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Abstract

The Thoroughbred horse breed was developed primarily for racing, and has a significant

contribution to the qualitative improvement of many other horse breeds. Despite the impor-

tance of Thoroughbred racehorses in historical, cultural, and economical viewpoints, there

was no temporal and spatial dynamics of them using the mitogenome sequences. To

explore this topic, the complete mitochondrial genome sequences of 14 Thoroughbreds and

two Przewalski’s horses were determined. These sequences were analyzed together along

with 151 previously published horse mitochondrial genomes from a range of breeds across

the globe using a Bayesian coalescent approach as well as Bayesian inference and maxi-

mum likelihood methods. The racing horses were revealed to have multiple maternal origins

and to be closely related to horses from one Asian, two Middle Eastern, and five European

breeds. Thoroughbred horse breed was not directly related to the Przewalski’s horse which

has been regarded as the closest taxon to the all domestic horses and the only true wild

horse species left in the world. Our phylogenomic analyses also supported that there was

no apparent correlation between geographic origin or breed and the evolution of global

horses. The most recent common ancestor of the Thoroughbreds lived approximately

8,100–111,500 years ago, which was significantly younger than the most recent common

ancestor of modern horses (0.7286 My). Bayesian skyline plot revealed that the population

expansion of modern horses, including Thoroughbreds, occurred approximately 5,500–

11,000 years ago, which coincide with the start of domestication. This is the first phyloge-

nomic study on the Thoroughbred racehorse in association with its spatio-temporal dynam-

ics. The database and genetic history information of Thoroughbred mitogenomes obtained

from the present study provide useful information for future horse improvement projects, as
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well as for the study of horse genomics, conservation, and in association with its geographi-

cal distribution.

Introduction

The Thoroughbred horse, which was developed by English aristocracy during the 17th and

18th centuries, is the world’s best-known racehorse breed [1]. Thoroughbreds can be charac-

terized by several features, including their approximately 165 cm height, a well-chiseled head

on a long neck, high withers, deep chest, short back, good hindquarter depth, lean body, and

long legs [2]. Due to artificial selection for better racing ability, this breed also shows superior

performance characteristics such as large lung volume, high maximum haemoglobin concen-

tration and cardiac output, large muscle mass to body weight ratio, high skeletal muscle mito-

chondrial density, and oxidative enzyme activity [3–6].

In addition to being an internationally popular spectator sport, horse racing is also a huge

industry; its global market value was estimated to be around 115 billion dollars in 2008 [7].

Pedigree is particularly important as the value and potential income of racing horses are

dependent on their ancestors’ performance. Improvement and management of the specific

animal breed require an understanding of its demography, biogeography, ecology, behavior,

genetics, and their interactions. Mitochondrial DNA (mtDNA) has been a very attractive

genetic marker for elucidating the domestication history of horses [8–13] due to its relative

lack of genetic recombination, maternal inheritance, and the presence of orthologous genes

having different evolutionary rates [14]. To date, several studies have investigated the maternal

origin of the Thoroughbred horse on the bases of mitochondrial control region (D-loop) [15–

18]. Most researchers support that the racehorse breed diverged from multiple maternal ori-

gins [15, 16, 18], while Bower et al. [17] proposed that Thoroughbred mares were founded in

the British Isles in the 17th and 18th centuries. However, all of these studies used obscure ana-

lytical methods and dealt only with D-loop sequences that can generate ambiguous tree topol-

ogies due to the high level of recurrent mutations and comparatively short lengths (including a

small number of phylogenetically informative sites). Above all, they all didn’t mention time of

the most recent common ancestor of the Thoroughbred horses.

In relation to domestic history of the horse, Przewalski’s horse is very important species;

this endangered animal is regarded as the only true wild horse species and the closest taxon to

the domestic horse. Despite several global studies based genetic information [19–24], horse

domestication history with emphasis on phylogenetic relationships of the Thoroughbred and

Przewalski’s horses has not been well resolved.

To fully understand the origin and spread of the Thoroughbred racehorses, we determined

the complete mitochondrial genome sequences of 14 Thoroughbred racehorses and two Prze-

walski’s horses. This sequence data was analyzed together with 151 previously published

sequences of global horses using phylogenomic and Bayesian coalescent approaches. The

objectives of the present study were (1) to study whether the Thoroughbred racehorses have a

single maternal origin; (2) to examine the phylogenetic relationships between Thoroughbred

horses and other domestic horse breeds; (3) to uncover the phylogenetic relationships of the

Thoroughbred and Przewalski’s (the closes taxon to the all domestic horse breeds and the only

true wild horse species left in the world) horses; (4) to address the influences of breeds or coun-

tries on the heterogeneity of global horses; (5) to estimate the time of the most recent common

ancestor of these racehorses; and (6) to assess divergence times of the common female ancestor

and changes in the population size of modern horses.
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Materials and methods

Ethics statement

All animal care and experimental protocols were reviewed and approved by the Institutional

Animal Care and Use Committee of Hankyong National University (Ethical Permit Number:

HNUAWC-2013-3).

Horse sample preparation and re-sequencing

Blood samples (10 ml) of 14 Thoroughbreds (Gwacheon racetrack, South Korea) and two

Przewalski’s horses (Hustai National Park, Mongolia) were collected from the carotid artery

and treated with heparin to prevent coagulation. Genomic DNA was extracted from each

blood sample and quality was assessed using fluorescence-based quantification on an 0.6%

agarose gel eletrophoresed in pulse field with 200 ng of DNA. Using the TruSeq DNA Sample

Prep. Kit (Illumina, San Diego, CA), we constructed the paired-end library (500-bp fragment)

according to manufacturer instructions. Briefly, purified genomic DNA fragments of less than

800 bp were blunt-ended with 5’-phosphorylated ends and a 3’-dA overhang. Adaptor-modi-

fied ends were added, the ligation product was purified, and a genomic DNA library was con-

structed. Following this, sequence data was produced using Illumina HiSeq2000.

Sequence data analysis

Read quality of raw data was assessed using FastQC v 0.10.1 [25]. On the basis of FastQC, we

used the Fastx-toolkit to remove sequences with low-quality scores. Using fastq_quality_trim-

mer of Fastx-toolkit, we trimmed the 30-end of read base pairs, which had PHRED-scaled qual-

ity score of<20. After trimming, reads that were shorter than 80 bp were discarded. The

paired-end reads of each sample were aligned to a published mitochondrial genome (GenBank

Accession No. X79547) using Bowtie2 v2.0.0-beta6 (http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml/) with the no-mixed mode option selected. Summary statistics about

used data, alignment rate is summarized in the S2 Table. Picard Tools v 1.7.2 [26], SAMtools v

0.1.18 [27], and GATK v 2.1.8 [28] were conducted for downstream processing and variant

calling. Substitution calls were made with GATK UnifiedGenotyper and the following variants

were excluded: quality score of<30, three SNPs within a 10-bp window, SNPs in detected

InDel mutations, the number or proportion of reads that had mapping quality scores of 0> 4

or 10%, the number of alternative alleles greater than one (multiallele type), or read depths in

the SNP position of<3. Small indels detected by GATK were used for SNP filtering. Number

of identified variants for each sample are presented in S3 Table.

Mitochondrial genome sequence characterization

We analyzed the complete mitochondrial genome sequences of 167 horses (S1 Table). These

horses represented 68 breeds, and originated from Asia (n = 45), the Middle East (n = 33),

Europe (n = 81), Africa (n = 1), and America (n = 7). Mitochondrial genome sequences were

aligned using MAFFT 6.0 [29] and then checked by eye for accuracy and trimmed to minimize

missing characters in BIOEDIT 7.053 [30]. The final alignment was 16,432 bp in length, and

was comprised of 22 tRNA, 13 protein coding genes, and two rRNA genes. All gene positions

quoted here were with respect to a published mitochondrial genome (GenBank accession no.

X79547). For both nucleotide and amino acid sequences of each gene, we calculated total sites

(including gaps), variable sites, and Ts/Tv ratios using Tree-Puzzle 5.3 [31]. Their sequence

identities were estimated using BIOEDIT 7.053 [30], and base frequencies and evolutionary

models were generated in Modeltest 3.7 [32] and PAUP 4.0b10 [33]. We subsequently
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displayed the number of both nucleotide and amino acid variations at each site throughout the

mitochondrial genomes (Figs 1 and 2). We first computed the nucleotide differences by count-

ing the number of minor nucleotides at each position across the sequence alignment. Next, we

regarded the major nucleotide at each site as the most frequent nucleotide (A, C, G, or T), and

the remaining nucleotides were regarded as minor nucleotides. For example, at a specific posi-

tion of the alignment, if the nucleotide G was major in 125 samples, while A, C, and T were

identified as minor nucleotides in the remaining 42 samples, the nucleotide difference was 42.

We applied the same rule for amino acid dissimilarity.

For selective pressure analysis, we estimated relative rates of nonsynonymous and synony-

mous substitutions (ω = dN/dS) across the mitochondrial genomes. Protein coding sequences

of genes were verified by comparison with amino acid sequences using Pal2nal [34]. Control

files for codeml in PAML4 [35] were set by options as runmode = -2, model = 0, and fix_o-

mega = 0, which let the program estimate dN/dS ratio in pairwise comparison. A dN/dS ratio

of<1 means purifying selection, dN/dS = 1 indicates an absence of selection (i.e., neutral evo-

lution), and dN/dS > 1 suggests positive selection.

Phylogenomic analysis

Phylogenomic analysis was performed using Bayesian inferences (BI) and maximum likeli-

hood (ML) methods. The wild ass (Equus asinus) was used as the outgroup [11, 12]. We chose

the best-fit model of nucleotide substitutions with the standard Modeltest PAUP block in

PAUP 4.0b10 [33] and Akaike’s information criterion (AIC) in Modeltest 3.7 [32]; GTR+I+G

was selected as the best fitting evolutionary model. BI analysis was carried out using MrBayes

3.2.5 [36] with the following parameters: nst, 6; rates, gamma; code, vertmt; number of genera-

tion, 30,000,000; sample frequency, 500; number of chains, 1; burn-in generation, 25% of the

number of generations. Bayesian posterior probability (BPP) values shown on respective inter-

nal nodes indicated confidence of the phylogenomic analysis.

In addition to the BI approach, ML analysis was conducted in PHYML 3.0 [37] under the

following options: model of nucleotide substitution, GTR; initial tree, BIONJ; nonparametric

bootstrap analysis, yes, 500 pseudoreplicates; proportion of invariable sites, estimated; number

of substitution rate categories, 6; gamma shape parameter, estimated by program; optimize

tree topology, yes.

Co-estimation of evolutionary rates, time of the most recent common

ancestor (tMRCA), and population size changes

To co-estimate the evolutionary rates, times of the most recent common ancestor (tMRCA),

and changes in population size, we used the Bayesian Markov Chain Monte Carlo (MCMC)

approach which was implemented in BEAST 1.8.2 [38]. For the calibration point, we

assumed a bifurcation time of 2 My between the horse and donkey (assuming a 95% interval

of 1.56–2.44 My), which is the approximate date of the first fossil record of caballoid horses

[8, 39]. Here, GTR+I+G and nst = 6 and rates = gamma were used as the best fit evolution-

ary model and likelihood setting, respectively, which were derived from AIC in Modeltest

3.7 [32]. Subsequently, we employed both strict and relaxed (uncorrelated exponential and

uncorrelated lognormal) molecular clocks [38] with six different demographic models (con-

stant size, exponential growth, expansion growth, logistic growth, Bayesian skyline, and

Yule process). Using the Bayes factor test (log10 Bayes Factors > 2 in all cases) based on the

harmonic mean of the marginal log-likelihoods [40], the relaxed uncorrelated lognormal

clock and Yule process model were selected as showing the best fit for the horse data matrix.

The effective population size changes over time were evaluated using the Bayesian skyline
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plot (BSP) analysis. The data sets were run for 30,000,000 generations to ensure conver-

gence of all parameters (ESSs >200); the first 10% of samples for each chain were discarded

as burnin. The resulting convergence was analyzed using Tracer 1.5 (http://beast.bio.ed.ac.

uk/Tracer) and the statistical uncertainties were summarized in the 95% highest probability

density (HPD) intervals. Maximum Clade Credibility (MCC) phylogenetic trees were sum-

marized using the TreeAnnotator program in the BEAST package, and visualized using Fig-

Tree 1.4.2 software [41].
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dissimilarities was calculated as the total number of altered nucleotides at each site compared using the multiple sequence alignment method. Each gene is

indicated at the top of each plot. Single letter abbreviations of tRNA genes stand for following full names: F, tRNA-Phenylalanine; V, tRNA-Valine; L,
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https://doi.org/10.1371/journal.pone.0203917.g001
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Results

Mitochondrial genome sequences from both Thoroughbred and

Przewalski’s horses

The complete mitochondrial genomes of the 14 Thoroughbreds and two Przewalski’s horses

were sequenced in the present study (GenBank accession nos., KT221830 –KT221845) (S1

Table). The genome sizes varied from 16,656 bp (ThorK02) to 16,664 bp (ThorK06) in length,

which are well within the range reported for other completely sequenced horses (usually rang-

ing from 16,646 bp to 16,666 bp) (e.g. [11, 12]).
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https://doi.org/10.1371/journal.pone.0203917.g002
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For all Thoroughbreds (14 new and one published sequences), the configuration of the

complete mitochondrial genomes and their individual gene sequences are summarized in

Table 1 and Fig 1. The nucleotide sequence identities of the 15 Thoroughbred samples ranged

from 99.8% to 100% (average, 99.6%), which corresponds to 99.6–100% (average, 99.8%) iden-

tity at the amino acid level. The Ts/Tv ratio estimated from our Thoroughbred horse data set

was 29.44. Of the 17 individual genomic regions, NADH6 was the most variable (average

sequence identities of 98.7% and 99.6% for nucleotides and amino acids, respectively), whereas

22tRNAs were the most conserved (average nucleotide similarities of 99.9%). We plotted the

nucleotide and amino acid differences at each site throughout the mitochondrial genome

alignment (Fig 1). Here, higher sequence diversity for nucleotides was presented in the D-loop

region and lower amino acid variation was detected in COX1-3 regions. The mean nonsynon-

ymous/synonymous substitution ratio (ω = dN/dS) values for each component gene of the rac-

ing horses were lower than 1 (Table 1 and Fig 3), which suggests that Thoroughbred

mitochondrial genomes were under purifying selection. The highest dN/dS ratio was observed

in ATPase8 (0.343), whilst the lowest one was found in COX1 (0.010). We additionally charac-

terized mitochondrial genomes of 167 global horses to compare with those from racing horses.

Estimates of the all modern horse mitochondrial genomes are very similar with those from

Thoroughbreds (Table 2, Figs 2 and 3).

Phylogenomic analyses

The 16,432 bp long (including gaps) mitochondrial genome alignment showed high variation

with 845 polymorphic sites (5.1% of total number of sites). The nucleotide sequence identities

Table 1. Summary of mitochondrial genome regions of 15 thoroughbred horses used in this study.

Genomic region Total sites including gaps,

nt/ aa

Variable sites (%),/

aa

Sequence identities (%),

(average), nt/ aa

�Ts/Tv

ratio

Base frequencies,A, C, G

(%)

��ω value (dN/
dS)

12S rRNA 977/ - 15(1.5%)/ - 99.2–100.0(99.7)/ - 29.67 36.6, 24.1, 17.0 -

16S rRNA 1,581/ - 19(1.2%)/ - 99.4-100(99.8)/ - 19.46 37.8, 22.2, 16.9 -

NADH1 954/ 318 14(1.5%)/ 4(1.3%) 99.3-100(99.7)/ 98.7-100(98.3) 29.67 36.1, 24.1, 17.4 0.031

NADH2 1,038/ 346 15(1.4%)/ 4(1.2%) 99.2-100(99.7)/ 99.1-100(99.8) 29.68 36.8, 23.8, 17.5 0.021

COX1 1,542/ 514 18(1.2%)/ 0(0.0%) 99.4-100(99.8)/100-100(100) 18.48 37.8, 22.4, 16.9 0.010

COX2 681/ 227 8(1.2%)/ 0(0.0%) 99.0-100(99.7)/ 100-100(100) 28.60 35.8, 24.2, 16.4 0.014

ATPase8 201/ 67 1(0.5%)/ 1(1.5%) 99.5-100(99.8)/ 98.5-100(99.8) 29.67 34.8, 20.2, 17.4 0.343

ATPase6 678/ 226 12(1.8%)/ 4(1.8%) 99.0-100(99.7)/ 98.7-100(99.6) 29.67 35.8, 24.3, 16.5 0.026

COX3 783/ 261 13(1.7%)/ 4(1.5%) 99.1-100(99.7)/ 98.8-100(99.7) 29.67 36.0, 24.4, 16.7 0.005

NADH3 345/ 115 3(0.9%)/ 0(0.0%) 99.1-100(99.7)/ 100-100(100) 29.66 34.2, 22.3, 18.3 0.014

NADH4L 294/ 98 3(1%)/ 2(2.0%) 99.0-100(99.6)/ 97.9-100(99.7) 29.67 35.4, 21.7, 17.3 0.028

NADH4 1,377/ 459 16(1.2%)/ 9(2.0%) 99.3-100(99.7)/ 99.6-100(99.9) 29.67 37.7, 23.1, 16.8 0.019

NADH5 1,812/ 604 24(1.3%)/ 9(1.5%) 99.5-100(99.7)/ 99.3-100(99.7) 13.08 38.1, 22.2, 16.3 0.025

NADH6 528/ 175 26(4.9%)/ 5(2.9%) 97.9-100(98.7)/ 98.9-100(99.6) 14.05 25.7, 13.1, 28.3 0.088

Cytb 1,140/ 379 15(1.3%)/ 2(0.5%) 99.3-100(99.7)/ 99.5-100(99.9) 29.67 37.2, 23.7, 17.1 0.017

Control region 962/ - 15(1.6%)/ - 99.2-100(99.7)/ - 29.67 36.2, 24.2, 17.3 -

13 protein coding

genes

11,373/ 3,789 196(1.7%)/ 44

(1.2%)

99.2-100(99.6)/ 99.6-100(99.8) 29.56 30.2, 29.3, 13.3 0.049

22 tRNAs 1,520/ - 13(0.9%)/ - 99.7-100(99.9)/ - 29.67 32.7, 18.5, 19.4 -

Overall 16,432 - 299(1.8%)/ - 99.8-100(99.6)/ - 29.44 32.4, 28.4, 13.2 -

�Ts/Tv ratio = transition versus transversion ratio

�ω (dN/dS) value = relative rates of nonsynonymous and synonymous substitutions

https://doi.org/10.1371/journal.pone.0203917.t001

Origin and spread of Thoroughbred

PLOS ONE | https://doi.org/10.1371/journal.pone.0203917 September 14, 2018 7 / 18

https://doi.org/10.1371/journal.pone.0203917.t001
https://doi.org/10.1371/journal.pone.0203917


among the 167 modern horses ranged from 99.0% to 100%. Configuration of the mitochon-

drial genomes and their 38 individual regions for the 167 horses are reported in Table 2, Figs 2

and 3.

The matrilineal line of the modern horses was illustrated as a maximum clade credibility

tree (Fig 4), which was supported by tree topologies resulting from both Bayesian inferences

(BI) and maximum likelihood (ML) methods. The 167 global horses were classified into one of

six major groups with high confidence for each node. Here, Thoroughbred breed was not

monophyletic and the 15 specimens were divided into four different clades (Figs 4 and 5):

Group 1 (Thor01, ThorK08, and ThorK13), Group 2 (ThorK02, ThorK03, ThorK05 ThorK07,

and ThorK10), Group 4 (ThorK01, ThorK04, ThorK06, ThorK11, ThorK12, and ThorK14),

and Group 5 (ThorK09). Within Group 1, racing horses were closely related to one of the two

different European and one Asian breeds: Maremmano (Mrm14), Norwegian Fjord (NoF01),

and Jeju (Jeju04 and Jeju06). The Thoroughbred individuals of Group 2 were clustered with

breeds from three different European, one Middle East, and one Asian breeds: Shire (Shi01),

Italian (Ita02), Norwegian Fjord (NoF02), Syrian (Syr03), and Jeju (Jeju03). The Thorough-

breds of Group 4 were linked to Iranian breed (Irn13) from the Middle East and Kinsky horse

breed (KiH02) from Central Europe, while Group 5 specimen was clustered with the Iranian

breed (Irn06) from the Middle East.

We focused on the genetic relationships between the Thoroughbred and Przewalski’s

horses. As mentioned above, our phylogenomic trees showed that this racing horse breed was

not directly related to the Przewalski’s horse. Monophyletic Przewalski’s horses appeared as

members of Group 2, and were linked to a clade consisting of 14 different domestic breeds

derived from Asia, the Middle East, and Europe: Akhal-Teke (AkT06 and AkT07), Altai
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Fig 3. Pairwise dN/dS (ω) values of the mitochondrial genomes of 167 modern horses. By comparing the relative rates of

nonsynonymous and synonymous substitutions in 13 protein coding genes, we discovered that the ATP8 gene in both

Thoroughbred racehorses and other modern horses has the highest level of adaptive variation.

https://doi.org/10.1371/journal.pone.0203917.g003
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(Alt01), Arabian (Arb03 and Arb06), Camargue (Cam01), Giara (Gia01 and Gia02), Iranian

(Irn05), Italian (Ita02), Kabardin (Kab01), Kladruber (Kla03), Liebenthaler (Lie02), Naqu

(Naq01), Orlov Trotter (OrT01), Thoroughbred (ThorK07), and Syrian (Syr03).

Subsequently, we further studied on the influences of breeds or countries and heterogeneity

of global horses. Within the global horse trees, there was no geographic grouping within the

six groups with a mixture of breeds from different geographic areas grouping into the same

clade (Fig 4; Table 3). The individuals in Group 1 (n = 43) were collected from four different

regions: Asia (n = 7), the Middle East (n = 10), Europe (n = 25), and America (n = 1). Their

breeds were a mixture of 24 different ones. Horses of Group 2 (n = 39) originated from Asia

(n = 15), Middle East (n = 7), and Europe (n = 17), and were included in 25 different breeds.

Subsequently, Group 3 (n = 4) was composed of Asian (n = 1), Middle Eastern (n = 1), and

Table 2. Summary of mitochondrial genome regions of 167 modern horses used in this study.

Genomic

region

Total sites

including

gaps,

nt/ aa

Variable sites (%),

nt/ aa

Sequence identities (%),

(average),

nt/ aa

�Ts/Tv

ratio

Base

frequencies,

A, C, G

Evolutionary

model

Nst Rates ��ω
value

(dN/dS)

12S rRNA 977/ - 50(5.1%)/ - 98.7–100.0(99.7)/ - 9.21 36.7, 24.2, 17.0 TIM+I+G 6 gamma -

16S rRNA 1,581/ - 65(4.1%)/ - 99.3-100(99.7)/ - 10.04 37.8, 22.2, 16.9 TrN+I+G 6 gamma -

NADH1 954/ 318 47(4.9%)/ 10

(3.1%)

98.7-100(99.7)/ 98.4-100

(99.7)

8.10 36.1, 24.2, 17.5 GTR+G 6 gamma 0.031

NADH2 1,038/ 346 50(4.8%)/ 19

(5.5%)

98.7-100(99.6)/ 98.5-100

(99.7)

9.14 36.8, 23.8, 17.6 HKY+I 2 equal 0.022

COX1 1,542/ 514 62(4.0%)/ 4(0.8%) 99.1-100(99.7)/ 99.8-100

(99.9)

9.65 37.8, 22.4, 16.9 HKY+I 2 equal 0.010

COX2 681/ 227 37(5.4%)/ 4(1.8%) 98.5-100(99.7)/ 99.1-100

(99.9)

5.64 35.9, 24.3, 16.5 HKY+I 2 equal 0.014

ATPase8 201/ 67 12(6.0%)/ 5(7.5%) 98.5-100(99.8)/ 97.0-100

(99.5)

3.01 34.9, 20.4, 17.4 K81uf 6 equal 0.342

ATPase6 678/ 226 37(5.5%)/ 14

(6.2%)

98.5-100(99.7)/ 97.8-100

(99.5)

5.64 35.9, 24.4, 16.6 TrN+G 6 gamma 0.024

COX3 783/ 261 41(5.2%)/ 7(2.7%) 98.6-100(99.7)/ 98.8-100

(99.8)

6.93 36.1, 24.5, 16.8 HKY+I 2 equal 0.005

NADH3 345/ 115 20(5.8%)/ 2(1.7%) 98.5-100(99.7)/ 98.3-100

(99.9)

4.91 34.2, 22.6, 18.2 K81uf 6 equal 0.014

NADH4L 294/ 98 22(5.8%)/ 4(4.1%) 98.3-100(99.7)/ 97.9-100

(99.8)

3.95 35.4, 22.0, 17.3 K81uf+G 6 gamma 0.030

NADH4 1,377/ 459 54(3.9%)/ 22

(4.8%)

99.1-100(99.7)/ 99.1-100

(99.8)

9.88 37.8, 23.1, 16.8 K81uf+I 6 equal 0.019

NADH5 1,812/ 604 73(4.0%)/ 26

(4.3%)

99.2-100(99.7)/ 98.8-100

(99.7)

9.7 38.1, 22.2, 16.3 TIM+I 6 equal 0.025

NADH6 528/ 175 49(9.3%)/ 20

(11.4%)

97.1-100(98.7)/ 97.1-100

(99.6)

8.61 25.6, 13.1, 28.3 TVM+G 6 gamma 0.086

Cytb 1,140/ 379 51(4.5%)/ 11

(2.9%)

98.5-100(98.9)/ 98.9-100

(99.9)

9.37 37.2, 23.8, 17.2 TrN+I 6 equal 0.016

Control region 963/ - 49(5.1%)/ - 98.6-100(99.6)/ - 9.13 36.3, 24.2, 17.3 GTR+I+G 6 gamma -

13 protein coding

genes

11,373/ 3,789 589(5.2%)/ 148

(3.9%)

98.9-100(99.5)/ 99.5-100

(99.8)

26.20 30.2, 29.3, 13.3 TIM+I+G 6 gamma 0.049

22 tRNAs 1,520/ - 46(3%)/ - 99.3-100(99.8)/ - 3.46 32.7, 18.5, 19.5 TrN+I+G 6 gamma -

Overall 16,432/ - 845(5.1%)/ - 99.0-100(99.5)/ - 18.29 32.5, 28.4, 13.2 GTR+I+G 6 gamma -

�Ts/Tv ratio = transition versus transversion ratio

��ω (dN/dS) value = relative rates of nonsynonymous and synonymous substitutions

https://doi.org/10.1371/journal.pone.0203917.t002
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European (n = 2) isolates, and a mixture of four different breeds. Specimens of Group 4

(n = 38) were selected from Asia (n = 10), the Middle East (n = 4), and Europe (n = 18), as well

as Africa (n = 1) and America (n = 5). And they comprised of 26 different breeds. Group 5

(n = 41) members were sampled from Asia (n = 12), the Middle East (n = 10), Europe (n = 18),

and America (n = 1), and were a mixture of 25 different breeds. Group 6 was grouped with

two specimens of two breeds from the Middle East and Europe (Fig 3). Accordingly, the

branching pattern of the modern horse tree did not appear to be influenced by the geographic

origin of breeds.

Divergence times, subtitution rates, and population size changes

Results of analyses performed by BEAST 1.8.2 revealed that the relaxed uncorrelated lognor-

mal clock and Yule process model was the best-fit for simulating evolution of 167 horse mito-

chondrial genomes. Under this model, estimates for Thoroughbred horses ranged from 8,100

years (ThorK14) to 111,500 years (Thor01) (S4 Table). According to the BMCC tree, the most

recent common ancestor of the modern horses existed approximately 0.7286 My ago (95%

HPD = 0.4225–1.1051); Group 5 emerged first (0.4789 My ago, 95% HPD = 0.2569–0.7563),

followed by sequential segregation of Group 2 (0.3964 My ago, 95% HPD = 0.2202–0.6114),

Group 1 (0.3704 My ago, 95% HPD = 0.2009–0.5805), Group 3 (0.2892 My ago, 95% HPD =

0.1253–0.5161), Group 4 (0.2599 My ago, 95% HPD = 0.1224–0.4486), and Group 6 (0.07 My

ago, 95% HPD = 0.007–1.2024) (Fig 4 and Table 3). The evolutionary rate of the 167 modern

horses was estimated to be 1.469 × 10−2 substitutions/site/My (95% HPD = 8.8143 × 10−3–

2.1600 × 10−2).

In the constructed Bayesian skyline plot, modern horses remained at an almost constant

population size until about 11,000 years ago, when they experienced a rapid expansion of pop-

ulation until about 5,500 years ago when domestication may have occurred (Fig 6).

Discussion

Two different hypotheses exist on the domestication mode of Thoroughbred horses: the single

origin hypothesis and the multiple origin scenario. These controversial hypotheses have

important implications on genetic variation in maternally inherited mtDNA. The single origin

hypothesis implies that mitochondrial diversity should be limited to a few ancestral lineages

and then be accumulated in their progenies subsequently by mutation, while in the multiple

origin scenario the mitochondrial dissimilarity of the horses is suggested to be greater than

that of a single wild population. The results of the present study support the multiple origin

hypothesis. The average nucleotide sequence variability among the 15 Thoroughbred mito-

chondrial genomes was 0.4%; this estimate is very similar to that (0.5%) of global horses. Fur-

thermore, as expected, the Ts/Tv ratio of the Thoroughbred mitochondrial genome data set

was 29.44; this estimate is much higher than 18.29 of the global horse sequences. These results

support that the Ts/Tv ratio is highly influenced by the level of phylogenetic divergence.

Fig 4. Bayesian maximum clade credibility phylogenomic tree on the ground of the mitochondrial genome sequences of 167

modern horses. The data set (16,432 base pairs) was also analyzed phylogenetically using Bayesian inference (BI) and maximum

likelihood (ML) methods which showed the same topologies. 95% Highest Posterior Density of node heights are shown by blue

bars. Groups are marked by a “G”. Numbers at the nodes represent (left to right): posterior probabilities (�0.80) for the BI tree and

bootstrap values (�70%) for the ML tree. The racing horses were revealed to have multiple maternal origins and to be closely

related to horses from one Asian, two Middle Eastern, and five European breeds. Results of phylogenomic analyses also uncovered

no apparent association between geographic origin or breed and heterogeneity of global horses. The most recent common ancestor

of the Thoroughbreds lived approximately 8,100–111,500 years ago, which was significantly younger than the most recent common

ancestor of modern horses (0.7286 My).

https://doi.org/10.1371/journal.pone.0203917.g004
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Particularly, in all of our phylogenomic trees, Thoroughbred horses were classified into four

different groups with high robustness. Previous works based on archival records [42] and
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Fig 5. Distribution of Thoroughbred horses within the Bayesian maximum clade credibility phylogenetic tree derived from the complete

mitochondrial genome sequences of 167 global horses. Thoroughbred horse samples are shown in italic and bold type.
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mitochondrial D-loop sequences [15, 16, 18] were also in line with the multiple origin sce-

nario. Unlike these supporters to multiple origin, however, several scientists support a single

origin hypothesis. Wallace [43] proposed that the Thoroughbred foundation mares were

natives of the British Isles, while Wentworth [44] suggested that their female origin was of

imported Arab mares; both researchers performed their studies using historical records.

Bower et al. [17] asserted that Thoroughbred mares were founded in the British Isles on the

basis of mitochondrial D-loop sequences.

In terms of the genetic relationship of Thoroughbred horses and the global horses, our

results of phylogenomic analysis revealed that the Thoroughbreds were closely related to some

horses from eight breeds: one (Jeju) from Asia, two (Syrian and Iranian) from Middle East,

and five (Maremmano, Norwegian Fjord, Shire, Italian, and Kinsky) from Europe. However,

Table 3. Summary of the six horse groups.

Group No. of

horses

Kinds of breeds Geographic regions tMRCA

(Mya)

1 43 AkT, Arb, BlF, ChP, CsP, Hol, IcH, Irn, Ita, Jeju, KiH, Kla, Kuz, Lus, Mrm, NoF, RHD, RRH,

ShA, She, SuP, Syr, Thor, Wes (n = 24)

Asia, Middle East, Europe,

America

0.3704

2 39 AkT, Alt, Arb, Cam, CsP, Gia, Irn, Ita, Jeju, Kab, Kla, Kus, Lie, Mrm, Naq, NoF, Nor, OrT, Prz,

Shi, Syr, Thor, Tra, WeC, WeP (n = 25)

Asia, Middle East, Europe 0.3964

3 4 BeD, Irn, Jeju, Mrm (n = 4) Asia, Middle East, Europe 0.2892

4 38 AkT, AmP, And, App, Arb, BaC, Bar, CsP, GRP, GSH, HuC, Irn, Ita, KiH, Kon, Lie, Mon, Mrm,

Old, PaH, Per, Sil, SpH, Thor, Tra, WeP (n = 26)

Asia, Middle East, Europe,

Africa, America

0.2599

5 41 AkT, Alt, And, Arb, Ard, Cly, CsP, Deq, EnS, ExP, Fre, Haf, Han, IcH, Irn, Jeju, Kla, Lew, Mrm,

RHD, Sad, Thor, VHD, Via, Yak (n = 25)

Asia, Middle East, Europe,

America

0.4789

6 2 Mrm, Irn (n = 2) Middle East, Europe 0.07

https://doi.org/10.1371/journal.pone.0203917.t003
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Fig 6. Bayesian skyline plot (BSP) based on mitochondrial genome sequences from 167 modern horses. The dark line in the

BSP represents the estimated effective population size through time. The green area represents the 95% highest posterior density

confidence intervals for this estimate.
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there were contradicting studies on this topic, on the basis of histological records [42–44] and

mitochondrial D-loop data [17].

Next, present study focused on relationships between domestic horses and the Przewalksi’s

horses. Endangered Przewalski’s horse is regarded as the closest taxon to the domestic horse

and the only true wild horse species. Several phylogeny workers such as Ryder [22] and

Orlando [23] claimed that domestic horses were derived from Przewalski’s horse based on

mitochondrial control region and genomic sequences, respectively. Wade et al. [24] suggested

that Przewalski’s horse evolved from domestic horses by means of autosomal single-nucleotide

polymorphisms (SNPs). However, the findings of the present study do not support their view-

points; Monophyletic Przewalski’s horse was not a direct progenitor of domestic horses;

domestic horses did not diverge from Przewalski’s horse, or vice versa. This finding was con-

sistent with previous studies based on autosomal and X chromosome introns [19], partial con-

trol region [20], and both mitochondrial and partial nuclear genome sequences [21]. Our

analyses also revealed that this Thoroughbred horse breed was not directly linked to the wild

horse. It is interesting to study the horse domestication history with an emphasis on the phylo-

genetic relationships of the Thoroughbred and Przewalski’s horses; there was no investigation

of this topic. Understanding the evolutionary relationship of Thoroughbreds and Przewalksi’s

horses is incredibly important for conservation and breeding strategies.

Additionally, our phylogenomic analysis revealed that no apparent correlation between

breed or geographic location and evolution of global horses. Within our phylogenomic trees,

horses from different breed or geographic location were more closely related one another

rather than those from the same breeds or regions, respectively. The configuration of mixtures

of mitochondrial genome sequences was also in concordance with the views of other authors

[8, 9, 11–13] and maybe largely due to their rapid motion and international trade in livestock.

On contrast to our results, however, several authors postulated the geographic partitioning of

horses based on mitochondrial [45–47] and microsatellite [48] sequences. They suggested the

important factor of geographic structure of horse is geographic isolation by Silk Road, high

mountain, and etc.

We carried out a Bayesian coalescent approach using extended mitochondrial genome

sequences from 167 horses in order to further assess the timescale of horse domestication.

Here, we first calculated the time of the most recent common ancestor of Thoroughbred

horses. Our analysis revealed the age of the most recent common ancestor of the racing horse

to be around 8,100–111,500 years old. This estimate is much younger than that of the most

recent common ancestor of the global horses, which has been estimated at 0.7286 Mys old.

On the domestication time of modern horses, there have been several publications derived

from both archaeological [49–51] and molecular [11–12, 23, 48] evidences. D’Andrade [49]

reported that the origin of domestic horses was around 4,000 years ago. Ludwig et al. [50]

stated the domestication time to be about 5,000 years ago, while Anthony [51] noted that

horse rearing by humans may have occurred approximately 6,000 years ago. Subsequently, on

the basis of mitochondrial genome sequences, Lippold et al. [11] and Achilli et al. [12] postu-

lated domestication time to be about 6,000–8,000 and 6,000–7,000 years ago, respectively.

Warmuth [48] dated domestication time to 5,500 years ago based on autosomal genotype data,

while Orlando et al. [23] claimed that Przewalski’s and domestic horse populations diverged

38,000–72,000 years ago based on analysis of genome sequences. In contrast to the previous

hypothesized date of horse domestication, the results of our Bayesian skyline plot (BSP) analy-

sis depict a rapid expansion of the horse population approximately 5,500–11,000 years ago,

which coincides with the start of domestication.

Information about the genetic diversity of Thoroughbred mitogenomes can improve our

understanding of its emergence. Our findings indicated that ATPase 8 and NADH6 of the
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racing horses are more variable than other genes. ATP8 showed the highest dN/dS ratio, while

ND6 showed the most variable sequence (the lowest sequence identity) and the second highest

dN/dS ratio. The dN/dS estimation is used as an estimate of whether or not the subject has

undergone adaptive evolution to gain advantages due to amino acid changes [52]. In other

words, it is a comparison of the ratio of non-synonymous and synonymous substitutions in

the substitution that occurred, so the high dN/dS ratio means that the non-synonymous substi-

tution (amino acid change) occurred at a higher rate than the synonymous substitution (no

amino acid change). This is slightly different from sequence identity (%), which can be used to

examine sequence variability. In a study of the mitochondrial genome evolution of Chinese

domestic horses, the researchers have shown that ATPase8 and NADH6 exhibit higher Ka/Ks

ratios [53]. The results are in line with the dN/dS analysis results of our study (Fig 3). In the

same paper, researchers said that ATPase8 and NADH6 together with ATPase6 and Cytb are

genes that contribute to the OXPHOS system (the metabolic pathway releasing energy using

ATP). These gene functions also can be a reason that ATPase8 and NADH6 show a strong dN/

dS ratio (strong directional selection), and that NADH6 is the most variable sequence.

Thoroughbreds are the most well-known breed for horse racing, and have been artificially

selected for structural and functional adaptations that contribute to athletic performance phe-

notypes. Improvement and management of the specific animal breed need an understanding

of its domestication history, demography, biogeography, behavior, genetics, and their interac-

tions, which is obtained from molecular phylogenetic investigation. The database and genetic

history information of Thoroughbred mitogenomes gathered from the present study provide

useful information for future horse improvement projects as well as for studies investigating

horse genomics, conservation, and geographical distribution. This is the first study on the spa-

tio-temporal dynamics of the Thoroughbred racehorse.
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