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20th century. We sequenced a fragment of mitochondrial DNA from these
historical samples to study the history and evolution of maternal lineages of
horses back to the early days of the breed, compared the mitochondrial DNA
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geographic population genetic structure. We observed high maternal haplotype
and nucleotide diversity at the time during the foundation of the breed, and a
decrease in both measures during 1931-1970. In addition, we observed losses of
some haplotypes present in the early stages of the breed. There was only slight
evidence of geographical or temporal population structure. This study is, to
our knowledge, the first to use such temporal sampling to reveal the history of
a specific animal breed.
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INTRODUCTION

ago) of horses from which the modern horse lineage has
descended (Librado et al., 2021). A few horse breeds are

Domestic animals have been bred by humans for thou-
sands of years, but breeds, as we know them today,
have existed for much shorter periods. When a species
is domesticated, only selected individuals, which carry
desired traits, are allowed to reproduce. This kind of se-
lective breeding forms the basis of breeds. This is true
for horse breeds as well. The horse is commonly agreed
to have been domesticated in the Pontic-Caspian Steppe,
about 5300-5500years ago (Anthony, 2007) with recent
genomic studies pinpointing the lower Volga-Don as the
domestication location (approximately 4000—4200 years

believed to have existed for a long time. One of them is
the Caspian horse, a miniature horse that is believed to
originate from the oldest known horse breed that existed
already close to the time of horse domestication (Pluta
et al., 2020), and another is the Icelandic horse that is
assumed to originate from horses brought to Iceland
by Norse settlers 1100years ago (Adalsteinsson, 1981).
However, most horse breeds have more recent origins,
some tracing back to the Middle Ages (e.g. the Arab,
Kucera, 2013; and the Andalusian, Valera et al., 2005),
but most have been officially founded within the last
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couple of centuries (e.g. the Standardbred, Cothran
et al., 1986; the Hanoverian, Hamann & Distl, 2008; the
Friesian, Savelkouls, 2015).

In northern Europe, especially in Fennoscandia and
Iceland, early horse populations evolved in geographi-
cally isolated areas, thereby retaining archaic features
and reflecting adaptations to harsh local conditions
(Saastamoinen & Méenpéd, 2005). As a result, the horses
were tenacious, small in size, and able to cope with the
scarcity of food. From the 18th to early 20th centuries,
the breeding of native horses in northern Europe aimed
to raise better quality horses for use in agriculture, for-
estry, military, and changing demands of the modern
world. Desired traits were commonly added to landraces
by crossing native horses with foreign breeds for gaining
height, strength or certain stature. These early stages of
breeds' histories have been studied almost entirely based
on historical documents and, to some extent, also using
DNA-analyses of modern horses (Castaneda et al., 2019;
Hreidarsdottir et al., 2014; Kvist et al., 2019).

The Finnish horse has remained essentially the same
since the 18th century, but the size has increased and the
colour spectrum has decreased during the 20th century.
The Finnish horse has been characterised by its versa-
tility since its early days. Although the Finnish horses
were used mainly in agricultural work and strength was
a desired trait, speed was also highly valued. According
to historical documents, in the 19th century and at the
beginning of the 20th century, the Finnish horses were
to some extent crossed with foreign breeds, in order to
achieve more strength, size and speed. The studbook of
these Finnish horses was established in 1907, after which
the breed was designated as a Finnhorse and no foreign
breeds were allowed to be used for breeding any lon-
ger (Peltonen & Saastamoinen, 2007). Based on genetic
studies, the Finnhorse is closely related to other Nordic
or eastern horse breeds, e.g. the Norwegian Fjord, North
Swedish horse, Gotland Russ, Icelandic horse, Estonian
Native, Tuva horse, Yakutian horse and the Mongolian
horse (Petersen et al., 2013; Sild et al., 2019). Many of
the Nordic horse breeds have preserved a unique gene
pool and are distinct from other native breeds around
the Baltic Sea region and North-Eastern Europe (Sild
et al., 2019).

Genetic studies of the domestication history of the
horse, with the use of ancient or modern DNA, have re-
vealed a previously unknown complexity in their early
domestication. A good example of this is the finding
that the Przewalski's horse is likely to be a feral domesti-
cated horse of the Botai culture and not a true wild horse
(Gaunitz et al., 2018). Further, genetic studies of tens of
horse breeds have been published to gain insight into ge-
netic variation within the breeds, relationships among
breeds, and to reveal events, such as population size
changes, and selection in the histories of the breeds (e.g.
Kvist et al., 2019; Petersen et al., 2013; Poyato-Bonilla
et al., 2022). These studies have used samples of recent

DNA collections and state-of-the-art analysis meth-
ods, resulting in an increasing amount of knowledge on
the genetic properties of breeds, which can be utilised
in the improvement of endangered breeds (e.g. Janova
et al., 2013; Luis et al., 2007).

The early stages of the formation of breeds have, to
our knowledge, never been studied using DNA samples
originating from those times. Here, we have collected
historical samples of horses from the end of the 19th cen-
tury and throughout the 20th century, originating from
private collections, museums, schools, and excavations,
in order to examine the history of the Finnhorse. Using
mitochondrial DNA (mtDNA) sequences obtained
from these historical samples and samples of modern
day Finnhorses, we (1) studied how genetic diversity of
the Finnhorse has changed since the foundation of the
breed; and (2) elucidated the history and evolution of the
maternal lineages of horses back to the early days of the
breed. Further, (3) we estimated effective population size
changes spanning the time before, during, and after the
foundation of the breed.

MATERIALS AND METHODS
Sampling

The samples were either hair, tooth, bone, or hoof sam-
ples obtained from excavations or collected from mu-
seums, schools, and private collections (Figure 1 and
Table S1). The samples were collected between 2017 and
2021 in Finland and included horses born between 1850
and 1990. A total of 416 samples were processed for DNA
extraction and amplification of mitochondrial control
region, of which 325 were hair samples and 91 were
tooth, bone or hoof samples. For detailed description of
sampling, DNA extraction, PCR, and sequencing, see
Appendix S2.

Sequence analyses

CodonCodeAligner v.9.0.1 (https://www.codoncode.
com/aligner/) and BioEdit v.7.0.0. (Hall, 1999) were
used for editing and aligning sequences. After remov-
ing identical sequences originating from samples col-
lected from the same place, we grouped the sequences
in the following two ways: (1) Sequences of all the his-
torical samples were divided into groups according to
the period they represented: before 1900 (N = 53), 1901—
1930 (N = 31), 1931-1950 (N = 29), 1951-1970 (N = 25),
and 1971-1990 (N = 5). Henceforth, this dataset is
designated in the text as ‘Historical horses’. (2) Based
on the biography of the samples, we omitted those his-
torical samples that we considered might not represent
Finnhorses (e.g. samples from agricultural schools that
were used for educational purposes, most representing
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FIGURE 1

Examples of sampled material for this study. (a) Horsehair (sample number mEca337, Table S1), private collection. Photo H.

Aaltonen. (b) A hoof (mEca245) from a teaching collection of Mustiala agricultural school, Finland. (c) A horsehair filled pillow (mEca 331),
private collection. Photo P. Himaéldinen-Eerola. (d) The taxidermied head of a Finnhorse named Eri-Aaroni (mEca2), in Laihia museum
exhibition, Finland. (e) A tooth model (mEca269) from a teaching collection of the Otava agricultural school, Finland. (f) The remains of a
Finnhorse named Valokas (mEcal25), a famous trotter, in an archaeological excavation in Koria, Finland, in 2020. Photos T. Kirkinen unless

otherwise mentioned

TABLE 1 Diversity indices of
historical horses' and Finnhorses' datasets
divided by periods Historical horses
Before 1900
1901-1930
1931-1950
1951-1970
1971-1990%
Finnhorses
Before 1900*
1901-1930
1931-1950
1951-1970
1971-2000

2001-2017

143
53
31
29
25

810
2
23
22
16
145
602

HIH, ., h ™ 0
55170 0.970 (0.005)  0.0194 (0.0006)  0.0207 (0.0059)
34 0.978 (0.009)  0.0225 (0.0009)  0.0226 (0.0074)
24 0.978 (0.015)  0.0219 (0.0015)  0.0219 (0.0079)
20 0.968 (0.018)  0.0182 (0.0012)  0.0196 (0.0073)
19 0.973(0.019)  0.0198 (0.0016)  0.0184 (0.0071)
5 1.000 (0.126)  0.0264 (0.0041)  0.0299 (0.0161)
104/116  0.951 (0.003)  0.0200 (n.d.) 0.0269 (0.0059)
2 1.000 (0.250)  0.0292 (0.0146)  0.0292 (0.0219)
20 0.988 (0.016)  0.0231 (0.0019)  0.0227 (0.0086)
15 0.952(0.029)  0.0186 (0.0012)  0.0190 (0.0075)
14 0.983 (0.028)  0.0192 (0.0018)  0.0154 (0.0067)
50 0.959 (0.008)  0.0224 (0.0007)  0.0232 (0.0065)
87 0.950 (0.004)  0.0201 (n.d.) 0.02645
(0.0060)

Note: Standard deviations are indicated within parenthesis.

Abbreviations: N, number of samples, H, number of haplotypes, H,

ndels”

also indels, h, haplotype diversity, z, nucleotide diversity, and 6, mutation parameter.
“Omitted from statistical analyses due to low sample size.

the period before 1900). We then combined these sam-
ples with modern Finnhorse sequences from Kvist
et al. (2019). These were subsequently grouped ac-
cording to periods: before 1900 (N = 2), 1901-1930
(N =23), 1931-1950 (N = 22), 1951-1970 (N = 16), 1971—
2000 (N = 145), and 2001-2017 (N = 602). Henceforth,
this dataset is designated in the text as ‘Finnhorses’.

number of haplotypes considering

These data were further divided into western and
eastern geographic groups (Figure S3). DnaSp v.6.12
(Librado & Rozas, 2009) was used to calculate the
basic genetic diversity estimates for all the temporal
groups. The significance of nucleotide and haplotype
diversities among periods was tested by permutation
with Genetic_diversity_diffs v.1.0.6. (Alexander, 2017)
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in R v.4.0.5 (R Core Team, 2021). In order to further
assess the temporal genetic variation between the
modern and the historical populations, temporal sta-
tistical parsimony networks were constructed using
the program TempNet (Prost & Anderson, 2011) in
R v.4.0.5 separately for the Historical horses' and the
Finnhorses' data. In addition, pairwise ¢g values were
calculated and the exact test of population differentia-
tion performed using Arlequin v.3.5.2.2 (Excoffier &
Lischer, 2010). The same program was applied to test
between the geographical groups. The best supported
substitution model and gamma value were inferred
from Akaike and Bayesian information criterion values
obtained in MEGA X program (Tamura et al., 2013).

We searched for changes in female effective popula-
tion size (N_) through time using the Bayesian skyline
analysis with the program BEAST v.2.6.6 (Bouckaert
et al., 2019). The input was created using BEAUTI
v.2.5 (Bouckaert et al., 2019), and TRACER v.1.7.2
(Rambaut et al., 2018), was used to inspect the pos-
terior distributions and effective sample sizes, and to
analyse the skyline plot. Details of all methods are
found in Appendix S2.

RESULTS
Genetic variation

The haplotype diversity (h) of Finnhorses (0.951) was
slightly lower than for Historical horses (0.970), but nu-
cleotide diversity (z) and mutation parameter (f) were
higher for Finnhorses (0.0200 and 0.0269) than for
Historical horses (0.0194 and 0.02063), respectively (see
Table 1). With the Historical horses' dataset, nucleotide
diversity comparisons showed low, although not quite
significant p-values only between the period before 1901—
1930 and 1951-1970 (p = 0.055; all other p-values >0.130).
No significant differences were detected in haplotype di-
versity with this dataset (all p-values >0.394). Nucleotide
diversities between periods of the Finnhorses' dataset
were significantly different between periods 1931-1950
and 1971-2000 (p = 0.024), and 1951-1970 and 1971-2000
(p = 0.050). Haplotype diversities did not differ between
the periods (all p-values >0.181). However, with both
datasets, decrease of haplotype and nucleotide diversi-
ties are seen in the period 1931-1950 compared to other
periods (Figure 2).

Genetic structure

No significant differentiation was seen between the
periods in pairwise ¢y (Historical horses: ¢y -values
between —0.026 and 0.007, p-values 0.234-0.991, for
Finnhorses: ¢g-values between —0.019 and 0.002, p-
values 0.315-0.838; Table S4). For Finnhorses, the exact
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FIGURE 2 Nucleotide (blue) and haplotype (orange) diversities
divided by periods for (a) Finnhorses' and (b) historical horses'
datasets. Statistically significant differences for nucleotide diversities
between periods are shown with asterisks, haplotype diversities did
not differ significantly between any periods

test of differentiation suggested differentiation between
the period 1901-1930 from periods 1971-2000 and 2001—
2017, and period 1951-1970 from 2001-2017, whereas for
Historical horses' data, no differentiation was detected.
Eastern and western groups of Finnhorses did not differ
significantly, with respect to ¢¢p (0.0146, p = 0.189), but
again, the differentiation was significant with the exact
test of differentiation (p = 0.000).

Temporal statistical parsimony networks (Figure 3a,b)
showed that only a few haplotypes were detected through-
out the 20th century. Among the Historical horses, alto-
gether 41 of the 70 haplotypes were private (each detected
in only one individual). Only two of the haplotypes were
present throughout all periods (individual IDs of the se-
quences included in Figure 3 can be found in Table S5).
The Finnhorses data revealed 54 private haplotypes out
of the 115 detected, and altogether 68 haplotypes were
found in one period only, largely from the most recent
periods. Only two were found throughout the 20th cen-
tury. Of the haplotypes present in the two earliest peri-
ods, 17 haplotypes of the 22 were detected also in the two
latest periods. Altogether 10 haplotypes out of 26 present
in 1931-1970 were no longer found in the two latest pe-
riods. Of the 18 horse haplogroups (defined by Achilli
etal., 2012) only B, D, G, H, I, L, M, and Q were detected
in the two earliest periods, but all, except groups K and
O, are found in the latest period. A more comprehensive
report of these results is described in Appendix S6.
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FIGURE 3 Temporal statistical parsimony network of
mitochondrial DNA control region (277 bp) showing (a) historical
horses' dataset divided into five periods: before 1900 (purple), 1901—
1930 (blue), 1931-1950 (green), 1951-1970 (turquoise), and 1971—
1990 (orange) and (b) Finnhorses' dataset divided into six periods:
before 1900 (purple), 1901-1930 (blue), 1931-1950 (green), 1951-1970
(turquoise), 1971-2000 (orange), and 2001-2017 (magenta). Coloured
circles indicate haplotypes present in that period and their sizes are
proportional to the number of identical haplotypes found. Numbers
within the circles depict haplotype IDs and correspond in panels (a)
and (b) (see also Table S5). Small black dots connecting haplotypes
within each period illustrate hypothetical haplotypes not present in
the sample, and bars depict substitutions between the haplotypes.
Small white circles illustrate haplotypes found in other periods,

but which are absent from that particular period. Haplotypes of
the latest period are grouped into haplogroups (shaded in grey) and
represented with letters A-R after Achilli et al. (2012)

Effective population size

The posterior distribution of the Markov chain Monte
Carlo runs in BEAST was unimodal but, even though
many Markov chain Monte Carlo runs were used, the ef-
fective sample size remained a bit low (119). The Bayesian
skyline showed an increasing female effective popula-
tion size until the end of the 19th century, reaching an
N, of 16003 (median; 95% CI 3096-5.82x 10°) by the
1880s. Thereafter, it started to slowly decline until the
1970s when the N_ was the smallest, 13209 (median; 95%
CI 3283-5.63 x 10%). The present N, was estimated to be
13806 (median; 95% CI 3078-5.83 x 10°; Figure 4).

DISCUSSION

This study is, to our knowledge, the first to use samples
originating from the times of breed foundation to re-
veal the history of a specific animal breed. We observed
high maternal haplotype and nucleotide diversities at
the time during the foundation of the Finnhorse breed,
as well as a decrease in both during 1931-1970. In addi-
tion, some haplotypes present in the early stages of the
breed were seemingly lost as these were not detected in
modern Finnhorses. A drop in genetic diversity was ac-
companied by a reduction of the female effective popula-
tion size. We found some evidence of geographical and
temporal population structure.

DNA extraction and PCR success of
historical samples

About 25% of the hair samples yielded mtDNA control
region sequences, while the success rate of bone, tooth,
and hoof samples was about 85%. While demonstrat-
ing bone, tooth, and hoof samples are especially good
sources of historical DNA, horse hairs are a much more
accessible sample type, as many horse hair bundles have
been stored by private persons. In hairs, the poor PCR
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success of many samples can be explained by several
factors such as damage caused by microorganisms and
insects, temperature variations and humidity during
storage (Kirkinen et al., 2022). In addition, most of the
DNA in hairs is found in the follicles, but most of our
samples did not have any. Both sample types contained
fragmented DNA, seen as a low PCR success with the
primer pair amplifying the longest fragment. Ancient
and historical DNA is highly fragmented, as DNA
degradation starts immediately after death (Hofreiter
et al., 2001; Pdaabo et al., 2004), and in keratinized hairs,
DNA is already fragmented during the lifetime of the
animal (Bengtsson et al., 2012).

Genetic diversity and structure, and the
history of the Finnhorse

Improvement of the Finnish horse population began
already in 1835 by placing state-owned breeding stal-
lions (so-called ‘crown stallions’) in the care of pri-
vate people. By the turn of the 20th century, the horse
population was affected by well over 100 state-owned
crown stallions, as well as some crossings with foreign
breeds (Solala, 2021). Alfthan (1911) described the 19th
century horse population as mixed, and distinguished
several local landraces with different characteristics.
Finnhorses in the east and west of the country were
claimed to differ in their morphology (Alfthan, 1911;
Vilkuna, 1967; broader information of the history
of the Finnhorse in Appendix S7). In our Historical
horses' dataset, nucleotide diversity was the highest
in the period before 1900 that predates the establish-
ment of the Finnhorse studbook (in 1907) and could

- - - - -

thus include more foreign-breed background than later
periods.

Nucleotide diversity in Finnhorses was the highest in
1901-1930, but dropped slightly from previous periods
during 1931-1970 (also in the Historical horses' dataset).
This was most probably caused by several factors. The
studbook, with strict regulations for the traits of ac-
cepted horses, severely limited the number of breeding
individuals. The effect of this may have been somewhat
delayed, not least because the owners of the horses did
not always follow all the instructions given. As an ex-
ample, they used horses that were successful in horse
races for breeding, even though they were not approved
in the studbook. World Wars I and II, and changes in
agricultural and forestry practices during the 1950s, to-
gether with the movement of people from rural to urban
areas, decreased horse numbers (Kumpulainen, 2007)
and probably also affected the genetic diversity.

Changes in breeding practices have, likewise, also
probably had an effect on genetic diversity. Within the
breed, a variable number of breeding sections have been
formed for different types of horses. Since 1971, the stud-
book has been divided into four sections: trotters, rid-
ing horses, pony-sized horses, and draught horses (Ojala
et al., 2007). These divisions could have further limited
genetic diversity, as only certain horses met the criteria
and were used for breeding. By contrast, many registered
Finnhorses were (and still are) not in the studbook and
were (and are) used for breeding, leading to the creation
of a common gene pool for the breeding sections. In line
with estimates of genetic diversity, maternal effective
population size showed an increase until the end of the
19th century and decreased slightly after the turn of the
20th century, fitting well with the Finnhorse's history
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(Appendix S7) and the effect of the establishment of the
studbook and breeding sections.

The exact test for population differentiation con-
sidered genetic differentiation to be significant among
western and eastern Finnhorses. However, we found no
geographical differentiation based on g@g. Similarly,
some of the periods differed being based on the exact
test, but not based on ¢g. The reason for the disparate
results of these tests probably lies in the way ¢g also
takes into account the genetic distances between haplo-
types, but the exact test relies solely on haplotype num-
bers. In horses, mitochondrial differentiation is rare, and
even between breeds there does not tend to be differentia-
tion; instead, most breeds comprise of most haplogroups
having large and overlapping distributions over vast geo-
graphical areas (Lu et al., 2019). This is most likely to be
due to frequent dispersal events (both naturally in the
wild and by people when domesticated) in the history
of horses, and the large maternal input to the breeding
pool (Lippold et al., 2011), which is a result of the mating
structure in the wild and the use of a few stallions but
many mares in breeding.

Haplotypes and haplogroups

Ofthe 18 horse haplogroups defined by Achillietal. (2012)
only eight (haplogroups B, D, G, H, I, L, M, and Q)
were detected in the two earliest periods (before 1930s)
in the Finnhorses' dataset, whereas 16 (haplogroups K
and O are missing) are found in the modern Finnhorse.
Evidently, sample sizes have an effect, but it is still inter-
esting to note that all six of the presently most common
haplogroups (B, G, I, M, L, and Q; Kvist et al., 2019) were
detected already in the earliest periods. Haplotype di-
versity of modern samples is the lowest from all periods,
although the sample size is the largest. It seems that some
maternal lineages were lost during the 20th century, as
some of the haplotypes present in the earliest periods are
not found in modern Finnhorses. Whether these were
just not detected in modern Finnhorses, lost randomly,
or selected off due to these lineages carrying foreign or
otherwise undesired traits, can only be speculated.

CONCLUSION

This study showed that historical material sourced from
museums, private individuals, and archaeological exca-
vations are valuable for examining the history of domes-
tic animal breeds. Instead of examining modern DNA,
this type of material provides a tool to follow the devel-
opment of breeds as it happens, using a time series of his-
torical samples. With historical DNA, we followed the
evolution of maternal lineages and could detect, for ex-
ample, loss of maternal lineages, and changes in female
effective population size and genetic diversity.
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