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Abstract

Several recent studies have suggested past gene flow between the Przewalski’s horse and modern domestic horse and questioned
the wild origin of the Przewalski’s horse. Mitochondrial DNA has placed representatives of the Przewalski’s horse into three
among the eighteen haplogroups detected from the modern horse. Of these, two haplogroups have so far been found exclusively
in the Przewalski’s horse, while the one shared with the domestic horse includes captive individuals that have uncertain
pedigrees. We recently found five domestic horse individuals of North European horse breeds to carry a mitochondrial
haplogroup that was previously confined only to the Przewalski’s horse. These individuals were sequenced for 6039 bp of
mitochondrial DNA and used, together with domestic and Przewalski’s horse sequences presenting all horse haplogroups, to
examine the phylogenetic relationships and to date the divergence time between Przewalski’s and domestic horse clusters within
this haplogroup. The divergence was dated to have likely occurred about 13,300—11,400 years ago, which coincides with the time

of the Younger Dryas.
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Introduction

A recent study of the relationship of Przewalski’s horse
(Equus przewalskii) genomes with ancient and modern do-
mestic horse (Equus caballus) genomes suggested that
Przewalski’s horses are actually feral descendants of domes-
ticated horses of the Botai culture (c. 5700-5100 years ago
(ya)). Modern domestic horse genomes were estimated to car-
ry less than 3% of the ancestry of these Botai-derived horses,
which however indicates small amount of gene flow from
these horses to domestic horse in the past (Gaunitz et al.
2018). Further evidence of past gene flow between different
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equine groups comes from the finding that up to 13.7% of
components of modern domestic horse can be found in the
genomes of Przewalski’s horses (Der Sarkissian et al. 2015).

Mitochondrial variation in domestic horse is extensive,
with 17 different major haplogroups detected so far (named
A-E and G-R in Achilli et al. 2012). From Przewalski’s horse,
three mitochondrial haplogroups have been found (F, I, and
Joiz), of which one (1) is shared with the domestic horse and
two (F and Jp,;,) have so far been found exclusively in the
Przewalski’s horse (Lippold et al. 2011; Achilli et al. 2012;
Orlando et al. 2013; Der Sarkissian et al. 2015; Yoon et al.
2018). The existence of a shared mitochondrial haplogroup
and close relatedness of the other Przewalski’s horse specific
haplogroups with the modern domestic horse haplogroups
further indicates past gene flow between these two.

We recently found evidence of four Finnhorse and one
Latvian horse (Latvijas $kirne) individuals out of 991 se-
quenced horses (mostly Finnhorses, but also including several
breeds of riding horses, ponies, and harness trotters) to carry
mitochondrial haplogroup F (Kvist et al. 2019), the
haplogroup that was previously confined only to
Przewalski’s horse. Finnhorse is a native breed that was be-
lieved to descend from ‘Northern Forest Type horses’, small
sturdy horses adapted to cold climate (Peltonen and
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Saastamoinen 2007). It is closely related to other Nordic or
eastern horse breeds, e.g., the Norwegian Fjord, North
Swedish horse, Icelandic horse, Estonian Native horse,
Mongolian horse, Yakutian horse, and Tuva horse (Petersen
etal. 2013; Sild et al. 2019). The Latvian horse was formed by
crossing native Latvian horses with western breeds, such as
Oldenburg, Hannoverian, and Holstein horses (Ministry of
Agriculture of Latvia 2003). It is assumed that the native
Latvian horse was closely related to native Scandinavian
breeds, e.g., the North Swedish horse and Dgle
Gudbrandsdal (Hendricks 1995), which are closely related
also to the Finnhorse (Petersen et al. 2013).

Our aim here was to confirm the previous finding of pres-
ence of haplogroup F in modern northern horses that was
based on a 631 bp fragment of the mitochondrial control re-
gion. Further, we aimed at dating the divergence forming
Prezewalski’s and modern domestic horse clusters within the
F lineage and at inferring the divergence in relation to glacial
history and horse domestication.

Material and Methods

The four Finnhorses belonging to haplogroup F were three geld-
ings and one mare, which derived from two maternal lineages
called Hilu 656PK and Elle 52810. Hilu, a red chestnut mare,
was born in 1911 and was accepted into the Finnhorse studbook
in 1915 in Kitee, eastern Finland. She left two offspring and this
lineage has led to six mares born after year 2000. Elle was also a
red chestnut mare born in 1939, owned by a farmer in the Teuva
commune, in western Finland. This maternal lineage could be
traced back for three more generations to a mare in Jalasjarvi,
western Finland that was born in 1901. Elle was accepted into the
Finnhorse studbook in 1944 in Kauhajoki, western Finland. She
left four offspring, with 31 mares born after year 2000 from this
lineage (Heppa-jérjestelmi 2019; Sukuposti 2019). The Latvian
Horse belonging to haplogroup F was a red bay Latvian horse
mare that was imported to Finland in 2005. Unfortunately, we do
not have a pedigree of this horse.

We sequenced 6039 bp of mitochondrial DNA from these
four Finnhorses and the one Latvian horse. The regions selected
for sequencing were chosen based on covering most of the in-
formative sites in an alignment of Przewalski’s and domestic
horse mitochondrial genomes. Primers used for amplification
and sequencing, amplified regions of the mitochondrial DNA
and PCR and sequencing protocols can be found in
Supplementary material and Table S1. The obtained sequences
were aligned with sequences fetched from GenBank (JN398377
—JN398457), presenting all the haplogroups A-E and G-R found
in the modern domestic horse (Achilli et al. 2012) supplemented
with sequences obtained from Przewalski’s horse (GenBank ac-
cession numbers KT221844, KT221845, KT368742 —
KT368756, KT757761, HQ439484, JN398402, JN398403),
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two Przewalski’s horse x domestic horse hybrids (KT368757
and KT368758), one Yakutian Pony (HQ439467), and one
Thoroughbred (Twilight KT757764) (Lippold et al. 2011;
Achilli et al. 2012; Orlando et al. 2013; Der Sarkissian et al.
2015; Yoon et al. 2018; Table S2). After selection of the best
substitution model (TN93 + G + I), a maximum likelihood tree (5
categories, Gamma distribution parameter = 0.8579 and propor-
tion of invariant sites = 0.8212, including 1st, 2nd, and 3rd cod-
ing positions and tRNAs and control region as noncoding) was
constructed with 1000 bootstraps in Mega X (Kumar et al. 2018).

In order to estimate the divergence time of the modern
Finnhorse/Latvian horse lineage from Przewalski’s horse lin-
eage within the haplogroup F, a timetree analysis was con-
ducted in Mega X. The tree was inferred using the RelTime
method (Tamura et al. 2018) using a) calibration to MRCA
(most recent common ancestor; node separating haplogroup R
from the rest A, 96520-170,400 years) or b) divergence be-
tween haplogroups F and G (14 910-32,180 years) as calibra-
tion points based on estimates from Achilli et al. (2012).

The new datasets generated during the current study are
available in GenBank (https://www.ncbi.nlm.nih.gov/
nuccore) by accession numbers MT476488-MT476587.

Results

In the phylogenetic tree, the four Finnhorses and the Latvian
horse grouped together as a sister clade to Przewalski’s horse
within lineage F. These two clades formed a strongly support-
ed monophyletic group (bootstrap support 99%, Fig. 1).
Based on time to MRCA, the divergence between
Finnhorses and the Latvian Horse lineage from Przewalski
lineage occurred 13,300 ya, and based on divergence between
haplogroups F and G, it occurred 11,400 ya (Fig. 1).

Discussion

The wild horse was a common species in Europe, Northern
Asia, and in North America until the Last Glacial Maximum
(Leonardi et al. 2018). There were at least three distinct line-
ages of horses in Eurasia when the Last Glacial period com-
menced at the end of the Eemian period, 115,000 ya. These
included two divergent and now extinct lineages, which lived
in Iberia and Siberia, as well as the lineage that gave rise to the
lineages leading to the extant domestic horse and the
Przewalski’s horse. Estimates of nuclear divergences indicate
that these extant horses diverged at some point between
43,800 and 35,400 ya (Fages et al. 2019). These estimates of
divergence dates coincide with the formation of the so-called
Khvalynian Sea, which together with the Ural Mountains like-
ly contributed to population differentiation of ancestral popu-
lations of the European wild horse and the Przewalski’s horse.
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«Fig. 1 Maximum likelihood tree of the horse mitochondrial haplogroups
named after Achilli et al. (2012). The estimated divergence time between
modern northern horses and Przewalski’s horse within haplogroup F is
shown with an arrow. Haplogroup F is divided into Fpr7 that includes only
Przewalski’s horses and F that includes the four Finnhorses and a Latvian
Sports Horse. Also haplogroup J is divided similarly into J, containing
domestic horses, and Jprz, containing Przewalski’s horses. Note that
Przewalski’s horses placed into haplogroup I have uncertain pedigrees.
Different shadings are used just for clearer visibility of the haplogroups

This inland sea was formed when the Caspian Sea expanded
due to meltwater from ice sheets and permafrost. The
Khvalynian Sea coastline reached as far north as the southern
Ural Mountains during two periods: 1) between ~35,000 ya
and the onset of the Last Glacial Maximum (LGM) about
~26,500 ya and 2) between ~19,000 and ~ 12,800 ya (on this
inland see, see Arslanov et al. 2016: fig. 1; Tudryn et al. 2016;
Yanko-Hombach and Kislov 2018; Yanina et al. 2018).

The Khvalynian Sea was not a barrier for dispersal during the
Last Glacial Maximum (the LGM, 26,500-19,000 ya, Clark
et al. 2009) because the Caspian Sea water level dropped below
the current level due to extreme aridity (Yanko-Hombach and
Kislov 2018). However, this aridity could have made the region
between the Caspian Sea and the Ural Mountains inhospitable. In
any event, the Eurasian horse populations declined during this
harsh climatic phase based on genomic evidence (Orlando 2015)
and osteoarchaeological evidence (Leonardi et al. 2018).
Coincidentally, divergence date estimate between haplogroups
F and G (point estimate 23,550 years, Achilli et al. 2012) places
this divergence to the LGM, most likely slightly before the peak
of glacial conditions occurring ~22,100 ya in the northern hemi-
sphere (Shakun and Carlson 2010). The divergence estimates
obtained by the RelTime method (13,300-11,400 ya) imply that
the two sets of F-lineages present in Przewalski’s and northern
domestic horses diverged at some point during the cold period of
Younger Dryas 12,900-11,700 ya (Alley and Clark 1999).
Maternal lineages may have become differentiated via popula-
tion divergence across the Balling/Allered-Younger Dryas tran-
sition ~12,900 years ago as climate became rapidly much colder
and drier, at some point during the Younger Dryas, or across the
Younger Dryas-Holocene transition (marking the Pleistocene-
Holocene transition) ~11,700 years ago as climate became rap-
idly much warmer and more humid.

Current evidence does not allow us to determine when F
lineages carried by current Finnhorses and the Latvian horse
arrived in the East Baltic region. Both breeds have been
founded using native landraces and are believed to have some
common ancestry (Hendricks 1995; Petersen et al. 2013; Sild
et al. 2019). These lineages could have arrived in this region
already before horse domestication, which occurred perhaps
5300-5500 years ago in the Pontic-Caspian Steppe (assuming
that the Yamnaya culture indeed had domestic horses,
Anthony 2007) and led to the current domestic horse
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(DOM2 in Gaunitz et al. 2018 and Fages et al. 2019). In this
scenario, the domestic horse arriving with the Corded Ware
culture about 4900 years ago derived these F lineages from the
local wild horses likely still present in Estonia at that time
according to Sommer et al. (2011) and Leonardi et al.
(2018). Alternatively, these F lineages were present in the wild
ancestors of the earliest domestic horses in the Pontic-Caspian
steppe and dispersed elsewhere as the domestic horse dis-
persed. It is entirely possible that future ancient DNA studies
will reveal that these F-lineages used to be much more wide-
spread until the relatively recent past and the lineage will be
found in other modern breeds as well. However, thousands of
modern horses and tens of horse breeds have already been
extensively studied using mitochondrial markers. As an ex-
ample, a GenBank search resulted into 2151 sequences with
search words equus, caballus, mitochondrial, control, and re-
gion and to 8473 sequences with search words equus,
caballus, and D-loop (search performed 12th of May 2020).
Although mitochondrial studies have revealed lack of corre-
spondence between breeds, mitochondrial lineages, and geog-
raphy (e.g., Achilli et al. 2012; Hudson 2017; Hristov et al.
2017), the F lineage has not been reported in other breeds.

A discovery of F lineages among the horse of Europe is not
entirely unexpected in light of a finding that the Y chromosome
haplotype at present only carried by the Przewalski’s horse (Y-HT-
2) was carried by some European wild horse and early domestic
horse stallions (Wutke et al. 2018). More extensive genomic sam-
pling of current horses may also lead to discoveries of additional F
lineages among the domestic horse populations and even previ-
ously unknown uniparental lineages. For example, a recent study
discovered that some of the Estonian Native horse stallions carry a
unique Y-chromosomal haplogroup not previously described
(Castaneda et al. 2019). Also, current aDNA studies of archaeo-
logical horse remains by several research groups may provide
further information on the evolutionary history of the horse.
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