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EquCab_Finn: A new reference genome assembly for the domestic

horse, Finnhorse

Abstract

Finnhorse is Finland's native and national horse breed
and it has genetic affinities to northern European
and Asian horses. It has historical importance for
agriculture, forest work and transport and as a
war horse. Finnhorse has four breeding sections
in the studbook and is under conservation and
characterisation efforts. We sequenced and annotated
the genome of a Finnhorse mare from the working horse
section using PacBio and Omni-C data. This genome
can complement the existing Thoroughbred reference
genome (EquCab 3.0) and facilitate genetic studies of
horses from northern Eurasia. We assembled 2.4 Gb
of the genome with an N50 scaffold length of 83.8 Mb
and the genome annotation resulted in a total of 19748
protein coding genes of which 1200 were Finnhorse
specific. The assembly has high quality and synteny
with the current horse reference genome. We manually
curated five genes of interest and deposited the final
assembly in the European Nucleotide Archive under
the accession no. PRIEB71364.

The first reference genome for the domestic horse was
published nearly 15years ago (Wade et al., 2009) and
further improved in recent years (Jevit et al., 2023;
Kalbfleisch et al., 2018). Reference genomes and the
advancement in modern genomic tools have greatly
advanced the equine research, especially in identify-
ing novel genetic variants and the genetic basis of sev-
eral Mendelian and complex traits (Abri et al., 2020;
Raudsepp et al., 2019). Given the remarkable diversity
of this species, there is a need for a pangenomic ap-
proach where genomes from several breeds could be uti-
lised (Clark et al., 2020). The current reference genome
for domestic horse is from the Thoroughbred, which is
closely related to other Warmblood breeds, such as the
Swiss Warmblood, Hanoverian and American Quarter
Horse. However, the Finnhorse is genetically distinct
from the Thoroughbred and shows genetic affinity with
several northern European native horse breeds, such as

the Icelandic horse, Norwegian Fjord horse and North
Swedish horse, as well as northern Eurasian and Asian
breeds, such as the Mezen horse from west Russia, the
Yakutian horse, the Tuva horse and the Mongolian horse
(Petersen et al., 2013; Sild et al., 2019). The genetic an-
cestries of the Finnhorse and eastern and Asian horses
may be associated with the dispersal of Eurasian do-
mestic steppe horses during prehistoric times (Librado
et al., 2021). Here, we present the assembly and annota-
tion of a genome from a Finnhorse mare that will also
act as a good addition to the existing reference genome.
We believe that our assembly is better suited to genetic
studies of horses originating from northern Eurasia.
Finnhorse (suomenhevonen in Finnish) is a native
horse breed of Finland and the national breed (Figure 1)
with historical importance. During early civilisation,
Finnhorses were used for agriculture, forest work and
transport. They played a significant role during the
Second World War. In the 1950s, there were approxi-
mately 400000 Finnhorses in Finland. However, owing
to internal migration and the adoption of motorised
horsepower, the golden era for Finnhorse ended after
the 1960s and currently, there are approximately 20000
Finnhorses in Finland (mares, stallions and geldings).
The studbook for Finnhorse was established in 1907
and presently has four breeding sections: trotter, riding
horse, pony-type horse and draft horse (Solala, 2021).
Currently, there is an ongoing effort to conserve and char-
acterise this breed. Natural Resources Institute Finland
(Luke) oversees the conservation actions regarding
Finnhorse genetic resources under the Finnish National
Genetic Resources Programme for Agriculture, Forestry
and Fishery. As part of an effort to better characterise
the breed, we have sequenced the genome of ‘Téhden
Piirros’, a Finnhorse mare. The mare belongs to the
working horse section in the Finnhorse studbook (born
14 July 2007, herd book number 2294-07T, withers height
158cm), and has won the Finnish championship in the
annually organised Finnish working horse competitions.
We used a combination of PacBio and Omni-C to
assemble the genome of a Finnhorse mare. DNA sam-
ples were quantified using Qubit 2.0 Fluorometer
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FIGURE 1 The new horse reference
genome assembly EquCab_Finn is the
annotated genome of a Finnhorse mare,
Tédhden Piirros (2294-07T). Finnhorse is
a multipurpose horse used for trotting,
riding and working. Photo by Juha
Kantanen.

(Life Technologies, Carlsbad, CA, USA). The PacBio
SMRTbell library (~20kb) for PacBio Sequel was con-
structed using SMRTbell Express Template Prep Kit 2.0
(PacBio, Menlo Park, CA, USA) with the manufacturer
recommended protocol and sequenced on PacBio Sequel
IT 8M SMRT cells. Wtdbg2 (Ruan & Li, 2020) was run
to generate a primary assembly. A total of 298.7 Gbp
of PacBio CLR reads were used as an input to WTDBG2
v2.5 with genome size 3.0 g, minimum read length 20000
and minimum alignment length 8192. The BLAST results
of the WTDBG?2 output assembly against the nt data-
base were used as input for BLoBToOLS v1.1.1 (Laetsch &
Blaxter, 2017) and scaffolds identified as possible con-
tamination were removed from the assembly. Finally,
purge_dups v1.2.3 (Guan, 2023) was used to remove hap-
lotigs and contig overlaps.

The Omni-C library was prepared using the Dovetail
Omni-C Proximity Ligation Assay (Dovetail Genomics,
Scotts Valley, CS, USA) following the manufacturer's
protocol and sequenced on an Illumina HiSeqX plat-
form to produce approximately 30x sequence coverage.
The draft PacBio assembly and Dovetail OmniC library
reads were used as input data for HiRise, a software pipe-
line designed specifically for using proximity ligation
data to scaffold genome assemblies (Putnam et al., 2016).
Dovetail OmniC library sequences were aligned to the
draft assembly using bwa (https://github.com/lh3/bwa).
We performed Busco analysis to assess the completeness
of the assembly. Moreover, the quality of the Finnhorse
genome was assessed using QUAST-LG v5.2.0 (Gurevich
et al., 2013) using EquCab3.0 as a reference. QUAST-LG is a
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homology-based method that predicts genomic features
(genes, transcripts, coding sequences [CDS]) by aligning
the genome with the reference genome. A feature count
is considered partially covered if the assembly contains
incomplete features but has at least 100bp of a given
feature.

Repeat families found in the genome assemblies
of Equus ferus caballus were identified de novo and
classified using the software package REPEATMODELER
(version 2.0.1) (Flynn et al.,, 2020). REPEATMODELER
depends on the programs REcoN (version 1.08) (Bao
& Eddy, 2002) and rePEATscouT (version 1.0.6) (Price
et al., 2005) for the de novo identification of repeats
within the genome. The custom repeat library obtained
from REPEATMODELER was used to discover, identify and
mask the repeats in the assembly file using REPEATMAS-
KER (Version 4.1.0) (Tarailo-Graovac & Chen, 2009).
Coding sequences from Bos taurus, Equus asinus,
Equus caballus, Homo sapiens and Rangifer tarandus
were used to train the initial ab initio model for our
assembly using the AuGustus software (version 2.5.5).
Six rounds of prediction optimisation were done with
the software package provided by auGgustus. The same
coding sequences were also used to train a separate ab
initio model for the assembly using sNAP (version 2006-
07-28). RNA sequencing reads were mapped onto the
genome using the STAR ALIGNER software (version 2.7)
(Dobin et al., 2013) and intron hints generated with
the bam2hints tools within the AuGustus software
(Stanke et al., 2006). MAKER (Cantarel et al., 2008), sSNAP
(Zaharia et al., 2011) and auGusTus (with intron—exon
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boundary hints provided from RNA-sequencing) were
then used to predict genes in the repeat-masked ref-
erence genome. To help guide the prediction process,
Swiss-Prot peptide sequences from the UniProt data-
base were downloaded and used in conjunction with
the protein sequences from B. taurus, E. asinus, E. ca-
ballus, H. sapiens and R. tarandus to generate peptide
evidence in the MAKER pipeline. Only genes that were
predicted by both sNnap and AuGusTus software were re-
tained in the final gene sets. To help assess the quality
of the gene prediction, annotation edit distance (AED)
scores were generated for each of the predicted genes
as part of the MAKER pipeline. Genes were further
characterised for their putative function by perform-
ing a BLAST search of the peptide sequences against
the UniProt database. Transfer RNA was predicted
using the software TRNASCAN-SE (version 2.05) (Lowe
& Eddy, 1997). The protein sequences of Finnhorse
genome were compared with the protein sequences
from the horse reference genome and other mamma-
lian species namely: Arabian camel (CamDro2), cat-
tle (ARS-UCDI.3), donkey (ASM1607732v2), human
(GRCH38.p14) and sheep (ARS-UI_Ramb_v2.0) using
ORTHOFINDER (Emms & Kelly, 2019).

The final assembly comprises 3749 scaffolds of which
3705 are more than 1kb and the largest is 153953 531 bp,
which corresponds to horse chromosome 1. The sizes of
individual scaffolds are relatively smaller than those of
EquCab3.0 chromosomes (Table S1). Scaffolds N50 and
N90 are 83.8 and 39 Mb, respectively, which are simi-
lar to the current horse reference genome EquCab3.0
(Table 1). The assembly has 319 gaps and covers over
96% of the eukaryotic genes (lineage dataset: eukaryote_
0odbl0) according to Busco analysis (Seppey et al., 2019).
In total 246 out of 255 Busco eukaryotic genes (BUSCO ver-
sion 4.0.5) were detected in our assembly, thus indicat-
ing the high quality of EquCab_Finn. Meanwhile, three
BUscO genes were fragmented and six were missing. The
ab initio genome annotation process resulted in 19748
protein coding genes, including a total of 1176 single-
exon genes. The average sequence length of the genes
is 1443 bp, and the total coding region of the assembly
spans 28505616bp. Based on the orthology analysis
(Table S2), 145455 genes (96.3% of total) were assigned

TABLE 1 Assembly statistics: Summary statistics for the new
Finnhorse assembly (EquCab_Finn) and comparison with the
reference genome of horse (Equcab3.0).

Statistic EquCab_Finn EquCab3.0
Assembly length (bp) 2373605502 2506949475
Number of scaffolds 3749 4700
Scaffold N50 (bp) 83774284 87230776
Scaffold L50 12 12

Scaffold N90 (bp) 39010579 40254690
Scaffold L90 27

to 19121 orthogroups of which 8007 consisted of single-
copy genes and 11102 had all species present. Out of
19237 genes of Finnhorse, 17685 were assigned to 13120
orthogroups and 1552 were not assigned. Moreover,
Finnhorse has 1200 (6.2%) species-specific (i.e only
present in the EquCab_Finn) genes represented by 153
orthogroups. In comparison, EquCab3.0 has 278 (1.3%)
species-specific genes and 35 orthogroups. Five genes
(MSTN, DRD4, THRAP3, PRKGI and TRPV3) of in-
terest were manually curated as part of the annotation
process. These genes were selected based on their associ-
ation with racing performance (MSTN; Hill et al., 2019),
behaviour (DRD4; Hori et al., 2013) and adaptation to
northern environments (THRAP3, PRKGI and TRPV3;
Librado et al., 2015; Su et al., 2023), which are important
characteristics relevant for the Finnhorse. The final as-
sembly is publicly available at the European Nucleotide
Archive under the accession no. PRJEB71364.

We performed pairwise alignment of our assembly
with the EquCab3.0 using miNniMAP2 (Li, 2018) and visu-
alised the consistency plot using jupITERPLOT (Chu, 2018).
The genome alignment of our assembly with EquCab3.0
indicated high synteny between the assemblies. The top
32 scaffolds from EquCab_Finn mapped to the 31 auto-
somes and X chromosome of Equcab3.0 on a 1:1 ratio
(Figure 2).

The qQuast-LG analysis indicated that 93.01% of
EquCab_Finn assembly mapped to the EquCab3.0 ge-
nome assembly, encompassing a total alignment length
of 2332061 753 bp (Table 2). A total of 35153637 bp were
unaligned, or 974 contigs could not be aligned to the
EquCab3.0 genome, and 2143 contigs could only be par-
tially aligned (Table 2), which represents the discrepancy
between the total length of the Finnhorse genome and the
total aligned length to the reference EquCab3.0 genome.
Partially aligned and unaligned contigs could have re-
sulted from structural variations between the Finnhorse
genome and the reference EquCab3.0 genome, such as
large indels (insertion/deletions), as well as repetitive
regions and/or alternative haplotypes causing assembly
errors.

The Finnhorse genome assembly was found to have
2239539 (94.99%) complete and 20345 (0.86%) partial
features out of the 2357683 genomic feature (genes,
transcripts and CDS) annotations of the reference
assembly in EquCab3.0 (Table 2). This indicates that
the Finnhorse genome assembly is comparable with
the EquCab3.0 reference genome in terms of genomic
feature annotations. Moreover, homology-based gene
prediction identified 20 184 genes in the Finnhorse ge-
nome assembly, representing 94.02% of the genes an-
notated in EquCab3.0 (n=21468) (Table 2). Of these,
87.51% (17664) were complete and 12.49% (2520) were
partial, probably reflecting the level of fragmentation
of the Finnhorse genome assembly. Homology-based
gene predictions performed on the Finnhorse genome
assembly (n=20184) based on EquaCab3.0 annotated
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FIGURE 2 Jupiter consistency plot: genome alignment between the Finnhorse assembly EquCab_Finn and EquCab3.0. The top 32
scaffolds represent 95% of the assembly and cover the entire chromosomes of EquCab3.0. Please note in the legend that numbers 1, 2, 3, ...
denote EquCab3.0 chromosomes and S1, S2, S3, ... denote EquCab_Finn scaffolds.

TABLE 2 quasT-LG statistics of EquCab_Finn based on the pairwise alignment with EquCab3.0.

Assembly quality metrics of Finnhorse

Genome fraction Total aligned Largest Number of fully Fully unaligned Number of partially Partially unaligned
percentage length alignment  unaligned contigs length unaligned contigs length

93.01 2332061753 44483216 974 8745623 2143 26408014

Genes predicted with homology-based prediction method

Genes Partial genes Total Percentage of reference's annotated genes (n=21468)

17664 2520 20184 94.02

Genomic features predicted with homology-based prediction method

Number of complete Number of partial Total Percentage of reference's genomic features (n=2357 683)

genomic features genomic features

2239539 20345 2259884 95.85
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genome were in agreement with ab initio genome anno-
tation (n=19 748) and indicated a good level of genome
completeness.

In summary, we present the first complete genome as-
sembly of Finnhorse, a native horse breed from Finland.
The genome was sequenced using a combination of 1LLU-
MINA and pAcBio technologies and assembled using wTBG2
and HIRISE assemblers. The resulting assembly consists of
2373605502bp and 3749 scaffolds, with a scaffold N50
of 83.8 Mb. The final annotated assembly contains 19 748
protein-coding genes. The Finnhorse genome is publicly
available at the European Nucleotide Archive under the
accession PRJEB71364. This genome provides a valu-
able resource for studying the genetic diversity and evo-
lution of horses, especially those from northern Europe,
and will facilitate future pangenome analyses of equine
species.
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