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Imputed genomes of historical horses
provide insights into modern breeding

Evelyn T. Todd,1 Aurore Fromentier,1 Richard Sutcliffe,2 Yvette Running Horse Collin,1 Aude Perdereau,3

Jean-Marc Aury,3 Camille Èche,4 Olivier Bouchez,4 Cécile Donnadieu,4 Patrick Wincker,3 Ted Kalbfleisch,5

Jessica L. Petersen,6 and Ludovic Orlando1,7,*

SUMMARY

Historical genomes can provide important insights into recent genomic changes
in horses, especially the development of modern breeds. In this study, we charac-
terized 8.7 million genomic variants from a panel of 430 horses from 73 breeds,
including newly sequenced genomes from 20 Clydesdales and 10 Shire horses.
We used this modern genomic variation to impute the genomes of four historical-
ly important horses, consisting of publicly available genomes from 2 Przewalski’s
horses, 1 Thoroughbred, and a newly sequenced Clydesdale. Using these histor-
ical genomes, we identifiedmodern horses with higher genetic similarity to those
in the past and unveiled increased inbreeding in recent times. We genotyped var-
iants associated with appearance and behavior to uncover previously unknown
characteristics of these important historical horses. Overall, we provide insights
into the history of Thoroughbred and Clydesdale breeds and highlight genomic
changes in the endangered Przewalski’s horse following a century of captive
breeding.

INTRODUCTION

Horses have provided power, speed, and long-distance mobility to human societies for over four thousand

years.1,2 The advent of the first American and European studbooks from the early 18th century marked a new

era in horse breeding management, in which the selection for desirable traits resulted in the emergence of

strongly differentiated subpopulations. These subpopulations have provided the basis for the many hun-

dreds of horse breeds that we know today,3 each representing a unique biocultural heritage developed to

support humans with specific tasks or for use in sport. With the rise of mechanical transportation from the

late 19th century,4 the role of horses has changed in modern western societies to an increased and almost

exclusive focus on leisure and sport. The dramatic decline in demand for horsepower during the 20th cen-

tury has resulted in the collapse of many once-important breeds, with the current horse population esti-

mated at 60 million worldwide today.5

The increasing genomic resources available for horses have started to reveal the genetic consequences of

modern breeding practices and underlying demographic collapses. For example, pre-18th century ge-

nomes of domestic horses were found to have a higher level of heterozygosity and lower genetic load

than modern genomes.6 Modern traditional working breeds, including coldblood draught horses such

as Friesians, show particularly elevated genetic load, possibly due to deprecation of horsepower in agricul-

ture.7 The intensive selection for performance has also resulted in disproportionate contributions of highly

successful individuals in sport horses, such as racing Thoroughbreds. As expected in a closed population

under selection, the amount of genetic diversity has decreased since the founding of these breeds.8 In

some instances, however, inbreeding has been linked to reduced racing performance.9,10

In addition to domestic horses, the endangered population of Przewalski’s horses (PH) became extinct in

the wild in 1969 and was saved by captive breeding programs throughout the 20th century. PH split from

domestic horses �35,000–45,000 years ago and were once considered the only wild horses remaining in

themodern world.11 However, archaeological horse remains�5,500 years old from Botai, Central Asia carry

genomes directly ancestral tomodern PH, suggesting that PH represent the feral descendant of the earliest

domestic horses known in the archaeological record.12 Captive breeding of PH has led to higher
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inbreeding levels, genomic load, and domestic admixture today, relative to the 19th century,7,11 leading to

concerns as to population health and viability leading into the future. The understanding of genetic diver-

sity is therefore critical for future management and conservation strategies in both the PH and domestic

breeds.

Historical genomes hold great potential for reconstructing the complex history of modern breeding,

involving various and potentially changing selection regimes,13 admixture,6 and repeated episodes of de-

mographic collapses (see14 for a review). Gene candidate genotyping in historical Thoroughbreds sug-

gested that genetic variation strongly associated with sprinting performance entered the pedigree

through native British mares rather than imported male founders of oriental origins.15 The genomes of his-

torical horses have also helped correct the pedigree of PH, which proved particularly difficult to assemble

from the different sources kept across multiple institutions throughout the history of captivity.11 However,

the vast majority of sequenced ancient horse genomes are derived from archaeological and paleontolog-

ical specimens and date several millennia back and beyond (1,6,12,16–18; see19 for a review). Focusing atten-

tion on museum specimens from the last few centuries will improve our understanding of the history of

modern breeding and its consequences in extant populations, which remains largely overlooked.

Sequencing the genome of museum specimens comes with a number of challenges, mostly relating to

DNA preservation.20 Low DNA quality may limit access to only a fraction of the genome,21,22 or may require

extensive and costly sequencing efforts.23 Despite its potential to gain information and resolution at the

genome-wide scale,24 statistical imputation has only recently been used in ancient domestic animals

(e.g. donkeys25 and pigs26), but has never been applied to ancient horses. In this study, we used imputation

to characterize the genomic variation present in four museum horse specimens from the late 19th and early

20th century. The resulting four genomes shed light into the history of the endangered PH as well as that of

racing Thoroughbreds and draught Clydesdale horses. The framework presented not only reveals individ-

ual phenotypes not preserved in historical records but also clarifies Fthe timing of changing breeding prac-

tices and their impact on inbreeding, admixture, and the genetic diversity of modern breeds and

subpopulations.

RESULTS AND DISCUSSION

Genome panel and imputation

Previous work reported the genome sequence of one historical Thoroughbred called Dark Ronald from a

bone sample preserved at the Martin Luther-Universitat Halle, Wittenberg, Germany (‘‘Ronald’’ therein-

after).6 Ronald was an elite-performing English Thoroughbred born in 1905, who provided an important

genetic contribution toWarmblood breeds on the European continent, especially in Germany. His genome

was characterized using shotgun sequencing at an average depth of coverage of 0.80-fold. Previous work

also reported the genome sequences of two historical PH, including the holotype captured in 1872, and

preserved since at the Zoological Museum of the Academy of Science in St Petersburg, Russia. The second

PH died in 1899, a time when the captive stock that is foundational to the modern subpopulation was not

yet formed.11 DNA preservation was relatively limited and only compatible with genome characterization at

an average depth of coverage of 0.32-fold and 2.95-fold, respectively. These two individuals are hereafter

referred to as ‘‘Holotype’’ and ‘‘Paratype,’’ respectively.

In order to characterize the genome of a draught horse from the early 20th century, we collected bone ma-

terial from Baron O’Buchlyvie (‘‘Baron’’ thereinafter), which is preserved at the Kelvingrove Art Gallery and

Museum in Glasgow, Scotland. Baron was a prominent Clydesdale stallion, born in 1900 and famous for

being sold for 9,500 guineas at auction in 1911, which is equivalent to approximately 1.5 million euros

today, and still represents the record price for a draught horse. Pedigree records indicate that Baron pro-

vided an important genetic contribution to the Clydesdale breed. His DNA was extracted andmanipulated

in the state-of-the-art ancient DNA facilities of the Centre for Anthropobiology and Genomics of Toulouse,

France. The final genome coverage was 3.09-fold, following the sequencing of 978 million read pairs from 8

independent Illumina DNA libraries on the HiSeq4000 instrument.

To analyze the genetic makeup of these historical genomes relative to modern horses, we collected an

extensive panel of 401 genomes, including 20 PH, 380 domestic horses, and 1 donkey that we used as

an outgroup. Since no whole-genome sequences were previously published of Clydesdale horses or their

close Shire relatives, we supplemented this panel with 20 Clydesdale and 10 Shire genomes at an average
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Figure 1. Population structure and genotype frequency of ancient and modern horses

(A) Principal component analysis of modern horse breeds/populations (colored), and imputed ancient genomes (black), conditionning on transversions only

and using the ‘‘smartpca’’ function from the EIGENSOFT package (version 6.1.4).31,32 Pseudo-haploidized ancient genomes are projected and colored in

gray. Modern horses are grouped into clades according to phylogenetic clustering (Figure 2A): Asian (n = 72, breeds: DATO, DBAO, JEJU, JICH, JIZI, LNGZ,

MONG, MOGO, MZHU, NIMU, NIQI, YAKU), Ponies (n = 13, breeds: DART, DUEL, ERLC, ICEL, SHET, WELS, YAQI, YILI), Draught (n = 41, breeds: DART,

HAFL, FRIE, FROM, NORI, PRCH, PRCHx), Iberian-like (n = 75, breeds: ANDA, BACA, CART, CHIC, GALI, FLOR, FOPO, LIPI, LUSI, MGMR, MGPL, MORG,

MUST, OLGA, SACR, SORR), Arabian-like (n = 46, breeds: ARAB, AKTK, GALI, REIT, SB), QH/Paint (n = 42, breeds: CURL, MIXD, PAIN, QH), Warmblood (n =

43, breeds: APPA, AMWB, APQH, BAVA, BGWB, DUTC, HANO, HOLS, OLDE, PAxWB, POWB, QH, SWIS, TRAK, WB, WEST, WURT). The breeds/

subpopulations of PRZ (n = 19), SHIRE (n = 10), CLYD (n = 20), and TB (n = 49) are individually colored as they are the modern counterparts of the historical

individuals.
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depth of coverage of 5.42- to 21.15-fold (Table S1). Combined, the final panel considered for the following

analyses consisted of 1 donkey and 430 horses with 73 breeds/subpopulations represented which reflect

the wide range of phenotypic diversity found throughout the world. Using Graphtyper,27 we identified

8,687,237 high-quality, segregating SNPs in these modern equids at a minimum allele frequency of 5%.

Those variants were statistically phased using BEAGLE (version 5.1),28 using the recombinationmap of Bee-

son and colleagues.29

Principal component analysis (PCA) showed separation of PH from domestic horses on the PC2 axis (Fig-

ure 1A). Within domestic breeds, there is segregation of draught Clydesdale and Shire horses from other

modern breeds on the PC2 axis and a continuum on the PC1 axis fromAsian breeds to Thoroughbreds. This

structure is in line with that observed from genotypic data, reported by Petersen and colleagues.30 Phylo-

genetic reconstruction also showed strong genetic sub-structuring within modern horse breeds, which we

classified into 8 main clades consisting of PH (n = 19), Asian breeds (n = 73), European ponies (n = 12),

Draught horses (n = 71), Iberian-like (n = 75), Arabian-like (n = 46), Quarter Horse/Paint (n = 42), and

Warmblood/Thoroughbred (n = 92) (Figure 2A).

Using the 8.7 million SNPs in the modern panel (minor allelic frequencyR5%), we statistically imputed the

four ancient genomes, which provided 5.91–8.28 million SNP genotypes after filtering for high-quality var-

iants, with a genotype probability score over 0.99 (Figure S1). Down-sampling and re-imputing of 9 high-

coverage modern horse genomes (3 each of PH, Clydesdale, and Thoroughbred) showed high genotype

accuracy (>99%, Table S2, Figure S2), in line with previous reports in donkeys using sequence data equiv-

alent to 0.75-fold coverage and above.25,36

We also carried out a common analysis in ancient DNA research by which ancient genomes are pseudo-

haploidized by randomly sampling one read per genome location and PCA projected against modern di-

versity. We then compared the resulting projections to their PCA placement based on imputed data, which

showed highly consistent clustering of ancient samples (Figure 1A). We found that the genome imputation

recovered highly similar variants in all four ancient samples, before and after rescaling and trimming the

bam files, attesting to the robustness of the methods to postmortem degradation or sequencing errors

(Table S3, Figure S3). We used the genomes imputed after rescaling and retrimming for all downstream

analysis as a conservative measure.

Warmblood Fragile Foal Syndrome is a monogenetic defect of connective tissue,37 which is characterized

by hyperextensible and fragile skin and also occurs in Thoroughbreds.38 Pedigree analysis had suggested

that the mutation responsible for this syndrome could trace back to Ronald. However, genetic testing

based on PCR sequencing ruled out Ronald as a carrier.39 Although this variant did not pass theminor allele

frequency filter in our genotype panel, our approach allowed for the genotyping of millions of genetic var-

iants, including 42 variants that are causative or associated with important phenotypic traits in horses

ranging from aesthetics to physiology, and behavior (Figure 1B, Table S4). The imputed genotypes at these

loci provided insights into the phenotypes of our two historical domestic horses: Ronald and Baron. Neither

of them carried alleles deriving chestnut coat, or variants associated with lighter bay coat color (in five

breeds studied), in agreement with photographs and historical reports (Figure 1B).40–42 Baron was pre-

dicted to be heterozygous for one derived mutation at LASP1, one of the four loci driving height variation

in horses.43 Since this mutation is almost fixed inmodern Shire and Clydesdale horses, we conclude that the

selection for increased height in these breeds was still ongoing at start of the 20th century, when Baron was

born. Ronald exhibited a range of derived mutations at eleven loci associated with improved racing per-

formance in Thoroughbreds.44–46 He was not homozygous for alleles at three loci associated with optimal

sprint performance,45 indicating that he was predisposed toward endurance races, in line with his racing

record. A variant associated with exercise-induced pulmonary hemorrhage was not found in Ronald, sug-

gesting he may not have been susceptible to this condition that negatively affects racing performance.47

Finally, Ronald was homozygous for derived mutations in TUFM,GSG1L, and VPS13B, which are associated

with tractability and are rare in modern Thoroughbreds.48 He was also heterozygous for an allele in HTRA1,

Figure 1. Continued

(B) Genotype frequencies of variants associated with anxiety, coat color, optimal distance, exercise-induced pulmonary hemorrhage (EIPH), racing

performance, size, and tractability in Baron, modern Clydesdales (n = 20), Ronald, and modern Thoroughbreds (n = 49). Homozygotes for the allele

associated with the positive trait (less agonistic, lower anxiety, derived coat, optimal short distance performance, no EIPH, elite performance, large size, and

higher tractability) are colored in red, heterozygotes in purple, and homozygotes for the alternative allele in blue.
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which has been associated with lower tractability in Thoroughbreds.49 However, neither Baron nor Ronald

carried an excess of derived alleles for variants associated with anxiety or agonistism.48 Overall, the impu-

tation methodology developed here and implemented for the first time in historical horses showcases how

the range of characterizable phenotypes can be advantageously extended beyond what measurable from

their skeletal anatomy and described in historical sources.

Genomic makeup of historical horses

Neighbor-joining analysis of SNP variation confirmed previous phylogenetic reconstructions, in which PH

and domestic horses formed two deep, distinct clades (Figure 2A). Admixture analyses also indicated

strong genetic differences between these clades, which appeared already differentiated when considering

two main genetic components (K = 2; Figures 2C, and S4). This was true for all horses considered, except

KB7903, a known first-generation hybrid between a PH and a domestic horse that we used as control,11

which showed balanced genetic contributions of both groups, as expected ((Figure 2C), denoted by an

asterisk, *). In line with previous findings, the two historical PH specimens clustered together with their
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Figure 2. Genetic affinities between ancient horses and modern breeds/subpopulations

(A) Neighbor-joining tree with 100 bootstrap pseudo-replicates constructed in FastMe (version 2.1.4)33 (n = 434 individuals, n = 8,687,237 SNPs). The four

ancient samples are labeled, as are the major clade groupings of horse breeds/populations. The number and breeds of horses in each clade are detailed in

Figure 1 legend and in Table S5. The F1 hybrid between a PH and a domestic horse is denoted with an asterisk (*).

(B) Haplotype sharing heatmap estimated using fineSTRUCTURE (version 4.1.1)34 (n = 434 individuals, n = 4,816,764 SNPs).

(C) Ancestry proportions from ADMIXTURE analysis (version 1.3.0)35 at the optimal K-value of 7 (n = 434 individuals, n = 172,267 SNPs).
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modern counterparts, with the 1872 Holotype branching out first and the 1899 Paratype branching second,

as expected from their time difference. Furthermore, Baron clustered in themiddle of modern Clydesdales,

and showed a similar profile of genetic ancestry. Our analyses also show Clydesdales branching off from

Shire horses, confirming previous reports of a close genetic relationship between the two breeds.30 Finally,

Ronald placed basal to all modern Thoroughbreds considered in this study, with 3 Quarter Horses and a

SwissWarmblood (Figure 2A). This reflects the open breeding structure of these two breeds, allowing intro-

gression from Thoroughbred bloodlines.30 The same genetic affinities were found using haplotype-based

clustering analysis with fineSTRUCTURE34 (Figure 2B). Combined, these analyses support the known breed

and subpopulation structure of the four historical specimens analyzed, further confirming the validity of the

genome imputation.

Evolutionary history of PH horse

Next, we further explored the horse genetic makeup, especially admixture between PH and domestic hors-

es. We first found evidence for gene flow between both groups, representing 0.52%–4.92% of PH genetic

ancestry in domestic horses when considering genotypes (Figure 3A), or 0.01%–11.28% when considering

haplotype sharedness (Figure 3B). This agrees with previous reports of�4%, 12%–13.7%, and�6.8%, based

on genome projections,11 F4-ratios,11 and f4-statistics,12 respectively. Asian breeds showed higher
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Figure 3. Przewalski Horse (PH) admixture and relationship between modern and ancient horses

The proportion of PH genetic admixture is shown for all domestic breeds and subpopulations, while the proportion of genetic admixture with domestic

horses is shown for PH individuals (PRZW). The colored points represent the four historical samples, which are grouped with the rest of their breed. The

number of individuals in each breed/subpopulation is detailed in Table S5.

(A) Admixture proportions were estimated by ADMIXTURE (version 4.1.1)34 with 100 bootstrap pseudo-replicates (n = 432 individuals, n = 172,267 SNPs). B)

Proportion of admixture as estimated by sourceFIND (version 2)51 from 10 replicate runs (n = 432 individuals, n = 4,816,764 SNPs).

(C–F) Genetic sharedness between each ancient sample and modern individuals represented as f4-statistics (data points) estimated using the ‘‘qpDstat’’

function from Admixtools (version 751),52,53 and colored according to the number of haplotype shared chunks identified by fineSTRUCTURE (version 4.1.1)34

(n = 8,687,237 SNPs). The Thoroughbreds are shown in black on the y axis and the Warmblood/Quarter Horses in gray in panel F.
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amounts of PH ancestry relative to non-Asian breeds (Wilcoxon rank-sum test, W = 24586, p-value <0.001),

in line with PH subpopulations extending historically through Mongolia and Northern China.50 Interest-

ingly, the PH genetic contribution was heterogeneous across Asian breeds, and maximized in Mongolian

breeds (Inner (MOGO) and outer (MONG) Mongolia). It remained substantial in breeds originating from

China (Debao ponies, Ningqiang ponies, Jianchang ponies), Korea (Jeju horses), and Northern Siberia (Ya-

kutian horses), but was also variable across Tibetan breeds, such as Langkazi, Jiangzi, and Datong horses.

In addition to tracking PH genetic ancestry in modern domestic horses, our genome panel also allowed us to

directly infer the genetic contribution of the two historical PH specimens in themodern captive stock. The four

modern PHpreviously reported to carry substantial portions ofmodern domestic horse ancestry showed lower

genetic sharedness with both historical specimens (KB7848, SB615, KB7713, and SB966; Figures 3C and 3D,

Table S6). While the 1872 Holotype appeared to have a similar level of genetic sharedness to all modern

PH, the 1899 Paratype had differential genetic relatedness to contemporary lineages. This contribution was

maximized in KB3879 (SB274) considering both genotype and haplotype sharedness, and remained relatively

high in 3 specimens belonging to the purest lineage in the pedigree (SB4329, SB293, and SB533), with a pre-

vious study characterizing their genomes as ‘‘virtually devoid of [domestic] admixture.’’11 Furthermore, no long

runs of homozygosity (ROH) (>8 MB) were found in the two historical PH specimens (Figure 4), ruling out the

presence of recent inbreeding at the time of their discovery in the 19th century. However, long ROHwas a com-

mon feature of themodern PH specimens analyzed, in line with their documented history of inbreeding during

captivity. Similarly, the total length of short and medium ROH increased in the modern PH captive stock rela-

tive to the two historical specimens, in agreement with their demographic collapse during the 20th century.

The presence of short ROH in both historical PH genomes suggests, however, small effective population sizes

over a long period of time prior to the 19th century.

Genomic consequences of modern breeding

The historical Clydesdale and Thoroughbred specimens present in our dataset revealed insights into the

history of those two important breeds. This study also provided insights into the genetic structure of mod-

ern horses, particularly that no PH genetic contribution was found within Clydesdales and Thoroughbreds

as well as across other modern domestic breeds showing no recorded history of PH admixture (Figures 3A

and 3B).

Additionally, we identified three modern Clydesdale horses genetically closest to Baron: cly09073 and

HO123, considering genotype sharedness, and cly08844 considering haplotype sharedness (Figure 3E).

These three modern Clydesdales likely exhibit similar physical and behavioral traits to Baron as they

show highly similar genotypes at the causative loci detailed in Figure 1B (Table S7). Notably, although

all Clydesdales in this study were sampled from the United States, these three individuals have close

ties with British bloodlines, particularly cly09073, who was directly imported to the United States from Scot-

land. Both HO123 and cly08844 were sired by the same British stallion with their maternal lineages also

deriving from British bloodlines, suggesting that Baron’s genetic influence is maximized in modern British

Clydesdales compared to subpopulations found on other continents.

The extensive panel of 49 Thoroughbreds examined here show a continuum of genetic proximity to Ronald,

which drops substantially in animals belonging to Quarter Horse (n = 3) andWarmblood breeds (n = 40), such

as Oldenburgers, Trakeners, and Holsteiners (Figure 3F). This not only confirms Ronald as a Thoroughbred,

despite his basal phylogenetic placement, but also that measurable amounts of Thoroughbred genetic

variation are present in the Warmblood population, in line with studbook records. Importantly, our genetic

analyses show that it is possible to identify modern individuals with higher genetic sharedness to important

historical specimens. Similar to Clydesdales, the four Thoroughbreds with the highest genetic sharedness

to Ronald also showed similar genotype frequencies at loci associated with traits of interest (Table S7).

Applying this approach to other historical Thoroughbred champions, such as Triple Crown winners, could

identify and incentivizemodern bloodlines with the greatest genetic similarity to these individuals. This frame-

work could also be applied to other sport horse breeds including for racing, eventing, and polo.

Finally, the amount of short (1–4 MB), medium (4–8 MB), and long (>8 MB) ROH was greater in modern

Clydesdales and Thoroughbreds compared to Baron and Ronald, respectively (Figure 4). Pedigree records

of Baron indicate two common ancestors in the both the 4th and 5th generation, where Ronald’s shows four

common ancestors in the 5th generation. The relatively limited presence of recent inbreeding reported in
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both pedigrees agrees with the low levels of genomic ROH, particularly long ROH which are indicative of

recent inbreeding events. Higher levels of ROH in modern Clydesdales and Thoroughbreds indicate larger

effective population sizes at the beginning of the 20th century than today in both breeds, a consequence of

both modern breeding practices involving selection for desirable traits and inbreeding that is inherent due

to closed stud books. Further analysis of a larger panel of historical horses will reveal the exact timing and

context into which breeding practices most impacted the genomic makeup of breeds.

Conclusion

In this study, we reported an extensive panel of 8.7 million phased SNPs for 434 horses across 73 breeds and

subpopulations. We used this panel to impute the genomes of four low-coverage historical specimens to

high-coverage haplotypes. This included the newly sequenced genome of the famous historical Clydes-

dale Baron O’Buchylvie, and the publicly available genomes of the famous Thoroughbred Dark Ronald,

the 1899 PH holotype and the 1872 PH paratype. Imputed genotypes provided us with insights into
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Figure 4. Inbreeding size distribution

(A–C) The total length of runs of homozygosity (ROH) in megabases (MB) estimated using PLINK (version 1.9)54 and divided into three size classes: 1–4 MB, 4–

8 MB, and 8+MB for each breed (n = 433 individuals, n = 2,802,133 transversion SNPs). The ROH in the ancient individuals are represented with colored

points. The number of individuals in each breed/subpopulation is detailed in Table S5.

(D–F) Frequency distributions of ROH in the three size classes segregated into: Przewalski horse, Clydesdale, and Thoroughbred. The dotted lines represent

the four ancient samples.
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behavioral and performance traits of Baron and Ronald, beyond the morphoanatomical, phenotypes

measured from their remains. Imputation also provided fine-grained resolution into genetic ancestry

and revealed the impact of changing breeding practices on admixture and inbreeding over the past cen-

tury. It also helped characterize the genetic legacy of important historical specimens into modern subpop-

ulations, which can provide new selection strategies for breeders and conservation biologists. The

approach presented in this study, which is based on low-depth sequencing of historical specimens and

genome imputation, can complement pedigree analysis to reconstruct the whole history of modern

breeding in horses and other domestic animals.

Limitations of the study

Four historical horse genomes were used in this study which cannot fully capture the genetic changes

across the many diverse breeds/populations through the past century. Sequencing and analyzing of addi-

tional historical horses in the future would add further insights into genetic changes in other horse breeds

over this time period.
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Deleuze, J.-F., et al. (2021). Heterogeneous
hunter-gatherer and steppe-related
ancestries in late Neolithic and bell beaker
genomes frompresent-day France. Curr. Biol.
31, 1072–1083.e10. https://doi.org/10.1016/j.
cub.2020.12.015.

65. Gamba, C., Hanghøj, K., Gaunitz, C.,
Alfarhan, A.H., Alquraishi, S.A., Al-Rasheid,
K.A.S., Bradley, D.G., and Orlando, L. (2016).
Comparing the performance of three ancient
DNA extraction methods for high-
throughput sequencing. Mol. Ecol. Resour.
16, 459–469. https://doi.org/10.1111/1755-
0998.12470.

66. Rohland, N., Harney, E., Mallick, S.,
Nordenfelt, S., and Reich, D. (2015). Partial

uracil-DNA-glycosylase treatment for
screening of ancient DNA. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 370, 20130624. https://
doi.org/10.1098/rstb.2013.0624.

67. Kalbfleisch, T.S., Rice, E.S., DePriest, M.S.,
Walenz, B.P., Hestand, M.S., Vermeesch, J.R.,
O0Connell, B.L., Fiddes, I.T., Vershinina, A.O.,
Saremi, N.F., et al. (2018). Improved reference
genome for the domestic horse increases
assembly contiguity and composition.
Commun. Biol. 1, 197. https://doi.org/10.
1038/s42003-018-0199-z.

68. Poullet, M., and Orlando, L. (2020). Assessing
DNA sequence alignment methods for
characterizing ancient genomes and
methylomes. Front. Ecol. Evol. 8. https://doi.
org/10.3389/fevo.2020.00105.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Details in Table S8 This study N/A

Critical commercial assays

Gentra Puregene Blood Kit Qiagen CAT# 158467

User Enzyme New England BioLabs Cat# M5505L

Deposited data

Raw and analysed files This study ENA: PRJEB61662

VCF file of modern and ancient variants This study https://data.mendeley.com/datasets/

wc4tsmy36y/draft?a=02e73170-eaef-456f-

b481-03a27552948c

Software and algorithms

AdapterRemoval2 (version 2.3.0) Schubert et al.55 https://github.com/MikkelSchubert/

adapterremoval

PALEOMIX (version 1.2.13.2) Schubert et al.16 https://github.com/MikkelSchubert/paleomix

Bowtie2 Langmead and Salzberg56 https://github.com/BenLangmead/bowtie2

GATK (version 4.0.8.1) McKenna et al.57 https://github.com/broadinstitute/gatk

mapDamage2 Jónsson et al.58 https://ginolhac.github.io/mapDamage/

PMDtools (version 0.60) Skoglund et al.59 https://github.com/pontussk/PMDtools

Graphtyper (version 2.5.1) Eggertsson et al.27 https://github.com/DecodeGenetics/

graphtyper

BCFtools (version 1.8) Li et al.60 https://github.com/samtools/bcftools

BEAGLE (version 5.1) Browning et al.28 https://faculty.washington.edu/browning/

beagle/b5_1.html

ANGSD (version 0.930) Korneliussen et al.61 http://www.popgen.dk/angsd/index.php/

ANGSD

BEAGLE (version 4.0) Browning and Browning62 https://faculty.washington.edu/browning/

beagle/b4_0.html

EIGENSOFT (version 6.1.4) Patterson et al.,31

Price et al.32
https://github.com/DReichLab/EIG

Tabix (version 1.8) Li et al.60 http://www.htslib.org/doc/tabix.html

PLINK (version 1.9) Purcell et al.54 https://www.cog-genomics.org/plink/

FastMe (version 2.1.4) Lefort et al.33 http://www.atgc-montpellier.fr/fastme/

binaries.php

fineSTRUCTURE (version 4.1.1) Lawson et al.34 https://people.maths.bris.ac.uk/�madjl/

finestructure/finestructure_info.html

ADMIXTURE (version 1.3.0) Alexander and Lange35 https://dalexander.github.io/admixture/

SOURCEFIND (version 2) Chacón-Duque et al.51 https://github.com/hellenthal-group-UCL/

sourcefindV2

Admixtools (version 751) Patterson et al.52,Peter53 https://github.com/DReichLab/AdmixTools

Other

Illumina HiSeq 4000 Illumina

Illumina NovaSeq S4 Illumina

Illumina Miniseq Illumina
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Ludovic Orlando (ludovic.orlando@univ-tlse3.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d FASTQ data have been deposited at the European Nucleotide Archive under the project name

PRJEB61662 and are publicly available as of the date of publication. All other genomes are available

on public databases. Accession numbers are listed in the key resources table.

d The VCFwith phased and imputed haplotypes formodern and ancient genomes was deposited onMendeley

data: https://data.mendeley.com/datasets/wc4tsmy36y/draft?a=02e73170-eaef-456f-b481-03a27552948c.

d Original code and any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Details of the historical samples used in this study can be found in the Results and Discussion section. We

also downloaded 400 horse and 1 donkey genome from publicly available databases (key resources table).

Due to no genomes of Shire or Clydesdale horses being publicly available, we sampled and sequenced 10

and 20 genomes, respectively from stud farms across the United States.

METHOD DETAILS

Sample collection, DNA extraction and sequencing of modern horses

We extracted and sequenced DNA from Blood samples of 20 Clydesdale and 10 Shire horses. All pro-

tocols were approved by the University of Nebraska-Lincoln’s Institutional Animal Care and Use Commit-

tee. The DNA was extracted from EDTA blood samples using a modification of the Gentra Puregene

Blood Kit (Qiagen) following the protocol described in.63 The tubes were centrifuged at 2000x g

(15 mins, 4 �C) to obtain the buffy coat. Next, 900 mL red blood cell lysis solution and 250 mL of buffy

coat were combined, then vortexed. After incubation (5 mins, 22 �C), the samples were centrifuged at

13,000x g for 2 minutes and the supernatant discarded. A further 450 mL of red blood cell lysis solution

was added to the pellet, then the tubes were again vortexed and incubated (5 mins, 22 �C). Samples

were centrifuged (13,000x g, 2 mins), then the supernatant discarded before adding 6 mL Proteinase K

and 900 mL lysis solution. The tubes were vortexed and incubated, then cooled on ice to room temper-

ature. Protein precipitation solution was added to each tube (200 mL), before vortexing and storing on

ice. The tubes were centrifuged (13,000x g, 2 mins) and the supernatant poured into a new tube with

800 mL of 100% isopropanol. The tubes were inverted 50 times, centrifuged (8,000x g, 2 mins), then

the supernatant discarded, the pellet dried for 1 minute, and washed with 300 mL of 70% ethanol. The

DNA pellet was dried for 15 minutes before rehydration in 100 mL of DNA hydration solution at

(22 �C) overnight and then stored at 4 �C.

Library preparation and DNA sequencing of 6 Clydesdale samples was performed at the University of Min-

nesota Genomics Center (Minneapolis, MN, USA), using 125bp paired-end sequencing across nine lanes of

an Illumina HiSeq 4000 platform. KAPA library preparation and 150bp paired-end sequencing of the other

Clydesdales and all Shires was completed at Admera Health (south Plainfield, NJ, USA) on an Illumina

NovaSeq S4 instrument.

Additionally, publicly available FASTQ files for 382 modern horses, 18 PH and 1 donkey were down-

loaded from the National Library of Medicine, the Genome Sequence Archive database and the Euro-

pean Nucleotide Archive (key resources table, Table S1), resulting in a total of 431 individuals in our

modern dataset.
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Sample collection, DNA extraction and sequencing of ancient horses

Publicly available FASTQ files for Ronald, a PH captured in 1872 (Holotype) and a PH captured in 1899 (Para-

type) were downloaded from the European Nucleotide Archive (key resources table). Additionally, DNA of

Baron was extracted from bone fragments and sequenced.

A total of six calcaneus bone fragments from Baron’s skeleton were sampled at the Kelvingrove Art Gallery

and Museum in Glasgow, Scotland using sterile personal protective equipment and a portable Dremel ro-

tary device. The DNA extraction, library construction and shallow sequencing of Baron’s DNA followed the

procedures outlined by Seguin-Orlando and colleagues64 and Librado and colleagues,1 after a thin vernish

layer was abrasedmechanically. Drilling and extraction of DNA from the osseousmaterial was carried out in

the CAGT ancient DNA facilities (Toulouse, France). A total of 260-300mg of osseous material was

powdered using the Mixel Mill MM200 (Retsch) Micro-dismembrator. DNA was then extracted using a pro-

cedure described by Gamba and colleagues,65 which is tailored to facilitate the recovery of even the short-

est DNA fragments. DNA extracts were treated with the USER (NEB) enzymatic cocktail to eliminate a frac-

tion of postmortem DNA damage,66 then DNA libraries were constructed using double-stranded DNA

templates. The DNA library construction method relied on the ligation of two adapters containing unique

internal indexes of 7 nucleotides, as presented by Rohland and colleagues.66 One external index of 6 nu-

cleotides was added during the PCR amplification of the library. The amplified and triple-indexed DNA li-

braries were purified and quantified, then pooled for shallow sequencing on a Miniseq Illumina instrument

(high-output 80PE mode) at CAGT. A total of five DNA libraries were validated by sequencing from 2 inde-

pendent bone fragments and were further sequenced on an Illumina HiSeq4000 instrument at the Geno-

scope (Evry, France) (75PE mode).

Read alignment, rescaling, and trimming

The sequences of the modern and ancient equids were trimmed, mapped, and filtered using the methods

outlined by Librado and colleagues.1 For each raw FASTQ file, AdapterRemoval2 (version 2.3.0) was used to

demultiplex, collapse and trim the sequencing reads.55 Paired end reads were collapsed if they showed

sufficient sequence overlap and trimmed (truncated) if the ends showed insufficient qualities. All reads

that were collapsed, truncated, and reads that were not collapsed (paired) were then run through the

PALEOMIX pipeline (version 1.2.13.2),16 which mapped the reads using Bowtie256 against the EquCab3

reference sequence.67 Optimal parameters outlined by Poullet and Orlando68 were used for mapping,

and alignments were locally realigned around indels using IndelRealigner from GATK (version 4.0.8.1).57

Finally, reads with mapping quality score inferior to 25, and sequence alignments shorter than 25 nucleo-

tides, and/or representing PCR duplicates were removed.

For the ancient genomes, the presence of nucleotide mi-incorporation profiles characteristic of ancient

DNA were checked using mapDamage2,58 by randomly selecting 100,000 reads at the library level. There

was an increase of C to T (G to A) mis-incorporation rates at read starts (read ends), which is expected in

ancient samples due to postmortem cytosine deamination. The genomic positions proceeding read starts

where higher in cytosines, in line with the excision of deaminated cytosines by the sequential activities of

Uracil DNA glycosylase and Endonuclease VIII enzymes present in the USER mix.

The aligned reads that likely contain postmortem DNA damage were separated from those that did not

using PMDtools (version 0.60)59 using the parameters ‘‘—threshold 1; DAM’’ and ‘‘—upperthreshold 1; NO-

DAM’’, respectively. The NODAM reads were directly trimmed for 5bp was directly at their ends. The DAM

reads were rescaled using mapDamage, with all transitions penalized, then trimmed for 10bp at both ends

and merged with the NODAM trimmed reads, as outlined by Librado and colleagues.1

Variant calling, quality control and phasing filtering of modern horses

Following the procedures from Todd and colleagues,25 we called variants (single nucleotide polymor-

phisms (SNPs) and insertions or deletions of bases (INDELs)) in the mapped genomes present in our mod-

ern database. This procedure consisted in running Graphtyper (version 2.5.1)27 in parallel for each individ-

ual chromosome (n = 45,543,765 variants). We then applied the recommended variant filters using the

‘‘vcffilter’’ function from Vcflib (version 1.0) (50): ABHet <0.0, ABHet > 0.33, BHom < 0.0, ABHom > 0.97,

MaxAASR > 0.4, MQ > 30, INFO/LOGF > 0.5. We used GATK and BCFtools (version 1.8)60 to apply the

following genotype filters: Phred score > 20, minor allele frequency (MAF) R 0.01, Hardy-Weinberg equi-

librium P-valueR 0.001 and genotype missingness% 0.2. We then removed the unassembled contigs, the
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X chromosome, and INDELs variants leaving a total of 14,707,275 SNPs on 31 autosomes for further

analysis.

We then phased the filtered variants in our modern dataset using BEAGLE (version 5.1),28 with the recom-

bination map generated by Beeson et al29 (n= 1,737,839 positions).

Imputation of Baron and Ronald

We imputed the four ancient genomes using the panel of modern variants with aMAFR 0.05 (n = 8,687,237

SNPs), and the methods developed by Hui and colleagues,36 which were extensively tested by Todd and

colleagues25 (Figure S1).

To impute the ancient genomes, we genotyped the four individuals at all variants found in the modern

reference panel using ANGSD (version 0.930)61 with the following parameters: ‘‘-doMajorMinor 3 -GL 1 -do-

Maf 1 -snp_pval 1e-6 -doGeno 4 -doPost 1 -postCutoff 0.99 -remove_bads 1 -C 50 -minMapQ 25 -minQ 30

-uniqueOnly 1 -baq 1’’. We applied a pre-imputation filter of ‘‘GP R 0.99’’ using BEAGLE (version 4.0)62 to

our ancient variant panel, using default parameters. We then imputed the genotypes of our ancient indi-

viduals with BEAGLE (version 5.1),28 using only the filtered variants, the reference panel of modern equids

and the recombination map generated by Beeson and colleagues29 with all other parameters as default.

We reapplied the filter ‘‘GP R 0.99’’ post-imputation and merged the variants from ancient and modern

individuals into a single file using the ‘‘merge’’ function in BCFtools. We ran this imputation pipeline using

the BAM files both before and after trimming and rescaling. We found a high level in consistency of the

imputed variants between the two datasets (Table S3, Figure S3). However, we used the imputed variants

obtained from the rescaled and retrimmed files for further analysis as a conservative measure.

We tested the accuracy of this imputation pipeline using this reference panel by downscaling and re-

imputing 9 high-coverage modern genomes from the same breeds/subpopulations as the historical sam-

ples (3 PH, 3 Clydesdales and 3 Thoroughbreds). We chose the 3 individuals from each breed that had the

highest coverage and providing a representation of the diversity within the breed (i.e. the three samples

were not placed side by side on the phylogenetic tree). The variants for each individual were down-

sampled to 50, 80, 90, 92, 94, 96 and 98% missingness using custom R scripts. The 9 individuals were

then removed from the reference panel and the variants re-imputed following the same pipeline as

described above. Imputation accuracy was assessed as the number of identical variant calls for all variants,

heterozygous variants and homozygous variants (Table S2, Figure S2).

We then pseudo-haploidized the four ancient bam alignment files, conditioning on transversions found in

the modern variant panel with a MAF R0.05 (n = 2,802,133) using the following parameters in ANGSD: ‘‘--

dohaplocall 1 -doCounts 1 -doMajorMinor 3’’. We projected the ancient individuals onto the PCA of mod-

ern horses and imputed ancient genomes using the ‘‘lsqproject’’ function in the smartpca program from the

EIGENSOFT package (version 6.1.4).31,32 We found that the pseudo-haploidized samples and imputed

samples were similarly placed on the PCA, indicating that their genomes had been imputed reliably and

could be used for further analysis (Figure 1A).

QUANTIFICATION AND STATISTICAL ANALYSIS

We shortlisted a total of 105 SNP variants known to be causative or associated with appearance, racing per-

formance, optimal distance, and behaviour in Clydesdale and Shire horses. Forty two of these variants were

found in our panel and extracted using tabix (version 1.8)60 (Table S4). Genotype frequencies for these var-

iants in Thoroughbreds (n=49) and Clydesdales (n=20) were calculated using the ‘‘-hardy’’ parameter in

PLINK (version 1.9)54 (Figure 1B).

We constructed a neighbour joining tree by first calculating pairwise distances between all horses (n=434

individuals, n= 8,687,237 SNPs), using PLINK (version 1.9),54 with the parameter ‘‘–distance square 1-ibs flat-

missing’’. We then retrieved the tree topology by the bioNJ algorithm in FastME (version 2.1.4).33 Node

supports for the tree were estimated for 100 bootstrap pseudo-replicates with the topology refinement

parameter (-n) using custom scripts (Figure 2A).

Next, we used fineSTRUCTURE (version 4.1.1)34 to construct a haplotype-based clustering matrix of all

modern and ancient PH and domestic horses (n=434 individuals, excluding the donkey). We converted
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the variants in the VCF file present in all individuals (n= 4,816,764 SNPs) to the required input file formats

using custom R scripts and the provided perl scripts from the fineSTRUCTURE package. After running fineS-

TRUCTURE, the co-ancestry matrix and genetic sharedness was plotted using the chunkcounts output file

(Figures 2B and 3C–3F).

We estimated ancestry proportions using ADMIXTURE (version 1.3.0),35 first thinning the variants (n =

8,687,237 SNPs) in PLINK using the parameter ‘‘–indep-pairwise 500 10 0.2’’, then calculating admixture

proportions for models with K values between 2 and 8 using ADMIXTURE (n = 434 individuals (excluding

the donkey) and n = 172,267 SNPs, after LD pruning). An optimal K value of 7 was estimated by comparing

the cross-validation values of the different models (Figures 2C, and S4). We conducted 100 bootstrap

pseudo-replicates at the optimal K to estimate the amount of ancestral component maximised in PH horses

in domestic horse breeds (Figure 3A). The Thoroughbred horse used to create the reference panel (Twi-

light), the donkey, and the F1 PH/domestic hybrid was removed from the final plot (n = 432 individuals).

We compared the proportion of this ancestral component between Asian and non-Asian breeds (excluding

PH), using a Wilcoxon rank sum test in R (P-value significance threshold <0.05, see Results and Discussion

section).

To estimate the PH ancestry in domestic horses, we painted the chromosomes of each individual using the

Chromopainter function in fineSTRUCTURE using the same input files described above. We used six donor

populations (PH, Thoroughbred, Cartujano, Clydesdale, Arabian, Quarter Horse). We used the chun-

klength file from Chromopainter for input into SOURCEFIND (version 2),51 with the parameters: self.

copy.ind=1, num. surrogates=6, exp.num. surrogates=1, num.slots=1000, num.iterations=200000, num.

burnin=50000, and num.thin=5000. We ran SOURCEFIND 10 times, and then took the weighted mean of

the highest posterior probability from each run for each breed/subpopulation to obtain final PH admixture

values (Figure 3B, Table S5).

We calculated f4-statistics using the qpDstat function Admixtools (version 751)52,53 to estimate the genetic

similarity between Baron and modern Clydesdales and Shires (x) on the one hand (Easi, Baron; x , PH) (Fig-

ure 3E), and between Ronald andmodern Thoroughbreds/Warmbloods (x) on the other hand (Easi, Ronald;

x, PH) (Figure 3F). To estimate the genetic similarity between the 1899 Paratype (PRZ_1899) and themodern

PH specimens (x), we estimated f4 statistics in the form of (Easi, PRZ_1899; x, TB) (Figure 3C, Table S6). We

estimated the genetic similarity between the 1872 Holotype (PRZ_1872) and the modern PH specimens

(x) using f4 statistics in the form of (Easi, PRZ_1872; x, modern, TB) (Figure 3D, Table S6). The correlation

between the f4-statistics and haplotype sharing from fineSTRUCTURE were estimated using fitted linear

models in R. The adjusted R2 value for the models were 0.506, 0.668, 0.354, and 0.414 for PRZ_1872,

PRZ_1899, Baron, and Ronald respectively (P-value significance threshold <0.05, the P-value was <0.001

for all four models).

Finally, we estimated the proportion of the genome in runs of homozygosity for each individual in our data-

set using the ‘‘–homozyg’’ function in PLINK. To account for imputation errors leading the inaccurate cal-

culations of ROH in low-coverage ancient samples, we allowed for up to 5 heterozygous variants in each

sliding window and accounted for transversions only (n= 2,802,133 variants), with all other parameters as

default. We then divided the ROHs for each individual into size distributions of: 1-4MB (distant inbreeding),

4-8MB (moderate inbreeding), 8+MB (recent inbreeding) (Figure 4). The squared correlation between ROH

estimated with different numbers of heterozygotes was estimated using the lme package in R (Table S9).69

We also calculated heterozygosity for each individual using the ‘‘—het’’ function in PLINK (Figure S5). The

donkey and the F1 hybrid were removed from the final plots (n = 233 individuals). We calculated the ROH

for the down-sampled and re-imputed modern genomes to estimate the accuracy of these methods after

imputation of low-coverage genomes (Figure S6).
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