heritability and genetics correlations) of the number and position of circular and linear hair whorls (on head, body–neck and limbs) of the PRE horse according to different factors such as gender, level of inbreeding, birth period and the horses’ coat color.




2. Materials and Methods


2.1. Description of the Traits and Database


The database included records of 43,398 PRE horses with a range of ages from 6 to 12 months (15,782 stallions and 27,616 mares) taken as part of the veterinary identification process between 2000 and 2021. Veterinary identification is a mandatory condition for registering a horse in the Birth Registry of the PRE-Stud Book and involves carrying out a phenotype review of the animal by an authorized PRE vet. For this purpose, all the reviews from the PRE population are performed by 13 different authorized veterinarians, all of whom are familiar with the identification review routine for this breed. According to the principles of equine identification [32], hair whorls are described as changes in the hair pattern and may take various forms. In this study, we are going to look at circular whorls (spirals of hair with a round epicenter [15]; Figure 1a) and linear whorls (a line where the hairs change their direction on both sides from the center, producing an oval shape similar to a feather).



The position traits were analyzed on a dichotomic scale (with or without circular or linear whorls on a certain position) and on a linear discrete scale (number of whorls in the same location). All possible positions and number of hair whorls situated on head, body-neck and limbs were considered (Table 1). Furthermore, in order to assess the symmetry in the appearance of these traits, we also evaluated the frequency of an animal with a hair whorl on the right side also having one on the left side, for all the locations considered.




2.2. Statistical Analyses


First, we performed a frequency analysis of whorls (linear and circular). Next, a Generalized Linear Model (GLZ) was computed to assess the significance of some potential factors that could affect the number or distribution of these hair particularities over the horse body. The GLZ represents an extension of the general linear model designed to accommodate dependent variables with non-continuous or non-normally distributed values. A Generalized Linear Model of the binomial with a logit link function (glm (…, family = binomial (link = “logit”), …)) was used for counts of dichotomous traits; while, for discrete traits, GLZ for an ordinal multinomial distribution (a multinomial discrete distribution containing information on a rank scale) was used. The following factors included in the model were coat color (4 levels: grey, bay, black and chestnut); sex (2 levels: male and female); birth period (3 levels: animals born before 2001, between 2002 and 2011 and between 2012 and 2021); and the inbreeding coefficient (3 levels: <0.125; between 0.125 and 0.1875; and >0.1875), together with its influence on the number and position of hair whorls.



The birth period focused on events in the last few decades, especially since the breeding program for the breed was initiated in 2002, and because, in recent years, breeders have selected their animals based on breeding values of morphological and functional traits related to Dressage, where the horse’s behavior is of utmost importance for the good performance of the routines. Additionally, in the last birth period, there has also been an increase in the prevalence of dark coat colors (bay, black, and chestnut [33]) in this breed. For this reason, the birth period helps us see what happened to the animals born in these last birth periods [34]. The inbreeding coefficient has been considered as a fixed factor, establishing a series of classes or levels, as in other studies in this breed [35].



Statistical analyses were performed using Statistics for Windows software v.11 [36].




2.3. Genetic Model


The estimation of the genetic parameters was carried out with a multivariate model (two to six traits carried out by each approach) animal model, with the number of hair whorls as linear discrete traits and the positions of hair whorls as dichotomic traits. The approaches included as systematic effects all the influencing factors that resulted statistically significant (p < 0.05) in the previous GLZ analysis: gender, the inbreeding coefficient, the coat color and the birth period. Additive genetic and residual effects were included as random factors.



All the genetic models were analyzed using a Bayesian approach via Gibbs sampling with the GIBBSF90+ (http://nce.ads.uga.edu/wiki/doku.php?id=readme.gibbsf90plus#gibbsf90, accessed on 14 June 2023) module of the BLUPF90 software [37]. The Gibbs sampler was run for 250,000 rounds, with the first 10,000 considered as burn-in; then, every 10th sample was saved for later analysis. Posterior means and standard deviations were calculated with the POSTGIBBSF90 software (version 3.15) [37] to obtain estimates of variance components. Convergence of the posterior parameters was assessed by visual inspection of the trace plots of posterior distributions generated by the Coda R package [38]. The equation in matrix notation for the model to be solved for a hypothetical trait considering all of the possible random effects was


yi = xib + ziu + ei








where y is the vector of observations, b are vectors of the systematic effects, u are vectors of the additive genetic effects, and xi and zi are incidence vectors for systematic and animal effects, respectively. The pedigree information for the genetic evaluation included 95,292 horses and was obtained from the official PRE studbook, reconstructing a minimum of 4 generations from each horse evaluated. ENDOG v4.8 software [39] was used to estimate the inbreeding coefficient of all the animals analyzed.





3. Results


3.1. Statistical Analysis


We carried out a frequency analysis for both the position and number within the body location of hair whorls (circular and linear) in this breed. As regards the position of the whorls (Table 2), our results showed that it was more common to find horses with circular whorls on any part of the body than with linear whorls. The majority of PREs had circular whorls on the head and body–neck (95%; 41,570 and 41,379 PRE horses, respectively) in contrast with the horses with circular whorls on the limbs (16%; 4621 horses). The position with the highest percentage of PREs with circular whorls was the left side of the body–neck, with 38,757 PREs affected (89.30%). In fact, the left side always had more circular whorls than the right side, except in the hindlimbs. All the locations showed a high percentage of animals with symmetry between both sides, with 87% (20,972 horses) for the head, 99% (38,252 horses) for body–neck and 88% (3855 horses) for limbs. In addition, when the head position traits were grouped into the upper or lower part of the head, most horses showed hair circular whorls under the central line of the eyes.



On the other hand, there was a majority of PREs with circular whorls on the head and body–neck (95%), in contrast with the horses with circular whorls on their limbs (18%). The position with the highest percentage of PREs with circular whorls was the left side of the body–neck, with 38,757 PREs (89.30%). Again, the left side always had more circular whorls than the right side, except in the hindlimbs. All the locations again showed a high percentage of animals with symmetry between both sides, with 53% (22,687 horses) for the head, 88% (38,252 horses) for body–neck and 8% for limbs. As before, when the upper and lower head positions were considered together, most horses showed circular hair whorls above the central line of the eyes, with percentages between 30% (low center) and 47% (low left).



Table 3 shows the results for the number of circular and linear hair whorls a PRE horse has in the same location. Most PRE horses showed one (34%) or three (31%) circular hair whorls on the head, more than two on the body-neck (88%) and two on the limbs (3705 PRE −8%). However, most of the horses studied presented more than 10 linear whorls on the body–neck (1038 −2%).



The Generalized Non-Linear Model (GLZ) and percentage comparative analyses of the influencing factors related with the appearance of linear and circular hair whorls on PRE horses are shown in Tables S1 and S2. In general, all the factors studied (gender, inbreeding coefficient, coat color and birth period) were statistically significant (p < 0.05).



The gender affected 10 positions of the circular (but not top of the head or center body–neck) and 7 linear whorls, with the stallions in general having more prevalence in both. The inbreeding coefficient affects circular and linear whorls in 5 positions and had a higher frequency in PREs with an inbreeding coefficient of over 0.1875. Coat color was a relevant effect for 12 circular and 10 linear whorl positions, with the gray PRE horse showing the highest frequency. The birth period was a relevant factor for 11 circular whorl and 10 linear whorl positions, with PREs born between 2002 and 2011 highest the prevalence.



Regarding the number of whorls, the gender was relevant in animals for head and limbs in circular and body–neck and limbs in linear whorls, with the males having a higher number than the mares. The inbreeding coefficient affected the number of circular whorls in body–neck for circle and linear whorls traits, with, in general, a higher degree of inbreeding in PREs producing a greater number. Coat color was a significative factor in all circular and linear whorl number traits, with gray horses having the highest number of circular whorls in the three locations. The birth period was a relevant factor for all the circular and linear whorl traits, with PREs born after 2002 and 2011 being those with highest prevalence.




3.2. Genetic Parameters


The genetic parameters of the models carried out in this study for body location and position of circular and linear hair whorls are presented in Table 4. The heritability ranges obtained were, in general, medium-high for circular whorls (0.20 to 0.90) and for linear hair whorls (0.44 to 0.84). Within the heritability values obtained for circular whorls, the highest were found on the top right (0.80) and top center (0.85) of the head, in all positions of body and neck (0.83 to 0.89) and on the left hindlimb (0.90). However, for linear whorls, the highest heritability values were found on the lower right-hand side (0.84) of the head, followed by the right hindlimb (0.83).



On the other hand, when considering heritability values for the number of whorls in each location (Table 5), circular hair whorls ranged from 0.32 for limbs to 0.51 for the body–neck, while linear whorls ranged from 0.26 for the head to 0.58 for the body–neck: the latter location showed the highest heritability values for both hair whorls (circular and linear).



Table 6 shows the genetic correlations among the different positions within a location. A total of 31% of the correlations have a medium-high magnitude (≥0.25), with 89% being positive and 11% being negative. High positive correlations were found on the head between the lower left and right positions for both linear (0.99) and circular whorls (0.81), indicating a tendency towards symmetry in these locations. In the same way, symmetry was also found on the limbs, due to the high correlations found between right and left forelimbs for circular (0.93) and for linear whorls (0.93); and the high correlations found between right and left hindlimbs, for both circular (0.83) and linear whorls (0.99). If the laterality is studied, the linear whorls in the lower part of the head have medium correlations with the limbs on the same side, while in circular whorls, this laterality can be observed in close correlations on both sides between the lower part of the head and the body.



Finally, Table 7 shows the genetic correlations between the number of circular and linear hair whorls in different locations. The highest genetic correlations were found between the number of whorls located on the body–neck (0.43), with a genetic tendency to show the same number in both particularities. Finally, a close genetic correlation was found between the number of linear whorls located on the head and limbs (0.45) and linear hair whorls located on the limbs, which tended to be accompanied by linear hair whorls on the head.





4. Discussion


Hair normally follows a certain direction, namely from top to bottom, from front to back on the sides and in the opposite direction on the back and lower areas. However, every animal has certain peculiarities in the direction their hair grows that will remain with them for their lifetime. This, as well as the coat color, allows the animal to be correctly identified and aids the veterinary identification process. These particularities can be divided into three general groups: variation in hair direction, which can occur all over the animal’s body; the appearance of white hairs in depigmented skin areas; and primitive marks, which are defined according to the location described in the zootechnical breed standards [40].



With the domestication of the horse, artificial selection by men began fine-tuning the physiognomy and temperament of the modern horse. Those horses that stood out for their docile temperament and resistant conformation were given priority for reproduction. However, coat color was the attribute that attracted the most attention and was first selected by human beings, which led to an increased diversity in coat colors [31]. Horses were domesticated in this way, by giving mating priority to those whose coat colors were more showy [41].



The differences in behavior between animals of the same species and/or breed can be attributed to the temperament of each individual, in which genetics can play a major role. In human–horse relations, generic terms are attributed to horses, based on their owners’ daily experiences and according to the animal’s temperament and reactivity, such as being calm or nervous [25]. However, there are also descriptions of the relationship between phaneroptical characteristics and temperament, such as coat color and its relationship with reactivity [3] or the position of head whorls above or below the line of the eyes supposedly influencing personality characteristics of the animals as being more “calm” or “nervous” [5,9,12,15,42,43]. A number of different theories exist to explain the development of hair whorls, including genetics, molecular mechanisms and mechanical tension [44].



The relationship between the height of a hair whorl on the head and temperament has been previously explained due to the hair patterns in the fetus forming at the same time as the brain [13]. Our results showed a higher prevalence of whorls on the lower part of the head (below the center line of the eye) for PRE horses (Table 2), which agrees with the study by Lanier et al. [10] in cattle, who found that this location was related with a calmer and more noble temperament in the animal [10]. Previous studies have found differences in horse breeds according to temperament [45,46], with PRE horses being described as noble, calm and sound [47,48]. Curiously, animals with a grey coat color are the ones that have presented the highest number of whorls on the lower part of the head, both on the right and left sides (see Table S1). In this context, horses with a gray coat color of the breed Caballo de Deporte Español (CDE) presented lower infrared temperature values at rest, measured with infrared thermography, compared to chestnut, bay or black-coated CDE horses [3]. Other authors [1,4,49] have also reported differences in coat colors related to personality traits such as calmness, boldness or nervousness which, to some extent, are related with the way the animal perceives threat stimuli and reacts by showing stress [4,50,51,52,53]. Therefore, the position and the number of whorls on the head in PRE horses could be used as a possible predictor of temperament from an early age, and top-of-the-head hair whorls could be used as an indicator trait for use in selection against flighty temperaments [5]. In addition, its ease of measurement and stability over time would be an attractive feature if the phenotypic correlation with behavior was confirmed at the genetic level. Due to the fact that hair whorls are formed during embryonic development, this study has found, as might be expected, a high proportion of symmetry.



In our study, the number of circular whorls does not follow a Poisson distribution, as one and three whorls are much more common than two and four. Counting symmetric whorls just once may show more similarity to the theoretical Poisson distribution. In any case, our results indicate that the presence of (some) whorls is closely associated with that of others (whorls are not independent). Specifically, the place where the greatest symmetry occurs is in the body–neck, with 99% and 98% for circular and linear hair whorls, respectively. These results are in line with the theory that vertebrates are assumed to show a left–right symmetric musculoskeletal system [54,55]. In spite of this, and although both sides of the body should genetically have the same characteristics, tending therefore to be symmetrical (such as white spots or hair whorls), the common asymmetry that is usually found in all animals between the left- and right-hand parts of the body could be probably due to variability in cell movements, clonal proliferation of melanoblasts and cell survival [56]. Furthermore, certain non-genetic factors might also play a role in the expression of the position and pattern of the hair whorls [9]. In the case of the PRE horse, the body position with the highest degree of asymmetry was the top of the head.



In our study, we also found differences in the frequency of appearance of hair whorls on the body in PRE horses on the left- or right-hand sides. These differences could be due to the lateralization effect of the brain. The slight increase in the number of left-sided hair whorls (found in the PRE horses mainly on the head and hindlimbs) could be related with a right-handed tendency [12,57]. In the case of PRE horses, this could be related to the tendency to use the right limb most and to turn right during the regular dressage exercises. However, Shivley et al. [12] only found this tendency to be related with the direction of hair whorls (counterclockwise or clockwise).



Although some published papers have addressed the prevalence of hair whorls in horses [12,25,26,27,28,29] or cattle [5,15], no analyses of the environmental factors that may influence the frequency of these peculiarities have been carried out before. In fact, most authors did not include fixed effects in the model when estimating genetic parameters for these variables [27,28]. Only Yokomori et al. [29] included the gender effect in their genetic models.



In our study, we have analyzed the influence of not only gender, but also coat color, inbreeding coefficient and birth period of the horse on the number and location of hair whorls on the horse’s body (Tables S1 and S2). In general, all these effects were statistically significant for most of the traits analyzed.



The environmental factors included in this study have already been used previously in this equine breed to estimate genetic parameters related to morphological defects such as cresty neck [58], ewe neck [59] or limbs defects [35]; those related to pathologies such as the presence of skin melanomas [60] or obesity [61]; and those related to the evaluation of morphological [62], behavioral [48], reproductive [63] or performance [64] variables.



As regards heritability results, it should be noted that this study is the first to estimate genetic parameters for each location of hair whorls on the head, neck and body, and limbs as independent variables (not only the general position or number of the whorls), and it is also the first study to take into consideration the number and distribution of linear whorls (Table 4 and Table 5). First of all, the low-high heritability values found for hair whorl positions (0.20 to 0.89) contrasts the medium-low heritability values found for the number of hair whorl traits (0.26 to 0.58). These hair whorl heritability values were therefore in line with those obtained by Cruz et al. [27] and higher than those reported by Yokomori et al. [29].



In general, whorls are highly heritable, and as a result, the number of animals exhibiting them increases over time, which coincides with the fact that horses born in the last birth period (>2012–2021) present a higher proportion of these characteristics (Tables S1 and S2), perhaps due to indirect selection (seeking animals with a specific behavior and coat color). Temperament may have been selected divergently between breeds (even indirectly), and this fact may have altered the distribution of the number of facial whorls of the different breeds/populations, with consequent changes in the variance components [27]. Breed is known to have a great influence on horse behavior [65], and behavioral and temperament traits in horses have low to moderate heritability [65,66,67]. Thus, hair whorl traits could potentially be used for indirect temperament selection.



Additionally, some genes have recently been found that act on epidermal biology and control hair follicle growth (genes KLF5, IL2, SIRT1, CD47, CD200, ALDH1, A1), which may play an important role in the formation of whorls and, in turn, have a pleiotropic effect on behavior [26]. In other species, such as Rhodesian Ridgeback dogs, the ridge gene complex (FGF3, FGF4, FGF19, ORA, OV1) was detected in a ROH island on chromosome 18. Genes located within the ROH islands were HMGA2, affecting body size, MSRB3 for floppy ears and MSTN for muscling patterns, besides numerous health related genes, which have been proven to play a role in dog diseases, along with other genes described only in other species [68,69].



In our study, the proportion of linear whorls is low, with more than 90% of horses not having any on their head and limbs, while more than half have them on their body and neck. According to previous studies, linear whorls could be caused by a single mutation and may be associated with diseases, as in the case of Rhodesian Ridgeback dogs [68].



In agreement with our frequency data (Table 2), the genetic correlations between the different locations for the hair whorl (Table 6) were high and positive, mainly on both sides in the same position (right and left) and mainly for the locations of the lower head, body–neck and limbs, which corroborates the results for symmetry found previously in other studies [12]. These findings suggest that the same set of genes coordinates the position of hair whorls on both sides.




5. Conclusions


Hair whorls are medium-high heritability traits mainly affected by coat color, gender and birth period and, to a lesser extent, by the levels of consanguinity. While gender and time of birth may causally influence the formation of whorls, coat color likely correlates with hair whorls, rather than influencing them causally. In PREs, circular whorls are more prevalent than linear whorls in all the locations, with both showing a relevant symmetry between the left and right positions. The laterality of hair whorls has been also evidenced, with most of them concentrated on the left-hand side. On the other hand, most horses, particularly gray ones, showed circular hair whorls below the central line of the eyes. Taking into account previous associations of hair whorl position and temperament in cattle, we could infer a relationship between hair whorls and a more docile and calm temperament in horses, usually associated with this horse breed (PRE) and with this coat color (gray) in particular. However, further studies are needed to confirm this hypothesis.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ani13182943/s1, Table S1: Generalized Non-Linear Model (GLZ) results using a binomial logit model depending on different risk factors and incidence rate percentage ac-cording to hair circular and linear whorl positions; Table S2: Generalized Non-Linear Model (GLZ) results using a multinomial logit model depending on different risk factors and incidence rate percentage according to the number of circular and linear hair whorls.





Author Contributions


Conceptualization: A.E., M.J.S.-G. and M.V.; methodology: M.J.S.-G., M.V. and M.L.; validation, A.E., M.L., E.B. and A.R.-S.d.l.T.; formal analysis: A.E., M.L. and M.J.S.-G.; research: all the authors; resources: A.R.-S.d.l.T. and M.V.; data curation: A.E., M.L. and M.J.S.-G.; writing—original draft preparation: A.E., M.L., M.J.S.-G. and E.B.; writing—review and editing: M.V., and A.R.-S.d.l.T.; visualization: M.J.S.-G. and M.V.; supervision: M.V. and A.R.-S.d.l.T.; project administration: M.V. and A.R.-S.d.l.T.; funding acquisition: M.J.S.-G., M.V. and A.R.-S.d.l.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research has been partially financed by the VI PPIT-US. Resolución definitiva de la Convocatoria 2020 de Contratos de Acceso al Sistema Español de Ciencia, Tecnología e Innovación para el Desarrollo del Programa Propio de I+D+i de la US. (II.5B). Fase II.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Patient consent was waived due to the data used in this article is part of the performance control data carried out as part of the Pura Raza Español Breeding Program (BOE n° 175 of 24 June 2020. Sec. III Pág. 44191; https://www.mapa.gob.es/es/ganaderia/temas/zootecnia/ancceen_tcm30-540900.pdf, accessed on 12 September 2023), whose technical director of the Breeding Program is Dr. M. Valera (author of this work and director of Research Group PAIDI-AGR-273 the University of Seville, a qualified center for genetics; https://servicio.mapa.gob.es/arca/flujos.html?_flowExecutionKey=c21e6192-8dd3-470b-8216-e0cc38ed413f_MTAzQjRDMDYxODMwNjgwQzIzNEI0RDc5NDBBMjAzODIuZTA0MTAwNjA=&_eventId=desplogarResponsa-ble&indiceResponsable=0, accessed on 12 September 2023). The technical director of the Genealogical Book for the breed is A. Rodríguez-Sainz de losTerreros, also co-author of this work (https://www.lgancce.com/web/quienes_somos, accessed on 12 September 2023).




Data Availability Statement


Data are unavailable due to compliance with privacy laws.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Abdel-Azeem, N.M.; Emeash, H.H. Relationship of horse temperament with breed, age, sex, and body characteristics: A questionnaire-based study. Beni-Suef Univ. J. Basic Appl. Sci. 2021, 10, 45. [Google Scholar] [CrossRef]

	



Finn, J.L.; Haase, B.; Willet, C.E.; van Rooy, D.; Chew, T.; Wade, C.M.; Hamilton, N.A.; Velie, B.D. The relationship between coat colour phenotype and equine behaviour: A pilot study. Appl. Anim. Behav. Sci. 2016, 174, 66–69. [Google Scholar] [CrossRef]

	



Bartolomé, E.; Perdomo-González, D.I.; Ripollés-Lobo, M.; Valera, M. Basal Reactivity Evaluated by Infrared Thermography in the “Caballo de Deporte Español” Horse Breed According to Its Coat Color. Animals 2022, 12, 2515. [Google Scholar] [CrossRef]

	



Brunberg, E.; Gille, S.; Mikko, S.; Lindgren, G.; Keeling, L.J. Icelandic horses with the Silver coat colour show altered behaviour in a fear reaction test. Appl. Anim. Behav. Sci. 2013, 146, 72–78. [Google Scholar] [CrossRef]

	



Grandin, T.; Deesing, M.J.; Struthers, J.J.; Swinker, A.M. Cattle with hair whorl patterns above the eyes are more behaviorally agitated during restraint. Appl. Anim. Behav. Sci. 1995, 46, 117–123. [Google Scholar] [CrossRef]

	



King, T.; Marston, L.C.; Bennett, P.C. Breeding dogs for beauty and behaviour: Why scientists need to do more to develop valid and reliable behaviour assessments for dogs kept as companions. Appl. Anim. Behav. Sci. 2012, 137, 1–12. [Google Scholar] [CrossRef]

	



Preston, B.T.; Stevenson, I.R.; Lincoln, G.A.; Monfort, S.L.; Pilkington, J.G.; Wilson, K. Testes size, testosterone production and reproductive behaviour in a natural mammalian mating system. J. Anim. Ecol. 2012, 81, 296–305. [Google Scholar] [CrossRef]

	



Topczewska, J.; Krupa, W.; Sokołowicz, Z.; Lechowska, J. Does Experience Make Hucul Horses More Resistant to Stress? A Pilot Study. Animals 2021, 11, 3345. [Google Scholar] [CrossRef]

	



Górecka, A.; Golonka, M.; Chruszczewski, M.; Jezierski, T. A note on behaviour and heart rate in horses differing in facial hair whorl. Appl. Anim. Behav. Sci. 2007, 105, 244–248. [Google Scholar] [CrossRef]

	



Lanier, J.L.; Grandin, T.; Green, R.; Avery, D.; McGee, K. A note on hair whorl position and cattle temperament in the auction ring. Appl. Anim. Behav. Sci. 2001, 73, 93–101. [Google Scholar] [CrossRef]

	



Murphy, J.; Arkins, S. Facial hair whorls (trichoglyphs) and the incidence of motor laterality in the horse. Behav. Processes 2008, 79, 7–12. [Google Scholar] [CrossRef]

	



Shivley, C.; Grandin, T.; Deesing, M. Behavioral Laterality and Facial Hair Whorls in Horses. J. Equine Vet. Sci. 2016, 44, 62–66. [Google Scholar] [CrossRef]

	



Smith, D.W.; Gong, B.T. Scalp hair patterning as a clue to early fetal brain development. J. Pediatr. 1973, 83, 374–380. [Google Scholar] [CrossRef]

	



Furdon, S.A.; Clark, D.A. Scalp hair characteristics in the newborn infant. Adv. Neonatal Care 2003, 3, 286–296. [Google Scholar] [CrossRef] [PubMed]

	



Broucek, J.; Kisac, P.; Mihina, S.; Hanus, A.; Uhrincat, M.; Tancin, V. Hair whorls of Holstein Friesian heifers and affects on growth and behaviour. Arch. Anim. Breed. 2007, 50, 374–380. [Google Scholar] [CrossRef]

	



Leliveld, L.M.C.; Langbein, J.; Puppe, B. The emergence of emotional lateralization: Evidence in non-human vertebrates and implications for farm animals. Appl. Anim. Behav. Sci. 2013, 145, 1–14. [Google Scholar]

	



Tomkins, L.M.; Williams, K.A.; Thomson, P.C.; McGreevy, P.D. Lateralization in the domestic dog (Canis familiaris): Relationships between structural, motor, and sensory laterality. J. Vet. Behav. 2012, 7, 70–79. [Google Scholar] [CrossRef]

	



Divided Brains. Available online: https://www.cambridge.org/core/books/divided-brains/442F89DBA8F4BA76CD2F896E960A1E36 (accessed on 29 May 2023).

	



Frasnelli, E.; Vallortigara, G.; Rogers, L.J. Left-right asymmetries of behaviour and nervous system in invertebrates. Neurosci. Biobehav. Rev. 2012, 36, 1273–1291. [Google Scholar] [CrossRef]

	



Rogers, L.J.; Vallortigara, G.; Andrew, R.J. Divided Brains: The Biology and Behaviour of Brain Asymmetries; Cambridge University Press: Cambridge, UK, 2011; pp. 1–229. [Google Scholar]

	



Rogers, L.J.; Andrew, R. (Eds.) Comparative Vertebrate Lateralization; Cambridge University Press: Cambridge, UK, 2002. [Google Scholar]

	



Hudayl, I. Gala de Caballeros Blason de Paladines; Editora Nacional: Sao Paulo, Brazil, 1977; ISBN 9788427604087. [Google Scholar]

	



Aguilar, P. De Tratado de La Caballería de La Gineta [Manuscrito]/Compuesto Y Ordenado por El Capitán Pedro de Aguilar, Vecino de Málaga, Natural de La Ciudad de Antequera; Iuan René: Málaga, Spain, 1572. [Google Scholar]

	



Suë, E. Arabian Godolphin; Derrydale Press: New York, NY, USA, 2003. [Google Scholar]

	



Beatriz, A.; Torres, A. Avaliação da Reatividade de Equinos Diferenciados Pela Posição de Redemoinho Facial. Ph.D. Thesis, Universidade Federal de Santa Catarina, Florianópolis, Brazil, 2018. [Google Scholar]

	



Lima, D.F.P.d.A.; da Cruz, V.A.R.; Pereira, G.L.; Curi, R.A.; Costa, R.B.; de Camargo, G.M.F. Genomic regions associated with the position and number of hair whorls in horses. Animals 2021, 11, 2925. [Google Scholar] [CrossRef]

	



Cruz, V.A.R.; Lima, D.F.P.d.A.; Diaz, I.D.P.S.; Curi, R.A.; Pereira, G.L.; Costa, R.B.; de Camargo, G.M.F. Genetic parameters for hair whorl traits in horses. Livest. Sci. 2021, 252, 104679. [Google Scholar] [CrossRef]

	



Górecka, A.; Słoniewski, K.; Golonka, M.; Jaworski, Z.; Jezierski, T. Heritability of hair whorl position on the forehead in Konik horses. J. Anim. Breed. Genet. 2006, 123, 396–398. [Google Scholar] [CrossRef]

	



Yokomori, T.; Tozaki, T.; Mita, H.; Miyake, T.; Kakoi, H.; Kobayashi, Y.; Kusano, K.; Itou, T. Heritability estimates of the position and number of facial hair whorls in Thoroughbred horses. BMC Res. Notes 2019, 12, 346. [Google Scholar] [CrossRef] [PubMed]

	



Mcbane, S.; Cooper, H. Caballos del Mundo; Hispano Europea Editorial S.A.: Barcelona, Spain, 1991; ISBN 9788425508752. [Google Scholar]

	



Valera Córdoba, M. La Mejora Genética Equina en La Era de Las Ómicas: Una Historia Compartida: Lección Inaugural Leída en La Solemne Apertura del Curso Académico 2017–2018 en La Universidad de Sevilla; Editorial Universidad de Sevilla: Sevilla, Spain, 2017. [Google Scholar]

	



Internationale, E. Fédération Equestre Internationale Identification of Horses with the Narrative and the Diagram; Fédération Equestre Internationale: Lausanne, Switzerland, 2007; pp. 1–19. [Google Scholar]

	



Poyato-Bonilla, J.; Sánchez-Guerrero, M.J.; Santos, R.D.; Valera, M. Population study of the Pura Raza Español Horse regarding its coat colour. Ann. Anim. Sci. 2018, 18, 723–739. [Google Scholar] [CrossRef]

	



Sánchez-Guerrero, M.J.; Molina, A.; Gómez, M.D.; Peña, F.; Valera, M. Relationship between morphology and performance: Signature of mass-selection in Pura Raza Español horse. Livest. Sci. 2016, 185, 148–155. [Google Scholar] [CrossRef]

	



Ripollés-Lobo, M.; Perdomo-González, D.I.; Azor, P.J.; Valera, M. Evaluation of potential effects and genetic parameters in conformational limb defects in Pura Raza Española horses. Ital. J. Anim. Sci. 2023, 22, 407–417. [Google Scholar] [CrossRef]

	



Stat Soft Statistica software v. 11.0. Available online: https://www.statistics.com/en/(accessed on 12 September 2023).

	



Misztal, I.; Lourenco, D.; Legarra, A. Current status of genomic evaluation. J. Anim. Sci. 2020, 98, skaa101. [Google Scholar] [CrossRef]

	



Plummer, M.; Best, N.; Cowles, K.; Vines, K. {CODA}: Convergence Diagnosis and Output Analysis for {MCMC}. R News 2006, 6, 7–11. [Google Scholar]

	



Gutiérrez, J.P.; Goyache, F. A note on ENDOG: A computer program for analysing pedigree information. J. Anim. Breed. Genet. 2005, 122, 172–176. [Google Scholar] [CrossRef]

	



Sobrino, I.M.; Ramón García, M. Identificación equina II. ExtremaduraPRE 2016, 25, 67–77. [Google Scholar]

	



Arita, H.T. El regreso del caballo: Lo macro y lo micro en la evolución. Ciencias 2010, 97, 46–55. [Google Scholar]

	



Olmos, G.; Turner, S.P. The relationships between temperament during routine handling tasks, weight gain and facial hair whorl position in frequently handled beef cattle. Appl. Anim. Behav. Sci. 2008, 115, 25–36. [Google Scholar] [CrossRef]

	



Randle, H.D. Facial hair whorl position and temperament in cattle. Appl. Anim. Behav. Sci. 1998, 56, 139–147. [Google Scholar] [CrossRef]

	



Samlaska, C.P.; James, W.D.; Sperling, L.C. Scalp whorls. J. Am. Acad. Dermatol. 1989, 21, 553–556. [Google Scholar] [CrossRef]

	



Lloyd, A.S.; Martin, J.E.; Bornett-Gauci, H.L.I.; Wilkinson, R.G. Horse personality: Variation between breeds. Appl. Anim. Behav. Sci. 2008, 112, 369–383. [Google Scholar] [CrossRef]

	



Burattini, B.; Fenner, K.; Anzulewicz, A.; Romness, N.; McKenzie, J.; Wilson, B.; McGreevy, P. Age-related changes in the behaviour of domestic horses as reported by owners. Animals 2020, 10, 2321. [Google Scholar] [CrossRef] [PubMed]

	



Negro, S.; Sánchez-Guerrero, M.J.; Bartolomé, E.; Solé, M.; Gómez, M.D.; Membrillo, A.; Molina, A.; Valera, M. Evidence for the effect of serotoninergic and dopaminergic gene variants on stress levels in horses participating in dressage and harness racing. Anim. Prod. Sci. 2019, 59, 2206–2211. [Google Scholar] [CrossRef]

	



Sánchez, M.J.; Bartolomé, E.; Valera, M. Genetic study of stress assessed with infrared thermography during dressage competitions in the Pura Raza Español horse. Appl. Anim. Behav. Sci. 2016, 174, 58–65. [Google Scholar] [CrossRef]

	



Jacobs, L.N.; Staiger, E.A.; Albright, J.D.; Brooks, S.A. The MC1R and ASIP coat color loci may impact behavior in the horse. J. Hered. 2016, 107, 214–219. [Google Scholar] [CrossRef]

	



Pérez-Guisado, J.; Lopez-Rodríguez, R.; Muñoz-Serrano, A. Heritability of dominant-aggressive behaviour in English Cocker Spaniels. Appl. Anim. Behav. Sci. 2006, 100, 219–227. [Google Scholar] [CrossRef]

	



Reissmann, M.; Ludwig, A. Pleiotropic effects of coat colour-associated mutations in humans, mice and other mammals. Semin. Cell Dev. Biol. 2013, 24, 576–586. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-Martín, M.; Rodríguez-García, A.; Pérez-Losada, J.; Sagrera, A.; Read, A.P.; Sánchez-García, I. SLUG (SNAI2) deletions in patients with Waardenburg disease. Hum. Mol. Genet. 2002, 11, 3231–3236. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Losada, J.; Sánchez-Martin, M.; Rodríguez-García, A.; Sánchez, M.L.; Orfao, A.; Flores, T.; Sánchez-García, I. Zinc-finger transcription factor Slug contributes to the function of the stem cell factor c-kit signaling pathway. Blood 2002, 100, 1274–1286. [Google Scholar] [CrossRef] [PubMed]

	



Brend, T.; Holley, S.A. Balancing segmentation and laterality during vertebrate development. Semin. Cell Dev. Biol. 2009, 20, 472–478. [Google Scholar] [CrossRef] [PubMed]

	



Pourquié, O. Segmentation of the vertebrate spine: From clock to scoliosis. Cell 2011, 145, 650. [Google Scholar] [CrossRef]

	



Mintz, B. Gene control of mammalian differentiation. Annu. Rev. Genet. 1974, 8, 411–470. [Google Scholar] [CrossRef]

	



de Zarate, J.C.O.; de Zarate, C.O.O. Hair whorl and handedness. Brain Cogn. 1991, 16, 228–230. [Google Scholar] [CrossRef]

	



Sánchez, M.J.; Azor, P.J.; Molina, A.; Parkin, T.; Rivero, J.L.L.; Valera, M. Prevalence, risk factors and genetic parameters of cresty neck in Pura Raza Español horses. Equine Vet. J. 2017, 49, 196–200. [Google Scholar] [CrossRef]

	



Ripolles, M.; Sánchez-Guerrero, M.J.; Perdomo-González, D.I.; Azor, P.; Valera, M. Survey of risk factors and genetic characterization of ewe neck in a world population of pura raza español horses. Animals 2020, 10, 1789. [Google Scholar] [CrossRef]

	



Sánchez-Guerrero, M.J.; Solé, M.; Azor, P.J.; Sölkner, J.; Valera, M. Genetic and environmental risk factors for vitiligo and melanoma in Pura Raza Español horses. Equine Vet. J. 2019, 51, 606–611. [Google Scholar] [CrossRef]

	



Sánchez-Guerrero, M.J.; Ramos, J.; Valdés, M.; Rivero, J.L.L.; Valera, M. Prevalence, environmental risk factors and heritability of body condition in Pura Raza Español horses. Livest. Sci. 2019, 230, 103851. [Google Scholar] [CrossRef]

	



Poyato-Bonilla, J.; Perdomo-González, D.I.; Sánchez-Guerrero, M.J.; Varona, L.; Molina, A.; Casellas, J.; Valera, M. Genetic inbreeding depression load for morphological traits and defects in the Pura Raza Española horse. Genet. Sel. Evol. 2020, 52, 62. [Google Scholar] [CrossRef] [PubMed]

	



Gómez, M.D.; Sánchez, M.J.; Bartolomé, E.; Cervantes, I.; Poyato-Bonilla, J.; Demyda-Peyrás, S.; Valera, M. Phenotypic and genetic analysis of reproductive traits in horse populations with different breeding purposes. Animal 2020, 14, 1351–1361. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez Guerrero, M.J.; Cervantes, I.; Valera, M.; Gutiérrez, J.P. Modelling genetic evaluation for dressage in pura raza español horses with focus on the rider effect. J. Anim. Breed. Genet. 2014, 131, 395–402. [Google Scholar] [CrossRef] [PubMed]

	



Wickens, C.; Brooks, S.A. Genetics of Equine Behavioral Traits. Vet. Clin. North Am.-Equine Pract. 2020, 36, 411–424. [Google Scholar] [CrossRef]

	



Kim, N.Y.; Son, J.K.; Cho, I.C.; Shin, S.M.; Park, S.H.; Seong, P.N.; Woo, J.H.; Park, N.G.; Park, H.B. Estimation of genetic parameters for temperament in Jeju crossbred horses. Asian-Australasian J. Anim. Sci. 2018, 31, 1098–1102. [Google Scholar] [CrossRef]

	



Hemmann, K.; Raekallio, M.; Vainio, O.; Juga, J. Crib-biting and its heritability in Finnhorses. Appl. Anim. Behav. Sci. 2014, 156, 37–43. [Google Scholar] [CrossRef]

	



Lamac, N.; Solkner, J.; Meszaros, G. Analysis of excessive Homozygous regions in Rhodesian ridgeback dogs. Agric. Conspec. Sci. 2017, 82, 277–280. [Google Scholar]

	



Salmon Hillbertz, N.H.C.; Isaksson, M.; Karlsson, E.K.; Hellmén, E.; Pielberg, G.R.; Savolainen, P.; Wade, C.M.; Von Euler, H.; Gustafson, U.; Hedhammar, Å.; et al. Duplication of FGF3, FGF4, FGF19 and ORAOV1 causes hair ridge and predisposition to dermoid sinus in Ridgeback dogs. Nat. Genet. 2007, 39, 1318–1320. [Google Scholar] [CrossRef]








[image: Animals 13 02943 g001] 





Figure 1. (a): circular hair whorl on the center of the head, above the eye line and (b) linear hair whorls on the ventral part of the neck. Yellow arrows indicate the location of the circular whorl (a) and the linear whorl (b). 
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Table 1. Position and number of whorls and linear whorls located on the head, body–neck and on the limbs on Pura Raza Español horses.






Table 1. Position and number of whorls and linear whorls located on the head, body–neck and on the limbs on Pura Raza Español horses.





	
Location

	

	
Position

	
Number






	
Head

	
[image: Animals 13 02943 i001]

	

	
Circular whorls

	
Linear whorls




	
A: top right

	
Class 1: 1

	
Class 1: 1




	
B: top center

	
Class 2: 2

	
Class 2: 2




	
C: top left

	
Class 3: 3

	
Class 3: ≥3




	
D: between the eyes

	
Class 4: 4

	




	
E: lower right

	
Class 5: ≥5

	




	
F: lower center

	

	




	
G: lower left

	

	




	
Body and Neck

	
[image: Animals 13 02943 i002]

	

	
Class 1: 1–2




	

	
Class 2: 3–4




	
A: right

	
Class 3: 5–6




	
B: center

	
Class 4: 7–8




	
C: left

	
Class 5: 9–10




	

	
Class 6: >10




	
Limbs

	
[image: Animals 13 02943 i003]

	
A: right forelimb

	
Class 1: 1




	
B: left forelimb




	
C: right hindlimb

	
Class 2: 2




	
D: left hindlimb

	
Class 3: ≥ 3











 





Table 2. Number (above) and percentage (below, in brackets) of the exact body location of circular and linear hair whorl phenotypes in Pura Raza Español horses.






Table 2. Number (above) and percentage (below, in brackets) of the exact body location of circular and linear hair whorl phenotypes in Pura Raza Español horses.





	
Location

	
Without

	
Top Right

	
Top Center

	
Top Left

	
Between Eyes

	
Low Right

	
Low

Center

	
Low

Left

	
Symmetry






	
Head

	
Circular

Whorls

	
1828

(4.21%)

	
993

(2.28%)

	
10,785

(24.85%)

	
1728

(3.98%)

	
23,396

(53.91%)

	
21,430

(49.38%)

	
8131

(18.74%)

	
22,308

(47.03%)

	
20,972

(87.25%)




	
Linear

Whorls

	
39,124

(90.15%)

	
40

(0.09%)

	
618

(1.42%)

	
78

(0.18%)

	
1156

(2.66%)

	
1501

(3.46%)

	
1569

(3.62%)

	
1546

(3.56%)

	
1422

(87.56%)




	
Body–neck

	

	
Without

	
Right

	
Center

	
Left

	

	

	

	

	
Symmetry




	
Circular

Whorls

	
2019

(4.65%)

	
38,712

(89.20%)

	
37,335

(86.03%)

	
38,757

(89.30%)

	

	

	

	

	
38,252

(98.70%)




	
Linear

Whorls

	
16,671

(38.41%)

	
18,910

(43.57%)

	
24,325

(56.05%)

	
18,906

(43.56%)

	

	

	

	

	
18,571

(98.21%)




	
Limbs

	

	
Without

	
Right forelimb

	
Left

forelimb

	
Right hindlimb

	
Left hindlimb

	

	

	

	
Symmetry




	
Circular

Whorls

	
38,777

(83.35%)

	
666

(1.53%)

	
696

(1.60%)

	
3723

(8.58%)

	
3699

(8.52%)

	

	

	

	
3885

(87.92%)




	
Linear

Whorls

	
39,898

(91.94%)

	
250

(0.58%)

	
271

(0.62%)

	
3128

(7.21%)

	
3100

(7.14%)

	

	

	

	
3056

(89.91%)








The ‘symmetry’ column indicates that the same feature was found on the left and right side within the area studied. The percentage was calculated taking into consideration the number of horses with left + right whorls in the same location as a percentage of the maximum number affected in this location on the left or right side.













 





Table 3. Number (above) and percentage (below, in brackets) of linear and circular hair whorl phenotypes present in each location in Pura Raza Español horses.






Table 3. Number (above) and percentage (below, in brackets) of linear and circular hair whorl phenotypes present in each location in Pura Raza Español horses.





	

	
Without

	
1

	
2

	
3

	
4

	
≥5

	






	
Head

	
Circular

Whorls

	
1828 (4.21%)

	
14,710

(33.89%)

	
5915

(13.62%)

	
13,645

(31.44%)

	
4218

(9.72%)

	
3086

(7.11%)

	




	
Linear

Whorls

	
Without

	
1

	
2

	
≥3

	

	

	




	
39,124

(90.15%)

	
2044

(4.71%)

	
1398

(3.22%)

	
319

(0.73%)

	

	

	




	
Body–neck

	

	
Without

	
1–2

	
3–4

	
5–6

	
7–8

	
9–10

	
>10




	
Circular

Whorls

	
2019

(4.65%)

	
3287

(7.57%)

	
6907

(15.92%)

	
8751

(20.16%)

	
8120

(18.71%)

	
6002

(13.83%)

	
8312

(19.15%)




	
Linear

Whorls

	
16,671

(38.41%)

	
7390

(17.03%)

	
5386

(12.41%)

	
6736

(15.52%)

	
4397

(10.13%)

	
1780

(4.10%)

	
1038

(2.39%)




	
Limbs

	

	
Without

	
1

	
2

	
≥3

	

	

	




	
Circular

Whorls

	
38,777

(83.35%)

	
692

(1.59%)

	
3705

(8.54%)

	
224

(0.52%)

	

	

	




	
Linear

Whorls

	
39,898

(91.94%)

	
419

(0.97%)

	
2942

(6.78%)

	
139

(0.32%)

	

	

	











 





Table 4. Genetic variance (σu), residual variance (σe) and heritability (h2) values for hair whorls according to body location and position.
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Location

	
Position

	
σu

	
σe

	




	
Mean

	
Median

	
HPD 95%

	
Mean

	
Median

	
HPD 95%

	
h2






	
Circular Whorls

	
Head

	
Top right

	
3.958

	
3.919

	
3.609–4.378

	
0.976

	
0.982

	
0.926–1.019

	
0.802




	
Top center

	
5.187

	
5.161

	
4.064–6.282

	
0.933

	
0.950

	
0.827–1.010

	
0.848




	
Top left

	
0.377

	
0.378

	
0.301–0.457

	
1.000

	
1.000

	
0.977–1.025

	
0.274




	
Between eyes

	
0.246

	
0.244

	
0.200–0.295

	
1.017

	
0.997

	
0.666–1.383

	
0.195




	
Low right

	
0.295

	
0.244

	
0.085–1.118

	
1.002

	
0.999

	
0.913–1.116

	
0.227




	
Low center

	
3.362

	
3.775

	
0.642–5.161

	
0.998

	
0.998

	
0.904–1.099

	
0.771




	
Low left

	
0.276

	
0.206

	
0.128–0.905

	
1.001

	
1.001

	
0.904–1.079

	
0.216




	
Body-neck

	
Right

	
8.011

	
7.930

	
5.731–10.240

	
0.985

	
0.986

	
0.958–1.013

	
0.890




	
Center

	
7.793

	
7.674

	
5.733–10.110

	
0.986

	
0.986

	
0.959–1.012

	
0.880




	
Left

	
4.860

	
4.853

	
3.515–6.399

	
0.983

	
0.983

	
0.959–1.007

	
0.832




	
Limbs

	
Right front

	
2.010

	
2.007

	
1.803–2.214

	
0.523

	
0.523

	
0.504–0.540

	
0.793




	
Left front

	
1.922

	
1.919

	
1.731–2.131

	
0.520

	
0.520

	
0.501–0.537

	
0.787




	
Right back

	
6.670

	
6.637

	
5.776–7.858

	
0.760

	
0.760

	
0.735–0.791

	
0.898




	
Left back

	
6.692

	
6.640

	
5.667–7.812

	
0.760

	
0.760

	
0.731–0.786

	
0.898




	
Linear Whorls

	
Head

	
Top right

	
0.200

	
0.204

	
0.165–0.228

	
0.189

	
0.189

	
0.180–0.198

	
0.515




	
Top center

	
0.866

	
0.864

	
0.765–0.975

	
0.758

	
0.757

	
0.711–0.805

	
0.533




	
Top left

	
0.402

	
0.407

	
0.337–0.457

	
0.270

	
0.270

	
0.258–0.287

	
0.598




	
Between eyes

	
1.841

	
1.833

	
1.558–2.195

	
0.720

	
0.721

	
0.668–0.782

	
0.718




	
Low right

	
3.991

	
4.094

	
2.419–5.175

	
0.748

	
0.742

	
0.453–1.055

	
0.842




	
Low center

	
2.487

	
2.476

	
2.157–2.860

	
0.767

	
0.768

	
0.709–0.821

	
0.764




	
Low left

	
3.834

	
3.828

	
3.452–4.213

	
0.804

	
0.804

	
0.752–0.849

	
0.827




	
Body–neck

	
Right

	
0.136

	
0.136

	
0.131–0.140

	
0.079

	
0.077

	
0.075–0.081

	
0.636




	
Center

	
0.136

	
0.136

	
0.131–0.140

	
0.078

	
0.079

	
0.075–0.807

	
0.636




	
Left

	
0.102

	
0.102

	
0.097–0.107

	
0.128

	
0.129

	
0.125–0.132

	
0.442




	
Limbs

	
Right forelimb

	
0.842

	
0.843

	
0.739–0.953

	
0.406

	
0.406

	
0.385–0.429

	
0.675




	
Left forelimb

	
0.883

	
0.883

	
0.796–0.973

	
0.396

	
0.396

	
0.379–0.415

	
0.690




	
Right hindlimb

	
4.876

	
4.876

	
4.391–5.499

	
0.983

	
0.983

	
0.960–1.005

	
0.832




	
Left hindlimb

	
4.798

	
4.822

	
3.983–5.442

	
0.981

	
0.981

	
0.958–1.004

	
0.830








HPD 95%: 95% Highest Probability Density interval.













 





Table 5. Genetic variance (σu), residual variance (σe) and heritability (h2) values for hair whorls according to their frequency of appearance at head, body–neck and limb locations.






Table 5. Genetic variance (σu), residual var