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The complete mitochondrial genome of the Peruvian Paso Horse was assembled using PacBio HiFi long 
reads, resulting in a high-quality circular genome of 16,617 bp comprising 13 protein-coding genes, 
22 tRNAs, 2 rRNAs, and a control region. Nucleotide composition and gene structure were consistent 
with other equine mitogenomes. Codon usage analysis revealed a bias toward CUA (Leu), AUA and 
AUC (Ile), suggesting translational optimization. Thirty-five heteroplasmic variants were identified, 
predominantly located in RNA genes (12 S rRNA and tRNA-Phe), with allele frequencies between 0.10 
and 0.60 and no substitutions in protein-coding genes, consistent with purifying selection. Repeat 
analysis detected a single 192 bp tandem repeat and two short tandem repeat (STR) motifs (CATAA 
and TCT) within the control region, supporting their functional role in mitochondrial replication. 
Comparative mitogenomic alignment with 14 representative breeds showed high collinearity and 
structural conservation, with localized variability in the control region (~ 16,000–16,600 bp) and minor 
divergence at positions ~ 1,500 and ~ 10,000 bp. Phylogenetic analysis positioned the Peruvian Paso 
Horse within a European breed clade, closely related to Westphalian, Maremmano, and individuals 
from Germany and Serbia with potential connections to Asian lineages. These results provide valuable 
insights for equine mitogenomics, conservation, and evolutionary studies.
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Since horses were first brought to America by Spanish settlers, many local breeds have taken root in the New 
World. These breeds are the result of the mix of different horses that came from Europe. Over 400 years of natural 
selection, Creole horses in various parts of South America have adapted to their local environments1. Breeders 
have selectively enhanced traits such as conformation, stamina, strength, and gait in these local populations. 
The Peruvian Paso Horse (PPH) (Equus caballus) is a breed native to Peru2 recognized as part of country´s 
cultural heritage3. The PPH is specially known for its distinctive gait, the paso llano4. Previous studies have 
investigated aspects of the breed´s reproduction5,6 and heritability of performance traits7–9. However, research 
on the Peruvian Paso Horse remain limited.

Genetic characterization and understanding genome structure are essential tools for breed conservation, as 
well as for informing reproductive strategies and management practices10. Mitochondrial genomes in animals are 
typically 14–20 kb circular DNA molecules. Due to their higher mutation rate compared to nuclear DNA and a 
mix of conserved and variable regions, mtDNA is widely used for inferring phylogenetic relationships at various 
taxonomic levels11. To date, numerous mitochondrial genomes of domestic horses were published12,13. mtDNA 
is routinely used at both the population and species levels in studies of phylogeography14,15, phylogenetics16–20 
and paleogenomics21. However, mitochondrial genome includes specific complex regions, particularly 
repetitive sequences and segmental duplications, sometimes located within the control region (CR), which have 
traditionally posed difficulties in resolution. In theory, when repeat sequences exceed the length of sequencing 
reads, assembly is restricted by the limits of these repetitive elements22,23.
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Traditionally, most mitochondrial genome has been assembled using Sanger sequencing or second-
generation technologies such as sequencing by synthesis (e.g., Illumina sequencers, San Diego, CA, USA) and 
semiconductor sequencing (e.g., Ion Torrent systems from Thermo Fisher Scientific). These approaches are 
limited by their relatively short read lengths, which pose challenges when assembling repetitive or structurally 
complex regions24. In contrast, third-generation sequencing (TGS) technologies such as PacBio and Oxford 
Nanopore can generate long reads (> 10–20 kbp), enabling complete coverage of mitochondrial genomes in a 
single read. These methods have only recently been applied to assemble high-quality mitogenomes in mammals, 
especially for resolving complex regions25,26.

In this study, we present, the first complete mitochondrial genome of the Peruvian Paso Horse, sequenced 
using PacBio HiFi long-read technology. This represents the first published mitogenome of this breed obtained 
through TGS. Our results highlight the potential of long-read sequencing to resolve challenging mitochondrial 
regions, such as the D-loop and other repetitive elements. This study contributes to a deeper understanding of 
the maternal lineage of the PPH and provides valuable insights for phylogenetic analyses, breed conservation, 
and future genomic research.

Results
Genome organization
The mitochondrial genome was recovered from whole-genome PacBio HiFi reads using MitoHiFi. The final 
circularized assembly had an average depth of approximately 310.3×, ensuring a highly accurate reconstruction 
and reliable variant detection. The assembled mtDNA has a length of 16,617 bp. This genome comprises 13 
protein-coding genes, 22 tRNA genes, and 2 rRNA genes and one control region (D-loop) (Table 1; Fig. 1). The 
heavy (H) strand harbored the majority of genes, including 12 protein-coding genes and 14 tRNA, whereas 
the light (L) strand encoded ND6 and eight tRNAs (tRNAGln, tRNAAla, tRNAAsn, tRNACys, tRNATyr, tRNASer, 
tRNAGlu, and tRNAPro). The elemental composition of this genome was distributed as follows: 24.44% Adenine 
(A), 25.13% Thymine (T), 25.62% Cytosine (C), and 24.81% Guanine (G). The complete mitochondrial genome 
sequence has been deposited in the GenBank database under accession number PQ663616. The corresponding 
BioProject and BioSample identifiers are PRJNA1149496 and SAMN43249583 respectively.

Protein coding genes (PCGs) and codon usage bias (CUB)
Ten of the PCGs (ND1, COX1, COX2, ATP8, ATP6, COX3, ND4, ND4L, ND5, ND6, and CYTB) use ATG as the 
start codon, while two genes (ND2 and ND3) initiate with ATA. Regarding stop codons, four genes (ND1, ND2, 
ATP8 and ND3) have the complete TAG stop codon, while COX1, COX2, ATP6, ND4L, ND5 and ND6 terminate 
with TAA and CYTB with AGA. Additionally, ND4 exhibit an incomplete TA(A) stop codon, whereas COX3 
has a truncated T(AA) stop codon. PCGs also exhibit an AT bias, with AT content ranging from 54.6% in CYTB 
to 64.2% in ATP8. Additionally, the length of the PCGs varies significantly, from 204 bp in ATP8 to 1815 bp in 
NAD5 (Table 2). The amino acid (AA) codon usages were assessed by calculating relative synonymous codon 
usage (RSCU) values in 13 PCGs. A total of 3645 codons were encoded by 13 PCGs, and the most frequently 
used codons were CUA (7.81%), AUC (5.6%), and AUA (5.13%) (Fig. 2A, Supplementary Table S1). Analysis of 
codon usage bias based on 100 codons per thousand (CDpT) values revealed that the highest frequencies were 
observed for codons corresponding to isoleucine (Ile), leucine (Leu4), and threonine (Thr), indicating a strong 
codon preference for these amino acids. In particular, the codon CUA (Leu) exceeded 100 codons per thousand, 
followed by AUA and AUC (Ile), and UCC (Ser), as shown in Fig. 2B”.

.

 rRNA, tRNA, and non-coding intergenic regions
The two rRNA genes (12 S and 16 S) had a combined length of 2,556 bp and were flanked by tRNAPhe and 
tRNALeu2 (Table 1; Fig. 1). A total of 22 tRNA genes were identified, spanning 1,500 bp, with lengths ranging 
from 56 bp (tRNAAsn) to 75 bp (tRNALeu2) (Table 1). The heavy (H) strand encoded 14 tRNA genes, while the 
light (L) strand encoded eight. All tRNA genes exhibited a typical cloverleaf secondary structure, except for 
tRNASer (Fig. 3). Non-coding intergenic regions included the origin of replication, intergenic spacers, and the 
control region. The origin of replication was 38 bp long and located between tRNAAsn and tRNACys. Additionally, 
the control region (D-loop) measured 1152 bp and was flanked by tRNAPro and tRNAPhe (Table 1; Fig. 1).

 Heteroplasmy, repetitive sequences and comparative mitogenomic analysis
A total of 35 heteroplasmic positions were detected, most of which were located in mitochondrial RNA genes: 
85.7% in 12 S rRNA and 11.4% in tRNA-Phe, with only a single variant in the control region. No heteroplasmy 
was observed in protein-coding genes (Supplementary table S2). All variants exhibited allele frequencies 
between 0.10 and 0.60 (AF = 0.171 ± 0.094) with a mean coverage of 50.6×. Tandem repeat analysis identified 
one major repeat located at positions 16,126–16,317, corresponding to the final ~ 500 bp of the mitogenome 
and mapping to the control region, as commonly observed in horses and other mammals (Supplementary Table 
S3). In addition, two short tandem repeats (STRs) were detected: a pentanucleotide motif (CATAA) with three 
copies, and a trinucleotide motif (TCT) with four copies (Supplementary Table S4).The alignment of the PPH 
mitochondrial genome with 14 other representative horses breeds revealed a conserved genomic structure, with 
no major rearrangements among sequences. The PPH showed high collinearity with all breeds; however, notable 
variability was detected in the control region (~ 16,000–16,616 bp), particularly when compared to Mongolian 
and Chinese ancient horses. Minor divergence was also observed around positions ~ 1,500 bp and ~ 10,000 bp 
in some breeds, such as Marwari and Thoroughbred. These differences may reflect breed-specific variants, 
especially in non-coding intergenic or hypervariable regions (Supplementary Figure. S1).
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 Phylogenetic analysis
The mitochondrial genome of the PPH clustered within haplogroup B, according to the classification by Achilli 
et al. (2012). Our phylogenetic analysis, which included 681 mitochondrial genomes, among them the same 
reference individuals used by Achilli et al. (2012), reproduced the original clustering patterns. This assignment 
was supported by the Maximum Likelihood phylogenetic tree topology, where the PPH sequence grouped with 
reference genomes of haplogroup B with high bootstrap support. Additionally, phylogenetic analysis identified 
14 major groups (Supplementary Table S6). Group 2 (with > 70% support) shows that the PPH is mostly 
related to south and central European representatives. Breeds included in the well-supported group of PPH are 
Maremmano, Westphalian, Holsteiner, Shagya - Arab and two individuals from Germany and Serbia. Moreover, 
major group 2 also comprises individuals from the Thoroughbred breed originating in Asia and Oceania, along 
with Kinsky horses and other representatives from Central Europe (Fig. 4). On the other hand, no clear pattern 
was observed linking horse evolutionary relationships to either geographic origin.

Gene Nucleotide positions Size Strand* Codon

tRNAPhe 1–70 70 H TTC

12 S rRNA 71-1046 976 H

tRNAVal 1047–1113 67 H GTA

16 S rRNA 1114–2693 1580 H

tRNALeu2 2694–2768 75 H TTA

ND1 2771–3727 957 H

tRNAIle 3727–3795 69 H ATC

tRNAGln 3793–3865 73 L CAA

tRNAMet 3868–3936 69 H ATG

ND2 3937–4977 1042 H

tRNATrp 4976–5045 70 H TGG

tRNAAla 5051–5119 69 L GCC

tRNAAsn 5132–5187 56 L AAC

Rep_origin 5188–5225 38 H

tRNACys 5226–5291 66 L TGC

tRNATyr 5292–5358 67 L TAC

COX1 5360–6904 1545 H

tRNASer 6902–6970 69 L TCA

tRNAAsp 6979–7045 67 H GAC

COX2 7046–7729 684 H

tRNALys 7733–7800 68 H AAA

ATP8 7802–8005 204 H

ATP6 7963–8643 681 H

COX3 8643–9425 783 H

tRNAGly 9427–9495 69 H GGA

ND3 9496–9852 357 H

tRNAArg 9843–9911 69 H CGA

ND4L 9913–10209 297 H

ND4 10203–11579 1377 H

tRNAHis 11581–11649 69 H CAC

tRNASer2 11650–11709 60 H AGC

tRNALeu 11711–11780 70 H CTA

ND5 11787–13601 1815 H

ND6 13585–14112 528 L

tRNAGlu 14113–14181 69 L GAA

CytB 14186–15325 1140 H

tRNAThr 15326–15398 73 H ACA

tRNAPro 15400–15465 66 L CCA

D-loop 15466–16617 1152 H

Table 1.  Gene organization of the mitochondrial genome of Peruvian Paso Horse. *: Indicates the strand on 
which the gene is encoded. H: heavy strand; L: light strand”.
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Discussions
The Peruvian Paso Horse is a breed of significant cultural and genetic value, renowned for its distinctive gait 
and well-defined lineage. The assembly and annotation of the PPH mitochondrial genome using PacBio Long-
Read technology yielded a high-quality circular contig of 16,617 bp, whose organization aligns with the classical 
structure reported in other equine mitogenome studies27. This genetic arrangement, with the majority of genes 
located on the heavy (H) strand and a smaller number on the light (L) strand, reflects the conserved pattern 
in Equus caballus mitogenomes and suggests stability in genomic organization throughout evolution28,29.The 
nearly balanced nucleotide composition—24.44% Adenine, 25.13% Thymine, 25.62% Cytosine, and 24.81% 
Guanine—indicates a stable profile similar to that observed in other studies of equine mitochondria, which may 
be associated with a low mutation rate and efficient maintenance of mitochondrial genome integrity30.

The analysis of PCGs and CUB in the mitochondrial genome of the PPH reveals implications about evolution 
and translational efficiency in equine mitochondria. Codon usage bias is influenced by multiple factors such as 
mutation pressure, natural selection, GC content, nucleotide skewness, gene expression levels, protein secondary 
structure, biochemical properties, transcription, and open reading frame length31. However, the main drivers 
of CUB are natural selection and mutation pressure acting on the background nucleotide composition32. 
Consequently, certain synonymous codons are favored over others, which in turn can promote adaptive 

Fig. 1.  Mitochondrial genome map of the PPH, with a total length of 16,617 bp. Different genomic elements 
are represented using various colors according to the legend. Genes encoded on the heavy strand are 
positioned outside the circle, while those on the light strand are placed inside. The innermost gray ring 
represents the (G + C) content, where darker areas indicate higher (G + C) percentages.
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evolution33. The start codon ATG and stop codon TAA were the most abundant in the PPH mitocondrial 
genome, like in previous studies34–36. ND4 exhibits an incomplete stop codon (TA[A]), and COX3 shows a 
truncated codon (T[AA]). This variability in start and stop codons is consistent with other vertebrates13,37 and 
equines mitogenomes may be related to post-transcriptional mechanisms that complete incomplete codons 
during mRNA maturation37,38. These incomplete stop codons are completed through polyadenylation at the 
3’ end of the mRNA, thereby converting them into functional stop codons39,40. The analysis of CUB, based 
on RSCU values, revealed that the most frequent being CUA (7.81%), AUC (5.6%), and AUA (5.13%). In 
particular, the high frequency of the CUA codon for leucine, along with the elevated utilization of codons for 
isoleucine (AUC and AUA), suggests that there is an optimization in codon usage that could reflect the relative 

Fig. 2.  Relative synonymous codon usage (RSCU) (A) and codon distribution (B) PCGs in the mitochondrial 
genomes PPH. CDpT represents codons per thousand codons.

 

Gene Gene length (bp) A + T content (%) Start/stop cod on Protein length (aa)

ND1 957 56.6 ATG/TAG 318

ND2 1041 61.5 ATA/TAG 346

COX1 1545 56.3 ATG/TAA 514

COX2 684 57.7 ATG/TAA 227

ATP8 204 64.2 ATG/TAG 67

ATP6 681 56.7 ATG/TAA 226

COX3 783 54.7 ATG/T-- 261

ND3 357 58.5 ATA/TAG 118

ND4L 297 59.9 ATG/TAA 98

ND4 1377 58.3 ATG/TA- 459

ND5 1815 57.2 ATG/TAA 604

ND6 528 60.4 ATG/TAA 175

CYTB 1140 54.6 ATG/AGA 379

Table 2.  Features of the PCGs identified in the mitochondrial genome of PPH.
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abundance of the corresponding tRNAs and an adaptation to maximize the efficiency of mitochondrial protein 
synthesis. This pattern of CUB is fundamental for understanding the evolution of the translational machinery 
in mitochondria41,42.

The ribosomal RNA genes (12 S and 16 S) in the PPH mitochondrial are flanked by tRNAPhe and tRNALeu2. 
This organization is consistent with the mitochondrial genomes of other mammals, where rRNA genes are 
highly conserved and play a crucial role in mitochondrial protein synthesis as integral components of the small 
(12 S) and large (16 S) ribosomal subunits43. This conserved structure is essential for maintaining translational 

Fig. 3.  The predicted secondary structures of the 22 transfer RNA (tRNA) genes in PPH are shown.
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efficiency in mitochondria, as previously reported in mammalian species such as Rattus norvegicus44. Most 
tRNAs exhibit a typical cloverleaf secondary structure, except for tRNASer, which lacks the D-arm, a common 
feature in mammalian mitogenomes45. This variation in secondary structure may influence the efficiency of 
aminoacylation and translation46.

The non-coding intergenic regions include the origin of replication, intergenic spacers, and the control 
region (D-loop). Overall, the organization and characteristics of the non-coding intergenic regions in the PPH 
mitochondrial genome exhibit a high degree of conservation with other mammalian mitogenomes, indicating 
strong evolutionary constraints to maintain essential functions in gene expression and mitochondrial DNA 
replication44. This structural conservation highlights the importance of mitochondrial genome stability in 
equine evolution and suggests potential applications in phylogenetics and breed conservation.

Fig. 4.  Maximum Likelihood phylogenetic tree of 681 horses inferred from mitochondrial genomic sequences. 
Bootstrap support values are indicated as black bullets and shown only for branches with > 70% support. The 
black numbers positioned above certain branches (e.g., 1 to 14) indicate major phylogenetic groups or clades 
identified in the analysis. Highlighted in the red box is a zoomed-in portion of the tree showing the position of 
several specific breeds, including the Peruvian Paso Horse (marked with an asterisk), alongside Westphalian, 
Maremmano, Holsteiner, and Shagya-Arab horses. Images of these breeds are shown on the left for visual 
reference: Westphalian (Photograph: Association of Westphalian Horse Breeders, ​h​t​t​p​s​:​/​/​w​e​s​t​f​a​l​e​n​p​f​e​r​d​e​.​d​e​/​
e​n​/​​​​​)​, Maremmano (Source: Associazione Nazionale Allevatori del Cavallo Maremmano, Italy. ​h​t​t​p​:​/​/​w​w​w​.​a​n​
a​m​c​a​v​a​l​l​o​m​a​r​e​m​m​a​n​o​.​c​o​m​​​​​​)​​, Peruvian Paso Horse (Source: UNTRM) Holstein (Source: Holsteiner Verband, 
Germany (https://www.holsteiner-verband.de and Shagya-Arab (Source: Bábolna Nemzeti Ménesbirtok és 
Tangazdaság Zrt., Hungría, ​h​t​t​p​s​:​​​/​​/​b​a​b​o​l​n​a​m​e​n​e​​s​.​h​​u​​/​l​o​v​​a​​k​/​t​e​r​m​​e​k​k​a​t​e​​g​o​r​​i​a​​/​5​​1​8​1​-​g​a​​z​a​l​-​x​x​i​i​/).
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The detection of 35 heteroplasmic positions in the mitochondrial genome of the PPH, predominantly located 
in mitochondrial RNA genes, diverges from patterns reported in other equid studies. For instance, Xu & Arnason 
(1994) found extensive heteroplasmy in the control region of Equus caballus, with variable repeat numbers of 
the motif ​G​T​G​C​A​C​C​T45. In Chinese indigenous horses detected heteroplasmy in the coding region for Cyt b 
and D-loop by PCR-RFLP, but at low frequencies and with primer sampling bias47. In contrast, our data show no 
heteroplasmy in protein-coding regions, suggesting stronger purifying selection acting on functional domains48. 
The tandem repeat analysis revealed a single element located within the last ~ 500 bp of the mitochondrial 
genome, consistent with the so-called “ETAS-like repeats” described in the control region of horses and other 
mammals. These repetitive sequences have been implicated in mitochondrial replication regulation and exhibit 
high intra- and interspecific variability, highlighting their evolutionary and functional relevance24,39. In the 
comparative analysis, a high degree of structural conservation was confirmed between the PPH mitogenome 
and those of other horse breeds, with no evidence of major rearrangements. However, increased variability was 
detected, particularly in the control region and around positions 1,500 and 10,000 bp. These differences are 
consistent with previous mitogenomic studies, in which hypervariable regions of the mitochondrial genome 
have proven crucial for distinguishing breeds and ancient lineages49,50. The application of long-read sequencing 
technologies, such as PacBio HiFi, enables accurate detection of heteroplasmic variants and resolution of complex 
repetitive elements in mitochondrial genomes. These approaches overcome the limitations of short-read data, 
allowing comprehensive characterization of mitogenomic variability at both the nucleotide and structural levels.

The maximun likelihood phylogenetic analysis identified 14 major groups that provide valuable insights 
into the maternal lineage of the PPH and its evolutionary relationships with other equine breeds. Of the 681 
mitochondrial genomes analyzed in our study, 82 correspond to the reference sequences used by Achilli et al.13. 
When classified under our grouping system, these sequences were distributed across Groups 1 to 12, maintaining 
clustering patterns consistent with those reported by Achilli. Groups 5 and 8 to 12 correspond exclusively to 
haplogroups E and G, respectively, while Groups 1 and 2 encompass the full range of major lineages defined in 
their study (A–D, J–R), reflecting broader mitochondrial diversity. This correspondence supports the validity 
of our grouping approach and demonstrates its ability to capture both the diversity and phylogenetic structure 
previously reported, while also revealing finer resolution within certain haplogroups. Traditionally, it has been 
assumed, based on historical documents, that the Peruvian Paso Horse descends from horses introduced to 
Peru by the Spanish in the 16th century, specifically from Andalusian and Barb breeds51. The breed likely 
envolved under unique ecological conditions and management practices in Peru, giving rise to the distinct 
modern phenotype52. In our phylogenomic tree, the PPH was placed within major group 2, clustering closely 
with individuals from Southern European breed Maremmano and five Central European breeds: Westphalian, 
German, Serbian, Holsteiner, and Shagya-Arab. These breeds are generally characterized by their use in sport and 
utility purposes and share history of selective breeding in Central Europe. For example, the Maremmano is an 
Italian breed traditionally used for cavalry and agricultural work53, while the Westphalian and Holsteiner horses 
are known for their performance in dressage and show jumping54. These findings suggest a shared maternal 
ancestry and support previous hypotheses regarding the complex origin of the PPH. They also highlight its 
genetic affinity with European lineages, particulary of Mediterranean origin, as reported for Italian breeds53. 
Additionally, group 2 also included individuals from Asia and other Central Europe representatives. This pattern 
is consistent with previous phylogenetic studies that identified genetic signals from ancient Asian horse lineages 
in modern breeds17,18. The presence of such Asian mitochondrial haplotypes may be attributed to historical horse 
trade routes or introgression events that occurred before or during early colonial expansion19. Interestingly, the 
accessions reported for the Andalusian breed, (JN398430 and JN398443.1) showed closer genetic relationships 
to individuals from Asian (Chinese and Mongolian), Central European (Polish, Maremmano, and Hungarian 
Coldblood), Middle Eastern (Iranian), and Northern Europe breeds (Exmoor Pony) rather than to the PPH. 
This suggests a more complex pattern of ancestry and gene flow than previously assumed. The presence of 
European equine mitochondrial haplotypes in South American breeds has been reported in previous studies14,15, 
further supporting this genetic connection with PPH. Similar clustering patterns have been observed using both 
D-loop sequences and complete mitochondrial genomes14,19,46 reinforcing the phylogenetic structure described 
here. Finally, no clear pattern was observed linking mitochondrial lineage distribution with current breed 
classification or geographic origin. The application of genomic tools has profoundly reshaped our understanding 
of domestication, ancestry, and the diversification of domesticated species, spanning both crops and animals. 
High-throughput sequencing technologies and advanced phylogenomic methods have clarified the complex 
origins of staple crops54–56. Our mitogenomic analysis of the PPH contributes to a broader understanding of 
breed origin, lineage diversification, and conservation priorities. The integration of long-read sequencing and 
mitochondrial phylogenetics provides a high-resolution view into the maternal ancestry of this culturally iconic 
breed, echoing the advances achieved in crop evolution studies. The complete mitochondrial genome generated 
here represents a valuable genomic resource for future research in equine genetics, the conservation of native 
breeds, and mitochondrial evolutionary studies.

Materials and methods
Sample collected and genomic DNA sequencing
A representative individual of the PPH breed named “Amunet” (Register Number YN-19315 in the National 
Association of Peruvian Paso Horse Breeders, born in 2013) residing at the Experimental Station (Luya, 
Amazonas, Peru) of UNTRM, was selected for sampling. Blood was collected using a vacutainer containing 
EDTA as an anticoagulant and was immediately transport to the laboratory. The experimental procedure was 
approved by the Institutional Research Ethics Committee of UNTRM in concordance with Peruvian National 
Law No. 30,407: “Animal Protection and Welfare”. All procedures were conducted in compliance with relevant 
institutional guidelines and regulations. Furthermore, the experimental methods adhered to the ARRIVE 
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(Animal Research: Reporting of In Vivo Experiments) guidelines. High molecular weight DNA extraction, 
PacBio HiFi Library and SMRTcell PacBio sequencing was prepared in Biotechnology Center of the University 
of Wisconsin-Madison, USA. Briefly, Nanobind CBB DNA Kit (PacBio) was used to extract high molecular 
weight DNA. The quality of the extracted DNA was measured on a NanoDrop™ One instrument (ThermoFisher 
Scientific). Quantification of the extracted DNA was measured using the Qubit™ dsDNA High Sensitivity kit 
(ThermoFisher Scientific). The HiFi library was prepared according to PN 102-166-600 Version 04 (Pacific 
Biosciences), and its quality was assessed using the Agilent FemtoPulse System. The library was quantified using 
the Qubit™ dsDNA High Sensitivity kit. Sequencing was performed on a PacBio Revio system.

Assembly and annotation
A total of 14,549,851 PacBio Circular Consensus Sequencing (CCS) reads were generated from whole-genome 
PacBio HiFi sequencing, yielding 239.2 Gb of data. The mean HiFi read length was 16,318 bp and an N50 of 
15,533 bp. The average read quality was Q35, with 93.6% of bases scoring ≥ Q30. The mitochondrial genome 
was assembled, circularized, and annotated using MitoHiFi v3.2.357, which extracted mitochondrial-specific 
reads from the whole-genome dataset. To distinguish mitochondrial DNA (mtDNA) sequences from nuclear 
mitochondrial DNA segments (NUMTs), MitoHiFi applies a combination of criteria including contig circularity, 
read depth, and alignment consistency. Only the contig showing typical mitochondrial features is retained as the 
final mitochondrial genome assembly. Gene and RNA annotations of the assembled mitochondrial genome were 
generated automatically by MitoHiFi v3.2.3, which integrates external tools such as MITOS2 and tRNAscan-
SE for the identification of protein-coding genes, rRNAs, and tRNAs, using Equus caballus reference genome 
(NCBI: NC_001640.1)27 as a reference. A graphical representation of the mitochondrial genome was generated 
using the OGDRAW web server (https://chlorobox.mpimp-golm.mpg.de/OGDraw.html, accessed 9 December 
2024).

Codon usage and tRNA analysis
A CUB analysis was done using python script from https://github.com/rhondene/Codon-Usage-in-python. To 
predict the secondary structure of each tRNA, we used the tRNAscan-SE website server ​(​​​h​t​t​p​:​/​/​l​o​w​e​l​a​b​.​u​c​s​c​.​e​d​
u​/​t​R​N​A​s​c​a​n​-​S​E​/​​​​​​)​​.​​

Heteroplasmy, repetitive sequences, and comparative mitogenomic analysis
To assess the presence of heteroplasmy in the assembled mitochondrial genome, we employed the MitoRSaw 
software v0.2.1(https://github.com/PacificBiosciences/mitorsaw) using the following parameters: a minimum 
of three supporting reads per variant (--min-read-count 3), a minimum alternative allele frequency of 10% 
(--min-maf 0.1), and a minimum mapping fraction of 0.9. Repeat sequences within the mitochondrial genome 
were identified using Tandem Repeats Finder v4.07b58 applying the following scoring parameters: match = + 
2, mismatch = − 7, and indel = − 7, match probability = 80, indel probability = 10, minimum alignment score 
= 50, and maximum period size = 500. Only repeat elements with a score greater than 50 were considered 
for downstream analysis. Additionally, short tandem repeats (STRs), also known as simple sequence repeats 
(SSRs), were detected using MISA v2.159, with the repeat thresholds set to: mononucleotide ≥ 10, dinucleotide 
≥ 5, trinucleotide ≥ 4, tetranucleotide ≥ 3, pentanucleotide ≥ 3, and hexanucleotide ≥ 3. To explore structural 
variation across horse mitochondrial genomes, the Peruvian Paso Horse (PPH) mitogenome was aligned with 
14 mitochondrial genomes from other representative horse breeds retrieved from GenBank (including Akhal-
Teke, Arabian, Barb, Holsteiner, Shagya Arab, Welsh Pony, Thoroughbred, Feral Horse, Mongolian, Marwari, 
Caribbean Colonial Horse, Chinese Ancient Horse, and two unspecified breeds). Whole-genome alignment 
was performed using progressiveMauve v2.4.0, which identifies conserved Locally Collinear Blocks (LCBs) 
and detects potential rearrangements or divergent regions. The resulting alignment was visually inspected and 
exported for comparative analysis of genome structure and variability.

Phylogenetic analysis
Phylogenetic analyses were conducted to determine the evolutionary position and haplogroup affiliation of the 
Peruvian Paso Horse (PPH) mitochondrial genome. All available mitochondrial genomes (n = 681) assigned to 
taxid 9796 (Equus caballus), with lengths ranging from 16,000 to 18,000 bp, retrieved from the NCBI database 
(Supplementary Table S5). This range was selected to exclude incomplete or abnormally long sequences, which 
are often the result of low sequencing quality or annotation errors. Given that the typical length of the horse 
mitochondrial genome is approximately 16,660 bp60, this threshold ensured that only complete and biologically 
relevant mitogenomes were retained. As an outgroup, we included E. zebra, a species of the genus Equus. Full 
mitochondrial genomes including both coding and non-coding intergenic regions were aligned using MAFFT 
v7.205b61. Gaps in the alignment, including those within repetitive regions, were handled using MAFFT’s 
standard gap-penalty settings. As the dataset consisted of complete mitogenomes of similar lengths, the 
alignment showed minimal ambiguous or gap-rich regions. Therefore, no additional trimming was applied. 
Instead, the alignment was manually reviewed, and regions with clear misalignments, particularly in repetitive 
elements, were examined to minimize the introduction of phylogenetic noise62. A maximum likelihood (ML) 
tree was inferred under the GTR + GAMMA model of nucleotide substitution. The best-scoring ML tree was 
selected, and node support was assessed using 1,000 nonparametric bootstrap replicates implemented in RAxML 
v8.2.1163. The resulting topology was visualized in FigTree v1.4.5, and compared to the major haplogroups (A–F) 
defined by Achilli et al. (2012).
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Data availability
The complete mitochondrial genome sequence has been deposited in the GenBank database under acces-
sion number PQ663616. The corresponding BioProject and BioSample identifiers are PRJNA1149496 and 
SAMN43249583 respectivelyOther data from the study are available from the corresponding authors.
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