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SUMMARY 39 

 40 
Przewalski’s horses (PHs, Equus ferus ssp. przewalskii) were discovered in the Asian 41 
steppes in the 1870s and represent the last remaining true wild horses. PHs became 42 
extinct in the wild in the 1960s, but survived in captivity thanks to major conservation 43 
efforts. The current population is still endangered, counting 2,109 individuals, with a 44 
quarter in Chinese and Mongolian reintroduction reserves [1]. These horses descend from 45 
a founding population of twelve wild-caught PHs, and possibly up to four domesticated 46 
individuals [2–4]. With a stocky build, an erect mane, stripped and short legs, they are 47 
phenotypically and behaviorally distinct from domesticated horses (DHs, Equus 48 
caballus). Here, we sequenced the complete genomes of eleven PHs representing all 49 
founding lineages, and five historical specimens dated to 1878-1929 CE, including the 50 
Holotype. These were compared to the hitherto most extensive genome dataset 51 
characterized for horses, comprising 21 new genomes. We found that loci showing the 52 
most genetic differentiation with DHs were enriched in genes involved in metabolism, 53 
cardiac disorders, muscle contraction, reproduction, behavior and signaling pathways. We 54 
also show that DH and PH populations split ~45,000 years ago and have remained 55 
connected by gene-flow thereafter. Finally, we monitor the genomic impact of ~110 years 56 
of captivity, revealing reduced heterozygosity, increased inbreeding, and variable 57 
introgression of domestic alleles, ranging from non-detectable to as much as 31.1%. This, 58 
together with the identification of ancestry informative markers and corrections to the 59 
International Studbook, establishes a framework for evaluating the persistence of genetic 60 
variation in future reintroduced populations. 61 
 62 
 63 

64 
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RESULTS AND DISCUSSION 65 
 66 
Despite their additional chromosomal pair (2n=66 vs 2n=64, [5]), PHs can successfully 67 
reproduce with DHs, resulting in fully viable and fertile offspring. The extent to which 68 
those horses admixed in the past is, however, contentious. Mitochondrial DNA (mtDNA) 69 
[6–8], the X- [9–11] and Y-chromosomes [11–13], and a limited number of autosomal 70 
SNPs [14] have supported admixture, with PHs appearing within the genetic variability of 71 
DHs, in line with possible domestic contributions listed in the International Studbook [2–72 
4]. Conversely, ~54,000 SNPs [15] and one complete PH genome [16] indicated that PH 73 
and DH populations probably diverged ~38,000-72,000 years ago [19], with no sign of 74 
admixture [16]. 75 
 76 
To elucidate the evolutionary history of PHs, we used the Illumina paired-end technology 77 
and generated whole-genome sequences of 33 living horses, including eleven PHs 78 
representing all pedigree founding lineages (18.0-23.4× average depth-of-coverage), one 79 
F1 PH×DH hybrid (22.8×), and 21 horses from five domestic breeds (7.7-22.6×). These 80 
complement an existing dataset of seven DH and three PH genomes [16, 17]. We also 81 
sequenced the genomes of five historical specimens: two PH pedigree founders from the 82 
early 1900s (SB11/Ewld1_Bijsk1 and SB12/Ewld2_Bijsk2, each at 0.9×), one hybrid 83 
(SB56/Ewld5_Theodor, 4.3×), as well as the PH Holotype (1.4×) and one Paratype 84 
specimen (3.7×), both from the late 19th century (Table S1). DNA fragmentation and 85 
nucleotide mis-incorporation patterns, indicative of post-mortem damage [18-19], 86 
supported the authenticity of our ancient genomes (Figure S1). We limited the impact of 87 
nucleotide mis-incorporations on downstream analyses by enzymatically treating ancient 88 
DNA extracts [20], and/or by downscaling base quality scores at damaged positions [14]. 89 
The genomes of the Holotype, Paratype and SB11/Ewld1_Bijsk1 specimens showed error 90 
rates lower than those of the other historical horses (0.099-0.258% vs 0.463-0.622% 91 
errors/base), but similar to those of Late Pleistocene horses (0.103-0.207% [21]). In 92 
comparison, error rates in modern horses were 0.018-0.040% in DHs and 0.036-0.051% 93 
in PHs (Table S1). 94 
 95 
Phylogenetic analyses identified three main mtDNA lineages and two Y-chromosome 96 
haplotypes in PHs. PHs represent a paraphyletic assemblage within DHs in the mtDNA 97 
tree [6–8] and exhibit Y-chromosome haplotypes not found in any other domesticated 98 
stallion, nor in a ~16,000 years-old horse [21] (Figure S2A-B). The maternal and paternal 99 
lineages are in agreement with the recorded PH pedigree, except for SB528 and SB285, 100 
respectively. An exome-based maximum-likelihood (ML) phylogeny revealed DHs and 101 
PHs as two reciprocally monophyletic clades distinct from Late Pleistocene horses 102 
(Figure 1A) [21], in accordance with the population tree reconstructed in TreeMix using 103 
198,932 SNPs (Figure S2C). These results are consistent with Pairwise Sequential 104 
Markovian Coalescent (PSMC) demographic trajectories ([21]; Figure 1B), indicating an 105 
early divergence (~150,000 years ago) for the population of Late Pleistocene horses, and 106 
synchronized DH and PH profiles until their most recent history. This also reflects the 107 
clusters identified in the STRUCTURE analyses of twelve autosomal STRs (Figure S2D) 108 
and principal component analyses based on genome-wide SNP calls or genotype-109 
likelihoods (Figure 1C-S2E-F). The latter show no overlap for historical and modern PHs 110 
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along the first principal component, potentially as a consequence of captivity. Altogether, 111 
our results support the two Late Pleistocene horses analyzed, DHs and PHs as three 112 
populations that diverged ~150,000 years ago [16, 21]. The discrepancy between the 113 
phylogenies inferred from autosomes, the Y-chromosome and mtDNA could reflect the 114 
recruitment of only few stallions during the domestication process, the co-segregation of 115 
mtDNA haplogroups in the ancestral populations of DHs and PHs, and/or maternally-116 
driven gene-flow post-divergence [10–12, 22, 23]. 117 
 118 
We then aimed at identifying the genetic variants underlying the striking phenotypical 119 
differences between DHs and PHs. We found 509 copy-number variants (CNVs) in PHs, 120 
encompassing a total number of 1.65 Mb, 219 kb of which previously reported in [24]. 121 
These contained 233 genes including genes encoding proteins associated with glycol-122 
sphingolipid metabolic process, scarring, decreased corneal thickness, as well as the 123 
sulfuric ester hydrolase activity, which is key for the bone and cartilage matrix 124 
composition [25]. We also extracted 101 exonic ancestry informative markers for PHs, of 125 
which 53 represent non-synonymous mutations in genes involved in the cardiac activity 126 
(CACNA1D, ITGA10), protein digestion and absorption (COL18A1, COL15A1); disorders 127 
in muscles, ligaments and the tissues surrounding muscles, blood vessels and nerves 128 
(PALMD, MCPH1); diseases of the sebaceous glands (PALMD, MCPH1); and 129 
musculoskeletal and craniofacial abnormalities (MCPH1, SETBP1) (Table S2). We 130 
further sought for regions maximizing the genetic differentiation between DHs and PHs, 131 
using the FST fixation index. These contained 874 genes showing significant enrichment 132 
in the kit receptor, the inhibitor of DNA binding and the chemokine signaling pathways, 133 
in the glycogene and glycerophospholipid metabolisms, and in pathways involved in 134 
striated muscle contraction, heart and metabolic diseases, and mood disorders (Table S2). 135 
We finally used SweeD [26] to identify 76 protein-coding candidates for selective sweeps 136 
within PHs, including MCR2, which encodes one receptor of the ACTH stress hormone. 137 
Candidate genes showed enrichment for energetic and metabolic pathways, the 138 
cardiovascular system, muscular contraction and immunity. Two genes, CACNA1D and 139 
PLA2G1B, supported a significant enrichment for the gonadotropin-releasing hormone 140 
signaling pathway, which is essential in sexual behavior and aggressiveness [27] possibly 141 
in relation to the temper of PHs (Table S2). Overall, our analyses unveil some potential 142 
drivers of the marked anatomical, physiological and behavioral differences between DHs 143 
and PHs, some of which might have been enhanced during domestication. 144 
 145 
We next reconstructed the past population history of DHs and PHs. Using dadi [28], our 146 
best-fit comparison consistently supported models involving asymmetrical gene-flow 147 
after divergence (~35,000-54,000 years ago, in agreement with [16, 21]), almost entirely 148 
from PHs into DHs (Figure 2A; Table S3). We also noticed that the fit could be 149 
substantially improved when considering that migration stopped within recent times, i.e. 150 
as early as the last 200 years, suggesting genetic restocking from wild animals was likely 151 
common until recently (Figure 2B; Table S3). Using genome projections [29], the best 152 
model was recovered by accounting for a recent 4% migration pulse from DHs and two 153 
epochs with asymmetrical gene-flow, first from DHs into PHs, then reversed (Figure 2C; 154 
Table S3). The best fit was obtained for migration changing during the Last Glacial 155 
Maximum (~23,000 years ago; Figure 2D), when rates decreased ~31-160-fold. This 156 



 5 

change in the direction and magnitude of migration could reflect a combination of sexual 157 
behavior and demographic factors, as the detected contribution of DHs was higher when 158 
populations were much larger (Figure 1B). Altogether, our analyses suggest connection 159 
by gene-flow after divergence and prior to horse domestication. 160 
 161 
We then evaluated the genetic impact of the bottleneck associated with ~110 years of 162 
captivity in PHs. Their average heterozygosity (0.39-0.59 heterozygous sites per 163 
kilobase) was comparable to that in other endangered mammalian species (e.g., 0.12-0.65 164 
in [30, 31]), but lower than in DHs (0.40-0.98) and historical PHs (0.74-2.35; Mann-165 
Whitney test p-values≤1.88x10-3; Figure 3A). Another consequence of the bottleneck is 166 
the higher inbreeding coverage, i.e., the proportion of mostly homozygous blocks [21, 167 
32], in PHs (0.052-0.388) than in modern DHs (0.006-0.285; two-sample t-test, p-168 
value=6.81x10-3). Additionally, the inbreeding coefficient of historical PHs, as estimated 169 
using a novel method accommodating data uncertainty (FHMM, Supplemental 170 
Experimental Procedures), was lower than in modern PHs (p-value=4.43x10-2) (Figure 171 
3B; Table S1). Altogether, this demonstrates that captivity has significantly impacted the 172 
genetic diversity of PHs, reducing heterozygosity and increasing inbreeding. 173 
 174 
We investigated admixture with DHs as another potential consequence of captivity. 175 
Using NGSAdmix [33], eight clusters recapitulated DH breeds and their differentiation 176 
from PHs (Figures 4A-S3A). Although inconsistent with the pedigree describing the 177 
historical specimen SB56/Ewld5_Theodor as the F1 offspring of pure PH 178 
(SB11/Ewld1_Bjisk1) and DH (Emgl1) parents, this horse displayed, respectively, 79% 179 
and 21% of PH and DH components, providing clear evidence of introgression into the 180 
early descent of the PH founders. 181 
 182 
We sought further admixture evidence using the f3- statistics in (PH,DH;PH) tests [34] 183 
and found significant evidence of DH ancestry within modern PHs (Table S4). This was 184 
confirmed using D-statistics [35] (Figures S3B-D), as topologies in the form of 185 
(Outgroup,(DH,(PH,PH))) were rejected in a large proportion of the tests. Taking 186 
advantage of the genome sequence of the Paratype specimen and 187 
(Outgroup,(DH,(PH,Paratype))) trees, we identified three groups of PHs with increasing 188 
levels of domestic ancestry (Figure 4B; Table S4): i) SB274, SB293, SB339 and SB533 189 
were found to be no closer to DHs than the Paratype, ii) SB281, SB524, SB528, SB615 190 
and SB966 showed a significant genetic contribution from all the DHs tested 191 
(representing 10.5-13.7% of their genome), iii) whereas SB159, SB285, Prz_D2630, 192 
Prz_D2631 and Prz_Przewalski showed a significant genetic contribution (2.5-4.9%) 193 
from a minority of the DHs tested.  194 
 195 
We next mapped admixture blocks along the genome using LAMP [36] and the whole 196 
panel of DH and modern PH genomes (except Prz_Przewalski showing coverage artifacts 197 
confounding LAMP). A first group (SB281, SB524, SB528, SB615, and SB966), showed 198 
LAMP-admixture proportions of 23.9%-31.1% with introgression tracts unevenly 199 
scattered across the genome. The remaining PHs exhibited 10.4-19.2% admixture, 200 
corresponding to shorter tracts and earlier admixture events (Figure 4C). Interestingly, we 201 
found a derived allele associated with increasing wither height at ZFAT in SB524, SB528, 202 
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and SB966, in a region likely introgressed from DHs (Table S5). Overall, these results 203 
confirm the DH introgression depicted in the International Studbook, with individuals 204 
tested for the A-line (SB159, SB274, SB293, and SB533) considered as the pedigree’s 205 
purest line, virtually devoid of admixture [37]. We should, however, caution that, despite 206 
being significantly correlated (Pearson’s correlation coefficients≥0.98, p-values≤7.94x10-207 
6), admixture coefficients estimated using LAMP and D-statistics were likely over-208 
estimated. The DH ancestry for the KB7903 hybrid is indeed ~62% in LAMP, instead of 209 
the expected ~50%, and the higher error rate of the Paratype genome inflates allele 210 
sharing, hence, D-statistics, between modern PHs and DHs. 211 
 212 
In addition to provide the most extensive genomic resource for horses classified as 213 
“endangered” on the IUCN Red List [1], our study fulfills the goal of the IUCN/SSC 214 
Equid Specialist Group conservation program [38] by identifying hybrids, AIMs, and 215 
candidate alleles maximizing the adaptation of PHs to their native environment. In the 216 
future, cost-effective genome-wide analyses targeting these markers should help 217 
minimize the contribution of domestic ancestry and limit loss of genetic diversity in a 218 
closed breeding program, with the ultimate objective of maintaining a viable population, 219 
once reintroduced in the wild. 220 
 221 
 222 
EXPERIMENTAL PROCEDURES 223 
Samples and methods are described in Supplemental Experimental procedures. The 224 
sequencing data are available from the European Nucleotide Archive, project accession 225 
no. PRJEB10098. 226 
 227 
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FIGURE LEGENDS 374 
 375 
Figure 1. Genomic structure among Late Pleistocene horses (blue), DHs (red) and 376 
PHs (green).  377 
(A) Exome-based ML tree. Nodes show bootstrap support≥95%. AQH: American 378 
Quarter Horse. (B) PSMC profiles. Thin lines represent 100 bootstrap replicates. (C) PCA 379 
based on genotype likelihoods. See also Figures S1-2 and Tables S1-2. 380 
 381 
Figure 2. DH and PH demographic models explored in dadi and projection analyses. 382 
(A) Best two-population model supported by dadi. (B) dadi model Log(likelihood) for 383 
varying starting dates of isolation between DHs (Franches-Montagnes) and PHs (TEG). 384 
(C) Best two-population model supported by projection analyses. (D) Model LSS when 385 
considering varying dates for the change in migration dynamics (TMC) for the genome 386 
projections based on the DH (Franches-Montagnes, red) and PH (black) reference panels. 387 
See also Table S3. 388 
 389 
Figure 3. Heterozygosity and inbreeding estimates.  390 
(A) Average genome-wide heterozygosity for autosomes, disregarding transitions. (B) 391 
FHMM inbreeding coefficient and inbreeding coverage across modern and historical PHs 392 
and DHs. ‘x’ not estimated. 393 
 394 
Figure 4. DH introgression into PHs.  395 
*A-line PHs. (A) Genetic components estimated in NGSAdmix (eight clusters). The grey 396 
and red gradients represent the PH and DH components, respectively. (B) D-statistics 397 
heatmaps. The tree topology (Outgroup,(PH,(DH,Paratype))) is tested for each DH and 398 
PH combination, disregarding transitions. Darker red colors indicate the admixture 399 
component in significant tests while darker grey shades indicate non-significant tests. The 400 
proportion of DH introgression within each PH genome, estimated by the average of f4-401 
ratios involving Franches-Montagnes horses, is shown between parentheses. (C) 402 
Chromosome painting of DH (red) and PH (grey) ancestry blocks identified along 403 
chromosome 5. See also Figure S3 and Tables S4-5. 404 
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Figure S1. DNA damage parameters in historical horses. 
A. Nucleotide misincorporation patterns along DNA reads for each library constructed for the 
Holotype specimen. DNA was extracted from both tooth and hair samples, and libraries were 
constructed from both non-USER treated and USER-treated DNA extracts. Misincorporation 
frequencies are shown for the first and the last 25 nucleotides sequenced. B. DNA fragmentation 
patterns are shown for one library constructed from the Holotype specimen (PRZ1_CGATGA 
without prior USER treatment) for the 10 bp preceding read starts (positions -1 to -10 on the left 
panels of each base composition profile) and the 10 bp following read ends (positions 1 to 10 on the 
right panels of each base composition profile). D. DeltaD, deamination rate estimates in double-
strand DNA contexts. E. DeltaS, deamination rate estimates in single-strand DNA contexts. F. 
1/Lambda -1, proxy for the estimate of the length of overhangs, where Lambda is the mean estimate 
for the probability of reads terminating in an overhang in a template. 
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Figure S2. Genetic structure among ancient and present-day horses. 
A. Maximum-likelihood phylogenetic reconstructions of complete mitochondrial genomes for 
ancient and present-day horses. B. Maximum-likelihood phylogenetic reconstructions of Y-
chromosome haplotypes for ancient and present-day horses. Branch supports are given as 
approximate likelihood-ratio (aLRT), Chi2 and Shimodeira–Hasegawa (SH) tests. (A and B). C. 
TreeMix population graphs. No migration edge considering each Przewalski’s horse as a separate 
population (95.176 % of the variation is explained by the tree). D. Structure analyses of twelve 
Single Tandem Repeats in donkeys, domesticated and Przewalski’s horses (k=5). 1-43: Arabian (1); 
44-62: American Quarter Horse (2); 63-86: Warmblood (3); 87-106: Pony (4); 107-121: 
Thoroughbred (5); 122-129: Cold Blood (6); 130: Andalusian (7); 131: Tennessee Walker (8); 132-
183: Local horses (9); 183-198: Donkeys (10); 199-226: Przewalski’s horses (12). E. Principal 
Component Analyses of full-genome variant genotypes. 198,932 variants. “CGG10022” and 
“CGG10023”: Late Pleistocene horses; “KB7754”: Mongolian; “MNG”: Mongolian; “FM”: 
Franches-Montagnes; “MOR”: Morgan; “QRT”: Quarter, “STD”: Standardbred; “THO”: 
Thoroughbred; “PRZ”: Przewalski’s horses. F. Principal Component Analyses of Illumina SNP50 
Beadchip variants. 20,949 variants. "AH": Akhal Teke, "AND": Andalusian, "ARA": Arabian, 
"BEL": Belgian, "CL": Clydesdale, "CS": Caspian, "EX": Exmoor, "FELL": Fell pony, "FINN": 
FinnHorse,  "FJO": Norwegian Fjord, "FM": Franches-Montagnes, "FT": French Trotter, "HAN": 
Hanoverian, "ICE": Icelandic, "MINI": Miniature, "MNGP": Mangalarga Paulista, "MON": 
Mongolian, "MOR": Morgan, "NF": New Forest pony, "NORF": Norwegian Fjord, "NSWE": North 
Swedish, "PERU": Peruvian Paso, "PR": Percheron, "PRZ 1": Przewalski, this study, "PRZ 2": 
Przewalski, [1], "PT": Paint, "QRT": American Quarter Horse, "RP": Puerto Rican Paso Fino, 
"SB": Saddlebred, "SHET": Shetland, "SHI": Shire, "STA": Standardbred, "STD": Standardbred, 
"SZWB": Swiss Warmblood, "TB": Thoroughbred, "TU": Tuva, "EP7": Historical Przewalski.  
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Figure S3. Distributions of the ABBA-BABA D-statistics and of the p-values when testing for admixture 
between present-day or historical Przewalski’s horses and domesticated horses. p-values represent the Z-scores 
corrected for multiple testing. “DOM”: domesticated horses; “PRZ”: Przewalski’s horses. A. Test of the 
((Domesticated1, Domesticated2), Przewalski), Outgroup) tree topologies (351 tests per H3). B. Test of the 
((Przewalski1, Domesticated1), Domesticated2), Outgroup) tree topologies (702 tests per H1). C. Test of the 
((Przewalski1, Przewalski2), Domesticated), Outgroup) tree topologies (91 tests per H3). 



 

Supplemental Experimental Procedures 
 

In this study we reconstruct the phylogenetic, demographic and evolutionary history of 
Przewalski’s horses, by comparing complete genomes of Przewalski’s horses with those from a 
range of modern domesticated breeds and Late Pleistocene horses (Table S1). 
To achieve this, we sequenced the complete genomes of: 

- present-day Przewalski’s horses (12 genomes, sequenced in Copenhagen, Denmark), 
- historical Przewalski’s horses, Mongolian horses and hybrids (6 samples, sequenced in 

Copenhagen, Denmark),  
- present-day horses belonging to the domesticated breeds of Mongolian (1 genome, 

sequenced in Copenhagen, Denmark), Franches-Montagnes (12 genomes, sequenced in 
Bern, Switzerland), Morgan, American Quarter Horse (subsequently referred to as 
“Quarter”) and Standardbred horses (8 genomes, sequenced Minneapolis, Minnesota). 

And we compared these genomes to the following genomes, already available from the literature: 
- 3 genomes from present-day Przewalski’s horses ([2–4]), 
- 7 genomes from present-day horses belonging to the domesticated breeds of Mongolian [3], 

Thoroughbred [5], Arabian, Standardbred, Norwegian Fjord, Icelandic horses [2, 4], 
- and the genomes from 2 Late Pleistocene horses [4]. 

 
Genome sequencing in Copenhagen: Sample information  

Modern sample information and modern DNA extraction 
We selected eleven living Przewalski’s horses representing the main lineages of the 

Przewalski’s horse pedigree [6–8], as well as one Mongolian horse and one domesticated-
Przewalski’s horse F1 hybrid (Table S1). DNA was extracted from immortalized cell lines at the 
San Diego Zoo’s Institute for Conservation Research using the DNeasy Blood and Tissue kit 
(Qiagen, CA) according to manufacturer’s instructions, before it was shipped to the Centre for 
GeoGenetics, University of Copenhagen, Denmark, for DNA library construction and high-
throughput sequencing. Material was shipped in compliance with CITES regulation for 
endangered species, following Materials Transfer Agreements between Copenhagen and San 
Diego (Biomaterial Request # BR2013045) and Certificate of Scientific Exchange (COSE) in 
place at both institutions 12US50818A/9 San Diego, and #DK003 Natural History Museum of 
Denmark, Copenhagen). 

Ancient sample information and ancient DNA extraction 
Our study includes the genomic characterization of the Przewalski’s horse holotype, i.e. 

the individual used to define the taxon in the late 19th century, and a paratype individual, also 
captured at the same time, and which helped describe the taxon. These individuals do not 
represent founders of the captive pedigree of Przewalski’s horses. Tooth and hair samples for the 
Przewalski’s horse holotype and a hair sample for one Przewalski’s horse paratype were obtained 
from the Zoological Museum of St Petersburg, Russia. The Przewalski’s horse holotype (museum 
ID 512-ZI S-Pt.) was collected in Dzungaria, Guchena, sands Kanabo in the Gobi Desert in 1878 
by the Russian explorer Colonel Nikolaus M. Przewalski and was first described by L.S. Poliakov 
at the Zoological Museum of the Academy of Science in St Petersburg in 1881. The paratype 
(museum ID 10554-ZI S-Pt.) was collected at Well Ebi between Kobdo and Barkul in the Gobi 
Desert in 1899 (Table S1). 

An additional nine bone and tooth samples of historical horses (including Mongolian, 
Przewalski’s horses and alleged hybrids) were obtained from the zoological collections of the 
Martin-Luther University in Halle, Germany (Museum of domesticated animals “Julius Kühn”). 
Two of these, Ewld1_Bijsk1 (SB11) and Ewld2_Bijsk2 (SB12), represent historical Przewalski’s 
horses that were captured in 1901 and constitute two of the 12 wild Przewalski founders of the 
captive Przewalski’s horse stock. Individuals Ewld3 (SB55) and Ewld4 (SB57) represent their 



 

direct descent following breeding in Halle. Additionally, cross-breeding between Ewld1_Bijsk1 
and the domesticated Mongolian mare Emgl1 (considered as the 13th founder of the Przewalski’s 
horse population) is supposed to have resulted in the individual Ewld5_Theodor, sire of 
individuals Ewld1 (with Ewld4 as dame) and Ewld7_Wallach (with the domesticated Mongolian 
mare Emgl3 as dame) (Table S1). According to the International Studbook [8], the modern 
Przewalski’s horses SB615, SB528, SB281 and SB966 examined in this study are descendants of 
the founder Ewld2_Bijsk2 through their maternal line. Descendants of Ewld1_Bijsk1, 
Ewld2_Bijsk2 and Emgl1 have been previously referred to as the “Prague line”, whereas the other 
line named the “A-line” (previously “Munich line”) includes the other horses, mainly descending 
from SB17, SB18, SB39, and SB40 [9]. 

DNA from historical horse bones, teeth and hair was extracted at the ancient DNA 
facilities of the Centre for GeoGenetics, University of Copenhagen, Denmark, and strict 
procedures were followed to prevent contamination from modern DNA. First, the outer surface of 
bones and teeth was eroded using a Dremel® tool, and 50-500 mg bone or tooth powder was 
obtained by drilling inside the bone or tooth root. Hair samples were cut into small pieces and 
rinsed through two washes of sterile demineralized water. Then, three different ancient DNA 
(aDNA) extraction methods were applied to the samples: a “silica method”, a “silica-hair 
method”, and a “Dabney method” (Table S1). 

The “silica method” was applied to bone and tooth samples as described in [10], with 
slight modifications. Double digestion of ancient bone/tooth powder prior to DNA purification 
was shown to significantly increase the endogenous content of ancient DNA extracts, while 
allowing the retrieval of molecules less affected by post-mortem damage [11, 12]. Accordingly, 
we followed a procedure where bone/tooth powder was digested twice overnight at 37°C in 5 mL 
of a buffer containing EDTA (0.5M), N-laurylsarcosine (0.5%) and proteinase K (0.4 mg/mL), 
using post-centrifugation pellets of undigested bone/tooth powder for the second digestion step. 
DNA was then purified using the “silica method” and recovered in a final elution volume of 
120 µL EB buffer (QIAGEN). 

The “silica-hair method” was applied to hair samples and was similar to the “silica 
method” except that the hair was digested at 55°C in a different buffer containing Tris (10 mM), 
NaCl (10 mM), CaCl (5 mM), EDTA (2.5 mM), SDS (1%), DTT (100 mM) and proteinase K 
(1 mg/mL). We also added 5 mg of proteinase K to the digestion buffer after the first day of 
digestion before the hair was left to digest one extra day [13]. 

The “Dabney method” was applied to bone and tooth samples. The protocol described in 
[14] was followed implementing the double digestion described above. DNA was recovered in a 
final elution volume of 56 µL EB buffer. 
 
Genome sequencing in Copenhagen: library building and sequencing 

We built blunt-ended libraries for shotgun sequencing on the Illumina platforms from both 
modern Przewalski’s and historical horse DNA extracts following the protocols in [2, 15] with 
few modifications (Table S1). 

DNA libraries on fresh DNA extracts were constructed in post-PCR facilities at the Centre 
for GeoGenetics, which are located in a different building than the ancient DNA facilities. For 
modern DNA extracts, 1 µg of DNA in 100 µL TE buffer was sheared using a Bioruptor NGS 
device (Diagenode) set to four cycles of 15 seconds ON / 90 seconds OFF in order to obtain a 
DNA fragment size distribution centered around 500 bp. The sheared DNA solution was then 
concentrated in 22 µL EB buffer using the MinElute Purification kit by QIAGEN. 

Ancient DNA libraries and mixes for PCR amplification were prepared in the ancient 
DNA facilities of the Centre for GeoGenetics. We built libraries directly (without shearing) on 
extracts or on extracts after treatment with the USER Enzyme mix by New England Biolabs 
(Table S1). The USER Enzyme contains a mixture of Uracil DNA glycosylase and endonuclease 



 

VIII that removes uracil residues, and was shown to decrease significantly the rate of sequence 
errors due to cytosine deamination in aDNA molecules [16]. We incubated 16.5 uL of aDNA 
extract with 5 uL of USER Enzyme mix at 37°C for 3 hours.  

Blunt-End libraries were constructed from modern and aDNA extracts using the NEBNext 
Quick DNA Library Prep Master Mix Set for 454 (New England BioLabs, reference nb. E6070L) 
following [2, 15], in 25 µL volumes and with 0.5 µM Illumina adapters (final concentration). We 
used the following incubation times and temperatures: 20 min at 12°C, 15 min at 37°C for end-
repair; 20 min at 20°C for ligation; 20 min at 37°C, 20 min at 80°C for fill-in. After the end-repair 
and ligation, reaction mixes were purified using the MinElute PCR Purification Kit (QIAGEN) 
with elution volumes of 16 µL and 22 µL EB buffer respectively, while after the fill-in step, the 
Bst enzyme was heat-inactivated. 

Blunt-end libraries were amplified in two independent PCR reactions using indexed 
Illumina primers (one index per sample and per amplification). Amplification was performed in 50 
µL reaction mixes containing: 12.5 µL DNA library, 5 units Taq Gold (Life Technologies), 1X 
Gold Buffer, 4 mM MgCl2, 1 mg/ml BSA, 0.25 mM of each dNTP, 0.5 µM of Primer inPE1.0 (5'-
AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT 
CCG ATC T-3’) and 0.5 µM of an Illumina 6 bp-indexed (‘I’) primer (5’-CAA GCA GAA GAC 
GGC ATA CGA GAT III III GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG-3’). PCR 
mixes were prepared in the ancient DNA facilities of the Centre for GeoGenetics, where the DNA 
libraries were also added. PCR amplifications were performed in the post-PCR facilities at the 
Centre for GeoGenetics. 

Thermal cycler conditions for the amplifications were: activation at 92°C for 10 min; 
followed by 9-22 cycles (see details below) of denaturation at 92°C for 30 sec, annealing at 60°C 
for 30 sec, elongation at 72°C for 30 sec; and final elongation at 72°C for 7 min. The number of 
amplification cycles was nine for the modern Przewalski’s horse samples. For the ancient samples, 
it varied depending on the quality of DNA, and in some instances amplification products were 
purified and concentrated down to 25 µL using the MinElute PCR Purification Kit (QIAGEN) 
before being amplified a second time in four independent PCR volumes of 25 µL and in the same 
conditions as described above. Ultimately, the total number of amplification cycles for the ancient 
samples ranged from 10 to 22. PCR products were purified using the MinElute PCR Purification 
kit, with a final elution volume of 25 µL EB buffer. In order to control for contamination, 
extraction, library and PCR blanks were analysed at the same time as the samples. Amplified 
libraries and blanks were quantified using the 2100 Bioanalyzer (Agilent) High-Sensitivity DNA 
Assay. No detectable amount of DNA could be recovered from the blanks, suggesting low 
amounts of contaminating DNA from the laboratory, if any. 

All indexed DNA libraries were pooled and sequenced on MiSeq (modern samples) and 
HiSeq2000 (modern and ancient samples) Illumina platforms at the Danish National High-
Throughput DNA Sequencing Centre. We obtained 51-bp SE-MiSeq sequencing reads and 98-bp 
pair-end (PE) sequencing reads from modern samples, and 94-bp SE, 76-bp PE and 94-bp PE 
sequencing reads from ancient samples. The DNA sequence data was deposited on the European 
Nucleotide Archive (Project number PRJEB10098). 
 
Genome sequencing in Bern 
 Blood samples were obtained from twelve Franches-Montagnes horses from Agroscope, 
Swiss National Stud Farm, Avenches, Switzerland. Genomic DNA was extracted at the Institute 
of Genetics of the University of Bern, Switzerland, using the Nucleon Bacc2 kit (GE Healthcare), 
and built into Illumina TrueSeq v2 libraries, with 300 bp inserts (Table S1). The genome of each 
horse was sequenced using one lane of 100-bp PE Illumina HiSeq reads with the v3 chemistry. 
 
 



 

Genome sequencing in Minneapolis 
Blood samples were obtained via jugular veinapuncture from American Quarter Horses 

(n=4), Standardbred (n=3), and Morgan horses (n=1). Genomic DNA was isolated from whole 
blood with commercially available kits according to the manufacturers’ protocols (Purogene 
Blood Kit C or Qiagen's DNeasy Blood and Tissue Kit; Table S1). Illumina TrueSeq v2 libraries 
were built, all horses were sequenced with 100-bp, paired end reads, 7 horses were sequenced on 
one lane (target ≥ 12-fold coverage), 1 was sequenced on one half-lane (target ≥ 6-fold coverage). 
 
Genomes publicly available 

In subsequent analyses, we included genomic sequencing data previously published for 
present-day Przewalski’s horses and domesticated horses, as well as for two ancient horses that 
lived prior to domestication in the Late Pleistocene, and from which complete genomes were 
reconstructed (Table S1). 

For complete genome sequences previously published by some of the authors of the present 
study, i.e., one Przewalski’s horse, one Arabian, one Standardbred, one Norwegian Fjord, and one 
Icelandic horses [2, 4], we directly used complete genome sequence alignments (quality filtered 
BAM files), as those were produced following the same procedure as the one described below. 
This was also the case for the Late Pleistocene horses, labeled CGG10022 and CGG10023, 
excavated in the Taymyr peninsula, Russian Federation, and dated to 42,692 ± 891 (UBA-16478) 
and 16,099 ± 192 calibrated years before present (yBP; UBA-16479), respectively [2, 4]. 

For other horses, i.e., one Thoroughbred [5], two Przewalski’s horses and two Mongolian 
horses [3] we retrieved the sequencing reads from FASTAQ files made publicly available and 
performed read alignment as described below. 
 
Post-sequencing read processing and read alignment against reference genomes  

The sequencing reads were processed using the PALEOMIX pipeline and following a 
procedure similar to that described in [17]. We trimmed adapters using AdapterRemoval v1.2 [18] 
and the parameters described in [2]. 

 Paired-ended reads showing a sequence overlap of at least 11 bp were collapsed into a 
single consensus sequence (with a threshold set at 1 for the maximal number of mismatches 
allowed, or one third of the overlapping region in the case of sequences overlapping for more than 
11 bp; [2]). 

Sequencing reads were aligned against the reference sequences for the horse nuclear 
(EquCab2.0, removing the mitochondrial genome; [5]) and mitochondrial genomes (Accession 
Number NC_001640.1; [19]). Sequencing reads were also mapped against chromosome “Un” 
(unplaced contigs), so that reads aligning to the genome at several locations could also be taken 
into account. Mapping was performed using BWA v5.9 [20] in the PALEOMIX pipeline, 
disabling seeding, and applying a threshold of 25 for the minimum read mapping quality allowed 
[21]. Duplicates were identified and filtered by the 5'-end mapping coordinate for singleton reads 
(SE reads and PE reads where one mate was discarded due to low quality), and by both external 
coordinates for PE and collapsed reads. 
 
Characterizing and accounting for post-mortem damage in ancient DNA extracts 

As fragmentation and base misincorporations are the main characteristics of damaged 
aDNA molecules, we used mapDamage v2.0.1 [22] to assess the extent to which these types of 
damage affect the DNA molecules in the historical horse extracts. We characterized rates of 
deamination in double strands (DeltaD) and single strands (DeltaS), as well as the probability of 
reads not terminating in overhangs (Lambda, transformed into 1/Lambda – 1, a proxy for the 
overhang length of overhanging regions). Parameters were estimated on the basis of 100,000 
randomly selected sequence alignments (option –n 100000) using otherwise default parameters for 



 

each individual DNA library (Figure S1). We trimmed 0 to 9 bases at read ends and rescaled the 
quality score of the bases in the BAM alignment file using mapDamage v.2.0.1. For each library, 
we used the --rescale option in mapDamage v2.0.1 to rescale quality scores according to the 
bases’ probability of being affected by post-mortem damage, which was calculated based on the 
results of the above damage analyses obtained with the default mapDamage model. This was also 
done for the alignments of the two Late Pleistocene horse CGG10022 and CGG10023 nuclear 
genomes obtained from [4], and used in this study for comparison. Rescaling and trimming 
parameters for each library are given in Table S1. 
 
Microbial profiling 

Microbial profiling of the ancient DNA extracts was also performed. Analyses and results 
are described in the section S2.8 of the Supplemental Information file available online. 
 
Error rates 
 Error in DNA sequences can arise from DNA damage, nucleotide misincorporations by 
polymerase during PCR or erroneous base calls at sequencing. We determined the error rates for 
all genome sequences, i.e., those obtained from ancient samples after trimming and re-scaling, and 
those generated from modern horses (excluding the Thoroughbred horse Twilight from which the 
reference sequence was built; EquCab2.0; [5]). We followed the procedure described in [2] (see 
Supplemental section S4.4 of reference), where, after mapping to EquCab2.0, the alleles were 
defined as ancestral or derived using an outgroup genome (here, Equus asinus somaliensis 
Shakira, [23]) and a single high quality horse genome representing the “perfect genome” (here 
EquCab2.0). As any living horse should have the same expected number of derived alleles as the 
“perfect genome”, a relative increase in derived alleles compared to the “perfect genome” is 
interpreted as an increase in the error rate. 
Formally, for a given sample S, the expected number of derived alleles is estimated by 

E [dS] = DS – DSεS + ASεS 
where AS represents the true number of ancestral alleles, DS and dS, the true and observed number 
of derived alleles, and εS, the error rate.  
The true number of ancestral and derived alleles were estimated by the number of ancestral and 
derived alleles observed in the “perfect genome” p, i.e., aP and dP, respectively. 
An estimate of the overall error rate sample S can then be obtained by: 

εS = (dS - dP) / (aP - dP) 
The type-specific error rates were estimated using a maximum likelihood model based on 

similar assumptions, which are described in details in [2].  
In order to derive the estimates, a single base was sampled at each position for each 

sample. For this purpose, the EquCab2.0 and the E. asinus somalicus Shakira genomes [23] were 
filtered to keep only bases complying with the following criteria: Phred-mapping quality score 
>35, Phred-base quality score >25. Error rates were estimated for each genome sequence without 
additional quality filtering, and again applying thresholds of 30 for the minimum mapping quality 
and 20 for the minimum base quality for each horse genome sequence (Table S1). 
 
Horse nuclear variant genotyping 
 We carried out variant genotyping as described previously (see the Supplemental 
Information section S8.3 in [2]). We used the PALEOMIX pipeline [17] as applied in [23] and 
[17], using SAMTools and BCFTools v0.1.19 [24], Picard Tools v1.97 
(http://broadinstitute.github.io/picard/), and BEDTools v2.17.0 [25]. Filtering of base-calls was 
carried out as part of the PALEOMIX genotyping pipeline, using default parameters, except that 
the maximum per-site depth was set to be greater or equal to the top 0.5% quantile of the read-
depth distribution per sample as calculated using the PALEOMIX tool ‘depths’. 



 

 We called variant, reference sites, and indels. Indels were only used to filter SNPs adjacent 
to indels, and were not included in the final sequences, and no multiple-sequence alignment was 
done following genotyping. SNPs were not genotyped for the X chromosome, and nor for the 
pseudo-chromosome “Un” neither because of its highly repetitive nature potentially causing SNPs 
to be called in paralogous sequences. 
 
Mitochondrial DNA analyses 

Phylogenetic analyses of complete mitochondrial genome sequences 
DNA read processing and mapping was performed using the PALEOMIX pipeline [17] as 

described above. Sequencing reads were aligned to the reference sequence for the horse 
mitochondrial genome (Accession number NC_001640.1; [19]). Mapping was performed 
excluding reads showing mapping qualities <25. A consensus was called using a minimum depth-
of-coverage of 3 and filtering for base quality ≥30. 

We aligned the complete mitochondrial genome sequences of the historical and present-
day Przewalski’s, Mongolian and hybrid horses generated in this study to a 107-taxon dataset of 
previously published mitochondrial genome sequences. This comparative dataset contains the 
mitochondrial genomes sequences of 27 ancient horses and 80 present-day horses, including ten 
Przewalski’s horses [2, 3, 17, 26–31]. Haplotypes found in more than one Przewalski’s horse 
individual were considered only once in downstream phylogenetic analysis. Modelgenerator v0.85 
[32] was used to determine the best substitution model for the dataset: Tamura-Nei + invariant 
sites + 8-class gamma distribution. Under this model, we ran Maximum Likelihood (ML) analyses 
in PhyML3.0 [33] (Figure S2A). 

We generated partial mtDNA sequences from an additional sample set composed of ten 
historical and 20 present-day Przewalski’s horses. Methods and results are described in section 
S3.1.2 of the Supplemental Information file available online. 
 
Y-chromosome DNA analyses 

We used Y-chromosome data to compare Przewalski’s horses to Late Pleistocene and 
domesticated horses, as well as to verify the consistency of the International Studbook [6–8] with 
regards to paternal lineages. To achieve this, we aligned DNA reads from Przewalski’s horse 
stallions of known pedigrees (Ewld5_Theodor, SB159, SB281, SB293, SB533, SB615, SB285, 
and the hybrid KB7903), as well as from the Mongolian horse KB7754, to a set of 19 Y-
chromosome contigs (accession numbers: G72335.1, G72336.1, G72338.1, G72339.1, 
AB091794.1 [34], JX646942.1, JX646950.1, JX646958.1, JX646966.1, JX646974.1, JX646982.1, 
JX646990.1, JX646998.1, JX647006.1, JX647014.1, JX647022.1, JX647030.1, JX647038.1, [35, 
36], AY532879.1) representing a total 193,857 bp. Reads were aligned using the PALEOMIX 
pipeline [4] as described in the above. 

The consensus sequence was aligned to previously published Y-chromosome data for the 
donkey Willy (used as outgroup), the Przewalski’s horse Prz_Przewalski, the Late Pleistocene 
horse CGG10023, and the domesticated horses Std_Standardbred and Icelandic [2, 4, 23]. We ran 
Maximum Likelihood (ML) analyses in PhyML3.0 [33] under a F81 model [37] previously 
determined as the best model for the dataset by Modelgenerator v0.85 [32] (Figure S2B). 
 
Phylogenetic inference using supermatrix of nuclear coding sequences 
 The phylogenetic relationships between historical and modern Przewalski’s horses, 
modern domesticated horses and Late Pleistocene horses were characterized using Equus asinus 
somaliensis [23] as an outgroup. We followed the method described in [2, 4, 23] as implemented 
in the PALEOMIX pipeline [17], using the genotyping calls described above. We used a 
partitioned supermatrix of the coding sequences of protein-coding genes from Ensembl v76 [38] 
and randomly sampled 25% of the complete protein-coding genes. The final selection, thus, 



 

included 5,094 genes out of 20,449 protein-coding genes initially included in the Ensemble v76. 
Support was calculated based on 100 bootstrap trees. We used ExaML v2.04 (http://sco.h-
its.org/exelixis/software.html) and RAxML v8.1.3 [39] with default parameters, rooted the 
resulting tree at the midpoint and plotted it using ‘ape’ [40]. Singleton variants were filtered out as 
described in [2] in order to limit the impact of post-mortem damage-derived errors in the genomes 
of the historical horses.  
 Phylogenies were reconstructed with and without the hybrid KB7903, with and without 
historical horses, with and without singleton variant filtering in section S3.7.1 of the Supplemental 
Information file available online. 
 
Demographic reconstruction using the Pairwise Sequentially Markovian Coalescent 

We reconstructed the past demographic history of eleven Przewalski’s horses and two 
Mongolian horses by applying the Pairwise Sequentially Markovian Coalescent to their nuclear 
genome (PSMC; [41]), previously used on the Thoroughbred horse Twilight [2], an Icelandic 
horse [42] and the Late Pleistocene horse CGG10022 [4]. Horses were selected on the basis of an 
at least 20-fold genome coverage (as advised in [41] and [2]). 

PSMC analyses were performed as described in the Supplemental Information section 9.2 
in [2] with slight modifications employing a per-sample maximum coverage threshold. Briefly, a 
FASTA consensus sequence was generated for each autosome from the BAM files. SNPs were 
then called as described above. The coverage distribution was inferred with the ‘depths’ command 
included in the PALEOMIX pipeline [17], and excluding sites with a depth equal to zero. In 
addition, bases with Phred quality scores inferior to 35 were excluded. PSMC inference was run 
using parameters recommended by the developers (number of iterations = 25; maximum 2N0 
coalescent time = 15; initial θ0/ρ = 5; [41]). In order to evaluate the spread of the PSMC 
reconstructions, chromosomal sequences were split into shorter segments of 500 kb and randomly 
bootstrapped  (with replacement) 100 times. For scaling PSMC profiles, we used a calibration 
point of 4.5 million years (Myr), a mutation rate of 7.242×10-9 per site per generation and a 
generation time of 8 years [2].  

Unscaled and scaled PSMC profiles for a larger number of horses are presented in Figures 
S5.1-4 of the Supplemental Information file available online. 
 
Genetic relationships between horse populations using TreeMix 

We investigated the genetic relationships between present-day Przewalski’s horses, 
domesticated and Late Pleistocene horses using the software TreeMix [43]. This method infers 
population splits and mixtures using genome-wide allele frequencies and a Gaussian 
approximation to genetic drift. We used the SNP matrix containing 198,932 SNPs described 
above. We grouped domesticated horses according to their breeds and kept Przewalski’s horses as 
independent populations. We calculated with plink ([44]; --freq --within --missing) the allele 
frequencies within each grouping of individuals, which was then converted into the TreeMix input 
format using the supplied python script (“plink2treemix.py”). The genome of the Thoroughbred 
individual Twilight was excluded from the analyses in order to avoid biases due to the fact that 
this genome was used as the reference genome during mapping of all the other genomes, where 
derived homozygous SNPs likely represent genotyping errors. TreeMix was run considering a 
global perturbation of populations (-global), the tree was rooted using the CGG10022 sample, and 
1,000 SNPs per block. The results of the TreeMix analyses were plotted as population trees using 
the TreeMix R functions (Figure S2C). Other TreeMix trees constructed with and without the 
hybrid KB7903, grouping Przewalski’s horses into a single population, and considering 1 to 4 
migration events into the TreeMix model (-m 1-4) can be found in section S3.7.2 of the 
Supplemental Information file available online. 
 



 

Single Tandem Repeat analyses 
Single Tandem Repeats (STRs) were also typed in 28 present-day Przewalski’s horses at 

KSVM-HUJ. This sample set also includes seven present-day Przewalski’s horses sequenced in 
Copenhagen (SB285, SB293, SB339, SB524, SB528, SB533, SB615). The results were compared 
to a dataset of 15 donkeys and 183 domesticated horses representing nine different breeds (43 
Arabian, 19 Quarter, 24 Warm Blood, 20 Pony, 15 Thoroughbred, eight Cold Blood, one 
Andalusia, one Tennessee Walker, and 52 “local” horses). We targeted twelve published 
microsatellite loci: ASB2, ASB17, ASB10 [45], LEX65 [46], NVHEQ21 [47], SGCV33 [48], 
HTG7 [49], HMS6 [50], HTG4 [51], COR062 [52], LEX68 [46], HMS1 [50]. Fluorescent 
genotyping with dye-labelled primer sets was performed on either an ABI-3100 or ABI-3730 
capillary system. Gene scans were inspected using the Genotyper software (Applied Biosystems). 
Population genetic analyses were implemented via GenAlEx 6.5 [53] and Structure 2.3.1 software 
[54–57]. In Bayesian Structure 2.3.1 analyses, the final optimal k value, k=5, was inferred using 
Evanno’s ∆k method [58] implemented in STRUCTURE HARVESTER [59] in which biological 
relevance was also considered. Even though an increase in k values could further separate the 
groups within the domesticated horse breeds, the structure of the Przewalski’s horse cluster 
remained stable (Figure S2D). The results of the analyses of STRs are further discussed in section 
S3.3 of the Supplemental Information file available online. 
 
Principal Component Analyses of horse SNPs genotyped in this study 

We merged the files summarizing sequence variation (VCF files, including non-variant 
sites) for the Przewalski’s horses, domesticated and Late Pleistocene horses with bcftools (version 
1.1-57-g4f97f5b) only keeping biallelic variants on the autosomes without missing genotypes in 
any of the samples (command ‘bcftools view -g "^miss" -q 0.00001’) and strictly passing quality 
filters as described in the same section. We then converted the variant sites in the merged VCF file 
into plink format using VCFtools version 0.1.12 [60] to obtain a plink file containing 198,932 
variants. The merged plink file generated for TreeMix analyses was used as input for PCA in the 
EIGENSTRAT program (version EIG5.0.1, [61]) with no outlier iterations (options ‘-
numoutlieriter: 0’; Figure S2E). 

 
Principal Component Analyses of a historical Przewalski’s horse and horse SNPs genotyped 
in McCue et al., 2102 and Petersen et al., 2013 

Previously, 744 present-day horses from 33 breeds, as well as eight Przewalski’s horses 
were genotyped using the Illumina SNP50 Beadchip designed to target 54,000 SNPs ([1, 62]). As 
part of the present study, one historical Przewalski horse specimen (EP7, museum specimen 5217 
ZI S-Pt-3093, 130 years old) was analysed on the same Equine SNP50 microarray. Genotyping on 
the microarrays was performed according to standard protocols provided by the manufacturer 
(Illumina®) and SNPs were filtered based on GenTrain scores of <0.6. In order to investigate 
genome-wide structure among present-day horses, we compared the individuals sequenced in our 
study (Late Pleistocene, domesticated, historical and present-day Przewalski’s horses) with the 
extensive horse SNP dataset available. We excluded two sequenced Przewalski’s horse individuals 
SB615 (KB4064) and SB293 (KB7413) as they were already genotyped in [1]. 

To achieve this, we applied a principal component analysis on a dataset constructed by 
merging Petersen et al. and McCue et al.’s genotypes with genotypes retrieved from the complete 
genome sequences that we generated in this study. For each locus genotyped in [62], we extracted 
the corresponding genotypes from the VCF files obtained for the horses sequenced here using 
bcftools version 1.1-57-g4f97f5b [24]. The extracted VCF file was converted into plink format 
using vcftools version 0.1.12 [60]. The plink file was merged with the dataset from [62] using 
plink [44], where sites with non-biallelic genotypes (37 sites) were removed from further analyses. 
In addition, we added to the merged dataset, eight Przewlski’s horses from [1] (BL12822, 



 

KB3063, KB3838, KB4064, KB4541, KB6842, KB7413 and KB7838) and the ancient individual 
EP7 genotyped in this study. The merged plink file was later filtered with 0.05 as cut-off for the 
maximum missingness per locus (--geno 0.05) using plink and restricting to sites called in EP7, 
which resulted in a set of 20,949 sites. Furthermore, via IBD estimation with plink (--genome), we 
found two pairs of Franches-Montagnes individuals Mon_FM0431/FM6 and Mon_FM2218/FM21 
with high pihat values (0.9948 and 0.9947, respectively). To avoid spurious inference due to the 
likely duplication of the genotypes, the genotypes obtained from the genomes of samples 
Mon_FM0431 and Mon_FM2218 sequenced here were removed from this analysis. The final 
merged plink file was used as input for PCA in the EIGENSTRAT program (version EIG5.0.1, 
[61]) without outlier iterations (option ‘-numoutlieriter: 0’; Figure S2F). 
 
Principal Component Analyses of horses sequenced in this study using genotype likelihoods 
 For ancient genomes, the combination of low coverage and higher error rate due to post-
mortem DNA damage makes genotypes particularly difficult to determine accurately. To account 
for this, we compared historical Przewalski’s horses, and present-day domesticated and 
Przewalski’s horses using a genotype likelihood-based approach as implemented in ANGSD [63]. 
Briefly the method relies on a maximum-likelihood framework for Generation Sequencing data 
alignments, which condenses the mapped reads and quality scores into genotype likelihoods under 
the SAMtools model [24]. The genotype likelihood represents the probability of the sequencing 
data given a genotype in a particular individual, at a particular site under a genotype likelihood 
model [63]. To estimate the posterior genotype probabilities, we used priors for allele frequencies 
obtained by maximum likelihood estimates of the genome-wide site frequency spectrum. Here, 
genotype likelihoods were estimated using the “angsd” function, assuming a Hardy-Weinberg 
equilibrium, and considering sites with a minimum mapping quality of 25 (-minMapQ), a 
minimum base quality of 20 (-minBQ), and for which data was available in at least two 
individuals (-minInd). Genotype likelihoods were used to compare historical and present-day 
Przewalski’s horses, present-day domesticated horses and Late Pleistocene horses via PCA. This 
was achieved using the function “ngsCovar” in ngsTools [64], which implements a probabilistic 
approach to estimate the genotype covariance matrix [65] and default parameters (minor allele 
frequency cutoff of 0.01: option ‘-minmaf 0.01’; Figure 1C). 
 Results of PCA are further discussed in section S3.8.1 of the Supplemental Information file 
available online. 
 
Horse segmental duplications 

We identified segmental duplications using mrCaNaVaR v0.31 and mrFAST v2.0.0.5 [66]. 
BED files were manipulated using BEDTools v2.0.17 [25]. The analysis was carried out using the 
Thoroughbred horse (Twilight) and the modern Przewalski’s horse samples. We exclude samples 
Prz_D2630 and Prz_D2631 obtained from [3] to avoid biases due to differences in sample 
preparation and sequencing methods. 

We first masked the reference sequence to account for existing duplication in the EquCab2.0 
reference genome. To do this, we generated overlapping 36 bp kmers across the entire nuclear 
genome, using a step size of 5 bp. The genome was then indexed using mrFAST (using a window-
size of 12), the 36-mers were mapped back to this genome, and the location of any 36-mer 
mapping to more than one region was masked in the genome. We additionally masked the regions 
corresponding to the UCSC repeat-tracts (“Interrupted repeats”, “Repeat Masker”, and “Simple 
repeats”). Consequently, a total of 1.2 Gbp of the reference genome was masked, representing 
~49% of the EquCab2.0 reference genome.  

The masked FASTA reference genome was then indexed using mrFAST as above. We next 
split the reads of the genomes of interest into non-overlapping 36-mers, starting 10 bp from the 5’-
end, thereby excluding the more variable (quality-wise) 5’- and 3’-regions of the read. These were 



 

mapped to the masked FASTQ using mrFAST as described above. Before investigating the copy-
number variation in our samples, we expanded the masked regions in the FASTQ sequences by 36 
bp, to account for lower coverage in regions proximate to the masked regions, and indexed the 
resulting FASTQ sequences using mrCaNaVaR, specifying no gaps. 

We called read-depth and copy-numbers for each window in each sample using 
mrCaNaVaR and the alignments generated by mrFAST as described above. We defined as 
segmental duplications any regions consisting of at least five continuous copy-windows (“CW”), 
covering at least a total of 10,000 bp. In such CW, the copy-number of each window was required 
to exceeded the mean by at least 3 times the standard-deviation (calculated using the control 
regions identified by mrCaNaVaR), while allowing one non-trailing window, which exceeded the 
mean by at least 2 times the standard-deviation. The mean and standard deviation were calculated 
separately for the X chromosome of male individuals.  

Prior to collecting segmental duplications, we excluded putative mis-assembled regions in 
which the copy number exceeded 50 times the ploidy of the given chromosome in any sample. We 
furthermore excluded any region in which segmental duplications were present in the 
Thoroughbred horse (Twilight), in order to account for segmental duplications present in other 
domesticated horses and duplications not accounted for in the EquCab2.0 reference genome. This 
resulted in the exclusion of 176 million bp. We called segmental duplications in the Przewalski’s 
horses using the same method as described above. 

We excluded from the following analyses samples SB281, for which the distribution of 
copy-numbers called for control regions for each sample (excluding the X chromosome) deviated 
from the remaining samples, in order to ensure that results were comparable across samples. We 
also excluded the hybrid horse KB7903 from further analyses. We next concatenated the filtered 
BED files and calculated the number of individuals for which a given region was called using the 
BEDTools command ‘genomecov’ with arguments ‘-bg’, and determined overlap with annotated 
sequences from Ensemble v76 ([38], excluding pseudo-genes and introns) using the BEDTools 
intersect command with arguments “-loj”. For each Ensembl v76 transcript, we recorded the 
maximum number of samples for which a given segmental duplication overlapped that transcript 
at any window. We carried out functional enrichment on genes located in Przewalski’s horse 
segmental duplications as described below. 

 
Functional enrichment 

Functional enrichment was carried out on the online platform WebGestalt (WEB-based 
Gene SeT AnaLysis Toolkit; [67]) using humans and mice as model organisms after converting 
unique horse Ensembl Gene Identifier using a correspondence table generated with the Biomart 
from Ensembl. We used different databases to investigate enrichment of:  

- Pathways: KEGG (03/21/2011), WikiPathways (11/11/2012), 
- Phenotypes: Mammalian Phenotype Ontology (for mouse gene ID, 04/10/2013) 

and Human Phenotype Ontology (for human gene ID 04/10/2013), 
- Phenome-Wide Association Study: PheWAS catalog (05/20/2014; for human gene 

ID only), 
- Disease associated genes: GLAD4U (1/26/2013, for human gene ID only). 

We used default parameters and Benjamini-Hochberg correction for multiple tests [68], and 
retained the top-10 significant enrichment clusters.  
 
Genotyping of ancestral informative markers 

We collected potential ancestry informative markers using the criteria based on those 
described in [69]. We excluded the ancient, low-quality Przewalski’s horses due to the higher 
error-rate, and limited the domesticated horses to those included in the phylogenetic analyses 
described below, in order to ensure an even representation of breeds. We furthermore excluded the 



 

Przewalski’s horse hybrid from the analyses. As a result, the final dataset analysed comprised 14 
Przewalski’s horses (KB7674, KB7713, KB7848, SB281, SB293, SB339, SB4329, SB533, 
SB615, KB3879, KB7856, Prz_D2630, Prz_D2631, Prz_Przewalski) and 18 domesticated 
(Qrt_A5659, Qrt_A5964, Mon_FM1030, Mon_FM1785, Mon_FM1932, Mon_FM1951, 
Mor_EMS595, Std_M977, Std_M5256, Std_Standardbred, Arabian, Fjord, Icelandic, KB7754, 
Mng_D2628, Mng_D2629) and the two Late Pleistocene horses (CGG10022, CGG10023). We 
did not filter SNPs by physical proximity (unlike [69] who suggest a minimum distance of 0.3 cM 
in humans), to accommodate downstream analyses for which different marker densities may be 
required. 
We only kept sites where genotyping could be performed in: 

- all, or all but one, Przewalski’s horses, 
and 

-  all, or all but one, or all but two, Late Pleistocene and domesticated horses (or all but two 
for domesticated and Late Pleistocene horses),  

and among these sites, those for which one allele was found in: 
- all, or all but one, Przewalski’s horses,  

and in: 
- none, one, or two domesticated horses. 

We carried out functional enrichment, as described above, for the genes where these SNPs 
were found (Table S2). 
 
Selection scans using F-ST estimates 
 We estimated the F-statistics (FST; [70]) between the domesticated and Przewalski’s horse 
population across the genome as a proxy for genetic differentiation. We compared present-day 
Przewalski’s horses with two sets of domesticated horses: one set containing 29 samples (DOM) 
and one set containing 12 Franches-Montagnes horses (FM). Descriptions of the panels are given 
in Table S6.1 of the Supplemental Information file available online. 

FST was estimated on a genome-wide scale using the ngsFSt command in the ngsTools 
package [64, 65], which implements a method-of-moments estimator of FST that accounts for 
genotype uncertainty and uses a 2D-SFS as prior information [65]. FST was computed in 50,000 bp 
sliding windows with a step size of 10,000 bp. A genotype likelihood model similar to the one 
implemented in SAMtools version 0.1.18 [24] was used and the posterior probability of a site 
being variable was estimated for every position of the genome. For each group comparison, we 
calculated the 2D Site Frequency Spectrum using the command realSFS 2dsfs from ANGSD. The 
FST value the two groups considered was then calculated for each genomic position considered in 
the 2D SFS calculation and using the ngsFst command from the ngsPopGen package [65]. Fst 
values within sliding genomic windows were then calculated using the per site information 
retrieved from ngsFst and disregarding windows where coverage was less than 90%.   

Those genomic regions showing a local and significant increase of the FST value were 
regarded as candidate regions for selection (outliers selection scans). We used two different 
approaches to detect those regions as described in detail in [23] (see their Supplemental section 
7.2). In the first approach (“Gene-max”), genes were ranked according to their FST value and the 
outliers in the top 10% gene of the resulting ranked list were extracted. This provided a total 
number of 2,509 gene candidates underpinning population differentiation. In the second approach 
(“Region-peaks”), we used a smoothing procedure to define those regions and to obtain a local 
maximum of FST values (peaks) and retained as outliers the top 10% regions showing local 
maxima. This, for “Region-peaks”, 2,847 and 2,887 genes depending on whether the DOM and 
FM panels were used for domesticated horses, respectively. 
 From each method (“Gene-max” and “Region-peaks”), we obtained the overlapping gene 
IDs from Ensembl version 76 [38] and we assigned the corresponding mean FST value, using 



 

IRanges as in [23]. Genes identified by FST-based selection scans are listed in Table S6.2 of 
Supplemental Information file available online. We then performed functional enrichment as 
described above (Table S2). 
 
Selection scans using SweeD 

We carried out selection scans on each chromosome using the program SweeD [71]. 
Genomic regions under selective sweeps were detected as regions where ancestral alleles show 
significantly lower frequencies (corresponding to lower 
a-parameters in SweeD) than expected under a neutral model. The observed frequency distribution 
was determined from the Przewalski’s horses genomes, whereas the frequency distribution under 
the neutral model was obtained through simulations using MSMS [72] under a demographic 
model selected beforehand through Approximate Bayesian Computation (ABC). 

ABC demographic model selection for MSMS simulations 
In order to determine the parameters of the demographic models to be used in MSMS 

simulations, we simulated four different demographic models before selecting the one best fitting 
the data using ABC. Such demographic models were constructed based on the results of PSMC 
(see “Demographic reconstruction based on nuclear genome information”). Firstly, we determined 
the age of the effective population size minima and maxima in the main PSMC profile and located 
these at the midpoint of the corresponding segment, after merging adjacent segments with 
identical population sizes. We next calculated the population size at each minima and maxima as 
the population size of the segments overlapping these averaged across all bootstraps. We defined 
t1 as representing the beginning of the captive population of Przewalski’s horses, 8 generations 
ago (corresponding to roughly 64 years BP using 8 years as the generation time). Unless otherwise 
specified, we simulated 1,000 sequences of 10 kb for each set of parameters and for each model. 
Graphical descriptions of the tested models are given in Figure S6.1 of the Supplemental 
Information file available online. 

From the PSMC demographic scaffold, we derived four models for simulations: 
- Model PSMC #1, which represents the basic model derived from the PSMC results, with a 
constant population size from t2 to t0. We simulated a total of 1 million sequences using this 
model. 
- Model PSMC #2, which corresponds to PSMC #1, except that the population size at t2 was set to 
1,000, 2,000, 3,000, …, 10,0000, and values 10,000, 20,000, 30,000, …, 10 million, with a 
constant population size from t2 to t0. We simulated a total of 1 million sequences using this 
model.  
- Simple Model, in which we modelled exponential population growth from t2 to t0, ending with 
population sizes of 1,000, 2,000, 3,000,…, 10,000, and values 10,000, 20,000, 30,000, …, 10 
million. 
- Complex Model, in which we modelled exponential population growth from the t2 to t1, 
followed by exponential decline to t0. This model was built to possibly account for the recent 
historical bottleneck documented for Przewalski’s horses. We considered population sizes 1,000, 
10,000, and 50,000 to 10 millions in increments of 50,000, while requiring that the population size 
at t0 be strictly less than the population size at t1. We simulated 100 sequences using each set of 
parameters. 

We calculated the scaled mutation rate θ as 4Ν0  x µ x Νsites, and the scaled recombination 
rate ρ using the θ/ρ ratio estimated by PSMC. Each model was simulated in MSMS, and from the 
simulation output, a range of population statistics was calculated using ‘mstatspop’ (available at 
http://bioinformatics.cragenomica.es/numgenomics/people/sebas/software/software.html). These 
included the total number of variants, Watterson’s theta (and its Achaz correction), Tajima’s theta 
(and its Achaz correction), Fu and Li’s theta, the haplotype diversity (HapW), Tajima’s D, Fu and 
Li’s D, Fu and Li’s F, Achaz’s Y, Fs, R2, the MD standard deviation, skewness and kurtosis and 



 

the nucleotide diversity (Pi W). The matrix of summary statistics was then reduced to a limited 
number of dimensions using PCA and the first two or three principal components, which 
explained a minimum of 97.5% of the total variance (data not shown). 

For ABC-based model selection, the same population statistics were calculated from the 
EquCab2.0 reference nuclear genome: we first computed 10 kb windows across EquCab2.0, 
starting and ending 100 kb from chromosome termini. We next collected pairs of adjacent 
windows in which at least 10,000 sites were called in all samples, selected the first 10,000 sites 
called, converted these to MS format and calculated population statistics using ‘mstatspop’. We 
furthermore required a minimal distance of 100 kb between the start of the present pair of 
windows and the end of the previously selected pair of windows in order to avoid linkage between 
adjacent windows, and considered the mode for each distribution of summary statistics as the most 
likely observed value. These values were converted to predicted values according to the PCA 
performed on the simulated data of each model, and the two or three first corresponding 
components were used as transformed observed values. ABC was performed using the ‘abc’ R 
package [73] using local linear regression and accepting 1,000 simulations. Model comparison 
was performed using the ‘postpr’ function of the ‘abc’ R package and accepting 1,000 simulations, 
following PCA transformation of the simulated summary statistics across all models, and 
prediction of the observed values based on the three first principal components (which explained 
98.7% of the total variance). The PSMC #1 model was identified as the demographic model best 
fitting the observed data by calculating posterior model probabilities and Bayes Factor (0.1819-
0.2409). We choose this model as the most likely model for further analyses in SweeD. 

Selection scan using SweeD  
 VCF files containing the genotype calls for the Przewalski’s horses were converted into 
MS files by random-sampling heterozygous sites and considering all non-reference alleles as 
derived. The allele frequency distribution under the neutral model was obtained by simulating 
30,000 blocks of size 5 million bp under the Model PSMC #1 (see above) using MSMS. The 
distribution of the alpha-value from the Przewalski’s horse and simulated genotypes were obtained 
through the SweeD run with a grid size of 10 kb. We identified candidate sites for selective sweep 
on the basis of significant Qvalues, i.e., p-values after correction for multiple testing using a False 
Discovery Rate of 0.05 (calculated in R using the “p.adjust” function, “BH” method, [68]). We 
identified those annotated sequences from Ensembl v76 [38] that overlap with the selected regions 
as determined by SweeD. Genes identified by SweeD-based selection scans are listed in Table 
S6.2 of Supplemental Information file available online. We then performed functional enrichment 
as described above (Table S2). 
 
Joint demographic inference using dadi (Diffusion Approximation for Demographic 
Inference) 

We refined the recent demographic history of the two populations of domesticated and 
Przewalski’s horses using the program dadi (version 1.6.3), where the demographic parameters are 
estimated based on the diffusion approximation to the SFS [74]. We first estimated the 2-
Dimension SFS (2D-SFS) between Przewalski’s horses and domesticated horses, where the 
Przewalski’s horse dataset was composed of the 14 present-day individuals and the domesticated 
dataset comprised of either 12 Franches-Montagnes horses (FM-DOM) or 16 other domesticated 
horses (OT-DOM). Descriptions of the panels are given in Table S5.1 of the Supplemental 
Information file available online. 

To accommodate for different sequencing depths among samples, we used ANGSD [63] and 
obtained a Maximum Likelihood estimate of the 2D-SFS, taking sequencing data uncertainty into 
account. We filtered sites with a mapping quality < 30, a site quality < 20, a global minimum 
depth < 120, a global maximum depth > 1,000, and with data for at least 10 individuals. Only 
autosomal chromosomes were considered. The spectra were polarised following a strict identity 



 

rule on the genomes of a range of non-horse equids sequenced so far (i.e. only bases found in all 
those genome are considered ancestral - other cases are recoded as Ns). 1,365,669,235 sites were 
considered for the analysis between PRZ and FM-DOM, and 1,365,665,795 sites for the analysis 
between PRZ and OT-DOM. 

We fixed the demographic history before the split between Przewalski’s horses and 
domesticated horses using the model inferred by PSMC analyses above on the sample with the 
highest sequencing depth (SB281). The ancestral effective population size was therefore set to 
157,602 and it changed over time. To model recent size changes at the split time, we used as 
template the model proposed in [4], specifically imposing an exponential decay of size until 3,000 
from the divergence time to 10,000 years ago. At that time populations then instantaneously 
changed to a separate sizes, which remained constant until present. Analyses were run considering 
the same generation time and using the mutation rate as for the PSMC analyses described above.  

We tested different models of population split between Przewalski’s horses and 
domesticated horses, each one having a distinct set of free parameters to be estimated:  
- Model A: no gene flow; 
- Model B: symmetric gene flow between PRZ and FM-DOM/OT-DOM; 
- Model C: asymmetric gene flow between PRZ and FM-DOM/OT-DOM; 
- Model D: gene flow only from PRZ to FM-DOM/OT-DOM; 
- Model E: gene flow only from FM-DOM/OT-DOM to PRZ. 

Tested demographic models are also described in section S5.2 of the Supplemental 
Information file available online. 

We then allowed for different levels and directions of gene flow, from the divergence time 
to present time, between populations. For each model, we ran the program 20 times from different 
initial values to ensure convergence, and retained the parameters set with the highest likelihood. 
Table S3 show estimates of demographic parameters for all tested models using FM-DOM and 
OT-DOM as domesticated horses, respectively.  

Finally, we tested whether gene flow occurred continuously from the divergence time to the 
present, or if it stopped at some pre-selected point in the past. In this analysis, we used parameters 
estimated in model C (Table S3), which was most-likely scenario for both sets of domesticated 
horses. We let divergence time and gene flow parameters free to be re-estimated, while setting the 
time for the putative end of gene flow fixed at different values. These times were chosen to 
represent some events that could have had an impact on breeding opportunities between PRZ and 
domesticated horses, and are: 

a) 26,000 years ago at the beginning of the Last Glacial Maximum (LGM); 
b) 19,000 years ago at the end of the LGM; 
c) 11,700 years ago at the beginning of the Holocene; 
d) 9,000 years ago at the beginning of the Holocene climatic optimum; 
e) 5,500 years ago at the beginning of horse domestication; 
f) 2,000 years ago at the beginning of the Iron Age; 
g) 200 years ago at approximately the discovery of the Przewalski’s horse population by the 
Western world. 
 

Exploring demographic history using projections of test genomes onto reference populations 
We used the genome projection method, where test genomes are projected onto reference 

populations as described in [75] to explore models of demographic history for the domesticated 
and Przewalski’s horses. We used genomes obtained from 15 present-day Przewalski’s horses and 
28 domesticated horses representing a range of domesticated horse breeds and types. Horse 
genomes were used either as test genomes, or grouped into reference panels: refPRZ for the 14 
non-hybrid Przewalski’s horse genomes, refFM for the 12 Franches-Montagnes horse genomes, 
and refDOM for the full range of 28 domesticated horses, including Franches-Montagnes horses. 



 

Descriptions of the panels are given in Table S5.5 of the Supplemental Information file available 
online. 

The projection, w, as described in [75], explores how different a test genome is from a set 
of genomes from a reference population (reference panel). For sites belonging to each derived 
allele frequency category of the reference panel, the expected number of sites with a derived allele 
in a genome from the reference population can be calculated. The observed number of test-
genome sites with a derived allele is compared to the expected number to determine the 
projection. In the projection, a value greater than one means that it is more likely than expected 
that a derived allele will be observed in the test genome for that frequency category, and a value 
less than one means it is less likely than expected that a derived allele will be observed in the test 
genome for that frequency category. A member of the reference population would give a 
projection of w = 1 for every frequency category. Depending on the demographic relationship 
between the test and reference populations, the projection may deviate from w = 1 in a variety of 
ways. 

To calculate the projection, we retained sites that were variable in at least one of the 
genomes sampled. The projection was determined for every individual against one of three 
reference panels, refPRZ, refFM and refDOM, for sites that are polymorphic in the reference 
panel. Based on results described in section S5.3 of the Supplemental Information file available 
online and to avoid the effects of population structure within the reference panel, we focused on 
the projections for refFM, rather than refDOM, in further analyses. 
We used PSMC estimates of past horse population size and the Maximum Likelihood estimates 
calculated in dadi from each of the five population models described above (see “Joint demographic 
inference using dadi (Diffusion Approximation for Demographic Inference)”). For each model, we 
determined the expected projection using fastsimcoal2 [76]. We compared these projections to the 
observed projection using the sum of least squares (LSS) score to assess how well each model 
recovers the projection. The observed projections were determined using SB159 as the test 
Przewalski’s horse genome (this genome shows minimal, if any, admixture with domesticated 
horses), and Mon_FM0450 as the test Franches-Montagnes genome. refPRZ and refFM were used 
as the reference panels. 

Using the model that fits best according to dadi analyses, we considered whether an 
improved fit of the model could be obtained considering changes in population decay and 
migration rate. We used fastsimcoal2 [76], Brent’s algorithm and the LSS score to vary one model 
parameter at a time and improve the fit. Simulated parameters are reported and the LSS scores for 
the adjusted models C are reported in Table S3. Four models were considered. Model C1 only 
considered a single asymmetric migration, the rate of which was estimated here. Model C2 
changed the size of the exponential population decay and the effective population size of 
Przewalski’s horse, allowing a single asymmetric migration rate as in Model C (Model C2_1) and 
allowing the asymmetric migration rate to vary (Model C2_2). Model C3 considered no 
population size changes but allowed two different asymmetric migration rates in the past and 
present, in order to test for potential consequences of past climatic changes. We allowed the 
migration rate to change once, keeping it constant before and after the time of migration rate 
change. Finally, Model C4 allowed both population size changes similar to that in Model C2 and 
two different asymmetric migration rates, plus a pulse of admixture from Franches-Montagnes to 
Przewalski’s horses at some recent time in the past. 

Projection plots, can be found in section S5.3 of the Supplemental Information file 
available online, where genome projections are also used to provide further evidence for 
population structure within horses and domestic admixture in Przewalski’s horses. 
 
 
 



 

Average genome-wide heterozygosity 
For each horse described in this study, the average heterozygosity was estimated as the 

number of segregating sites by calculating the Watterson estimator theta [77]. This was done using 
the program ANGSD ([63]; http://popgen.dk/wiki/index.php/ANGSD) that allows accounting for 
the uncertainty in the genotyping due to low genome coverage by using genotype likelihoods and 
priors based on site frequency spectrum (SFS). Priors for the autosomes were constructed using 
the SFS [78] for chromosome 22. The average heterozygosity was calculated as the genome-wide 
average of the theta estimated in 50 kb overlapping windows with a step-size of 10 kb of the 
genome, as described in [4] (Supplemental Information S4.2). For high-quality genomes we 
excluded windows in which less than 45 out of 50 kb (90%) were covered. For lower 
quality/historical genomes we excluded windows in which less than 25 out of 50 kb (50%) were 
covered, as well as transitions in order to control for damage-derived misincorporations, mainly 
affecting C!T and G!A misincorporation rates in ancient and historical samples (Table S1; 
Figure 3A). Heterozygosity levels in modern individuals calculated including transitions are 
shown in Figures S3.9-10 of the Supplemental Information file available online. 

The vast majority of present-day horses showed reduced heterozygosity values compared to 
Late Pleistocene horses (Figure 3A). The average heterozygosity values were lower in modern 
Przewalski’s than in domesticated horses (Mann-Whitney test, p-value = 1.88x10-3) and historical 
PHs (Mann-Whitney test, p-value = 8.40x10-4). The latter could reflect the genetic bottleneck 
associated with captivity, or the increased error rate of our historical genomes. However, 
considering only transversions (for which the error rate is reduced; Table S1), we note that the 
historical Paratype specimen displays a higher heterozygosity than one domesticated Icelandic 
horse (log-θw = 3.61 vs 3.39) showing similar per base error rates (0.099% vs 0.094%). As its 
heterozygosity was also higher than in any modern Przewalski’s horse, this suggests that the 
extreme demographic bottleneck experienced in the first half of the 20th century has reduced the 
heterozygosity within contemporary Przewalski’s horses, in line with pedigree–informed 
reconstructions. 
 
Genome-wide inbreeding coverage 

We estimated inbreeding in Przewalski’s horses as the proportion of genomic fragments 
being mostly homozygous, or “homozygous-by-descent” (HBD), following terminologies and 
methodologies similar to those in [79] and applied to complete horse genomes in [4]. We excluded 
the historical horses because their low sequencing depth-of-coverage was not compatible with the 
detection of inbreeding tracts. 

We used the Watterson’s theta estimator across the genome (see section “Average 
genome-wide heterozygosity”) to detect HBD regions. In these analyses, we replaced missing data 
by the closest neighbouring valid values on a per-chromosome basis. We determined the 
coordinates of the HBD genomic tracks by identifying segments with local changes in the average 
estimates for Watterson’s theta along the genome using the R package ‘changepoints’ ([80]; 
http://cran.r-project.org/web/packages/changepoint/index.html) and the binary segmentation 
algorithm (method=“BinSeg”) allowing up to 10 breakpoints per chromosome (Q=10). For each 
segment, we calculated the heterozygosity estimates given by the average of (log(theta)), which 
were used to weight genomic track lengths (deduced from their external coordinates). Their 
density was then plotted with the ‘density’ R function (from 100,0000 points) and a bimodal 
distribution of the Watterson’s theta estimator values indicated inbreeding in the corresponding 
individual. We determined the coordinate of the lowest point (pit) between the two modes using 
numerically estimates of first and second derivatives of the density function (using absolute 
tolerance of 10-7). The pit coordinate provided a threshold used to classify genomic segments as 
showing “high” or “low” heterozygosity (vertical red line). The total size of the “low” 
heterozygosity regions was divided by the total size of all regions to give the proportion of HBD 



 

tracks, or “inbreeding coverage estimate”. The average of log(theta) values and positions of the 
genomic tracks were determined both including and excluding transitions to account for 
misincorporations arising from post-mortem DNA damage in ancient genomes (Figure 3B). 
Genomic track length distributions including and excluding transitions are shown in Figure S3.11 
of the Supplemental Information file available online. 
 
F-inbreeding coefficients  

We also directly estimated inbreeding coefficients in a genotype likelihood framework to 
accommodate low-depth genomic data, as the method presented in the previous section could not 
be applied on our set of historical genomes, as those were sequenced at relatively low depth-of-
coverage. We used a new method based on that described in [81], where the probability given the 
data that each position is Identical By Descent (IBD) is calculated as well as the site 
allele frequency (F-inbreeding coefficient). Here, a Hidden Markov Model (HMM) that, apart 
from estimating genome-wide inbreeding level, also attempts to infer the location of IBD tracts. 
Assuming a model with two states (IBD and not IBD) and three possible observations 
(homozygous reference, heterozygous and homozygous alternate, all expressed in genotype 
likelihoods), the probability that a site is IBD calculated and the most likely path for the observed 
data is found. The per-individual inbreeding coefficient, F-HMM, is the average of the per-site 
IBD probabilities. We only analysed a randomly sampled subset of 0.1% of the sites in order to 
avoid the confounding effects of linkage. We ran analyses separately for domesticated and 
Przewalski’s horses so that biases due to population structure that can artificially inflate 
inbreeding estimates (known as the “Wahlund effect”) could be reduced. All analyses were run 
until convergence, which was reached when the average likelihood difference was <10-7. Each 
step was replicated 100 times in order to avoid convergence to local maxima (Figure 3B). 
Comparisons between inbreeding coverage, F-, F-HMM, and pedigree-based inbreeding 
coefficient are discussed in section S3.6 of the Supplemental Information file available online. 
 
NGSAdmix admixture analyses 
 Genomic structure within modern and ancient horses was investigated using the function 
“NGSAdmix” implemented in ANGSD that handles genotype likelihoods in a Maximum 
Likelihood framework [82]. The analyses were run considering two to 20 ancestral populations (-
K), a minimum minor allele frequency of 5% (-minMaf) and a maximum number of Expectation 
Maximization iterations of 5,000 (-maxiter).  
 We retained K=8 as the optimal number of ancestral populations, as it allows retrieving the 
known structure that defines the present-day domesticated horse breeds (Figure 4A and S3A), 
including: one cluster for Standardbred, one for Franches-Montagnes, one for Arabian, 
Thoroughbred and Quarter horses in accordance with the latter two descending from Arabian 
horses, two clusters for Mongolian (including the historical horse Emgl1), Norwegian Fjord and 
Icelandic horses in line with previous phylogenetic results [2], while the Morgan horses appear as 
a mix of five other domesticated groups. One additional cluster was identified to describe Late 
Pleistocene horses CGG10022 and CGG10023, whereas two clusters were found to be unique to 
the Przewalski’s horse population. Full NGSAdmix clustering results for K=2-20 are presented in 
section S4.1 of the Supplemental Information file available online. 
 
Gene flow between Przewalski’s horses and Mongolian horses using the f3-statistics. 

In order to test for admixture between Przewalski’s horses and Franches-Montagnes or 
Mongolian horses in the ancestry of each single Przewalski’s horse, we calculated f3-statistics [83] 
using the ‘threepop’ program (-k 5000) provided in the TreeMix package. For each trio, we 
merged and filtered the VCF files with bcftools (-g “^mis –q 0.00001”), then converted the 



 

merged VCF file to plink using vcftools (version 0.1012). Finally, we converted the plink files to 
the TreeMix format using the supplied python script (“plink2treemix.py”). 

 Here we use the same notation as [83], where the test population C is represented by each 
Przewalski’s horse individual, and the ancestral populations A is a Przewalski’s horse individual, 
and B, is either the Franches-Montagnes or the Mongolian population. Following [83], negative 
f3(C;A,B) values suggest that C has contribution from both ancestral populations A and B Test 
significance was evaluated on the basis of adjusted p-value, which are Z-scores corrected for 
multiple testing using the function ‘p.adjust’ with the Holm correction [84] in R (Table S4). 
 
Gene flow between Przewalski’s horses and other horse populations using the D-statistics. 

We investigated potential gene flow between Przewalski’s horses and present-day 
domesticated horses, as well as between Przewalski’s horses and Late Pleistocene horses using D-
statistics [85, 86] and E. asinus somalicus Shakira [23] as an outgroup. We applied the test to our 
horse genome dataset as described in the Supplemental materials S12.1 of [2]. We excluded from 
our tests the genome of the Thoroughbred horse Twilight in order to avoid biases due to the fact 
that this genome was used as reference genome (EquCab2.0), thus making Twilight significantly 
closer to the reference than any other horse. 

Briefly, using the framework and notation from [2], one outgroup is selected, as well as 
three test-taxa defined as H1, H2 and H3. We test the null hypothesis that the topology ((H1, H2), 
H3), outgroup) is correct, and in the case it is rejected, the outcome of the test is compatible with 
the presence gene flow between H3 and H1, or between H3 and H2. This is also compatible with 
the presence of population sub-structure and/or admixture with an un-sampled and presently 
unknown ghost population [86]. Note also that the calculation of the D-statistics can be 
significantly affected in cases where H1 and H2 show strong differences in error rates (for 
example if H2 has a relative high error rate compared to H1, it will make a surplus of BABA 
events, by reverting the most common BABA sites, potentially leading to negative D-statistics, 
supporting gene flow between H1 and H2 [2, 86]. 

Our implementation of the ABBA-BABA test is described in [2], where we estimated the 
standard error of the D-statistics using “delete-m Jackknife for unequal m” based on 10 Mbp 
blocks, chosen to accommodate for the large linkage disequilibrium in horses [5]. The Z-score 
were calculated as a measure of significance; absolute values greater than 3 are usually used as an 
indication of statistically significant deviation from the null hypothesis. However, in order to 
control the family-wise error rate arising from the large number of tests performed, we corrected 
the Z-scores for multiple testing using the function ‘p.adjust’ with the Holm correction [84] in R. 
A test was considered significant, if it showed an adjusted p-value smaller than 0.05. Finally, in 
addition to ABBA-BABA tests based on sites where both transitions and transversions were 
observed, the analyses were run taking into consideration transversions only in order to reduce the 
effect of base error in the data when using ancient genomes. 
We tested the following tree topologies: 

•  ((Domesticated1, Domesticated2), Przewalski), Outgroup, where “Domesticated1” and 
“Domesticated2” are two different domesticated horses, in order to detect gene flow 
between present-day/historical Przewalski’s horses and domesticated horses. The results of 
these tests suggest that Przewalski’s horses are equidistant to all domesticated horse types. 

• ((Przewalski1, Domesticated1), Domesticated2), Outgroup), where we verified that all 
domesticated horses were closer to any other domesticated horse than to any present-day 
and historical Przewalski’s horse.  

• ((Przewalski1, Przewalski2), Domesticated), Outgroup), where “Przewalski1” and 
“Przewalski2” are two different present-day Przewalski’s horses (to reduce the impact of 
larger error rates on the data characteristic of ancient genomes), excluding the hybrids 
KB7903 and Ewld5_Theodor, in order to investigate potential stratification within the 



 

Przewalski’s horse population as a result of different amounts of gene flow with 
domesticated horses. Here, we showed that not all pairs of Przewalski’s horses are 
equidistant to any given domesticated horse, with a large proportion of the tests showing a 
significant deviation from the tree topology and the D-statistic estimates displaying a large 
variance. Moreover, we could not identify particular domesticated horses showing more 
genetic affinity to Przewalski’s horses than the others. These results suggest variable 
amounts of admixture with domesticated horses in the ancestry of Przewalski’s horses. 

•  ((Paratype, Przewalski), Domesticated), Outgroup), where “Przewalski” was any present-
day Przewalski’s horse, except the hybrid horse KB7903 in order to identify which, if any, 
domesticated or Przewalski’s horse type has been more involved in the gene flow detected 
using the test above. The rationale behind this test was that any pre-captivity Przewalski’s 
horse captured in the wild is hypothesized to show a minimal genetic contribution from 
domesticated horses (or at least represent the pre-captivity level of domesticated admixture 
in Przewalski’s horses). Using one of those pre-captivity horses as H1 should then allow 
for detecting admixture in present-day Przewalski’s horses. Here, we used the genome of 
the Paratype, as it is the pre-captivity Przewalski’s horse sequenced with the highest 
average coverage (3.7-fold) and lowest error rate (0.10%). It is likely that the extent of 
significant gene flow from domesticated to Przewalski’s horses is overestimated in the 
later tests owing to the use of the Paratype ancient genome, with a larger error rate, was 
used here as H1. 
We also quantified the amount of domesticated ancestry in each Przewalski’s horse. To 

achieve this, we used the results of the test of the two ((Przewalski1, Przewalski2), Domesticated), 
Outgroup) and tree topologies ((Przewalski1, Domesticated2), Domesticated), Outgroup), 
following the methodology presented in [83, 86, 87]. The rationale is to compare the difference in 
ABBA and BABA counts in both cases. As the latter represents a situation of total admixture (as 
two domesticated horses are lined up as H2 and H3), it offers a way to normalize the admixture 
level detected in the former tests, providing a minimal estimate for the admixture level observed. 
More specifically, we first calculated the difference Diff_P = nABBA – nBABA for the 
((Przewalski1, Przewalski2), Domesticated), Outgroup) tree topology, where “Przewalski1” is 
Paratype, SB339, SB274, SB533 or SB293, and “Domesticated” a given domesticated horse. For 
the same Domesticated horse, we then calculated the values for the difference Diff_D = nABBA – 
nBABA for all the possible ((Przewalski1, Domesticated2), Domesticated), Outgroup) tree 
toplogies, where “Przewalski1” is one of the Przewalski1 horses listed above, and 
“Domesticated2” another horse belonging to the same horse type Mongolian, Franches-
Montagnes, Standardbred, or Quarter horses as domesticated horses. For a given Przewalski1, we 
calculate, for each Przewalski2, the ratio Diff_P / Diff_D *100, which varies according to the 
Domesticated used as H3. 

On the basis of the results of these analyses, we identified the horses SB339, SB274, 
SB533 and SB293 as those the least genetically impacted by domesticated horses, and we used 
their genomes as H1 (Przewalski1) to test the ((Przewalski1, Przewalski2), Domesticated), 
Outgroup) tree topologies (Table S4). In these tests, the impact of genome error rate is reduced by 
the use of high-quality genomes as H1. We confirmed previous results with horses SB528, SB524, 
SB966 being the most impacted by domesticated horses, and SB339, SB274, SB533 and SB293 
the least impacted. 

The results of the D-statistic tests are further discussed in section S4.3 of the Supplemental 
Information file available online, which also presents the results and discussion of the test for tree 
topologies (((Przewalski, Domesticated), Ancient), Outgroup), where “Ancient” was the 
CGG10022 or the CGG10023 ancient horses. 
 
 



 

Chromosome painting by locus-specific inference 
We used the program LAMP v2.5 [88], which estimates, for each individual, its maximum 

likelihood locus-specific ancestry given a number K=2 of ancestral populations (the alleles of a 
diploid individual originated either from the domesticated and Przewalski’s ancestral populations). 
In the analyses, the Przewalski’s horse population comprised 15 individuals (including the hybrid 
KB7903) and the full dataset of 28 domesticated horse genomes (Table S1). We considered that 
both populations have been mixing for eight generations, corresponding to the foundation of the 
Przewalski’s horse pedigree. We assumed chromosome-specific recombination rates (set 
according to [89] and ranging from 0.58 Cm/Mb for chromosome 26 to 2.33 cm/Mb for 
chromosome 27), and an admixture proportion (a parameter) of 65% and 35%, i.e., approximately 
the proportions of domesticated and Przewalski’s horse chromosomes in the joint SNP panel. As 
inconsistent introgression proportions were calculated when masking genotypes not showing 
maximum quality, i.e., equal to 99, the Prz_Przewalski horse, sequenced at a lower coverage 
(9.65-fold, Table S1), we excluded this horse from our analyses. 

As in the Przewalski’s horse population, the contribution from domesticated horses has not 
been equal in all Przewalski’s lineages, in violation of the random mating assumption since the 
first admixture event in LAMP, we re-assigned chromosomal windows showing a deviation from 
the global the expected admixture proportions in order to avoid erroneous inference of locus 
ancestry. We also masked uncertain genomic regions, which may represent ancestral 
polymorphisms, or poorly assembled regions. The results of the LAMP analyses are further 
discussed in section S4.4.1 of the Supplemental Information file available online. 

 
Mendelian trait genotyping  

We determined whether alleles associated with Mendelian traits present in the 
Przewalski’s horse population were found in genomic blocks introgressed from domesticated 
horse. Using the genotypes calls, we examined SNPs at 49 loci underlying Mendelian traits (e.g., 
diseases, coat coloration, other phenotypes; Table S5). These include traits collected in the Online 
Mendelian Inheritance in Animals (OMIA) database [90], in [2], and in [91] as described in [4]. 
An attempt was made to call SNPs at all loci for both modern and ancient samples as described 
above, and when this was not possible, the number of high-quality nucleotides (Phred base quality 
score >= 35) observed at the given site was recorded instead (Table S5). The results of the 
Mendelian trait analyses are further discussed in sections S3.5.2 and S4.4.6 of the Supplemental 
Information file available online. 
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Table S1. Information about the horse genomes used in this study

Horse ID
(Centre for GeoGenetics CGG 
database number)

Holoype n/a M Przewalski 137

(CGG_1_016159)

Paratype n/a F Przewalski 116
(CGG_1_016160)

Ewld1_Bijsk1 SB11 M Przewalski 107
CGG_1_015486

Ewld2_Bijsk2 SB12 F Przewalski 105
CGG_1_015487

Ewld3 (CGG_1_015489) SB55 F Przewalski 109

Ewld4 (CGG_1_015490) SB57 F Przewalski 99

Ewld5_Theodor (CGG_1_015493) SB56 M Hybrid 88

Ewld7_Wallach (CGG_1_015495) n/a M Hybrid 86

Total

Total

Total

Total

Total

Studbook#/Alternat
ive ID

Se
x

Horse type Age (years)

Supplemental Data



Ewld1 (CGG_1_015494) SB59 M Hybrid 103

Emgl1 (CGG_1_015491) n/a F Mongolian 102

Emgl3 (CGG_1_015492) n/a F Mongolian 103

KB7674 SB285 M Przewalski Modern

KB7713 SB524 F Przewalski Modern

KB7848 SB528 F Przewalski Modern

SB281 SB281 M Przewalski Modern

SB293 SB293 M Przewalski Modern

SB339 SB339 F Przewalski Modern

SB4329 SB159 M Przewalski Modern

SB533 SB533 M Przewalski Modern

SB615 SB615 M Przewalski Modern

Total

Total

Total

Total

Total

Total

Total

Total

Total

Total

Total



KB3879 SB274 F Przewalski Modern

KB7856 SB966 F Przewalski Modern

KB7903 n/a n/a Przewalski x Domesticated
F1 hybrid Modern

KB7754 n/a n/a Mongolian Modern

Mon_FM1798 n/a M Franches-Montagnes Modern
Mon_FM1932 n/a M Franches-Montagnes Modern
Mon_FM1948 n/a M Franches-Montagnes Modern
Mon_FM2218 n/a M Franches-Montagnes Modern
Mon_FM1190 n/a M Franches-Montagnes Modern
Mon_FM1041 n/a M Franches-Montagnes Modern
Mon_FM1951 n/a M Franches-Montagnes Modern
Mon_FM0467 n/a M Franches-Montagnes Modern
Mon_FM0431 n/a M Franches-Montagnes Modern
Mon_FM1785 n/a M Franches-Montagnes Modern
Mon_FM1030 n/a M Franches-Montagnes Modern
Mon_FM0450 n/a M Franches-Montagnes Modern
Mor_EMS595 96 F Morgan Modern
Qrt_A5964 QH6 75 F Quarter Modern
Qrt_A5659 QH5 74 F Quarter Modern
Qrt_A1543 QH1 70 F Quarter Modern
Qrt_A2085 QH4 73 M Quarter Modern
Std_M977 STDB3 78 F Standardbred Modern
Std_M5256 STDB12 81 M Standardbred Modern
Std_M1009 STDB9 90 M Standardbred Modern
Std_Standardbred n/a M Standardbred Modern

Mng_D2629 n/a F Mongolian Modern
Mng_D2628 n/a M Mongolian Modern
Fjord n/a F Norwegian Fjord horse Modern

Icelandic n/a M Icelandic horse Modern

Arabian n/a F Arabian horse Modern

Prz_D2630 n/a M Przewalski Modern
Prz_D2631 n/a F Przewalski Modern
Prz_Przewalski n/a M Przewalski Modern

Total

Total

Total

Total



CGG10022 n/a F Late Pleistocene 42,692 ± 891 
cal.

CGG10023 n/a M Late Pleistocene 16,099 ± 192 
cal.

*Orlando et al., 2009; Ginolhac et al., 2012
**Gilbert et al., 2007
***Dabney et al. 2013

Total

Total



This study
Copenhage
n PRZ1_CGATGA Tooth 78

PRZ1_ACTGCC

PRZ2_GCAACG

PH_H1_1_CTATCA Hair 500
PH_H1_2_TGTGAC
PH_H1_3_TGAGCC
PH_H1_4_CGATGA
PH_H1_5_GAGATA
PH_H1_6_CTGACA

This study
Copenhage
n PH_P2_1_TGATGC Hair 500

PH_P2_2_TAGATG
PH_P3_GTATCT Hair <50

This study
Copenhage
n Ewld1_Bjisk1_TAGATG Tooth 76

Ewld1_Bjisk1_TGAGCC Tooth 216
Ewld1_Bjisk1_CTATCA

This study
Copenhage
n Ewld2_Bjisk2_TGTGAC Tooth 100

Ewld2_Bjisk2_AGCATG Tooth 225
Ewld2_Bjisk2_CGTATA

This study
Copenhage
n Ewld3_GTATCT Bone 330

This study
Copenhage
n Ewld4_TGCATA Tooth 84

This study
Copenhage
n

Ewld5_Theodore_CGCTA
T Tooth 228

Ewld5_Theodore_CGTAT
A Tooth 225

Ewld5_Theodore_CTATC
A Tooth 225

This study
Copenhage
n Ewld7_Wallach_TCTCGC Tooth 110

Total

Total

Total

Total

Reference

Total

Sequence
d in

Library name Index Sample type Powder used 
(mg)



This study
Copenhage
n Ewld1_TGAACA Tooth 300

This study
Copenhage
n Emgl1_CAGCTA Tooth 154

Emgl1_GTGTAT Tooth 294
Emgl1_TGAACA

This study
Copenhage
n Emgl2_ACATAC Tooth 136

Emgl3_CGCTAT Tooth 241

Emgl3_CAGCTA

This study
Copenhage
n KB7674_1BIS  AGCATG Immortalized cellsn/a

KB7674_2BIS  TGTGAC

This study
Copenhage
n KB7713_1BIS  GTATCT Immortalized cellsn/a

KB7713_2BIS  GACGAC

This study
Copenhage
n KB7848_1BIS  GACCGG Immortalized cellsn/a

KB7848_2BIS  CGTATA

This study
Copenhage
n SB281_1BIS  GTGTAT Immortalized cellsn/a

SB281_2BIS  ACGCAT

This study
Copenhage
n SB293_1BIS  CGATGA Immortalized cellsn/a

SB293_2BIS  TAGATG

This study
Copenhage
n SB339_1BIS  TAGATG Immortalized cellsn/a

SB339_2BIS  CGATGA

This study
Copenhage
n SB4329_1BIS  CGTATA Immortalized cellsn/a

SB4329_2BIS  GACCGG

This study
Copenhage
n SB533_1BIS  CTATCA Immortalized cellsn/a

SB533_2BIS CTGACA

This study
Copenhage
n SB615_1BIS  ACATAC Immortalized cellsn/a

SB615_2BIS  TCTCGC

Total

Total

Total

Total

Total

Total

Total

Total

Total

Total

Total



This study
Copenhage
n KB3879_1BIS  TCTCGC Immortalized cellsn/a

KB3879_2BIS  ACATAC

This study
Copenhage
n SB966_1BIS  GACGAC Immortalized cellsn/a

SB966_2BIS  GTATCT

This study
Copenhage
n KB7903_1BIS  ACGCAT Immortalized cellsn/a

KB7903_2BIS  GTGTAT

This study
Copenhage
n KB7754_1BIS  TGTGAC Immortalized cellsn/a

KB7754_2BIS  AGCATG

This study Bern Mon_FM1798 Blood n/a
This study Bern Mon_FM1932 Blood n/a
This study Bern Mon_FM1948 Blood n/a
This study Bern Mon_FM2218 Blood n/a
This study Bern Mon_FM1190 Blood n/a
This study Bern Mon_FM1041 Blood n/a
This study Bern Mon_FM1951 Blood n/a
This study Bern Mon_FM0467 Blood n/a
This study Bern Mon_FM_431 Blood n/a
This study Bern Mon_FM1785 Blood n/a
This study Bern Mon_FM1030 Blood n/a
This study Bern Mon_FM0450 Blood n/a
This study Minnesota Mor_EMS595 Blood n/a
This study Minnesota Qrt_A5964 Blood n/a
This study Minnesota Qrt_A5659 Blood n/a
This study Minnesota Qrt_A1543 Blood n/a
This study Minnesota Qrt_A2085 Blood n/a
This study Minnesota Std_M977 Blood n/a
This study Minnesota Std_M5256 Blood n/a
This study Minnesota Std_M1009 Blood n/a
Orlando et al., 2013; Schubert et 
al., 2014

- - - -

Do et al., 2014 - - - -
Do et al., 2014 - - - -
Orlando et al., 2013; Schubert et 
al., 2014

- - - -

Orlando et al., 2013; Schubert et 
al., 2014

- - - -

Orlando et al., 2013; Schubert et 
al., 2014

- - - -

Do et al., 2014 - - - -
Do et al., 2014 - - - -
Orlando et al., 2013; Schubert et 
al., 2014

- - - -

Total

Total

Total

Total



Orlando et al., 2013; Schubert et 
al., 2014

- ACTGCC_DI - -

ACTTGA

CGTAGT

CTTGTA_AP

CTTGTA_APem

CTTGTA_TG

GCAACG_TI

TGACCA_AP

TGACCA_TG

TGCAGG_SI

Schubert et al., 2014 - 13-idx1 - -

13-idx10

13-idx11

13-idx12

13-idx2

13-idx24
13-idx25
13-idx26

13-idx3

13-idx4

13-idx9

Total

Total



5'-end 3'-
end

Nuclear 
genome

Silica* USER- --forward 7 7 2.9E-02

USER+ No 
rescaling 8 8 3.8E-01

USER+ No 
rescaling 8 8 5.6E-01

Hair-silica** USER- Defaults 4 4 9.2E-02
USER- Defaults 4 4 2.1E-02
USER+ Defaults 4 4 7.8E-02
USER+ Defaults 4 4 8.9E-02
USER+ Defaults 4 4 6.3E-02
USER+ Defaults 4 4 7.8E-02

1.4

Hair-silica** USER- Defaults 5 5 1.6E-02

USER- Defaults 5 5 1.3E-01
Dabney*** USER+ Defaults 0 0 3.6

3.7

Silica* USER- Defaults 1 1 4.5E-02

Dabney*** USER+ Defaults 1 1 7.6E-01
USER+ Defaults 1 1 1.0E-01

9.1E-01

Silica* USER- Defaults 8 8 1.5E-02

Dabney*** USER+ Defaults 9 9 5.0E-01
USER+ Defaults 9 8 4.0E-01

9.1E-01

Silica* USER- Defaults 0 0 1.6E-03

Silica* USER- Defaults 0 0 5.4E-04

Dabney*** USER- Defaults 7 7 1.0E-03

Dabney*** USER+ No 
rescaling 1 1 2.2

Dabney*** USER+ No 
rescaling 1 1 2.1

4.3

Silica* USER- Defaults 5 5 5.1E-04

Total

Total

Total

Total

Total

Rescalin
g option

Trimming (bp) Coverage (X)Extraction method USER 
treatment



Silica* USER- Defaults 5 5 4.3E-04

Silica* USER- Defaults 6 6 2.2E-03

Dabney*** USER+ Defaults 3 3 9.2E-02
USER+ Defaults 4 4 2.3E-02

1.2E-01

Silica* USER- Defaults 6 6 1.5E-02

Dabney*** USER+ No 
rescaling 7 7 3.4E-03

USER+ No 
rescaling 7 7 4.4E-03

2.3E-02

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 2.9

16.8
19.7

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 8.0

11.9
19.9

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 3.5

14.6
18.0

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 5.3

18.1
23.4

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 4.6

14.7
19.3

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 4.0

19.0
23.0

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 6.5

14.1
20.5

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 5.8

14.6
20.4

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 4.2

15.4
19.6

Total

Total

Total

Total

Total

Total

Total

Total

Total

Total

Total



Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 2.9

20.0
22.9

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 5.5

14.5
20.1

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 6.7

16.2
22.8

Qiagen's DNeasy Blood and Tissue Kit n/a n/a n/a n/a 3.5

15.9
19.5

GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 22.6
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 10.8
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 8.7
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 12.1
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 16.4
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 8.0
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 19.2
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 15.3
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 11.6
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 14.9
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 17.0
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 16.2
GE Healthcare Nucleon Bacc2 kit n/a n/a n/a n/a 14.0
Purogene Blood Kit C/Qiagen's DNeasy Blood and Tissue Kitn/a n/a n/a n/a 14.0
Purogene Blood Kit C/Qiagen's DNeasy Blood and Tissue Kitn/a n/a n/a n/a 13.7
Purogene Blood Kit C/Qiagen's DNeasy Blood and Tissue Kitn/a n/a n/a n/a 12.6
Purogene Blood Kit C/Qiagen's DNeasy Blood and Tissue Kitn/a n/a n/a n/a 12.3
Purogene Blood Kit C/Qiagen's DNeasy Blood and Tissue Kitn/a n/a n/a n/a 12.4
Purogene Blood Kit C/Qiagen's DNeasy Blood and Tissue Kitn/a n/a n/a n/a 11.4
Purogene Blood Kit C/Qiagen's DNeasy Blood and Tissue Kitn/a n/a n/a n/a 7.7
- -

n/a n/a n/a
12.3

- - n/a n/a n/a 24.1
- - n/a n/a n/a 23.5
- -

n/a n/a n/a
7.7

- -
n/a n/a n/a

8.5

- -
n/a n/a n/a

10.8

- - n/a n/a n/a 16.9
- - n/a n/a n/a 25.3
- -

n/a n/a n/a
9.7

Total

Total

Total

Total



- - --diff-
hangs 0 0 3.0

--diff-
hangs 0 0 9.4E-01

--diff-
hangs 0 0 7.7E-01

No 
rescaling 0 0 1.5

No 
rescaling 0 0 7.0E-01

--diff-
hangs 0 0 9.6

Defaults 0 0 3.0E-01
No 
rescaling 0 0 8.1E-01

No 
rescaling 0 0 8.4

Defaults 0 0 9.0E-01
2.4E+01

- --diff-
hangs 0 0 2.3

--diff-
hangs 0 0 6.3E-01

--diff-
hangs 0 0 9.0E-03

--diff-
hangs 0 0 1.2

--diff-
hangs 0 0 1.1E-01

Defaults 0 0 6.5E-01
Defaults 0 0 1.5E-01
Defaults 0 0 2.0
--diff-
hangs 0 0 1.2E-01

--diff-
hangs 0 0 1.5E-01

--diff-
hangs 0 0 2.6E-02

7.4

Total

Total



Heterozygosity 
Ratio X-

chromosome/Nuclear
Mitochrondrial 

genome
pre-

filtering
post-filtering        

(mapping scores 
>30, base-quality 

scores >20)

(sites per kilobase)

6.3

53.0

85.0

21.0
4.8
21.0
23.0
16.0
20.0

0.4 250.0 0.317 0.258 1.2

7.6

54.0
690.0

0.9 750.0 0.150 0.099 0.742

21.0

400.0
250.0

0.4 670.0 0.257 0.178 1.353

21.0

540.0
1000.0

1.1 1600.0 0.550 0.463 2.354

0.5 3.0 1.188 0.568

0.5 0.1 0.348 0.041

1.4

250.0

260.0

0.4 510.0 0.661 0.622 2.659

0.6 0.2 1.512 1.089

Coverage (X) Error rate (% errors per base)



0.4 1.8 1.006 0.712

2.3

210.0
57.0

1.0 270.0 0.406 0.306 n/a

13.0

8.3

12.0

1.0 33.0 0.717 0.546 n/a

602.1

3331.4
0.5 3933.5 0.147 0.043 1.533

226.1

329.5
1.0 555.6 0.149 0.047 1.546

129.0

516.4
1.0 645.4 0.134 0.038 1.265

79.6

284.7
0.5 364.4 0.158 0.046 1.707

165.9

496.6
0.5 662.5 0.139 0.045 1.399

978.0

4408.9
1.0 5386.9 0.135 0.039 1.365

2122.2

4471.8
0.5 6594.0 0.158 0.051 1.525

1017.0

2508.8
0.5 3525.8 0.160 0.050 1.237

1073.9

3787.1
0.5 4860.9 0.151 0.051 1.122



84.3

558.5
1.0 642.8 0.136 0.036 1.226

1374.2

3647.8
1.0 5022.0 0.145 0.040 1.452

3291.5

7573.4
0.5 10864.9 0.143 0.038 1.9

464.0

2002.8
0.5 2466.8 0.135 0.035 0.532
0.5 n/a 0.316 0.026 0.579
0.5 n/a 0.424 0.032 0.600
0.5 n/a 0.441 0.033 0.549
0.5 n/a 0.412 0.030 0.566
0.5 n/a 0.195 0.032 0.563
0.5 n/a 0.262 0.040 0.568
0.5 n/a 0.206 0.025 0.566
0.5 n/a 0.177 0.023 0.540
0.6 n/a 0.178 0.021 0.552
0.6 n/a 0.200 0.027 0.544
0.5 n/a 0.262 0.031 0.562
0.5 n/a 0.172 0.023 0.565
1.1 n/a 0.222 0.029 0.564
0.9 n/a 0.220 0.034 0.554
1.1 n/a 0.220 0.023 0.514
1.1 n/a 0.194 0.027 0.555
0.6 n/a 0.196 0.022 0.519
1.1 n/a 0.228 0.030 0.497
0.6 n/a 0.238 0.038 0.530
0.5 n/a 0.211 0.030 0.497

0.5
-

0.253 0.092 0.473

0.5 - 0.062 0.019 0.978
0.9 - 0.059 0.018 0.598

0.9
-

0.170 0.067 0.575

0.5
-

0.228 0.094 0.592

0.9
-

0.166 0.068 0.483

0.5 - 0.065 0.022 1.261
1.1 - 0.059 0.021 1.331

0.5
-

0.198 0.077 1.451



0.9 - 0.265 0.103 0.798

0.5 - 0.363 0.207 1.058



n/a 0.057

n/a 0.130

n/a 0.000

n/a 0.000

n/a n/a

n/a n/a

n/a 0.000

n/a n/a

F-HMM inbreeding coefficientInbreeding coverage



n/a n/a

n/a n/a

n/a n/a

0.120 0.060

0.131 0.084

0.283 0.244

0.052 0.005

0.181 0.119

0.194 0.139

0.125 0.065

0.280 0.193

0.388 0.321



0.266 0.189

0.201 0.134

0.010 0.000

0.129 0.111
0.133 0.035
0.041 0.010
0.125 0.074
0.183 0.128
0.100 0.062
0.114 0.090
0.097 0.079
0.139 0.102
0.093 0.060
0.133 0.097
0.092 0.059
0.085 0.051
0.074 0.054
0.167 0.120
0.093 0.067
0.089 0.055
0.157 0.110
0.195 0.171
0.149 0.125
0.207 0.165

0.259 0.220

0.034 0.026
0.006 0.000

0.099 0.080

0.135 0.188

0.285 0.262

0.248 0.176
0.241 0.170

0.160 0.074



0.002 n/a

0.000 n/a



Table S2. Function enrichment for Przewalski's horse Ancestry Informative Markers, gene candidates for selection based on FST and SweeD genomic scans.

Enrichment 
database Function Database ID p-value* 

(human)

Przewalski’s horse Ancestry Informative Markers 

KEGG pathways arrhythmogenic right ventricular 
cardiomyopathy

5412 0.0013

Wikipathway WP2118 0.0018

KEGG pathways dilated cardiomyopathy 5414 0.0013

KEGG pathways hypertrophic cardiomyopathy 5410 0.0013

fasciitis PheWAS:728.7 0.0084

KEGG pathways protein digestion and absorption 4974 0.0013

PheWAS disorders of muscle, ligament, and 
fascia

PheWAS:728 0.0084

diseases of sebaceous glands PheWAS:706 0.0365

craniofacial Abnormalities DB_ID:PA44683
6

0.0238Diseases



mental retardation DB_ID:PA44492
9

0.0279

metaplasia DB_ID:PA44494
1

0.0147

musculoskeletal abnormalities DB_ID:PA44500
0

0.0255

DB_ID:PA44526
5

0.0416

neoplastic processes DB_ID:PA44507
8

0.0279

pathologic neovascularization DB_ID:PA44508
0

0.0147

FST-based scans
Enrichment 
database

Function** Database ID Min. p-value*

respiratory tract diseases DB_ID:PA44552
5

0.0279

skin diseases, vascular DB_ID:PA44648
7

0.0100

Diseases

nervous system malformations DB_ID:PA44509
2

0.0182

pathologic processes



non-odorant GPCRs WP1396 3.89E-07

mRNA processing WP310 8.37E-08

one carbon metabolism and related
pathways

WP1770 2.53E-06

plurinetwork WP1763 7.07E-11

epithelium TarBase WP2002 7.00E-04

IL-3 signaling pathway WP286 1.40E-03
kit receptor signaling pathway WP407 4.31E-07

Id signaling pathway WP512 3.00E-04
focal adhesion WP306 4.17E-09

Wikipathways



chemokine signaling pathway WP2292 3.78E-07

Alzheimers disease WP2059 1.24E-06

integrated pancreatic cancer
pathway

WP2256 8.85E-09

apoptosis WP1254 3.22E-05

striated muscle contraction WP383 2.60E-03
lymphocyte TarBase WP2004 3.00E-07

MAPK cascade WP422 3.77E-02
glycogen metabolism WP500 4.15E-02
glycerophospholipid metabolism 564 6.81E-10

muscle cell TarBase WP2005 6.53E-07

Wikipathways

KEGG pathway



cytokine-cytokine receptor
interaction

4060 1.59E-07

chemokine signaling pathway 4062 4.89E-06

dilated cardiomyopathy 5414 3.74E-09

ECM-receptor interaction 4512 1.53E-08

hypertrophic cardiomyopathy
(HCM)

5410 1.70E-10

pathways in cancer 5200 2.39E-14

pancreatic secretion 4972 3.65E-07

gastric acid secretion 4971 6.00E-04
pancreatic cancer 5212 2.00E-04
long-term depression 4730 2.00E-04

KEGG pathway



metabolic pathways 1100 2.82E-20

focal adhesion 4510 1.07E-10

vascular smooth muscle
contraction

4270 1.19E-05

phosphatidylinositol signaling
system

4070 2.40E-08

long-term potentiation 4720 7.00E-04
renal cell carcinoma 5211 7.00E-04
cellular phenotype MP:0005384 9.90E-10
mortality/aging MP:0010768 9.90E-10
abnormal survival MP:0010769 4.69E-09
preweaning lethality MP:0010770 4.68E-09
abnormal cell physiology MP:0005621 9.90E-10
abnormal phagocyte morphology MP:0008251 2.54E-07
abnormal myeloid leukocyte 
morphology

MP:0008250 5.40E-06

KEGG pathway

Phenotypes



lethality during fetal growth through 
weaning

MP:0010832 1.09E-06

metabolic diseases DB_ID:PA44493
8

1.50E-09

genetic translocation DB_ID:PA44591
4

2.15E-08

multiple endocrine neoplasia type 1 DB_ID:PA44676
0

3.17E-08

disease susceptibility DB_ID:PA44391
9

4.42E-10

genetic predisposition to disease DB_ID:PA44688
2

2.25E-10

mood disorders DB_ID:PA44720
9

1.89E-08

immune system diseases DB_ID:PA44460
2

4.86E-09

cancer or viral infections DB_ID:PA12840
7012

3.25E-13

neoplasms DB_ID:PA44506
2

4.87E-08

leukemia, myeloid DB_ID:PA44476
1

8.00E-04

leukemia DB_ID:PA44475
0

3.78E-09

tracheoesophageal fistula DB_ID:PA44591
2

1.60E-03

HIV DB_ID:PA44723
0

1.43E-09

death DB_ID:PA44384
2

4.81E-06

heart diseases DB_ID:PA44436
8

3.85E-07

Enrichment Function Database ID p-value* 

Phenotypes

Diseases

SweeD-based selection scan

Wikipathways AMPK signaling WP1403 1.48E-02

angiogenesis overview WP1993 1.48E-02



Wikipathways

focal adhesion WP306

peptide GPCRs WP24 1.48E-02

regulation of actin cytoskeleton WP51 3.25E-02

3.65E-02

mRNA processing WP411 2.94E-02

KEGG pathways Alzheimer's disease 5010 3.33E-02

phagosome 4145 3.15E-02

hypertrophic cardiomyopathy 
(HCM)

5410 2.16E-02

GnRH signaling pathway 4912 2.16E-02

cardiac muscle contraction 4260 2.16E-02



KEGG pathways

hypertrophic cardiomyopathy 
(HCM)

5410 2.16E-02

metabolic pathways 1100 2.16E-02

Vascular smooth muscle 
contraction

4270 2.42E-02

VEGF signaling pathway 4370 2.16E-02

RNA transport 3013 3.15E-02

mRNA surveillance pathway 3015 2.16E-02

HP:0000602 1.72E-01

Phenotypes external ophthalmoplegia HP:0000544 8.84E-02

ophthalmoparesis HP:0000597 1.70E-01

ophthalmoplegia



HP:0000602 1.72E-01

abnormality of the seventh cranial 
nerve

HP:0010827 2.84E-01

Phenotypes

ophthalmoplegia

abnormality of the cranial nerves HP:0001291 3.24E-01

cranial nerve paralysis HP:0006824 3.24E-01

abnormality of facial musculature HP:0000301 2.91E-01

abnormality of facial soft tissue HP:0011799 3.24E-01

increased adrenocorticotropin level MP:0005129 n.i.

abnormal food preference MP:0001432 n.i.

facial palsy HP:0010628 2.84E-01

reduced consciousness/confusion HP:0004372 3.24E-01

abnormal voluntary movement MP:0003491 n.i.



Phenotypes

abnormal motor 
capabilities/coordination/movement

MP:0002066 n.i.

increased bone trabecula number MP:0010868 n.i.

abnormal voluntary movement MP:0003491 n.i.

abnormal involuntary movement MP:0003492 n.i.



Phenotypes

increased bone trabecula number MP:0010868 n.i.

PheWAS torsion dystonia PheWAS:333.4 4.14E-02

acute pancreatitis

abnormal trabecular bone volume MP:0010877 n.i.

decreased epididymal fat pad 
weight

MP:0009289 n.i.

PheWAS:577.1 4.14E-02

cancer of larynx PheWAS:149.4 4.14E-02

increased insulin sensitivity MP:0002891 n.i.

impetigo PheWAS:686.2 4.14E-02



PheWAS

diseases of white blood cells PheWAS:288 4.35E-02

mixed hyperlipidemia PheWAS:272.1
3

4.35E-02

impetigo PheWAS:686.2 4.14E-02

bronchitis PheWAS:497 4.35E-02

Diseases psychosomatic disorder NOS DB_ID:PA16510
9034

1.30E-03

psychophysiologic disorders DB_ID:PA44545
4

1.30E-03

Kaposi sarcoma

encephalomyelitis DB_ID:PA44402
3

1.90E-02

dizygotic twins DB_ID:PA16510
8245

3.46E-02

DB_ID:PA44559
9

1.90E-02

alagille syndrome DB_ID:PA44637
6

1.90E-02

mitochondrial diseases DB_ID:PA44717
2

3.46E-02



*p-value: adjusted p-value, after Benjamini-Hochberg correction for multiple tests.
**function identified as significant in a least one FM and one DOM panel (using the human and/or mouse model).
“n.i.” pathway non identified in the model organism.

Diseases

ring chromosomes DB_ID:PA44557
2

4.42E-02

mitochondrial diseases DB_ID:PA44717
2

3.46E-02

starvation DB_ID:PA44573
4

4.13E-02



Table S2. Function enrichment for Przewalski's horse Ancestry Informative Markers, gene candidates for selection based on FST and SweeD genomic scans.

Human Gene ID p-value* 
(mouse) Mouse Gene ID Gene 

Names
ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

ENSG000001431
27

ENSMUSG0000009
0210

ITGA10

ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

ENSG000001431
27

ENSMUSG0000009
0210

ITGA10

ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

ENSG000001431
27

ENSMUSG0000009
0210

ITGA10

ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

ENSG000001431
27

ENSMUSG0000009
0210

ITGA10

ENSG000001828
71

ENSMUSG0000000
1435

COL18A1

ENSG000002042
91

ENSMUSG0000002
8339

COL15A1

ENSG000000992
60

PALMD

ENSG000001473
16

MCPH1

ENSG000000992
60

PALMD

ENSG000001473
16

MCPH1

ENSG000000992
60

PALMD

ENSG000001473
16

MCPH1

ENSG000001473
16

MCPH1

ENSG000001522
17

SETBP1

Przewalski’s horse Ancestry Informative Markers 

0.0007

0.0007

0.0007

0.0007

n/a

n/a n/a

0.0007

n/a

n/a

n/a n/a

n/a



ENSG000001473
16

MCPH1

ENSG000001522
17

SETBP1

ENSG000001828
71

COL18A1

ENSG000001433
69

ECM1

ENSG000001473
16

MCPH1

ENSG000001522
17

SETBP1

ENSG000001828
71

COL18A1

ENSG000001433
69

ECM1

ENSG000001828
71

COL18A1

ENSG000001433
69

ECM1

ENSG000001828
71

COL18A1

ENSG000001473
16

MCPH1

ENSG000001828
71

COL18A1

ENSG000001433
69

ECM1

ENSG000001828
71

COL18A1

ENSG000001433
69

ECM1

ENSG000002042
91

COL15A1

ENSG000001828
71

COL18A1

n/a n/a

n/a n/a

n/a n/a

n/a n/a

n/a n/a

n/a n/a

FST-based scans
Max. p-value* Gene Name list / Number of genes

n/a n/a

n/a n/a

n/a n/a



5.00E-04

5.00E-04

9.00E-04

1.10E-03

3.30E-03

2.20E-03
7.30E-03

5.10E-03
7.60E-03

ADORA3, AVPR1B, C5AR1, CALCRL, 
CCKAR, CCR1, CCR2, CCR3, CCR8, CCR9, 
CCRL2, CNR2, CXCR6, EMR1, F2RL3, GHSR, 
GPR56, GPR77, GPRC5B, GRM3, HCRTR2, 
HRH3, HRH4, HTR1D, HTR2B, HTR4, HTR6, 
LPAR1, MC4R, MTNR1B, NIACR1, PROKR2, ADAD1, AKAP1, ANKRD33B, CLK2, CLP1, 
CSDE1, DDX20, DDX4, DDX41, DHX9, DND1, 
EIF2AK2, EIF2D, EIF4E, ELAVL3, EXOSC7, 
GRSF1, HNRNPR, ILF3, LSM11, MSI2, 
PCBP1, PCBP3, PPP1R14B, PRMT2, PRPF4, 
PUM2, RALY, RBM18, RBM22, RBM25, 
RBM26, RPS20, RPS28, RSRC2, SBNO1, 
SF3A1, SF3A2, SNRNP35, SNRPA, SNRPB2, 
SNRPD1, SNRPF, SPEN, SRSF1, SRSF10, AHCYL1, CBS, CEPT1, CHDH, CHKA, DNM1, 
ETNK1, GAD1, GPX1, GPX3, MTHFR, PLD1, 
TYMSACVR1, CDK2, CHD4, CUBN, DGKA, DHX9, 
DNMT3B, EP400, GATA6, GRSF1, GSK3B, 
HCK, HDAC4, LRP5, MAPK1, MBD3, MDM2, 
MLL2, MTOR, MYBL2, NACC1, NANOG, 
OTX2, PAF1, PIAS2, PIK3CD, POU2F1, 
PTPN11, RBPJ, RCOR2, RELA, RYBP, 
SATB1, SATB2, SF1, SMAD2, SMAD4, 
SMAD7, SMARCA4, SOX2, TCF7, TLE4, ADIPOR2, ATP2A2, BCKDHB, BCL6, BRI3BP, 
CAND1, CDCP1, CSDE1, DHX40, FBXW11, 
FNDC3B, HARS, HDAC4, HOXC8, 
HSD17B12, KIT, LAMC1, LAMC2, LAMTOR5, 
LCLAT1, LY6K, MTX1, NOTCH2, NUFIP2, 
PDLIM7, PHC2, PICALM, PLK1, PPP1R7, 
RAB5C, SERP1, SLC12A2, SLC25A24, 
BAD, BCL2L1, CCR3, CSF2RB, ENPP3, HCK, 
BAD, CBLB, CLTC, CSF2RB, EPOR, HCK, 
KIT, LYN, MAPK1, PRKCB, PTPN11, PTPN6, 
STAP1, TNFRSF10B, VAV1, YES1CDK2, IGF1, IGF1R, NGF, RBL1, SMAD4, 
BAD, CAPN1, COL2A1, DOCK1, GSK3B, 
HCK, IGF1, IGF1R, ITGA10, ITGA2, ITGA8, 
LAMA2, LAMA3, LAMB2, LAMC1, LAMC2, 
MAP2K5, MAPK1, MAPK4, MYL6, MYLK2, 
PAK4, PAK7, PIK3CD, PIK3R4, THBS2, 
THBS3, TNR, VAV1, VEGFB, VWF



1.21E-02

9.50E-03

1.90E-02

4.15E-02

4.16E-02
4.15E-02

4.15E-02
4.16E-02
4.80E-06

ADCY2, CCL1, CCL11, CCL7, CCR1, CCR2, 
CCR3, CCR8, CCR9, CXCR6, ELMO1, GNB3, 
GSK3B, HCK, LYN, MAPK1, NRAS, PIK3CD, 
PLCB1, PLCB3, PLCB4, PRKCB, RASGRP2, 
RELA, VAV1, VAV3APP, ATF6, ATP2A2, BAD, CACNA1C, 
CACNA1D, CAPN1, CASP9, GAPDH, GSK3B, 
MAPK1, PLCB1, PLCB3, PLCB4, TNFRSF1A

APP, BLM, BRF1, CAB39, CAMK2A, CAPN1, 
CASP9, CDK2, DAG1, DCC, DFFB, ESR1, 
ESR2, HNF4A, IAPP, MAPK1, MAPK4, MDM2, 
MYT1, NCK1, NOXA1, PCNA, PLK1, PLN, 
PRKAA2, RARB, RB1CC1, RBL1, RRM1, 

4.16E-02 ADIPOR2, ATP2A2, CAMTA1, CAND1, 
CDCP1, CDKAL1, CHORDC1, COIL, CSDE1, 
CSF1, DHX40, E2F3, EIF4E, ERBB3, ESR1, 
FADS2, FNDC3B, HDAC4, HSD17B12, 
HSDL1, ITGA2, KIT, LAMC1, LAMC2, 
LAMTOR5, LCLAT1, MOV10, NAPG, NCEH1, 
NOTCH2, NUFIP2, PDE3A, PDLIM7, PICALM, 
PKN2, PLK1, POLA2, PPP1R7, RAB27B, 
RFT1, RHOG, SERP1, SLC12A2, SLC25A24, BAD, BCL2L1, BOK, CASP9, CRADD, DFFB, 
DIABLO, IGF1, IGF1R, IRF4, IRF6, MDM2, 
RELA, TNFRSF10B, TNFRSF1ACASQ2, MYL9, MYOM1
ADIPOR2, ATP2A2, BCKDHB, BCL6, BRI3BP, 
CAND1, CDCP1, CDKAL1, CHORDC1, COIL, 
CSDE1, DHX40, DNMT3B, E2F3, EIF4E, 
FADS2, FBXW11, FNDC3B, HARS, HDAC4, 
HSD17B12, HSDL1, ITGA2, KIT, LAMC1, 
LAMC2, LAMTOR5, LCLAT1, LY6K, MOV10, 
MSI2, MTX1, NAPG, NCEH1, NOTCH2, 
NUFIP2, PDE3A, PDLIM7, PHC2, PICALM, 
PKN2, PLK1, POLA2, PPP1R7, RAB27B, 
RAB5C, RFT1, RHOG, SAC3D1, SERP1, 
SLC12A2, SLC25A24, SLC25A32, SNX15, 
NRAS, PLCB3
GBE1, PPP2R5B
AGPAT3, AGPAT9, CDS2, CEPT1, CHKA, 
DGKA, DGKB, DGKD, DGKE, ETNK1, 
LCLAT1, LPCAT3, LYPLA1, LYPLA2, 



5.93E-06

2.15E-05

7.13E-05

9.32E-05

2.00E-04

6.00E-04

7.00E-04

7.00E-04
1.20E-03
2.20E-03

ACVR1, BMP2, CCL1, CCL11, CCL7, CCR1, 
CCR2, CCR3, CCR9, CD27, CSF1, CSF2RB, 
CXCR6, EDAR, EPOR, GDF5, IFNG, IL17RA, 
IL2, IL20RB, IL7, KIT, LTBR, OSM, 
TNFRSF10B, TNFRSF1A, VEGFBADCY2, CCL1, CCR1, CCR2, CCR3, CCR9, 
CXCR6, HCK, NRAS, PIK3CD, PLCB1, 
PLCB3, PLCB4, PRKCB, RASGRP2, VAV1, 
ADCY2, ATP2A2, CACNA1C, CACNA1D, 
CACNA2D4, CACNG3, DAG1, IGF1, ITGA1, 
ITGA10, ITGA2, ITGA8, LAMA2, MYL2, PLN, 
RYR2, TGFB2, TNNT2, TPM4, TTN

PLCB4, NRAS, IGF1, PLCB3, PLA2G2E, 
IGF1R, PRKCB, PLA2G5, PLA2G2A, PLCB1

COL2A1, COL6A6, DAG1, HMMR, HSPG2, 
ITGA1, ITGA10, ITGA2, ITGA8, LAMA2, 
LAMA3, LAMB2, LAMC1, LAMC2, SDC1, 
ATP2A2, CACNA1C, CACNA1D, CACNA2D4, 
CACNG3, DAG1, IGF1, ITGA1, ITGA10, 
ITGA2, ITGA8, LAMA2, MYL2, PRKAA2, 
PRKAG1, RYR2, TGFB2, TNNT2, TPM4, TTNBAD, BCL2L1, BMP2, CASP9, CBLB, CDK2, 
DCC, DVL3, E2F3, EGLN2, FGF6, GLI2, 
GSK3B, HSP90AA1, IGF1, IGF1R, ITGA2, KIT, 
LAMA2, LAMA3, LAMB2, LAMC1, LAMC2, 
MAPK1, MDM2, MTOR, NRAS, PIAS2, PIAS3, 
PIK3CD, PLD1, PRKCB, PTCH2, RALB, 
RALBP1, RARB, RASSF5, RELA, SMAD2, 
SMAD4, STK36, STK4, TCF7, TFG, TGFB2, 
ADCY2, ATP1A1, ATP1B1, ATP1B3, ATP2A2, 
CCKAR, CELA2A, CELA2B, PLA2G2A, 
PLA2G2E, PLA2G5, PLCB1, PLCB3, PLCB4, 
PRKCB, RAB27B, RAB3D, RAB8A, RYR2, 
SLC12A2ATP1A1, MYLK2, PLCB3, PLCB4
BAD, SMAD2, PIK3CD, CASP9, VEGFB, PLD1



2.50E-03

2.50E-03

2.50E-03

2.70E-03

2.50E-03
2.50E-03
2.50E-05
2.50E-05
2.50E-05
2.87E-05
5.03E-05
1.00E-04
2.00E-04

ACACB, ACSBG2, ACSM1, ACSM3, ACSM5, 
ACSS3, ADA, ADH1, ADH1A, ADK, AGMAT, 
AGPAT3, AGPAT9, AHCYL1, ALDH3B2, 
ALG14, ALG3, AMDHD1, AMPD1, AMT, 
ASNS, ATP5A1, ATP5F1, ATP6V0A2, 
ATP6V0B, ATP6V1A, ATP6V1B1, ATP6V1E1, 
ATP6V1H, B3GAT2, B3GNT4, B3GNT6, 
B4GALT2, BCKDHB, CBR3, CBS, CCBL2, 
CDS2, CEPT1, CHKA, CYP11B2, CYP7A1, 
DGKA, DGKB, DGKD, DGKE, DGUOK, 
DNMT3B, DPM3, DPYD, DPYS, DTYMK, 
ENO2, ENPP1, ENPP3, ENPP7, ETNK1, 
GAD1, GALE, GALNT10, GALNT13, GALNT8, 
GALNT9, GAPDH, GBA, GBE1, GDA, GLCE, 
GLDC, GLYCTK, GPT, GUK1, H6PD, HMGCL, 
HPD, HSD17B12, IDH3A, IDH3B, IMPA2, 
KYNU, LCLAT1, LSS, MAN1A2, MAT2B, 
MBOAT2, MCEE, MOGS, MTHFR, NDUFA2, 
NDUFA7, NDUFB10, NDUFV2, NDUFV3, 
NME7, NMNAT1, NT5C2, PAH, PDXK, 
PI4K2A, PI4KB, PIK3C2G, PIP5K1A, 
PLA2G2A, PLA2G2E, PLA2G5, PLCB1, BAD, COL2A1, COL6A6, DOCK1, GSK3B, 
IGF1, IGF1R, ITGA1, ITGA10, ITGA2, ITGA8, 
LAMA2, LAMA3, LAMB2, LAMC1, LAMC2, 
MAPK1, MYL12A, MYL2, MYL9, MYLK2, 
PAK4, PAK7, PIK3CD, PPP1CC, PRKCB, 
THBS2, THBS3, TNR, VAV1, VAV3, VEGFB, ADCY2, CACNA1C, CALCRL, MYL6, MYL6B, 
MYL9, MYLK2, PLA2G2A, PLA2G2E, 
PLA2G5, PLCB1, PLCB3, PLCB4, PPP1CC, 
PRKCBCDS2, DGKA, DGKB, DGKD, DGKE, IMPA2, 
PI4K2A, PI4KB, PIK3C2G, PIK3CD, PIP4K2B, 
PIP5K1A, PLCB1, PLCB3, PLCB4, PLCZ1, 
PLCB4, NRAS, CACNA1C, PLCB3
NRAS, PAK7, PIK3CD, VEGFB
278
339
313
278
265
75
75



2.60E-03

5.01E-09

4.61E-08

5.67E-07

4.81E-06

5.72E-06

5.72E-06

9.08E-06

2.00E-04

1.60E-03

1.60E-03

2.50E-03

2.50E-03

6.80E-03

6.80E-03

9.20E-03

Human Gene ID p-value* Mouse Gene ID Gene 
ENSG000000781
42

n.i. n.i. PIK3C3

ENSG000001117
25

n.i. n.i. PRKAB1

ENSG000001708
90

n.i. n.i. PLA2G1B

ENSG000000891
59

n.i. n.i. PXN

178

17

191

6

173

34

46

127

97

32

202

200

58

173

308

134

SweeD-based selection scan



ENSG000000066
07

ENSMUSG0000003
4066

FARP2

ENSG000000891
59

ENSMUSG0000002
9528

PXN

ENSG000001016
54

ENSMUSG0000000
9535

RNMT

ENSG000001117
86

ENSMUSG0000002
9538

SRSF9

n.i. ENSMUSG0000002
4527

AFG3l2

n.i. ENSMUSG0000005
4256

MSI1

n.i. ENSMUSG0000002
9536

GATC

n.i. ENSMUSG0000004
1645

DDX24

ENSG000001852
31

n.i. n.i. MC2R

ENSG000001763
58

n.i. n.i. TAC4

ENSG000000781
42

ENSMUSG0000003
3628

PIK3C3

ENSG000000891
59

ENSMUSG0000002
9528

PXN

ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

ENSG000001117
75

ENSMUSG0000004
1697

COX6A1

ENSG000000781
42

ENSMUSG0000003
3628

PIK3C3

ENSG000001760
14

ENSMUSG0000000
1473

TUBB6

ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

ENSG000001708
90

ENSMUSG0000002
9522

PLA2G1B

ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

ENSG000001117
75

ENSMUSG0000004
1697

COX6A1

ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

2.21E-02

8.91E-05

2.21E-02

2.48E-02

2.43E-02

1.23E-02

1.23E-02

1.23E-02



ENSG000001117
25

ENSMUSG0000002
9513

PRKAB1

ENSG000001229
71

ENSMUSG0000002
9545

ACADS

ENSG000001108
71

ENSMUSG0000004
1733

COQ5

ENSG000001117
75

ENSMUSG0000004
1697

COX6A1

ENSG000000781
42

ENSMUSG0000003
3628

PIK3C3

ENSG000001708
90

ENSMUSG0000002
9522

PLA2G1B

n.i. ENSMUSG0000002
7427

Polr3F

ENSG000001672
72

ENSMUSG0000006
0152

POP5

ENSG000000854
15

ENSMUSG0000007
9614

SEH1L

ENSG000001350
97

ENSMUSG0000005
4256

MSI1

ENSG000001016
54

ENSMUSG0000000
9535

RNMT

ENSG000001573
88

ENSMUSG0000001
5968

CACNA1D

ENSG000001708
90

ENSMUSG0000002
9522

PLA2G1B

ENSG000001708
90

ENSMUSG0000002
9522

PLA2G1B

ENSG000000891
59

ENSMUSG0000002
9528

PXN

ENSG000001229
71

n.i. ACADS

ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

ENSG000001413
85

n.i. AFG3L2

ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

1.23E-02

1.23E-02

1.59E-02

1.23E-02

2.43E-02

1.23E-02

n.i.

n.i.

n.i.



ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

ENSG000001258
71

n.i. C20orf72

ENSG000001229
71

n.i. ACADS

ENSG000001852
31

n.i. MC2R

n.i. ENSMUSG0000004
5569

MC2R

n.i. ENSMUSG0000006
0807

SERPINA6

n.i. ENSMUSG0000002
9545

ACADS

n.i. ENSMUSG0000002
1198

UNC79

n.i. ENSMUSG0000002
4527

AFG3L2

n.i. ENSMUSG0000002
9516

CIT

n.i.

n.i.

n.i.

n.i.

n.i.

n.i.

5.44E-02

5.44E-02

n.i.

n.i.

5.44E-02



n.i. ENSMUSG0000004
5569

MC2R

n.i. ENSMUSG0000005
4256

MSI1

n.i. ENSMUSG0000002
9513

PRKAB1

n.i. ENSMUSG0000002
4539

PTPN2

n.i. ENSMUSG0000006
0807

SERPINA6

n.i. ENSMUSG0000002
1198

UNC79

n.i. ENSMUSG0000002
4527

AFG3L2

n.i. ENSMUSG0000001
5968

CACNA1D

n.i. ENSMUSG0000002
9516

CIT

n.i. ENSMUSG0000002
9513

PRKAB1

n.i. ENSMUSG0000002
4539

PTPN2

n.i. ENSMUSG0000002
4527

AFG3L2

n.i. ENSMUSG0000001
5968

CACNA1D

n.i. ENSMUSG0000002
9516

CIT

n.i. ENSMUSG0000004
5569

MC2R

n.i. ENSMUSG0000005
4256

MSI1

n.i. ENSMUSG0000002
9513

PRKAB1

n.i. ENSMUSG0000002
4539

PTPN2

n.i. ENSMUSG0000006
0807

SERPINA6

n.i. ENSMUSG0000002
1198

UNC79

n.i. ENSMUSG0000003
4066

FARP2

6.13E-02

5.44E-02

5.44E-02

6.13E-02



n.i. ENSMUSG0000002
4539

PTPN2

n.i. ENSMUSG0000002
9516

CIT

n.i. ENSMUSG0000003
4066

FARP2

n.i. ENSMUSG0000004
5569

MC2R

n.i. ENSMUSG0000005
4256

MSI1

n.i. ENSMUSG0000002
9513

PRKAB1

n.i. ENSMUSG0000002
4539

PTPN2

n.i. ENSMUSG0000006
0807

SERPINA6

n.i. ENSMUSG0000002
1198

UNC79

n.i. ENSMUSG0000002
9522

PLA2G1B

n.i. ENSMUSG0000002
9513

PRKAB1

n.i. ENSMUSG0000001
5968

CACNA1D

n.i. ENSMUSG0000002
9522

PLA2G1B

n.i. ENSMUSG0000002
9513

PRKAB1

ENSG000001494
74

n/a CSRP2BP

ENSG000001578
37

n/a SPPL3

ENSG000001351
27

n/a CCDC64

ENSG000001753
54

n/a PTPN2

ENSG000001494
74

n/a CSRP2BP

ENSG000000066
07

n/a FARP2

ENSG000000066
07

n/a FARP2

5.44E-02

n/a

6.13E-02

6.13E-02

n/a

n/a

6.13E-02

n/a



ENSG000001753
54

n/a PTPN2

ENSG000001753
54

n/a PTPN2

ENSG000001578
37

n/a SPPL3

ENSG000001494
74

n/a CSRP2BP

ENSG000000066
07

n/a FARP2

ENSG000001759
70

n/a UNC119B

ENSG000001522
14

n/a RIT2

ENSG000001759
70

n/a UNC119B

ENSG000001852
31

n/a MC2R

ENSG000001700
99

n/a SERPINA6

ENSG000001852
31

n/a MC2R

ENSG000001700
99

n/a SERPINA6

ENSG000000781
42

n/a PIK3C3

ENSG000000891
59

n/a PXN

ENSG000001258
44

n/a RRBP1

ENSG000001258
46

n/a ZNF133

ENSG000001350
97

n/a MSI1

ENSG000001700
99

n/a SERPINA6

ENSG000001351
27

n/a CCDC64

ENSG000001522
14

n/a RIT2

ENSG000001229
71

n/a ACADS

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a



ENSG000001413
85

n/a AFG3L2

ENSG000001117
75

n/a COX6A1

ENSG000000781
42

n/a PIK3C3

ENSG000001117
25

n/a PRKAB1

ENSG000001016
39

n/a CEP192

ENSG000001287
89

n/a PSMG2

ENSG000001753
54

n/a PTPN2

**function identified as significant in a least one FM and one DOM panel (using the human and/or mouse model).

n/a

n/a

n/a



Table S3. Support and parameters for the demographic models explored using dadi and genome projections.

A: No gene flow
Log-likelihood -144,249 
Divergence time (years ago) 17,455 
Effective population size for Przewalski’s 
horses 3,216 

Effective population size for domesticated 
horses 7,696 

Symmetric gene flow rate (x 10^-5)* n/a
Przewalski-to-domesticated gene flow rate 
(x 10^-5)* n/a

Domesticated-to- Przewalski gene flow rate 
(x 10^-5)* n/a

End of gene flow (time in years ago) 26,000
Log-likelihood -159,754 
Divergence time (years ago) 26,003 
Effective population size for Przewalski’s 
horses 3,034 

Effective population size for domesticated 
horses 7,206 

Przewalski-to-domesticated gene flow rate 
(x 10^-5) 27.9

Domesticated-to- Przewalski gene flow rate 
(x 10^-5) 1.5

A: No gene flow
Log-likelihood -196,520 
Divergence time (years ago) 15,817 
Effective population size for Przewalski’s 
horses 2,839 

Effective population size for domesticated 
horses 29,997 

Symmetric gene flow rate (x 10^-5)* n/a
Przewalski-to-domesticated gene flow rate 
(x 10^-5)* n/a

Domesticated-to- Przewalski gene flow rate 
(x 10^-5)* n/a

End of gene flow (time in years ago) 26,000 
Log-likelihood -222,264 
Divergence time (years ago) 26,584 
Effective population size for Przewalski’s 
horses 2,839 

Log-likelihood/ParametersPanel of domesticated horses

dadi ANALYSES

Panel of domesticated horsesLog-likelihood/Parameters Models

Franches-Montagnes            
(FM-DOM)

Others (OT-DOM)

MODEL C

MODEL C

Models



Effective population size for domesticated 
horses 45,397 

Przewalski-to-domesticated gene flow rate 
(x 10^-5) 31.7*

Domesticated-to- Przewalski gene flow rate 
(x 10^-5) 0.2 

A: No gene flow
refPRZ LSS 3.4988
refFM LSS 0.9024

LSS/Parameters Model C1
NPRZ 3,183
NANC 3,000
TMIG (years) n/a
FFP (%) 0
MFP1 (x 10^-5) 32.00
MPF1 (x 10^-5) 24.00
MFP2 (x 10^-5) n/a
MPF2 (x 10^-5) n/a

refPRZ LSS 0.2887
refFM LSS 0.4378

Migration rates are reported as the fraction of the sink population made up by new migrants.
*Gene flow rates are reported as the fraction of the sink population made up by new migrants.
"refPRZ": Przewalski's horse reference genome panel
"refFM": Franches-Montagnes reference genome panel
“LSS”: Sum of least squares score
“NPRZ”: effective population size of Przewalski’s horse today
“NANC”: effective population size of both domesticated and Przewalski's horse populations 10,000 yBP
“TMIG”: time for the change of migration rate. Migration rates are reported as the fraction of the sink population made up by new migrants
“FFP”: present-time migration pulse of Franches-Montagnes into Przewalski’s horses
“MPF1”: migration rate of Przewalski’s horses into Franches-Montagnes horses before the change of migration rate
“MFP1”: migration rate of Franches-Montagnes horses into Przewalski’s horses before the change of migration rate
“MFP2”: migration rate of Franches-Montagnes horses into Przewalski’s horses after the change of migration rate

Model NPRZ
Parameters 

MODELS C

Genome Projections
Models

Others (OT-DOM)

Reference panel LSS/Parameters



C1 3,183
C2_1 4,500
C2_2 4,500
C3 3,183
C4 4,500



Table S3. Support and parameters for the demographic models explored using dadi and genome projections.

B: Symmetric gene flow C: Asymmetric gene flow D: Gene flow from PRZ to DOM
-133,158 -109,792 -112,140 
52,925 54,083 48,607 

3,632 3,183 2,934 

12,387 16,517 13,292 

1.9 n/a n/a

n/a 4.2 4.6

n/a 0.5 n/a

19,000 11,700 9,000
-144,610 -149,822 -145,701 
19,495 55,467 55,476*

3,218 3,255 3,604 

7,699 11,295 17,182 

31.7 10.8 8.6

0.6 2.9 2.0

B: Symmetric gene flow C: Asymmetric gene flow D: Gene flow from PRZ to DOM
-204,546 -164,293 -165,002 
34,681 35,382 34,047 

2,692 2,242 2,203 

50,089 75,109 63,818 

1.9 n/a n/a

n/a 6.97 7.29

n/a 0.33 n/a

19,000 11,700 9,000 
-198,635 -215,960 -216,631 
20,276 43,857 37,508 

2,839 2,739 2,755 

dadi ANALYSES

Models

MODEL C

MODEL C

Models



28,892 57,467 104,283 

31.7* 13.9 11.9 

1.5 6.6 4.3 

B: Symmetric gene flow C: Asymmetric gene flow D: Gene flow from PRZ to FM
1.9589 0.8347 1.4468
2.1137 3.0062 2.5717

Model C2_1 Model C2_2 Model C3
4,500 4,500 3,183
6,000 6,000 3,000

n/a n/a 23,200
0 0 0

0.54 6.90 45.00
4.16 1.70 90.00
n/a n/a 34.00
n/a n/a 0.43

0.4545 0.0586 0.3454
0.218 0.0439 0.2487

“TMIG”: time for the change of migration rate. Migration rates are reported as the fraction of the sink population made up by new migrants

“MPF1”: migration rate of Przewalski’s horses into Franches-Montagnes horses before the change of migration rate
“MFP1”: migration rate of Franches-Montagnes horses into Przewalski’s horses before the change of migration rate
“MFP2”: migration rate of Franches-Montagnes horses into Przewalski’s horses after the change of migration rate

NANC TMIG (years) FFP (%)
Parameters 

MODELS C

Genome Projections
Models



3,000 n/a 0
6,000 n/a 0
6,000 n/a 0
3,000 23,200 0
6,000 23,200 4



E: Gene flow from DOM to PRZ
-144,249 
17,455 

3,216 

7,696 

n/a

n/a

<0.001

5,500 2,000 200
-134,579 -118,841 -110,458 
55,476* 55,476* 54,377 

3,462 3,286 3,180 

17,280 17,480 16,508 

6.8 5.3 4.3

1.2 0.7 0.6

E: Gene flow from DOM to PRZ
-196,407 
16,604 

2,891 

31,720 

n/a

n/a

0.13

5,500 2,000 200 
-206,287 -183,492 -165,967 
37,000 36,428 35,525 

2,599 2,369 2,244 

dadi ANALYSES

Models

MODEL C

MODEL C

Models



95,500 92,188 77,187 

10.3 8.8 7.3 

1.6 0.5 0.3 

E: Gene flow from FM to PRZ
3.4925
0.8734

Model C4
4,500
6,000
23,200

4
80.00
40.00
0.50
1.30

0.0657
0.0066

MFP1 (x10-5) MPF1 (x10-5) MFP2 (x10-5) MPF2 (x10-5) refPRZ refFM
Parameters LSS

MODELS C

Genome Projections
Models



32 24 n/a n/a 0.2887 0.4378
0.54 4.16 n/a n/a 0.4545 0.218
6.9 1.7 n/a n/a 0.0586 0.0439
45 90 34 0.43 0.3454 0.2487
80 40 0.5 1.3 0.0657 0.0066



Table S4. Results of admixture tests based on f3- and D-statistics

Source 
population B

Source 
individual C

Sink 
individual A f3-statistics Standard 

deviation Z-score

KB7903 SB285 -0.0314 0.0011 -27.78

KB7903 SB293 -0.0229 0.0009 -24.79

KB7903 Prz_D2631 -0.0274 0.0011 -24.24

KB7903 Prz_D2630 -0.0264 0.0011 -23.52

KB7903 SB966 -0.0328 0.0014 -22.79

KB7903 SB159 -0.0222 0.001 -22.53

KB7903 SB285 -0.0217 0.001 -22.47

KB7903 SB533 -0.0229 0.001 -22.42

KB7903 SB281 -0.0225 0.001 -22.2

KB7903 SB339 -0.0236 0.0011 -21.7

KB7903 Prz_Przewals
ki -0.0241 0.0012 -20.55

KB7903 SB524 -0.0256 0.0013 -20.01

KB7903 SB528 -0.0264 0.0013 -19.76

KB7903 SB615 -0.0281 0.0015 -18.99

SB281 SB293 -0.0252 0.0014 -18.65

SB281 SB159 -0.0236 0.0014 -16.69

SB281 SB285 -0.0207 0.0013 -15.85

SB281 SB339 -0.0221 0.0014 -15.78

SB281 Prz_D2630 -0.0227 0.0014 -15.76

SB281 SB533 -0.0202 0.0013 -15.08

SB281 SB615 -0.0256 0.0019 -13.76

SB281 Prz_D2631 -0.0189 0.0014 -13.34

SB281 Prz_Przewals
ki -0.0206 0.0016 -12.53

SB281 SB966 -0.0151 0.0015 -10.28

SB281 SB285 -0.0121 0.0014 -8.82

SB281 SB524 -0.0116 0.0015 -7.56

SB524 SB528 -0.0253 0.0018 -14.23

SB524 SB966 -0.0236 0.0019 -12.28

Franches-
Montagnes 

f3-statistics tests in the form (B,C;A)



SB524 SB285 -0.0176 0.0015 -11.98

SB524 Prz_D2631 -0.0158 0.0017 -9.49

SB524 Prz_Przewals
ki -0.0134 0.0018 -7.34

SB524 Prz_D2630 -0.0119 0.0016 -7.25

SB524 SB339 -0.0110 0.0017 -6.41

SB524 SB615 -0.0131 0.0021 -6.37

SB524 SB533 -0.0068 0.0015 -4.52

SB524 SB285 -0.0061 0.0016 -3.79

SB524 SB159 -0.0048 0.0015 -3.26

SB285 Prz_D2631 -0.0182 0.0016 -11.37

SB285 Prz_D2630 -0.0158 0.0016 -10.08

SB285 SB528 -0.0152 0.0023 -6.75

SB285 SB524 -0.0103 0.0019 -5.34

SB285 SB966 -0.0099 0.002 -4.97

SB285 SB533 -0.0091 0.002 -4.67

SB285 SB339 -0.0066 0.0016 -4.17

SB285 Prz_Przewals
ki -0.0070 0.0019 -3.76

SB285 SB293 -0.0048 0.0014 -3.38

SB159 SB285 -0.0304 0.0018 -17.3

SB159 SB533 -0.0283 0.0017 -16.81

SB159 SB293 -0.0232 0.0015 -15.26

SB159 SB339 -0.0157 0.0017 -8.99

SB159 Prz_D2630 -0.0130 0.0018 -7.25

SB159 Prz_Przewals
ki -0.0128 0.0023 -5.53

SB159 Prz_D2631 -0.0079 0.0019 -4.2

SB293 SB533 -0.0157 0.002 -7.79

SB293 Prz_D2630 -0.0140 0.0021 -6.81

SB293 SB159 -0.0113 0.0019 -5.91

SB293 SB339 -0.0084 0.002 -4.1

SB293 SB285 -0.0092 0.0022 -4.08

SB966 SB524 -0.0134 0.0023 -5.86

SB966 Prz_D2631 -0.0106 0.0021 -5.17
SB966 SB615 -0.0105 0.0025 -4.21
SB966 SB285 -0.0070 0.002 -3.57

Franches-
Montagnes 



Prz_Przewalski Prz_D2630 -0.0089 0.002 -4.5
Prz_Przewalski SB285 -0.0076 0.0021 -3.54
Prz_Przewalski SB533 -0.0071 0.0021 -3.34
Prz_Przewalski SB159 -0.0052 0.0017 -3.07
SB339 SB293 -0.0077 0.0019 -4.04
SB339 Prz_D2630 -0.0067 0.002 -3.42
Prz_D2631 Prz_D2630 -0.0069 0.0018 -3.76
SB533 SB285 -0.0080 0.0022 -3.63
KB7903 SB285 -0.0335 0.0009 -36.45
KB7903 SB966 -0.0355 0.0011 -33.44
KB7903 Prz_D2631 -0.0287 0.0009 -31.28
KB7903 Prz_D2630 -0.0278 0.0009 -29.43
KB7903 SB281 -0.0232 0.0008 -29.19
KB7903 SB293 -0.0235 0.0008 -29.16
KB7903 SB524 -0.0279 0.001 -28.74
KB7903 SB339 -0.0246 0.0009 -28.18
KB7903 SB159 -0.0227 0.0008 -27.94
KB7903 SB533 -0.0237 0.0009 -27.49
KB7903 SB274 -0.0226 0.0008 -27.11
KB7903 SB528 -0.0284 0.001 -27.07
KB7903 SB615 -0.0302 0.0011 -26.49

KB7903 Prz_Przewals
ki -0.0260 0.0011 -24.67

SB281 SB293 -0.0272 0.0011 -25.11
SB281 SB159 -0.0255 0.0011 -23.09
SB281 SB274 -0.0224 0.0011 -20.95
SB281 SB339 -0.0242 0.0012 -20.41
SB281 Prz_D2630 -0.0250 0.0012 -20.37
SB281 SB615 -0.0290 0.0015 -19.88
SB281 SB533 -0.0219 0.0011 -19.45
SB281 Prz_D2631 -0.0207 0.0012 -17.37

SB281 Prz_Przewals
ki -0.0229 0.0014 -16.68

SB281 SB966 -0.0165 0.0012 -13.91
SB281 SB285 -0.0133 0.0011 -11.69
SB281 SB524 -0.0134 0.0012 -10.76
SB281 SB528 -0.0048 0.0013 -3.57
SB524 SB528 -0.0273 0.0014 -20.1
SB524 SB966 -0.0250 0.0014 -17.35
SB524 SB285 -0.0182 0.0011 -16.08
SB524 Prz_D2631 -0.0154 0.0013 -11.49
SB524 SB615 -0.0140 0.0016 -8.7
SB524 Prz_D2630 -0.0114 0.0014 -8.3

SB524 Prz_Przewals
ki -0.0135 0.0016 -8.27

SB524 SB339 -0.0100 0.0014 -7.18
SB524 SB533 -0.0052 0.0013 -3.89
SB524 SB274 -0.0042 0.0013 -3.19
SB285 Prz_D2631 -0.0198 0.0013 -15.45
SB285 Prz_D2630 -0.0173 0.0013 -13.77
SB285 SB528 -0.0173 0.0016 -10.64

Franches-
Montagnes 

Mongolian



SB285 SB524 -0.0121 0.0015 -8.13
SB285 SB966 -0.0109 0.0015 -7.14
SB285 SB339 -0.0072 0.0013 -5.73

SB285 Prz_Przewals
ki -0.0083 0.0015 -5.39

SB285 SB293 -0.0046 0.0012 -3.84
SB159 SB274 -0.0340 0.0013 -26.76
SB159 SB533 -0.0314 0.0013 -24.91
SB159 SB293 -0.0254 0.0012 -21.47
SB159 SB339 -0.0169 0.0014 -12.38
SB159 Prz_D2630 -0.0140 0.0014 -9.92

SB159 Prz_Przewals
ki -0.0143 0.0018 -8.15

SB159 Prz_D2631 -0.0082 0.0015 -5.51
SB293 SB533 -0.0183 0.0015 -12.38
SB293 Prz_D2630 -0.0159 0.0015 -10.59
SB293 SB159 -0.0134 0.0015 -9.02
SB293 SB339 -0.0101 0.0015 -6.68
SB293 SB274 -0.0109 0.0017 -6.36
SB966 SB524 -0.0144 0.0017 -8.53
SB966 Prz_D2631 -0.0099 0.0016 -6.23
SB966 SB615 -0.0112 0.0019 -6.05
SB966 SB285 -0.0066 0.0015 -4.33
Prz_Przewalski Prz_D2630 -0.0085 0.0017 -5.14
Prz_Przewalski SB274 -0.0075 0.0017 -4.33
Prz_Przewalski SB533 -0.0070 0.0017 -4.03
SB339 SB293 -0.0082 0.0014 -5.7
SB339 Prz_D2630 -0.0074 0.0015 -4.88
SB274 SB533 -0.0098 0.0015 -6.42
SB274 SB159 -0.0059 0.0014 -4.13
SB533 SB274 -0.0089 0.0017 -5.34
Prz_D2631 Prz_D2630 -0.0077 0.0015 -5.18

Mongolian



Adjusted p-value Mean Standard 
deviation Mean Standard 

deviation
4.00E-167 KB7903 Franches-

Montagnes 35.29 5.09 34.83 4.67

4.56E-133 Mongolian 47.47 20.72 44.71 19.59

3.06E-127 American Quarter 
Horse 42.83 2.31 42.11 2.24

7.96E-120 Standardbred 31.11 4.09 30.4 3.88

1.57E-112 SB528 Franches-
Montagnes 13.65 1.6 13.11 1.42

4.93E-110 Mongolian 21.43 9.51 17.83 7.91

1.50E-109 American Quarter 
Horse 15.28 1.26 14.76 0.93

3.28E-109 Standardbred 11.42 1.58 10.21 1.58

2.90E-107 SB524 Franches-
Montagnes 13.3 1.56 12.14 1.52

8.02E-103 Mongolian 19.61 8.89 15.2 6.87

3.04E-91 American Quarter 
Horse 14.67 1.24 13.35 0.9

1.66E-86 Standardbred 11.33 1.86 9.69 1.67

2.27E-84 SB966 Franches-
Montagnes 11.91 1.68 11 1.37

5.56E-78 Mongolian 19.95 8.71 15.49 6.72

3.38E-75 American Quarter 
Horse 14.02 1.01 12.78 1.29

1.98E-60 Standardbred 9.75 1.66 8.24 1.59

1.19E-54 SB281 Franches-
Montagnes 10.51 1.75 9.78 1.34

1.69E-54 Mongolian 17.91 7.94 14.03 6.08

2.10E-53 American Quarter 
Horse 11.29 1.07 10.18 0.8

6.22E-49 Standardbred 8.73 1.37 7.47 1.06

9.58E-41 SB615 Franches-
Montagnes 10.97 1.35 9.3 1.28

2.50E-38 Mongolian 17.75 7.64 11.89 5.14

7.40E-34 American Quarter 
Horse 11 1.07 9.18 0.6

2.93E-22 Standardbred 8.09 1.14 6.14 1.03

2.09E-16 Prz_Przewals
ki

Franches-
Montagnes 6.12 1.06 5.18 1.01

4.82E-12 Mongolian 10.65 4.7 5.93 2.77

1.58E-43 American Quarter 
Horse 6.74 0.88 5.35 1.13

1.18E-32 Standardbred 5.22 0.7 3.59 0.52

f3-statistics tests in the form (B,C;A) Domestic admixture proportions estimated on the basis of D-statistics tests in the form (Outgroup,(H3,(H2,H1)))

H2 Breeds
H1 = Paratype H1 = SB293



3.26E-31 Prz_D2631 Franches-
Montagnes 4.85 0.81 4.64 0.74

5.70E-19 Mongolian 10.36 5.18 7.02 4.84

1.88E-11 American Quarter 
Horse 3.6 0.93 2.97 0.5

1.25E-11 Standardbred 3.48 0.96 2.75 0.65

3.24E-08 SB285 Franches-
Montagnes 4.09 1.02 3.22 0.77

3.48E-08 Mongolian 7.98 3.45 3.22 2.32

1.23E-03 American Quarter 
Horse 4.21 1 3.08 0.79

3.07E-03 Standardbred 4.06 0.56 2.39 0.79

3.69E-02 SB159 Franches-
Montagnes 3.57 1.26 2.46 0.63

2.03E-28 Mongolian 8.3 3.63 3.36 1.65

1.95E-21 American Quarter 
Horse 3.61 0.86 2.04 1.03

3.54E-09 Standardbred 3 0.69 1.46 0.36

6.81E-06 Prz_D2630 Franches-
Montagnes 2.5 0.84 2.01 0.9

1.61E-05 Mongolian 6.69 4.44 4.3 2.62

7.05E-04 American Quarter 
Horse 2.5 1.01 1.8 0.73

3.07E-03 Standardbred 1.7 0.73 0.73 0.66

2.95E-02 SB339 Franches-
Montagnes 3.9 1.06 3.03 0.93

4.12E-02 Mongolian 7.21 3.34 2.75 1.6

9.23E-65 American Quarter 
Horse 3.74 0.74 2.49 0.86

3.04E-61 Standardbred 2.79 0.71 1.36 0.53

5.13E-50 SB274 Franches-
Montagnes 2.26 1.06 1.48 0.68

5.21E-17 Mongolian 5.21 3.23 0.43 0.32

2.30E-11 American Quarter 
Horse 1.5 0.6 0.73 0.73

3.28E-06 Standardbred 1.39 0.53 0.32 0.21

3.09E-03 SB533 Franches-
Montagnes 1.89 1.23 0.65 0.4

1.01E-12 Mongolian 5.4 2.81 0.31 0.32

2.76E-09 American Quarter 
Horse 1.69 0.66 0.56 0.38

5.30E-07 Standardbred 1.23 1.08 0.86 0.36

3.20E-03 SB293 Franches-
Montagnes 1.17 0.79 n/a n/a

2.79E-03 Mongolian 4.95 2.68 n/a n/a

5.87E-07 American Quarter 
Horse 1.31 0.96 n/a n/a

1.11E-05 Standardbred 1.37 0.57 n/a n/a
3.35E-03
3.77E-02



1.23E-03
3.77E-02
3.77E-02
3.62E-02
2.32E-03
4.22E-02
2.74E-02
3.69E-02
3.81E-288
1.41E-242
3.62E-212
6.40E-188
8.27E-185
1.34E-184
2.06E-179
1.58E-172
8.70E-170
9.21E-165
3.53E-159
8.34E-159
3.55E-152

3.70E-132

9.81E-137
7.48E-116
6.60E-96
5.28E-90
1.10E-89
1.68E-85
6.52E-82
2.47E-65

1.81E-60

1.74E-41
2.68E-29
6.69E-25
1.01E-02
2.09E-87
2.69E-65
2.49E-56
2.21E-28
8.02E-16
2.00E-14

2.04E-14

4.94E-11
5.73E-03
1.93E-02
2.47E-52
1.18E-40
1.64E-24



4.31E-14
4.60E-11
1.25E-06

4.13E-06

5.54E-03
3.22E-155
1.19E-134
2.17E-100
7.71E-33
9.63E-22

4.65E-14

2.88E-06
8.59E-33
1.87E-24
5.51E-17
5.69E-10
4.03E-08
3.23E-15
8.30E-08
2.22E-07
1.80E-03
4.98E-05
1.99E-03
4.32E-03
1.23E-06
1.71E-04
3.15E-08
3.42E-03
3.54E-06
4.20E-06



Mean Standard 
deviation Mean Standard 

deviation Mean Standard 
deviation

34.5 4.72 33.86 4.74 32.82 4.69

44.73 19.65 44.42 19.52 43.39 19.53

42.11 2.18 41.94 2.27 40.62 2.16

30.86 3.79 30.44 3.82 29.44 3.7

12.39 1.4 11.72 1.39 10.4 1.13

17.85 8.01 17.3 7.68 15.6 7.35

14.52 0.83 14.41 1.05 12.57 0.87

10.56 1.48 10.28 1.53 9.01 1.28

11.74 1.62 10.89 1.42 9.46 1.19

15.36 7.05 14.86 6.72 12.99 6.42

13.44 0.93 13.16 1.04 11.22 1.21

10.29 1.37 9.9 1.66 8.56 1.35

10.58 1.36 9.73 1.37 8.28 1.04

15.65 6.76 15.18 6.58 13.31 5.97

12.8 0.85 12.55 0.86 10.55 0.92

8.84 1.38 8.4 1.53 6.98 1.18

9.42 1.53 8.48 1.31 6.99 1.35

14.26 6.19 13.6 5.88 11.75 5.4

10.26 0.68 10 1.05 7.92 0.76

8.1 1.01 7.63 1 6.22 0.81

8.92 1.45 7.96 1.23 6.51 1.26

12.06 5.19 11.47 4.99 9.54 4.2

9.25 0.75 8.93 1.14 6.87 0.77

6.77 1.03 6.25 1.02 4.87 0.73

4.91 0.87 4.04 0.82 2.52 0.84

6.16 2.76 5.68 2.74 3.56 1.61

5.44 0.61 5.21 0.81 3.15 0.7

4.21 0.79 3.79 0.58 2.38 0.45

Domestic admixture proportions estimated on the basis of D-statistics tests in the form (Outgroup,(H3,(H2,H1)))
H1 = SB533 H1 = SB274 H1 = SB339



4.17 0.88 3.24 0.81 1.69 0.83

7.15 4.6 6.63 4.89 4.58 3.55

2.92 0.76 2.67 1.24 0.75 0.41

3.31 0.7 2.87 0.59 1.41 0.64

2.65 0.76 1.81 0.72 0.69 0.25

3.49 1.98 2.76 2.29 0.88 0.57

3.01 1.01 2.82 1.3 0.86 0.32

2.91 1.16 2.51 0.71 1.06 0.79

2.04 0.66 1.04 0.76 0.86 0.83

3.55 1.6 2.9 1.57 0.73 0.6

2.09 0.42 1.8 0.5 0.61 0.56

2.07 0.45 1.63 0.46 0.25 0.23

1.76 0.82 0.75 0.44 1 0.85

4.02 2.93 4.36 2.44 2.92 1.59

1.93 1.02 1.65 1.33 0.56 0.68

1.37 1.18 0.94 0.56 0.91 0.47

2.61 0.95 1.59 0.93 n/a n/a

2.93 1.51 2.23 1.63 n/a n/a

2.56 0.58 2.24 0.9 n/a n/a

2.01 0.43 1.51 0.43 n/a n/a

1.03 0.69 n/a n/a 1.62 0.97

0.69 0.56 n/a n/a 2.31 1.74

0.61 0.25 n/a n/a 2.3 0.94

0.59 0.5 n/a n/a 1.54 0.44

n/a n/a 1.04 0.7 2.68 1

n/a n/a 0.69 0.57 3.03 1.61

n/a n/a 0.61 0.25 2.62 0.61

n/a n/a 0.6 0.5 2.04 0.44

0.66 0.41 1.51 0.69 3.13 0.99

0.31 0.32 0.43 0.32 2.85 1.71

0.56 0.39 0.74 0.74 2.56 0.9

0.86 0.36 0.32 0.21 1.38 0.54



Table S5. Admixture proportion of genomic blocks containing sites underlying Mendelian traits.

Chromos
ome

Coordin
ate Phenotype Gene Mutati

on SB159 SB274 SB281 SB285 SB293 SB339 SB524 SB528 SB533 SB615 SB966 Prz_D263
0

Prz_D263
1 KB7903

1 ####### Racing performance ACTN2 A>G . . . . . . . . . . . . . .

1 ####### Leopard complex spotting and cation channel congenital 
stationary night blindness TRPM1 C>T . . C/T . . C/T . . . . . . . .

1 ####### Hereditary equine dermal isomerase B asthenia PPIB G>A G4 . . . . . . . . . . G2 G1 .
1 ####### Lavender foal syndrome MYO5A 1 DEL . . . . . . . . . . . . . .
2 ####### Cerebellar abiotrophy TOE1 C>T . . . . . . . . . . . . . .
3 ####### Racing performance COX4/1 C>T T/T . C/T C/T C/T T/T C/T C/T . C/T C/T T/T T/T C/T
3 ####### Chestnut coat color MC1R (1) C>T . C/T C/T . C/T . . . C/T C/T . . . C/T
3 ####### Chestnut coat color MC1R (2) G>A . . . . . . . . . . . . . .
3 ####### Sabino spotting KIT (1) A>T . . . . . . . . . . . . . .
3 ####### Tobiano spotting pattern KIT (2) G>A . . . . . . . . . . . . . .

3 ####### Larger body size LCORL/NCA
PG T>C . . . . . . . . . . . . . .

4 ####### Racing performance PON1 C>T . . . . . . . . . . . C6 . .
4 ####### Racing performance PDK4 (1) C>A . . . . . . . . . . . . . .
4 ####### Racing performance PDK4 (2) G>A . . . . . . . A/G . . . . . A/G
4 ####### Racing performance ACN9 C>T . . . . . . . C/T . . . . . .
4 ####### Congenital myotonia CLCN1 A>C . . . . . . . . . . . . . .

5 ####### Junctional epidermolysis bullosa LAMC2 1 C 
ins . . . . . . . . . . . . . .

6 ####### Splashed white coat PAX3 C>T . . . . . . . . C7 . C4 C3 . .
6 ####### Silver coat color PMEL17 G>A . . . . . . . . . . . . . .
6 ####### Larger body size HMGA2 C>T T/T T/T T/T T/T T/T T/T T/T T/T T/T T/T T/T T/T T/T C/T
9 ####### Severe combined immunodeficiency DNAPK 5 DEL . . . . . . . . . . . . . .
9 ####### Wither height ZFAT (1) C>T . . . . . . T/T T/T . . C/T . . .
9 ####### Wither height ZFAT (2) C>A . . . . . . A/A A/A . . A/C . . .
9 ####### Wither height ZFAT (3) G>A . . . . . . A/A A/A . . A/G . . .
9 ####### Wither height ZFAT (4) G>A . . . . . . A/A A/A . . A/G . . .
9 ####### Larger body size ZFAT (5) C>T . . . . . . . . . . . . . .

10 ####### Malignant hyperthermia RYR1 C>G . . . C7 . . . . C2 C7 . C3 . .
10 ####### Racing performance CKM G>A . . . A/A . . . A3,G3 . A/G G7 . A/G A/A
10 ####### Polysaccharide storage myopathy GYS1 C>T . . . . . . . . . . . . . .
11 ####### Equine hyperkalemic periodic paralysis SCN4A C>T . . . . . . . . . . . . . .

11 ####### Glanzmann Thrombasthenia ITGA2B 10 
DEL . . . . . . . . . . . . . .

11 ####### Larger body size LASP1 G>A A1 A1 G4 A1 A2,G2 A5 A1 ? A3 A4 A1,G4 ? ? A2
14 ####### Dwarfism PROP1 (1) G>C . C/G . . . . . . . . . G3 G4 .
14 ####### Dwarfism PROP1 (2) T>C . C/T . . . . . . . . . T5 . .
14 ####### Dwarfism ND G>A A/G A/G . A/G . A/A A/G A/G A/G A/A A/G A/G A/A .
14 ####### Champagne dilution SLC36A1 G>C . . . . . . . . . . . . . .
14 ####### Autosomal recessively inherited chondrodysplasia SLC26A2 A>G . . . . . . . . . . . . . .
16 ####### Macchiato, hearing loss MITF (1) T>C . . . . . . . . . . . . . .
16 ####### Splashed white coat MITF (2) 5 DEL . . . . . . . . . . . . . .

16 ####### Splashed white coat MITF (3) 11 
DEL . . . . . . . . . . . . . .

17 ####### Lethal white foal syndrome EDNRB GA>C
T . . . . . . . . . . . . . .

18 ####### Optimum racing position MSTN T>C . . . . . . . . . . . . T36 .
21 ####### Cream coat color SLC45A2 G>A . . . . . . . . . . . . . .
22 ####### Racing performance COX4/2 C>T . . . . . . . C/T . . . . . .

22 ####### Black and bay color ASIP 11 
DEL . . . . . . . . . . . . . .

23 ####### Pattern of locomotion (altered gait) DMRT3 C>A . . C3 . . . . . . . . . C3 .
26 ####### Foal immunodeficiency syndrome SLC5A3 C>T . . . . . . . . . . . . . .
X ####### Androgen insensitivity syndrome (AIS) AR A>G . . . A4 . . . . . . . . . .
X ####### Incontinentia pigmenti IKBKG C>T . . C7 . . . . . . . . C2 . .

“INS”: insertion; “DEL”: bp deletion. A dot (.) stands for same alleles as the reference sequence EquCab2.0. Variants located in white, red and orange cells represent alleles of Przewalski’s, domesticated or hybrid horse ancestry, respectively.


