Received: 22 December 2023 Accepted: 11 March 2024

'.) Check for updates

DOI: 10.1111/age.13421

SHORT COMMUNICATION

ANIMAL GENETICS RYVTRo%

Population structure and genomic diversity of the Einsiedler horse

Abstract

The breeding history of the Einsiedler horse is closely
connected with the Benedictine cloister Einsiedeln.
In the mid-nineteenth century, it was decided to use
European Warmblood stallions for cross-breeding
and to abandon the selection of stallions. Since that
time, it has only been possible to trace back the
origin of Einsiedler horses using maternal ancestry
information. Here, we collected high-density genotype
data for European Warmblood horses (Selle Frangatis,
Swiss Warmblood and Einsiedler) and Franches-
Montagnes horses, the last native Swiss horse breed,
to unravel the current population structure of the
Einsiedler horse. Using commonly applied methods
to ascertain fine-scale population structures, it was
not possible to clearly differentiate the Einsiedler
from other European Warmblood horses. However, by
means of runs of homozygosity (ROH) we were able to
detect breed-specific ROH islands for the Einsiedler
horse, including genes involved in domestication and
adaptation to high altitude. Therefore, future breeding
activities should involve the screening of these breed-
specific ROH segments, the revival of cryopreserved
sperm and the selection of Einsiedler stallions.

The Benedictine cloister Einsiedeln, located in central
Switzerland, is considered the oldest stud farm in Europe
with a proven written record, first mentioned AD 1064
(Frei, 2015). Through its geographical location at the
beginning of the Gotthard Pass it became an important
transport hub for goods from the northern Germanic
regions to southern Italy and created a high demand
for resilient horses (Frei, 2015). Initially, horses from all
over Europe passed through the region, thus the origin
of the Einsiedler (ES) horse is not clear. Previously, it has
been demonstrated that ES mares shared some mito-
chondrial haplotypes with baroque breeds (Andalusians
and Lusitanos), highly influential in European breed-
ing during the Renaissance (Riggenbach et al., 2005).
To date, the selection of ES horses is solely based on
pedigree information, and the mares are classified into
three maternal lines, namely Klima, Quarta and Sella
(Weiss & Waldmeier, 2015). Hence, the ES is currently

not recognised as a domestic horse breed by the Swiss
authorities, while the Franches-Montagnes (FM) is de-
scribed as the last native horse breed in Switzerland.

To assess the current population structure and ge-
nome diversity of the ES horse, we collected Axiom™
Equine genotype data (Schaefer et al., 2017; Schaefer &
McCue, 2020) for 604 horses including 52 ES and 152
Swiss Warmblood (WB) horses, as well as 200 unrelated
Selle Francais (SF) and FM, respectively. For the subse-
quent analyses we excluded single nucleotide polymor-
phisms (SNPs) positioned on the sex chromosome or
with unknown position resulting in 602 131 genome-wide
SNPs according to the EquCab3.0 reference genome
(Kalbfleisch et al., 2018) and the most recent annotation
file (https://www.thermofisher.com/order/catalog/produ
ct/550583). Furthermore, missing genotype data were
phased with BEAGLE 5.2 (Browning et al., 2018) separately
for each breed. For the population structure analysis,
we further excluded SNPs with a minor allele frequency
<5% ensuing in 421 988 genome-wide SNPs.

To assess the population structure of the horses, we
calculated pairwise Fg; estimates between breeds and
allele sharing distances between individuals using the
fst and distance function as implemented in pLINK V1.9
(Chang et al., 2015), while SPLITSTREE (Www.splitstree.org)
was used to create the respective neighbour joining trees
(Kloepper & Huson, 2008). Furthermore, we applied a
previously described three-step approach, which com-
bines admixture and genomic inbreeding (Fy,,) of indi-
viduals into a high-resolution network visualisation. The
different components involved in this approach are de-
scribed in detail by Neuditschko et al. (2017) and Druml
et al. (2018). Briefly, we computed the admixture levels of
each horse using the program ADMIXTURE 1.23 (Alexander
et al., 2009) increasing the number of clusters (K) from 1
to 10. To determine to optimal number of clusters, cross-
validation error estimation was performed for each K.
Furthermore, we derived supervised admixture propor-
tions of ES horses, using WB, SF and FM horses as ref-
erence individuals. Supervised (K=3) and unsupervised
admixture results increasing K from 2 to 6 were visual-
ised with the program pisTrucT 1.1 (Rosenberg, 2004) and
integrated in the high-resolution network visualisation.
The Fyqyy were calculated by dividing the total length
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of runs of homozygosity (ROH) segments (Sy,;) by the
length of the autosomal genome (L, ;). Which was set
to 2280.92Mb; see the description below. Finally, we
performed high-resolution network visualisations of the
horses using NetView (Neuditschko et al., 2012; Steinig
et al., 2016). Therefore, we used the aforementioned allele
sharing distances between horses and applied the algo-
rithm in its default setting (number of k nearest neigh-
bours=10). To illustrate the genetic relatedness between
neighbouring horses, we associated the thickness of edges
(connecting lines) with the magnitude of the genetic dis-
tance, while thicker edges corresponded to lower genetic
distances. To identify highly inbred and outcrossed horses
within the respective population networks we scaled the
node size of each horse based on the individual Fyqy,
while the node colour represents the admixture level at
the given number of K clusters, respectively.

(C) (b)

FM

sF ES

WB

(e)

Runs of homozygosity segments were determined
with an overlapping window approach implemented
in pLINK V1.9 (Chang et al., 2015). The following set-
tings were applied: a minimum SNP density of one
SNP per 50kb; a maximum gap length of 100kb; and
a minimum length of homozygous segments of 500 kb
(including more than 80 homozygous SNPs), while one
heterozygote SNP was permitted per segment. The
total number of ROH (Ny,,), the total length of ROH
segments (Sy o) and the average length of ROH (L)
were summarised for each breed. Differences between
breeds were investigated using ANova, and post hoc
Tukey's honestly significant difference tests at a signif-
icance level of a<0.05 as implemented in the r pack-
age MUuLTCOMPVIEW (Graves et al., 2015). Putative ROH
islands were determined based on overlapping homo-
zygous regions, shared by more than 50% of studied

FIGURE 1 Population structure results of the sampled horses. (a) UPGMA (unweighted pair group method with arithmetic mean) tree
of pairwise Fg distances between breeds. (b) Neighbour joining tree of allele sharing distances between horses. (c) Unsupervised clustering
results of horses increasing the number of clusters (K) from 2 to 6. (d) Supervised clustering result at K=3, using Swiss Warmblood (WB),
Selle Francais (SF) and Franches-Montagnes (FM) horses as reference individuals. (¢) High-resolution population network, where each horse

is illustrated by a node, with individual node size proportional to Fyqy.,

represents the individual levels of admixture at K=4.

while the node shape refers to the breed origin and the node colour
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horses within each breed and were identified with the
R package DETECTRUNS (Biscarini et al., 2019). Runs of
homozygosity islands which occurred only in one sin-
gle breed were defined as ‘breed-specific’ or ‘private’.
Resulting ROH islands were checked for overlaps be-
tween ES and the other breeds, whereas a threshold
of two SNPs for the minimal overlapping length size
was applied. We used the NCBI genome data viewer
(https://www.ncbi.nlm.nih.gov/genome/gdv/) and the
reference genome assembly EquCab3.0 (Kalbfleisch
et al., 2018) to identify genes embedded in ROH islands.

The lowest Fg distance between breeds was observed
for WB and SF (0.005) followed by WB and ES (0.013), while
FM horses showed the highest pairwise Fg. distances to
all other breeds (Figure 1a). The topology of the neighbour
joining tree coincides with the Fg resultand clearly affirms
that the Warmblood horses cannot be differentiated from
each other according to their genetic origin (Figure 1b).
Increasing the K from 1 to 10, the cross-validation error
estimation did not provide an optimal cluster solution
(Figure S1). The first level of model-based clustering (K=2)
FM horses were differentiated from the other three breeds
(Figure 1c). At K=3 the three Warmblood breeds (ES, WB
and SF) were further sub-structured without a discernible
pattern associated with the origin of the horses. At the
next level (K=4) the majority of ES horses were allocated
in a distinct population cluster, while at additional levels
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of clustering (K=5 and K=6), further substructures were
detected within the Warmblood horses. Supervised clus-
tering at K=3 revealed a distinct admixture pattern of ES
horses, simultaneously highlighting ES horses clustering
with WB horses (Figure 1d). Integrating the unsupervised
admixture proportions at K=4 into the high-resolution
network visualisation, it can be noted that the presumed
ES cluster was associated with family structures within
the ES data (Figure le). In this context, it was also inter-
esting to see that the WB stallion Noé, building the hub
between FM and the Warmblood breeds, also falls into
this cluster, as this stallion was used for cross-breeding
within the FM breed and also had ES ancestry (Poncet &
Wermeille, 2009; Weiss & Waldmeier, 2015). Concerning
the Fyoy we did not observe a distinctive pattern of ES
horses, while highly inbred horses were identified within
FM and SF (Figure le). On average, SF had slightly
more ROH segments (~15) compared with the other three
breeds (Table 1). Selle-Frangais and FM had longer total
ROH segments and higher Fy;, than ES and WB, while
the mean segment length (Ly,,) of FM significantly dif-
fered from those in the other breeds. In total we identi-
fied three ROH islands within the ES, whereas one was
partially shared with SF (Table S1). The most notable
gene in a private ROH island for ES was ZFPM]I. This
gene is associated with mood regulation, aggressive be-
haviour, anxiety behaviour and contextual fear memory

TABLE 1 Total number of runs of homozygosity (V). total length of runs of homozygosity (ROH) segments (Sgy,), average length of
ROH (L) and genomic inbreeding coefficients (Fy ) for the Einsiedler, Swiss Warmblood, Selle Frangais and Franches-Montagnes.

Breed n Mean
Einsiedler 52
Nyon 185.80°
Sron (Mb) 242.90°
Loy (Mb) 1.29°
Fron (0) 12.44
Swiss Warmblood 152
Nyron 179.70*
Sron (Mb) 244.80*
Ly o (Mb) 1.36
From (%) 10.73*
Selle Frangais 200
Nyon 200.70°
Sron (Mb) 298.94
Lyon (Mb) 1.44°
Fron (%) 13.11°
Franches-Montagnes 200
Nron 177.50°
Sron (Mb) 283.71°
Lyon (Mb) 1.60°
Fron (%) 12.44°

SD Median Minimum Maximum
22.72 182.50 108.00 257.00
63.38 244.60 83.30 416.70
0.24 1.28 0.77 1.83
3.08 12.23 2.44 23.69
24.00 178.00 128.00 280.00
55.57 243.30 115.30 431.40
0.22 1.35 0.90 2.33
2.44 10.67 5.06 18.91
26.43 202.50 105.00 301.00
78.26 289.01 85.47 599.49
0.29 1.44 0.81 2.56
3.43 12.67 3.75 26.28
29.05 177.00 69.00 318.00
70.34 279.00 55.59 540.38
0.33 1.60 0.81 2.84
3.08 12.23 2.44 23.69

Note: *“ not sharing any letter indicates significant difference between breeds based on the Tukey honestly significant difference test at the 5% level of

significance.
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and therefore considered important for domestication
(Librado et al., 2021) and selection of ES horses. The sec-
ond gene, WNKI, embedded in a shared ROH island for
ES and SF, was previously associated with familial hyper-
kalemic hypertension (Vidal-Petiot et al., 2013) and adap-
tation to high altitudes in Tibetan people (Shi et al., 2018).
Furthermore, WNKI was associated with cold tolerance
in Tibetan cattle (Liu et al., 2023). This gene was also
found in ROH islands for the Bosnian Mountain and
Posavina horse (Grilz-Seger et al., 2019), supporting the
hypothesis that ES horses are adapted to mountainous re-
gions of higher altitudes. However, this gene is also linked
with skeletal muscle hypertrophy (Mandai et al., 2018) in
horses, which is of high importance for the performance
of sports horses, like SF.

Based on the high-resolution population network vi-
sualisation we were able to demonstrate that putative
sub-structures, as defined by model-based clustering,
can be associated with family structures. Therefore,
the current ES horse cannot be considered as a distinct
breed. However, we also identified ROH islands for ES
horses involving genes associated with domestication
and adaptation to higher altitudes. To re-establish the
ES breed we suggest screening putative candidates for
breed-specific ROH segments and initiating a selection
programme for stallions, including the revival of cryo-
preserved sperm.

KEYWORDS
admixture, horse, inbreeding, population network, runs
of homozygosity
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