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Abstract

The Colombian paso horse, the most important horse breed in Colombia, performs specific
and particular gaits (paso fino, trocha, and Colombian trot), which display different footfall
patterns and stride frequencies. The breed has been selected for gait and conformation for
more than 50 years and we hypothesize that this selection has led to kinematic differences
of the gaits that can be explained by different genetic variants. Hence, the aims of the study
were: 1. To identify if there are any differences in the kinematic and genetic variants
between the Colombian paso horse’s gaits. 2. To evaluate if and how much the gait differ-
ences were explained by the nonsense mutation in the DMRT3 gene and 3. To evaluate
these results for selecting and controlling the horses gait performance. To test our hypothe-
ses, kinematic data, microsatellites and DMRT3 genotypes for 187 Colombian paso horses
were analyzed. The results indicated that there are significant kinematic and DMRT3 differ-
ences between the Colombian paso horse’s gaits, and those parameters can be used par-
tially to select and control the horses gait performance. However, the DMRT3 gene does not
play a major role in controlling the trocha and the Colombian trot gaits. Therefore, modifying
genes likely influence these gaits. This study may serve as a foundation for implementing a
genetic selection program in the Colombian paso horse and future gene discovery studies
for locomotion pattern in horses.

Introduction
The Colombian paso horse

The Colombian paso horse breed (CPH), also known as Colombian criollo paso horse, is the
most important horse breed in Colombia. This breed is likely derived from a mix of Spanish
horses brought by the conquerors to America starting in year 1493. This group of horses
included the Spanish Jennet horse, which was known to perform ambling gaits [1]. In the
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beginning of the 20th century, the CPH population consisted of a mix of horses that performed
several different stepping gaits [2]. The Colombian paso horses have been intensively selected
for their gaits (paso fino, trocha and trot) since the 1980 s [2]. Currently, the CPH breed is tra-
ditionally divided into four groups based on that they have been bred as separate populations
during at least 30 years, which are not generally crossed, and also, their gaits: Colombian paso
fino (CPF), Colombian trocha (CTR), Colombian trocha and gallop (CTRG) and Colombian
trot and gallop (CTG) (www.fedequinas.org). Recently, the CPF group has been declared as a
national genetic patrimony in Colombia (Law 1842 of 2017, http://es.presidencia.gov.co/
normativa). This was the first CPH group distinguished outside Colombia and in the 20th cen-
tury it was the group with the largest population size.

The studbook, Federacion Colombiana de Asociaciones Equinas—Fedequinas, was created
in 1984 and has over 220,000 registered horses (21% CTG, 5% CTRG, 46% CTR, and 27%
CPF). Fedequinas is composed of 24 CPH associations around Colombia and it groups several
hundreds of breeders in the country. According to Fedequinas, 30-50% of all CPHs in the pop-
ulation are registered in the studbook (Personal communication). Since 1995, all registered
horses are parentage tested and each horse is also examined for basic conformation parameters
of the breed by educated representatives from the breeding associations. In addition, the exam-
iners also guarantee the origin of the hair samples used for parentage testing. All horses regis-
tered in Fedequinas have the possibility to participate in competitions in Colombia. For each
competition, the horses are separated by horse group (CPH, CTR, CTRG or CTG), sex and age
(three categories: 33-42 months, 42-60 months, and more than 60 months), and evaluated by
three judges. This gives subjective qualifications of the conformation and gait traits evaluated
(www.fedequinas.org).

The gaits in the Colombian paso horses

A large number of gaits and gait variations can be observed in horses, including the walk, trot,
canter, and gallop [3]. There are three breed specific gaits within the Colombian paso horses:
paso fino, trocha, and Colombian trot. These walking and symmetric gaits [4] are performed
with at least one limb in stance phase and they are highly collected with a high stride fre-
quency. All the gaits of these horses exhibit a high animation and energy expenditure.

The paso fino gait is performed only by the Colombian Paso Fino (CPF) group. It is a lateral
sequence four-beat and laterally coupled gait, which has an isochronal beat pattern, and an
independent limb movement. Often, there are three limbs in stance phase at the same time (S1
Video). There are some gaits, in other horse breeds, with the same footfall pattern to paso fino
as for example the tolt in Icelandic horses [5], marcha picada in Mangalarga-marchador [6],
paso fino in Puerto Rican paso fino horses, and peruvian paso in Peruvian paso horses [7].

The trocha gait is performed only by the Colombian trocha (CTR) and Colombian trocha
and gallop (CTRG) groups. It is a lateral sequence four-beat and diagonally coupled gait [7], in
which the forelimb hit the ground before the contra lateral hind limb, and it has a non-iso-
chronal beat pattern. Often, there are two limbs in stance phase at the same time (S2 Video).
Other gaits with a similar footfall pattern as the trocha are foxtrot in Missouri Foxtrotter [8]
and marcha batida in Mangalarga-marchador [6].

The trot gait is performed by the Colombian trot and gallop (CTG) group and can be con-
sidered a variant of the regular trot. It consists of an isochronal two-beat and diagonally cou-
pled gait, which is highly collected. There are either two or four limbs in stance phase (this is
the main difference from regular trot, which has aerial phase) (S3 Video). Additionally, in
competitions, CTRG and CTG horses are judged for gallop, which is a variant of the traditional
canter. This asymmetric gait is a highly collected canter and it has a non-isochronal beat
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pattern, with at least one limb, always, in stance phase (this is the main difference from the reg-
ular canter) (S4 Video).

The DMRT3 gene

The ability to perform alternative gaits is partly due to genetics. In 2012 a premature stop
codon in the doublesex and mab-3-related transcription factor 3 gene (DMRT3_Ser301STOP)
caused by the Chr23:.22999655C>A SNP was described to affect locomotion pattern in
horses [9]. The DMRT3 gene is part of the DMRT gene family which includes some important
developmental regulators in animals. These are mainly, but not exclusively, involved in sex dif-
ferentiation and/or sex determination [10]. The DMRT3 gene encodes a transcription factor
involved in the coordination of locomotor system in vertebrates [9] and has been associated
with gait performance and harness racing performance in several gaited and harness racing
horse breeds [11-14]. Furthermore, Promerova et al. [15] analyzed 141 horse breeds for the
DMRT3 nonsense mutation, including the four CPH groups (CPF: 80, CTR: 67, CTRG: 4, and
CTG: 35), however the DMRT3 genotypes were not compared with performance nor kine-
matic data. The frequency of the mutant “A” allele in the four CPH horse groups was 0.94
(CPF), 0.1 (CTR), 0.25 (CTRG), and 0.14 (CTG), respectively [15].

Aims of the study

The Colombian paso gaits display different footfall patterns, stride frequency, and they have
been selected for more than half a century. Also, to our knowledge, there are no reports on
kinematic parameters of Colombian paso horse gaits, i.e. whether those gaits should be consid-
ered discrete or continuum gaits, as reported for the Icelandic horse breed [16]. In addition,
the genotype frequencies for the nonsense mutation in the DMRT3 gene differed between the
four CPH horse groups in a previous study [15]. Therefore, we hypothesize that the selection
on the gaits performed by the Colombian paso horse breed has led to kinematic differences
that can be explained, at least partly, by the nonsense mutation in the DMRT3 gene.

Hence, the aims of the study were: 1. To identify if there are any differences in the kine-
matic varjables and genetic variants between the Colombian paso horse’s gaits. 2. To evaluate
if and how much the gait differences were explained by the nonsense mutation in the DMRT3
gene, and 3. To evaluate these results for selecting and controlling the horses gait performance.

Finally, based on the gait variation in the CPH horses, the breed provides an opportunity to
gain new knowledge about the effect of the DMRT3 “Gait keeper” mutation on the kinematics
of gaited horses.

Materials and methods

Sampling

A total of 187 CPH (CPF = 52, CTR = 58, CTRG = 34, CTG = 43, in total 99 males and 88
females evenly distributed among the groups), born between 2000-2013 were selected based
on their participation in Fedequinas national competitions and their performed gait. A visual
examination using slow motion videos was performed to confirm the gait classification of the
horses. Kinematic measurements for 172 of the 187 horses were taken at several horse farms in
Cundinamarca, Antioquia, Quindio, Risaralda, Caldas, Cauca, and Valle del Cauca depart-
ments of Colombia, South America. Information about genealogy, horse groups (CPF, CTR,
CTRG, and CTG), gaits, sex, birthdate, results from the DNA parentage tests, and microsatel-
lite data (13 markers: AHT4, AHT5, ASB17, ASB2, ASB23, HMS3, HMS6, HMS7, HTG10,
HTG4, LEX3, LEX33, VHL20) were provided by Fedequinas. All the horses in this study were
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used in a previous study on the CPH breed that analyzed microsatellite genotypes from all reg-
istered CPH horses [17]. Also, for most of the animals selected (n = 130), at least five different
videos of the gaits performed in the competitions were analyzed to establish whether the horses
performed a clear footfall pattern or not. This study was approved by the Ethics Committee for
Animal Experiments in Uppsala, Sweden with permit number 5.8.18-15453/2017.

Kinematic measurements

All the kinematic measurements were provided by Fedequinas. Thirteen anatomical land-
marks were placed on the horses by the same operator (Fig 1). The landmarks were tracked
using the Quintic Biomechanics@®) software. Measurements were taken for each side of the
horse when the horse was in motion. A route was defined for each horse farm and every horse
performed (by different riders) its gaits through that route 10 times. Five measurements per
side were taken when the horse was perpendicular to the camera. This was recorded by a high-
speed camera taking 240 frames per second. A metallic square of 1 X 1 meters was used in all
the videos to calibrate the lengths of the measurements. The software automatically calculated
the kinematic parameters. These were direct measurements on certain variables in locomotion,
such as the angles of the fetlock joint flexion and extension, carpal joint flexion, elbow joint
flexion and tarsal joint flexion (Fig 1). Also, the following parameters were measured: stride
frequency (strides per minute), stride length (cm), fetlock front speed (cm/s), fetlock hind
speed (cm/s) and hock speed (cm/s). The speeds were the mean (per side, left and right) of the
maximum speeds registered for each route. The protraction and retraction measurements
were defined as explained in Fig 2.

SNP genotyping

Hair samples from 152 horses of the 187 horses described before (including 15 horses without
phenotypic data), were selected from the repository in Fedequinas. To obtain DNA from the hair
follicles, a previously reported Chelex—proteinase K protocol was used [11]. SNP genotyping was
carried out with the StepOnePlus™ Real-Time PCR System (Life Technologies) using custom
designed TagMan SNP Genotyping Assays (Applied Biosystem) as previously described [9].

Statistical analysis

Selection of the kinematic parameters using asymmetry analysis. The selection of one
of the kinematic parameters measured per side (left or right) was based on asymmetry analy-
ses. This preliminary evaluation was done to exclude measurements from lame horses, where
asymmetries between kinematic measures from the left and right side can be expected, to
avoid possible bias in the further statistical analysis of the kinematic parameters. The flowchart
of the process performed is presented in the Fig 3.

The asymmetric limb was identified by comparing the fetlock extension, carpal flexion and
tarsal flexion angles between the left and right limb (fore and hind separately) for each horse.
The asymmetry per horse and limb was established if the differences between the angles, for
any of those parameters, were larger than 8 degrees, and the asymmetric limb was the one with
the highest angle (it implies a decrease of the flexion (tarsal and carpal) or the extension (fet-
lock) of the joints).

Furthermore, the mean of the measurements for all the kinematic parameters (angles,
speed or length) between symmetric and asymmetric horse limbs for all the parameters (left
and right side independently), were compared by an analysis of variance (ANOV A) using the
canova function of the CAR package [18], stratified by horse group and sex. There were three
possible scenarios for the ANOVA analysis of all the parameters. 1. There were no differences
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Fig 1. Anatomical landmarks location and angles measured on the horses in motion. P1: Coronary band front, P2: Fetlock front (Metacarpophalangeal joint), P3:
Carpal (Carpometacarpal joint), P4: Elbow (Head of radius), P5: Shoulder, P6: Scapula (Top of the withers), P7: Coronary band hind, P8: Fetlock hind
(Metatarsophalangeal joint), P9: Tarsus (Tuber calcanei), P10: Stifle (Tibial tuberosity), P11: Hip joint (Summit of trochanter major), P12: Sacro-iliac joint (Tuber
coxae), P13: Head (Wings of atlas bone). Angles measured during locomotion, FF—maximum fetlock flexion during the swing phase, FE—maximum fetlock extension
during the stance phase, CF—maximum carpal flexion during the swing phase, EF-maximum elbow flexion during the swing phase, and TF-maximum tarsal flexion

during the swing phase.

https://doi.org/10.1371/journal.pone.0202584.9001

between symmetric and asymmetric horse limbs (left and right side). 2. There were differences
between symmetric and asymmetric horse limbs for one side (left or right). In this scenario,
the parameter of the side which presented no differences was chosen for further statistical anal-
yses. 3. There were differences between symmetric and asymmetric horse limbs for both sides
(left and right). In this scenario, the asymmetric horse limbs were removed.

For the scenarios 1 and 3 (Fig 3), a Pearson’s correlation coefficient between the left and
right side was calculated using the function XI1 of the StatR package [19]. If the correlation
was larger than r>+-0.5 and significant (P<0.05), one of the parameters (left or right) was
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Fig 2. Protraction and retraction limbs angle measurements in a sample of the Colombian paso horse. P1:
Coronary band front; P6: Scapula (Top of the withers), P7: Coronary band hind, P12: Sacro-iliac joint (Tuber coxae).
The dashed points show the angles measured when the horses were trotting without a rider. Protraction was the
maximum angle between P1-P6 and the vertical plane when the forelimb was extended forward. Retraction was the
maximum angle between P7-P12 and the vertical plane when the hind limb was extended backwards.

https://doi.org/10.1371/journal.pone.0202584.9002

randomly selected for further statistical analyses. If both sides were uncorrelated, that parame-
ter was discarded from further analyses.

Mean and variation of the parameters. The statistical analysis was performed in R using
the Rwizard software [19]. The mean, confidence interval (CI 95%, using t distribution for size
samples < 30), standard error (SE), standard deviation (SD), variation coefficient (VC), skew-
ness and kurtosis were calculated for each variable stratified by horse group and sex, using the
StatR package [19]. The normality of all parameters was evaluated with the Shapiro-Wilk test
using the function shapiro test of the base stats package.

Correlations. The relationships among all variables were estimated with the Pearson’s
correlation coefficient using the function XI1 of the StatR package [19]. The strength of the
correlations (r) was interpreted based on the guidelines proposed by [20]: 0 to 0.3 (0 to -0.3) =
negligible, 0.3 to 0.5 (-0.3 to -0.5) = low, 0.5 to 0.7 (-0.5 to -0.7) = medium, 0.7 to 0.9 (-0.7 to
-0.9) = high, 0.9 to 1 (-0.9 to -1) = very high.

Analysis of variance. The effects of CPH groups (CPF, CTR, CTRG, and CTG) and sex
(females and males) on the parameters, were estimated with analysis of variance (ANOVA)
using the canova function of the CAR package [18]. The following model was used for each
measurement: y;;, = U + group; + sex; + group * sex;; + e;;,, where y is a kinematic measurement
for the nth horse, y is the population mean, group; is the effect of the ith horse group (i =
L,.. .,4), sex; is the effect of the jth sex (j = 1,2), group*sex;; is the interaction effect when the ith
level of group and jth level of sex are combined, and e;;, is a random residual effect. A Kruskal-
Wallis test was performed for non-normally distributed parameters using the package dunn.
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Yes No each horse
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The limb with the highest

angle was defined as the

asymmetric limb for each
horse

Horses with no
asymmetries were
defined

The mean of the
measurements for all
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length) were compared
between symmetric and
asymmetric horse limbs (left
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Analysis between
the horses

\
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S
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Fig 3. Flowchart of the procedures performed to select one of the kinematic parameters (left or right side of the
horse) based on asymmetry analysis for each kinematic parameter in the Colombian paso horses.

https://doi.org/10.1371/journal.pone.0202584.g003
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test. The posthoc Tukey contrast test was performed using the function glhtdel of the package
multcomp for normally distributed parameters [21]. Dunn’s post hoc test was done after the
Kruskal-Wallis test using the package dunn.test. The homoscedasticity of all parameters was
evaluated with the Levene test (levene.test function, lawstat package [22]).

Multivariate analysis. A discriminant analysis was performed by using a stepwise selec-
tion to obtain a subset of the kinematic parameters that best summarized the differences
among the groups. This was done with the function candisc of the package candisc [23,24],
and ida function of the MASS package [25,26]. The figure of one dimension was obtained with
the function plot.cancor of the candisc package [23,24].

Genetic analyses. A genetic structure analysis based on 13 autosomal microsatellite mark-
ers (AHT4, AHT5, ASB17, ASB2, ASB23, HMS3, HMS6, HMS7, HTG10, HTG4, LEX3,
LEX33, VHL20) for 149 of the 187 horses (horses that were genotyped for the DMRT3 muta-
tion) was performed to evaluate whether the horses were grouped in the same way as in a pre-
vious study that analyzed the microsatellite data of the whole registered CPH population [17].
This was done by estimating the number of possible populations in the sample based on Bayes-
ian inference models [27] used by the software STRUCTURE 2.3.4. Also, the analysis of molec-
ular variance (AMOVA) was performed to evaluate the genetic differentiation among CPH
groups (CPF, CTR, CTRG, and CTG) with the Arlequin v3.5 software [28].

A Hardy-Weinberg equilibrium (HWE) test for the DMRT3 genotypes was performed to
estimate exact P-values using the Markov chain method with the GENEPOP v.4.3 software
[29,30]. The associations between DMRT3 genotypes and the different CPH groups were eval-
uated with the Pearson’s chi-squared test using the function VIII1 of the StatR package [19].
The associations between DMRT3 genotypes and the footfall pattern (whether the horses per-
formed a clear gait or not) in the diagonal gaits (trocha and Colombian trot gaits) were evalu-
ated with Fisher’s exact test using the function VIII2 of the StatR package [19].

Results
Statistical analysis

Selection of the kinematic parameters using asymmetry analysis. Sixty-nine out of 172
horses with at least one asymmetric limb were found. The kinematic parameters selected for
further statistical analysis, based on our method described (Fig 3), are presented in Table 1.
The parameters which presented no differences between symmetric and asymmetric limbs
(within the left and right side) were highly correlated between both sides (r>+-0.5, P<0.05).
Therefore, one side was randomly selected for further statistical analysis (Table 1). Also, for
the parameters that presented differences between symmetric and asymmetric limbs for one of
the sides (left or right), the parameter that presented no differences between symmetric and
asymmetric limbs was selected for further statistical analysis (Table 1). The fetlock extension
front in Colombian paso fino-CPF males group was the only parameter that presented differ-
ences between symmetric and asymmetric limbs for both sides (left and right). Therefore, the
measurements of the asymmetric limbs (n = 5 for the left side and n = 2 for the right side)
were removed. After that, both sides were correlated (r>+-0.5, P<0.001), therefore, one of the
sides was randomly selected for further statistical analyses (Table 1).

Mean and variation of the kinematics traits. The variation and mean for the kinematic
parameters stratified by horse group and sex, are presented in S1 Table. The SD for kinematics
parameters was in the range of 0.33-6.07, the largest was found in stride length—hind in
CTRG females, and the lowest in protraction—front in CPF males. In general, the variation
coefficient for all the parameters was 3.52-33.95. All the parameters, except fetlock front speed
(cm/s) and stride length for the front limb (cm) followed a normal distribution.
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Table 1. The kinematic parameters selected based on the asymmetry analysis performed in the CPH breed.

Parameters which presented no Parameters which presented Parameters which presented
differences for both sides in all the | significant” differences for only one |significant* differences for both
groups. side per group. sides per group.
Carpal flexion Fetlock extension front in CTG Fetlock extension front in CPF males
females, and CTR males
Elbow flexion Fetlock extension front in CTRG
females and males, and CTR females
Fetlock flexion—front Fetlock extension hind in CPF females
and CTRG males
Fetlock flexion—hind Fetlock front speed in CTRG males
Hock speed Fetlock hind speed CTRG males and
CTG males
Protraction Stride frequency TRGC males
Retraction Stride length—front in CTRG females
Stride length—hind Tarsal flexion in CPF males and
CTRG males

CPH-Colombian paso horse breed, CPF-Colombian paso fino group, CTR-Colombian trocha group,
CTRG-Colombian trocha and gallop group, CTG-Colombian trot and gallop group.

Level of significance

*P<0.05

https://doi.org/10.1371/journal.pone.0202584.t001

Correlations. Table 2 shows the moderate to high (r>+-0.5) significant (P<0.05) correla-
tions found for the different measurements in the CPH groups. The fetlock flexion for the
front and hind limbs as well as the stride length, were the parameters with most correlations
with other parameters. The stride frequency had the largest positive correlation with fetlock
extension-front (CTRG) and a negative correlation with protraction (CTR).

Analysis of variance. There were significant differences between the CPH groups or sex
for most of the kinematic parameters analyzed (Table 3). The fetlock flexion-front, carpal flex-
ion, and strides lengths measurements presented sexual dimorphisms in all groups. Significant
interactions effects (P<0.05) between horse groups and sex were found for the stride frequency
parameter for all horse groups.

Multivariate analysis. The discriminant analyses resumed 94.44% of the variance in the
two first axes based on 13 selected parameters (stride frequency, elbow flexion, fetlock flexion
front, fetlock flexion hind, fetlock extension front, fetlock extension hind, carpal flexion, tarsal
flexion, protraction, retraction, fetlock front speed, fetlock hind speed, and hock speed)

(n =41, i.e. only the horses that had all the 13 measurements) (Fig 4). The contribution of each
parameter to the first dimension is presented in Fig 5. The analysis showed that the Colombian
trot is the most differentiated group in the CPH breed. The parameter with the highest contri-
bution to the first discriminant function was stride frequency followed by the elbow flexion.
Overall, there were no differences between the CTR and the CTRG groups, except for stride
frequency and fetlock front speed, as seen in the ANOVA analysis.

In Fig 6 the results of the discriminant analysis are presented per gait instead of horse
groups. This analysis resumed 100% of the variance in the two first axes based on the same
parameters selected in the horse groups analysis (Fig 3).

Genetic analysis

The genetic structure analysis based on microsatellites showed a genetic difference between
CPF group and diagonally gaited groups (CTR, CTRG, and CTG groups) (S1 Fig). Also, the
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Table 2. The moderate to high significant (P<0.05) correlations between the kinematics parameters measured for

each CPH group.
Group Parameter 1 Parameter 2

CTRG Stride frequency Fetlock extension—front 0.521
CTR Stride frequency Protraction -0.598
CTR Elbow flexion Fetlock extension—hind 0.517
CTR Elbow flexion Carpal flexion 0.552
CTRG Elbow flexion Carpal flexion 0.522
CTR Elbow flexion Retraction -0.582
CTRG Fetlock extension—front Protraction 0.597
CTR Fetlock extension—front Retraction 0.594
CTRG Fetlock extension—front Retraction -0.781
CTR Fetlock extension—hind Fetlock flexion—hind 0.526
CTRG Fetlock extension—hind Tarsal flexion 0.553
CTG Fetlock extension—hind Tarsal flexion 0.618
CPF Fetlock flexion—front Fetlock flexion—hind 0.545
CTR Fetlock flexion—front Fetlock flexion—hind 0.500
CTRG Fetlock flexion—front Fetlock flexion—hind 0.633
CTG Fetlock flexion—front Tarsal flexion 0.515
CTR Fetlock flexion—front Carpal flexion 0.537
CTR Fetlock flexion—front Protraction -0.516
CTRG Fetlock flexion—hind Fetlock front speed -0.502
CTRG Fetlock flexion—hind Tarsal flexion 0.535
CTG Fetlock flexion—hind Tarsal flexion 0.534
CTR Fetlock flexion—hind Protraction -0.538
CTR Stride length Fetlock extension—hind -0.771
CTRG Stride length Fetlock extension—hind 0.535
CTR Stride length Fetlock flexion—front -0.550
CPF Stride length Fetlock front speed 0.623
CTR Stride length Fetlock hind speed 0.557
CTG Stride length Tarsal flexion -0.513
CPF Stride length Hock speed 0.751

Flexions, extensions, protraction, and retraction in degrees, stride frequency in strides per minute, speed in cm/s,

stride lengths in cm. CPF-Colombian Paso Fino group, CTR-Colombian Trocha group, CTRG-Colombian Trocha

and Gallop group, CTG-Colombian Trot and Gallop group.

https://doi.org/10.1371/journal.pone.0202584.t1002

AMOVA showed a genetic difference of 5.3% (P = 0.02) between CPF group and diagonally

gaited groups.

The frequency of the mutant DMRT3 A-allele in the whole CPH breed was 0.3 but there
was a significant difference in the genotype distribution among the 4 horse groups (P = 2.2
x107% Table 4). The mutant A-allele was fixed in the CPF group and the frequency of the
mutation in the sample of the diagonally gaited horses (CTR, CTRG, and CTG group) was
0.04. The homozygous AA genotype was not found in the diagonally gaited horses. Also, there
was a heterozygote excess (P<0.001) in the diagonally gaited horses (CTR, CTRG, and CTG

group). In addition, the number of horses which performed diagonal gaits with different
DMRTS3 genotypes that performed a clear or unclear gait footfall pattern is presented in

Table 5.
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Table 3. Differences among the CPH groups or sex on the kinematic parameters analyzed.

Parameter Horse Group | Sex Post hoc test®

Kinematics

Fetlock flexion—front ** CPF-CTR"*, CPF-CTG*

Fetlock extension—front * ** | CPF-CTG*

Carpal flexion o ** | CPE-CTR***, CPF-CTRG***, CPF-CTG"**

Elbow flexion e CPE-CTR***, CPF-CTRG***, CPF-CTG***

Fetlock flexion—hind * CPF-CTG**

Fetlock extension—hind o CPF-CTR***, CPF-CTRG***, CPF-CTG***

Tarsal flexion o CPF-CTG***, CTR-CTG*

Stride frequency e CPF-CTG***, CTR-CTRG"*, CTR-CTG"***, CTRG-CTG"**
Fetlock front speed (cm/ o CPF-CTR***, CPF-CTRG***, CPF-CTG*, CTR-CTRG",
s)! CTRG-CTG***

Fetlock hind speed (cm/s) o CPF-CTRG**

Hock speed (cm/s) o CPF-CTR***, CPF-CTRG***, CTRG-CTG*

Stride length front (cm)" * *** | CPF-CTR**, CPF-CTRG*

Stride length hind (cm) * *** | CPF-CTR*

Protraction (degrees) o CPE-CTR**, CPF-CTG*

Flexion and extension in degrees, stride frequency in strides per minute. CPF-Colombian paso fino group,
CTR-Colombian trocha group, CTRG-Colombian trocha and gallop group, CTG-Colombian trot and gallop group.
! For a non-normally distributed parameter a Kruskal-Wallis test was done.

% Tukey’s post hoc tests for normally distributed parameter, Dunn’s tests for non-normally distributed parameters
after a significant (P<0.05) Kruskal-Wallis test. These tests were done between every pair of horse groups.

Level of significance

*P<0.05

** P<0.01

*** P<0.001.

https://doi.org/10.1371/journal.pone.0202584.t003

Discussion
Asymmetry

The asymmetries identified in some of the kinematic parameters could be explained by a possi-
ble lameness of the limb where the fetlock extension, carpal flexion or tarsal flexion angle was
increased. An angle increase in joint flexion or extension (Fig 1) is associated with less weight
bearing, which may be a sign of lameness [31]. However, it is uncertain if the asymmetries
identified within our study are associated with pain (lameness) or natural variation. In a recent
study [32], 222 horses were analyzed in training and supposed to be sound by the owners, and
still, 73% of them showed movement asymmetries. To evaluate lameness in our horses, addi-
tional measurements and analysis are required as suggested by previous studies [33-35]. In
addition, the selection of the kinematic parameters, based on asymmetries (the variables not
affected by asymmetry were chosen), contributes to the reliability of the data used for the sta-
tistical analyses performed in the current study.

Kinematic parameters of the CPH breed

The gaits (paso fino, trocha, and Colombian trot) performed by the CPH are distinctive for
this breed. For all the gaits, there is always at least one limb in stance phase and there is a high
stride frequency and short stride length. The stride frequencies for the paso fino (2.60-2.85
strides per second) and trocha gait (2.70-2.96 strides per second) are higher than for similar
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https://doi.org/10.1371/journal.pone.0202584.9004

walking gaits as t6lt and foxtrot (2.23-2.36 strides per second) [3], and comparable to the
stride frequency at gallop in racing breeds like the Thoroughbred (2.27-2.92 strides per sec-
ond) [3,36,37]. On the other hand, the stride length of the CPH gaits is shorter (0.64-0.85 m)
than in other walking gaits like tolt and foxtrot [3]. These characteristics make it difficult to
distinguish the CPH gaits by just using just the human eye, and even more difficult to evaluate
the footfall pattern and the kinematic parameters of the CPH gaits. Therefore, the objective
measurements presented in the current study can be useful for establishing judging parameters
and genetic improvement programs in the CPH breed (S1 Table).
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Fig 5. Canonical scores and the parameters that were selected for the first dimension of the discriminant analysis
of the Colombian paso horse groups. CPF, Colombian paso fino group; CTR, Colombian trocha group; CTRG,
Colombian trocha and gallop group; CTG, Colombian trot and gallop group. F, front; H, hind; ext, extension; SF,
stride frequency.

https://doi.org/10.1371/journal.pone.0202584.9005
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Kinematic differences between the CPH gaits

The gaits of the CPH breed were different based on the kinematics traits and genetic data
(DMRT3 genotypes and microsatellites) analyzed in the current study. By using these genetic
and kinematic parameters, it was possible to clearly distinguish the gaits. Regarding the kine-
matic data, most of the gait differences could be explained by the stride frequency as well as
the elbow and fetlock flexions, protraction and retraction measurements. Also, in the current
study we have demonstrated that trocha gait can be considered the same gait for both CTR
and CTRG horse groups. The only difference between CTR and CTRG horse groups was
found for the stride frequency and the fetlock front speed (CTRG is slower), except for the fact
that the CTRG horses are also trained to perform canter in competitions.

The Colombian trot gait is the most differentiated gait among the CPH gaits. It had the low-
est stride frequency, flexion and extensions angles, and the highest protraction and retraction
values. The paso fino and trocha gaits were more corresponding to each other than to the
Colombian trot. The stride frequency of paso fino and trocha gait was similar and both gaits
have a lateral sequence footfall pattern. However, the main difference between these two gaits
is that paso fino is a lateral coupled gait whereas trocha is a diagonal coupled gait. Moreover,
there were significant differences in joint flexions and extensions (paso fino is higher) between
the paso fino and the trocha gait.

Table 4. Genotype frequencies of the DMRT3 mutation in a sample of Colombian paso horses.

Colombia paso horse group n AA CA CC P
Colombian paso fino 42 1.00 0.00 0.00

Colombian trocha 50 0.00 0.02 0.98

Colombian trocha and gallop 27 0.00 0.07 0.93

Colombian trot and gallop 33 0.00 0.15 0.85

Total 152 0.28 0.05 0.67 2.2x107"°

https://doi.org/10.1371/journal.pone.0202584.t1004
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Table 5. Number of diagonally gaited horses with different DMRT3 genotypes that perform a clear or unclear gait footfall pattern.

Diagonal gaits CA CC P
Clear gait Unclear gait Clear gait Unclear gait

Trocha 3 0 5 47 0.002

Colombian trot 3 0 14 7 0.529

https://doi.org/10.1371/journal.pone.0202584.t005

Genetic differences in the CPH gaits

In addition to the kinematic differences, we observed a genetic differentiation of two groups
based on the microsatellite data of the horses that also were genotyped for the DMRT3 muta-
tion: the CPF group and the diagonally gaited horses (CTR, CTRG and CTG groups) (S1 Fig),
as previously reported in a study using the microsatellite census data [17]. This genetic struc-
ture also corresponded to two DMRT3 groups: horses with the AA genotype of the DMRT3
mutation (horses performing the paso fino gait) and horses with CC and CA genotypes (horses
performing the trocha and the Colombian trot gaits). The genetic differences between the CPF
group and the other CPH groups likely reflect the selection process for the last 50 years mainly
based on the gaits present in the CPH.

Furthermore, there were differences in the frequency of the DMRT3 mutant A-allele in the
current study compared to a previous report [15] for the CPF (0.94 vs 1 in the current study),
the CTR (0.10 vs 0.01 in the current study), and the CTG (0.14 vs 0.07 in the current study)
groups (the CTRG group was not used for the comparison since there were only 4 horses in
the previous study). The differences in the mutant A-allele frequencies between the two studies
could possibly be explained by a different classification of the horse groups and possibly the
relatedness among the horses differ between the two studies [15].

In the current study, the mutant A-allele of the DMRT3 gene was significantly associated
(P = 2.2 x10'°) with the horses’ ability to perform the paso fino gait, where it seems like the
AA genotype is required for a horse to perform this gait. In our sample, the mutation was fixed
in the CPF group and it was found in low frequencies in the other horse groups. The high fre-
quency of the mutation in the CPF group could be explained by a high artificial selection pres-
sure in the CPF horses, considering that the paso fino horses were separated from the trocha
and trot horses in competitions already in the 1980°s (Fedequinas, personal communication),
and the breeders have been selecting horses with a clear paso fino gait.

On the other hand, it seems to be a selection against the DMRT3 AA genotype in horses
performing the trocha and Colombian trot. The selection of the trocha gait appears favoring
the CC genotype indicating that DMRT3 is likely not the most important gene responsible for
controlling the lateral footfall pattern in this gait. In addition, similar results have been found
in the Mangalarga marchador horse breed in Brazil [6]. Although the CC genotype appears to
be the most favorable for the trocha gait, there were a few horses with the CA genotype. The
presence of the A-allele in horses performing the trocha and Colombian trot gaits could possi-
bly be explained by the fact that all CHP horses share a common origin [2], and that there has
not been enough time since the gait selection started, for the A-allele to completely disappear
from the population of horses performing the trocha and trot gait. Also, there was a tendency
where the CA genotype partly explains the horses’ ability to perform a clear footfall pattern in
the trocha gait (P = 0.002; Table 5), however this hypothesis must be further explored.

The ambivalent position of the trocha gait is interesting. Based on the kinematic measure-
ments, the trocha gait is closer to the paso fino gait than to the trot gait (Fig 6), and the trocha
gait is not explained by the DMRT3 mutant A-allele as it is for the paso fino gait (Table 4).
Since the trocha gait is classified as a stepping gait, with a lateral sequence footfall pattern in
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diagonal couplets [7], two options are proposed to explain the nature of the trocha gait. The
first hypothesis is that the trocha gait is an artificial gait (not inherited but conditioned by
training) and could be considered as a dissociation from trot. The second hypothesis is that
the trocha gait is a natural gait (inherited), and that there are other genes that explain this gait.
According to the first hypothesis, a previous study [38] showed that “at moderate speeds
individual horses use dissociation patterns that allow them to maintain trunk pitch stability
through management of the cranio-caudal location of the COP” (center of pressure), [38].
Those dissociations may have mechanical advantages over synchronous contacts in certain cir-
cumstances, and as trotting speed increases, forelimb vertical peak force increases, and dissoci-
ations tend towards hind-first [38], but no to fore-first dissociations, which is the case for the
trocha gait. In addition, similar results have been found in Icelandic horses when the speed
increases. In that circumstance, the tolt gait tends towards lateral couplets (hind-first), but t6lt
with diagonal couplets was rarely presented [39]. Therefore, it seems that a gait with diagonal
couplets or fore-first pattern (as the trocha gait), is not completely explained as a dissociation
from trot or a deviation from a lateral couplet gait as the t6lt gait is in Icelandic horses.
Regarding the second hypothesis, additional data provided by Fedequinas was analyzed,
consisting of 2919 horses whose parents and grandparents all performed the trocha gait, all of
them parentage tested. The registers showed that 94.75% of those 2919 offspring had the ability
to perform the trocha gait, supporting the idea that the trocha is an inherited gait. Further-
more, there are other gaits like the foxtrot (Missouri fox trotter) and the marcha batida (Man-
galarga marchador) gaits which have been described with the same footfall pattern as the
trocha gait. However, in contrast to horses performing the trocha gait, the DMRT3 mutant A-
allele is fixed in horses performing foxtrot (100% vs 1% in horses performing the trocha gait)
[15]. On the other hand, the DMRT3 C-allele is fixed in horses performing the marcha batida
gait as well as in horses performing the trocha gait, and a recent study proposed that there
are likely other genetic mechanisms that explain the marcha batida gait [40]. This also support
the hypothesis that the trocha is an inherited gait, and that there are other genes than DMRTS3,
or other mutations in the DMRT3 gene, that influences these diagonally stepping gaits in
horses.

Conclusions

The gaits within the CPH breed can be classified in different groups, using both kinematic
data (stride frequency, fetlock extension and flexion, tarsal flexion, carpal flexion, fetlock front
and hock speed measurements, and footfall pattern) and genetic data (microsatellite and
DMRT3 genotype frequencies). This makes it possible to implement genetic improvement pro-
grams and to establish kinematic parameters for each gait. Our data supports the hypothesis
that the selection has produced kinematic differences between the Colombian paso horse’s
gaits, particularly between the Colombian trot and the other gaits (the paso fino and trocha
gait). Also, the DMRT3 mutation seems to explain the horses’ ability to perform the paso fino
gait but not the other diagonal coupled gaits (trocha and Colombian trot). However, there
were no microsatellite or DMRT3 genotype differences between horses performing the trocha
and the Colombian trot gait. We propose that trocha is an inherited gait and its ambivalent
position could be explained by other genes than the DMRT3 gene, or other mutations in this
gene, that influences this diagonally stepping gait. Therefore, it is very likely that other genetic
factors are involved in regulating the trocha and the Colombian trot gaits in CPH horses.
Finally, this study may serve as a foundation for implementing a genetic selection program

in the Colombian paso horse and future gene discovery studies for locomotion pattern in
horses.
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Supporting information

$1 Video. Colombian paso fino horse performing paso fino gait. Reprinted under a CC BY
license, with permission from Héctor Barriga Torres, original copyright [2018].
(MP4)

$2 Video. Colombian trocha horse performing trocha gait. Reprinted under a CC BY
license, with permission from Héctor Barriga Torres, original copyright [2018].
(MP4)

$3 Video. Colombian trot and gallop horse performing Colombian trot gait. Reprinted
under a CC BY license, with permission from Héctor Barriga Torres, original copyright
[2018].

(MP4)

$4 Video. Colombian trot and gallop horse performing gallop. Reprinted under a CC BY
license, with permission from Héctor Barriga Torres, original copyright [2018].
(MP4)

§1 Table. Mean and variation for kinematic parameters by horse group and sex in a sample
of Colombian paso horse breed.
(DOCX)

S1 Fig. Genetic structure analysis based on microsatellites of the Colombian paso horse
sample. Inferred ancestry of individuals (Y-axis) per horse (bar columns) in the CPH groups
(X-axis). 1) Colombian trot and gallop group. 2) Colombian trocha and gallop group. 3)
Colombian trocha group. 4) Colombian paso fino group.

(TIF)

Acknowledgments

We want to thank the Federacion Nacional de Asociaciones Equinas—Fedequinas for provid-
ing the pedigree, kinematic and microsatellite data, and their support during the last years.
Also, we want to thank to Mr. Héctor Barriga for providing the supporting videos and Mr.
Carlos Uribe for their comments. We want to thank the anonymous reviewers for their con-
structive and valuable comments.

Author Contributions

Conceptualization: Miguel Novoa-Bravo, Luis Fernando Garcia, Gabriella Lindgren.
Data curation: Miguel Novoa-Bravo.

Formal analysis: Miguel Novoa-Bravo.

Funding acquisition: Miguel Novoa-Bravo, Gabriella Lindgren.

Investigation: Miguel Novoa-Bravo.

Methodology: Miguel Novoa-Bravo, Kim Jdderkvist Fegraeus, Marie Rhodin.
Project administration: Miguel Novoa-Bravo, Gabriella Lindgren.

Resources: Miguel Novoa-Bravo, Gabriella Lindgren.

Software: Miguel Novoa-Bravo.

Supervision: Luis Fernando Garcia, Gabriella Lindgren.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202584  August 17,2018 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202584.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202584.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202584.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202584.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202584.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202584.s006
https://doi.org/10.1371/journal.pone.0202584

o @
@ : PLOS | ONE Selection on the Colombian paso horse’s gaits has produced kinematic differences partly explained by the DMRT3

Validation: Miguel Novoa-Bravo.

Visualization: Miguel Novoa-Bravo, Gabriella Lindgren.

Writing - original draft: Miguel Novoa-Bravo.

Writing - review & editing: Miguel Novoa-Bravo, Kim Jdderkvist Fegraeus, Marie Rhodin,

Eric Strand, Luis Fernando Garcia, Gabriella Lindgren.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Hendricks BL (Bonnie L. International encyclopedia of horse breeds. University of Oklahoma Press;
2007.

Fedequinas. El Caballo Colombiano. Cinco Siglos de Historia. Bogota: Imprelibros; 2006.

Barrey E. Gaits and interlimb coordination. In: Back W, Clayton HM, editors. Equine locomotion. Sec-
ond. Saunders Elsevier; 2013. pp. 85-97.

Back W, Clayton HM. Equine Locomotion. Elsevier Health Sciences UK;2013.

Kristjansson T, Bjornsdottir S, Sigurdsson A, Andersson LS, Lindgren G, Helyar SJ, et al. The effect of
the “Gait keeper” mutation in the DMRT3 gene on gaiting ability in Icelandic horses. J Anim Breed
Genet. 2014; 131: 415-425. hitps://doi.org/10.1111/jbg.12112 PMID: 25073639

Patterson L, Staiger EA, Brooks SA. DMRT3 is associated with gait type in Mangalarga Marchador
horses, but does not control gait ability. Anim Genet. 2015; 46: 213-5. https://doi.org/10.1111/age.
12273 PMID: 25690906

Nicodemus MC, Clayton HM. Temporal variables of four-beat, stepping gaits of gaited horses. Appl
Anim Behav Sci. 2003; 80: 133—142. https://doi.org/10.1016/S0168-1591(02)00219-8

Clayton HM, Bradbury JW. Temporal characteristics of the fox trot, a symmetrical equine gait. Appl
Anim Behav Sci. 1995; 42: 153—159. https://doi.org/10.1016/0168-1591(94)00539-Q

Andersson LLS, Larhammar M, Memic F, Wootz H, Schwochow D, Rubin C-J, et al. Mutations in
DMRT3 affect locomotion in horses and spinal circuit function in mice. Nature. 2012; 488: 642—6.
https://doi.org/10.1038/nature11399 PMID: 22932389

Hong CS, Park BY, Saint-Jeannet JP. The function of Dmrt genes in vertebrate development: It is not
just about sex. Dev Biol. 2007; 310: 1-9. https://doi.org/10.1016/].ydbio.2007.07.035 PMID: 17720152

Jaderkvist K, Andersson LS, Johansson AM, Arnason T, Mikko S, Eriksson S, et al. The DMRT3 “Gait
keeper” mutation affects performance of Nordic and Standardbred trotters. J Anim Sci. 2014; 92: 4279—
4286. https://doi.org/10.2527/jas.2014-7803 PMID: 25085403

Jaderkvist Fegraeus K, Johansson L, Maenpaa M, Mykkanen A, Andersson LS, Velie BD, et al. Differ-
ent DMRTS3 genotypes are best adapted for harness racing and riding in finnhorses. J Hered. 2015;
106: 734-740. https://doi.org/10.1093/jhered/esv062 PMID: 26285915

Jaderkvist Fegraeus K, Lawrence C, Petdjist6 K, Johansson MK, Wiklund M, Olsson C, et al. Lack of
significant associations with early career performance suggest no link between the DMRT3 “Gait
Keeper” mutation and precocity in Coldblooded trotters. PLoS One. 2017; 12: 1-10. https://doi.org/10.
1371/journal.pone.0177351 PMID: 28489879

Ricard A. Does heterozygosity at the DMRT3 gene make French trotters better racers? Genet Sel Evol.
2015; 47: 10. https://doi.org/10.1186/s12711-015-0095-7 PMID: 25886871

Promerova M, Andersson LS, Juras R, Penedo MCT, Reissmann M, Tozaki T, et al. Worldwide fre-
quency distribution of the “Gait keeper” mutation in the DMRT3 gene. Anim Genet. 2014; 45: 274-82.
https://doi.org/10.1111/age.12120 PMID: 24444049

Robilliard JJ, Pfau T, Wilson AM. Gait characterisation and classification in horses. J Exp Biol. 2007;
210: 187-97. hitps://doi.org/10.1242/jeb.02611 PMID: 17210956

Novoa MA, Garcia LF. Genetic differences in a Colombian Paso horse breed by gait selection. J Anim
Sci. American Society of Animal Science; 2016; 94: 113. https://doi.org/10.2527/jas2016.
94supplement4113a

Fox J, Weisberg S, Adler D, Bates D, Baud-Bovy G, Ellison S, et al. Companion to Applied Regression.
R package version 2.0-20. Available at: hitp://CRAN.R-project.org/package=car. 2014.

Guisande C, Vaamonde A, Barreiro A. RWizard software. v 1.0. Available: http://www.ipez.es/RWizard
[Internet]. Vigo, Espafia: University of Vigo.; 2014. Available: http://www.ipez.es/RWizard

Hinkle DE, Wiersma W, Jurs SG. Applied statistics for the behavioral sciences. Fifth edit. Boston,
Mass: Houghton Mifflin; [London: Hi Marketing] [distributor]; 2003.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202584  August 17,2018 17/18


https://doi.org/10.1111/jbg.12112
http://www.ncbi.nlm.nih.gov/pubmed/25073639
https://doi.org/10.1111/age.12273
https://doi.org/10.1111/age.12273
http://www.ncbi.nlm.nih.gov/pubmed/25690906
https://doi.org/10.1016/S0168-1591(02)00219-8
https://doi.org/10.1016/0168-1591(94)00539-Q
https://doi.org/10.1038/nature11399
http://www.ncbi.nlm.nih.gov/pubmed/22932389
https://doi.org/10.1016/j.ydbio.2007.07.035
http://www.ncbi.nlm.nih.gov/pubmed/17720152
https://doi.org/10.2527/jas.2014-7803
http://www.ncbi.nlm.nih.gov/pubmed/25085403
https://doi.org/10.1093/jhered/esv062
http://www.ncbi.nlm.nih.gov/pubmed/26285915
https://doi.org/10.1371/journal.pone.0177351
https://doi.org/10.1371/journal.pone.0177351
http://www.ncbi.nlm.nih.gov/pubmed/28489879
https://doi.org/10.1186/s12711-015-0095-7
http://www.ncbi.nlm.nih.gov/pubmed/25886871
https://doi.org/10.1111/age.12120
http://www.ncbi.nlm.nih.gov/pubmed/24444049
https://doi.org/10.1242/jeb.02611
http://www.ncbi.nlm.nih.gov/pubmed/17210956
https://doi.org/10.2527/jas2016.94supplement4113a
https://doi.org/10.2527/jas2016.94supplement4113a
http://CRAN.R-project.org/package=car
http://www.ipez.es/RWizard
http://www.ipez.es/RWizard
https://doi.org/10.1371/journal.pone.0202584

o @
@ : PLOS | ONE Selection on the Colombian paso horse’s gaits has produced kinematic differences partly explained by the DMRT3

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hothorn T, Bretz F, Westfall P, Heiberger R, Schuetzenmeister A. Simultaneous Inference in General
Parametric Models. R package version 1.3-3. Available at: http://CRAN.Rproject.org/package=
multcomp. 2014.

Gastwirth JL, Gel YR, Hui WLW, Lyubchich V, Miao W, Noguchi K. An R package for biostatistics, public
policy, and law. R package version 2.4.1. Available at: http://CRAN.Rproject.org/package=lawstat.
2013.

Friendly M. HE plots for multivariate linear models. J Comput Graph Stat. 2007; 16: 421—444. Available:
http://amstat.tandfonline.com/doi/abs/10.1198/106186007X208407

Friendly M, Fox J. Visualizing Generalized Canonical Discriminant and Canonical Correlation Analysis.
R package version 0.6-5. http://CRAN.R-project.org/package=candisc. [Internet]. 2013. Available: ftp:/
cygwin.uib.no/pub/cran/web/packages/candisc/candisc.pdf

Ripley B, Venables B, Bates D, Hornik K, Ripley M. Support Functions and Datasets for Venables and
Ripley’s MASS. R package version 7.3-33. Available at: http://CRAN.R-project.org/package=MASS.
[Internet]. 2014. Available: ftp://210.34.0.186/CRAN/web/packages/MASS/MASS.pdf

Venables W, Ripley B. Modern applied statistics with S [Internet]. 4 th. Springer; 2002. Available: http://
www.stats.ox.ac.uk/pub/MASS4/

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155: 945-959. PMID: 10835412

Excoffier L, Lischer H. Arlequin suite ver 3.5: a new series of programs to perform population genetics
analyses under Linux and Windows. Mol Ecol Resour. 2010; 10: 564-567. Available: http://
onlinelibrary.wiley.com/doi/10.1111/j.1755-0998.2010.02847 .x/full https://doi.org/10.1111/j.1755-0998.
2010.02847.x PMID: 21565059

Raymond M, Rousset F. GENEPOP (version 1.2): population genetics software for exact tests and ecu-
menicism. J Hered. 1995; 86: 248—249. Available: http://jhered.oxfordjournals.org/content/86/3/248.
short

Rousset F. genepop’007: a complete re-implementation of the genepop software for Windows and
Linux. Mol Ecol Resour. 2008; 8: 103-6. https://doi.org/10.1111/j.1471-8286.2007.01931.x PMID:
21585727

Kramer J, Keegan KG. Kinematics of lameness [Internet]. Second Edi. Equine Sports Medicine and
Surgery. Elsevier Ltd; 2014. https://doi.org/10.1016/B978-0-7020-2671-3.50017-9

Rhodin M, Egenvall A, Andersen PH, Pfau T. Head and pelvic movement asymmetries at trot in riding
horses in training and perceived as free from lameness by the owner. PLoS One. 2017; 12: 1-16.
https://doi.org/10.1371/journal.pone.0176253 PMID: 28441406

Pfau T, Fiske-Jackson A, Rhodin M. Quantitative assessment of gait parameters in horses: Useful for
aiding clinical decision making? Equine Vet Educ. 2016; 28: 209-215. https://doi.org/10.1111/eve.
12372

Ishihara A, Reed SM, Rajala-Schultz PJ, Robertson JT, Bertone AL. Use of kinetic gait analysis for
detection, quantification, and differentiation of hind limb lameness and spinal ataxia in horses. J Am Vet
Med Assoc. 2009; 234: 644-51. https://doi.org/10.2460/javma.234.5.644 PMID: 19250044

Keegan KG. Evidence-Based Lameness Detection and Quantification [Internet]. Veterinary Clinics of
North America—Equine Practice. Elsevier; 2007. pp. 403-423. https://doi.org/10.1016/j.cveq.2007.04.
008 PMID: 17616320

Parsons KJ, Pfau T, Wilson AM. High-speed gallop locomotion in the Thoroughbred racehorse. I. The
effect of incline on stride parameters. 2008; 935-944. https://doi.org/10.1242/jeb.006650 PMID:
18310119

Yamanobe A, Hiraga A, Kubo K. Relationships between Stride Frequency, Stride Length, Step Length
and Velocity with Asymmetric Gaits in the Thoroughbred Horse. Japanese J Equine Sci. Japanese
Society of Equine Science; 1992; 3: 143-148. https://doi.org/10.1294/jes1990.3.143

Hobbs SJ, Bertram JEA, Clayton HM. An exploration of the influence of diagonal dissociation and mod-
erate changes in speed on locomotor parameters in trotting horses. Peerd. Peerd Inc.; 2016; 4: €2190.
https://doi.org/10.7717/peerj.2190 PMID: 27413640

Zips S, Peham C, Scheidl M, Licka T, Girtler D. Motion pattern of the toelt of Icelandic horses at different
speeds. Equine Vet J Suppl. 2001; 33: 109—111. https://doi.org/10.1111/1.2042-3306.2001.tb05371.x

Fonseca MG, Ferraz GC, Lage J, Pereira GL, Curi RA. A Genome-Wide Association Study Reveals Dif-
ferences in the Genetic Mechanism of Control of the Two Gait Patterns of the Brazilian Mangalarga
Marchador Breed. J Equine Vet Sci. Elsevier Ltd; 2017; 53: 64—67. https://doi.org/10.1016/j.jevs.2016.
01.015

PLOS ONE | https://doi.org/10.1371/journal.pone.0202584  August 17,2018 18/18


http://CRAN.Rproject.org/package=multcomp
http://CRAN.Rproject.org/package=multcomp
http://CRAN.Rproject.org/package=lawstat
http://amstat.tandfonline.com/doi/abs/10.1198/106186007X208407
http://CRAN.R-project.org/package=candisc
ftp://cygwin.uib.no/pub/cran/web/packages/candisc/candisc.pdf
ftp://cygwin.uib.no/pub/cran/web/packages/candisc/candisc.pdf
http://CRAN.R-project.org/package=MASS
ftp://210.34.0.186/CRAN/web/packages/MASS/MASS.pdf
http://www.stats.ox.ac.uk/pub/MASS4/
http://www.stats.ox.ac.uk/pub/MASS4/
http://www.ncbi.nlm.nih.gov/pubmed/10835412
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-0998.2010.02847.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-0998.2010.02847.x/full
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
http://jhered.oxfordjournals.org/content/86/3/248.short
http://jhered.oxfordjournals.org/content/86/3/248.short
https://doi.org/10.1111/j.1471-8286.2007.01931.x
http://www.ncbi.nlm.nih.gov/pubmed/21585727
https://doi.org/10.1016/B978-0-7020-2671-3.500179
https://doi.org/10.1371/journal.pone.0176253
http://www.ncbi.nlm.nih.gov/pubmed/28441406
https://doi.org/10.1111/eve.12372
https://doi.org/10.1111/eve.12372
https://doi.org/10.2460/javma.234.5.644
http://www.ncbi.nlm.nih.gov/pubmed/19250044
https://doi.org/10.1016/j.cveq.2007.04.008
https://doi.org/10.1016/j.cveq.2007.04.008
http://www.ncbi.nlm.nih.gov/pubmed/17616320
https://doi.org/10.1242/jeb.006650
http://www.ncbi.nlm.nih.gov/pubmed/18310119
https://doi.org/10.1294/jes1990.3.143
https://doi.org/10.7717/peerj.2190
http://www.ncbi.nlm.nih.gov/pubmed/27413640
https://doi.org/10.1111/j.2042-3306.2001.tb05371.x
https://doi.org/10.1016/j.jevs.2016.01.015
https://doi.org/10.1016/j.jevs.2016.01.015
https://doi.org/10.1371/journal.pone.0202584

