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a b s t r a c t

Long consecutive homozygous genotype segments, runs of homozygosity (ROH), are a result of parents
transmitting identical haplotypes, which can be used to estimate autozygosity. Based on 612K single-
nucleotide polymorphisms, we computed three ROH parameters (genome length covered by ROH,
SROH; number of ROH, NROH; and autozygosity, FROH) to investigate different scenarios in contemporary
horse breeding: limited census (Bosnian mountain horse), conservation breeding (Posavje horse), and
selection within closed studbook (Haflinger). The ROH parameters revealed well-defined differences
between breeds. SROH was highest in the Bosnian mountain horse with 296.32 Mb, followed by the
Haflinger sample (SROH ¼ 270.35 Mb) and the Posavje sample with 192.68 Mb. The highest number of
ROH segments (ROHs) was observed within the Haflinger sample followed by the Posavje sample. FROH
ranged at a population level from 8.59% in Posavje, over the Haflinger (mean FROH ¼ 12.05%) to 13.21% in
the Bosnian mountain horse breed. Bottlenecks were detected for Bosnian mountain horse and Haflinger,
whereas for the Posavje, a positive effect of the conservation breeding program was documented.
Investigating the distribution of ROHs across the genome, we detected four common ROH islands on
equine chromosomes ECA 6, ECA 11, and ECA 17, which were present in all breeds. On breed level, the
Bosnian mountain horses contained 10, the Posavje, four, and the Haflinger, 11 distinct ROH islands
(containing the MC1R locus on ECA 3). With this analysis, we were able to compare genomic levels of
inbreeding between breeds differing in management, pedigree completeness, and genes under selection.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

With the availability of genomewide single-nucleotide poly-
morphism (SNP) genotyping arrays, genomic inbreeding estimation
based on the analysis of runs of homozygosity (ROH) has been
established for several livestock species including the horse. A
is study (hair samples) were
the studbook registration of
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range of studies have proven that the computation of ROH repre-
sents a valuable source of information to describe genomic
inbreeding (FROH) [1e6]. Furthermore, it was demonstrated that the
identification of ROH segments (ROHs) can be successfully applied
to investigate complex population histories and structures and to
identify associations with quantitative and qualitative phenotypes
[7e12]. Although methodical and technological aspects for the
identification of ROH are not fully resolved [13], it is generally hy-
pothesized that long consecutive homozygous segments are a
result of identical haplotypes, which were inherited by a common
ancestor [3,9,12,14,15].

Compared with pedigree-based inbreeding estimation, the
analysis of ROHs provides a range of advantages including the
following. FROH is the quotient of autozygous regions and total
genome length; through this definition, it becomes feasible to
derive reliable inbreeding coefficients from animals/populations
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without pedigree records or incomplete pedigree information. In
pedigree analyses, it is assumed that the founder population is
unrelated. Runs of homozygosity segments of different length
categories reflect to inbreeding events in different time frames, and
thus ROH analyses enable a better comparison between fragmented
populations and between breeds with different pedigree quality
(generation equivalents can vary within horses from 19 in Lipizzans
[16] to 3.5 and even less in local breeds, e.g., the Posavje horse [17]).

Based on the high-density SNP genotype information of the
700k Affymetrix Axiom Equine Genotyping Array, we aimed to
investigate three different scenarios of contemporary horse
breeding in three Slovenian horse populations (Fig.1), which are
representatives for a population with extremely limited census, a
conservation breeding program, and selection within closed stud-
book. The Bosnian mountain horse is the oldest autochthonous
horse breed of the entire Balkan Peninsula and underwent critical
genetic bottlenecks within the period from 1991 to 2018. During
these years, the population number decreased due to following
reasons: the Yugoslav wars (from 1991 to 1999), the political and
economic fragmentation of the original breeding regions, and the
privatization and the shutdown of state stud farms in Bosnia and
Macedonia. Although horses expressing the same type of the Bos-
nian mountain horse can be found in Bosnia and Herzegovina,
Serbia, Macedonia, and Albania, the number of purebred and
registered animals comprises 141 animals and 14 animals in the B-
book. The Slovenian Bosnian mountain horse population originates
from the former state stud farm Borike in Bosnia and Herzegovina.
To increase the effective population size, several Bosnian mountain
horses from the country breeding, which matched in type and
conformation, were integrated into the Slovenian Bosnian moun-
tain horse population. For those horses, no pedigree documenta-
tion exists [18]. The second horse population included in this study
is the Slovenian Posavje horse, which belongs to the Posavina
breed, originating in the northern Sava flatlands of Croatia. The
breeding region also includes the southern part of Slovenia (espe-
cially the districts Krsko and Brezice). In 1993, a Slovenian breeding
and conservation program was initiated. This was the commence-
ment of pedigree documentation; whereas in the past, only
breeding stallions were registered. In contrast to the Bosnian
mountain horse, which is threatened by extinction, the Posavje
population in Slovenia experiences a period of expansion, as the
population increased from 79 breeding mares in 1993 to 627
breeding mares in 2017 [17,19]. Finally we included a sample of the
Slovenian Haflinger horse in this study. The Slovenian Haflinger
population was established in the 1960s based on imported horses
from Austria, and the population constantly increased up to the
1990s. Within the last 2 decades, this breed was exposed to intense
selection pressure according to modernized breeding objective
including the introgression of foreign stallions. Furthermore, a
decrease of the breeding population can be observed in the
Fig. 1. Representative horses for the three breeds Bosnian mountain horse (A), Po
Slovenian Haflinger, as the new management decisions do not
correspond with the attitudes of traditional Slovenian breeders.
The current Slovenian Haflinger population comprises in total 680
registered animals, including 25 breeding stallions and 200
breeding mares.

The aim of this study was to characterize genomic levels of
inbreeding based on ROH analysis and to investigate the ROH
structure and distribution to analyze population history and to
evaluate differences in breeding and selection programs. Further-
more, we identified overlapping ROH regions (ROH islands) within
the respective breeds.

2. Materials and Methods

2.1. Sampling

All horses included in this study were selected to represent the
genealogical population structure of the breeds based on pedigree
information. From the 23 systematically selected Bosnianmountain
horses (BMH),18 were offspring from the Bosnian stud farm Borike,
whereas five horses are the offspring of country-bred mares with
missing pedigree information. The 28 Posavje horses (POS) and the
18 Haflinger horses (HAF) were sampled according to the genea-
logical structure (sire lines and mare families) of the two breeds,
taken into account the relatedness of animals.

2.2. Single-Nucleotide Polymorphism Genotyping

The SNP genotypes for the 69 horses were determined using the
Affymetrix Axiom Equine Genotyping Array [20]. The chromosomal
position of the SNPs was determined based on EquCab2.0 reference
genome. We did not consider the SNPs positioned on the sex
chromosomes (X: 28,017 SNPs and Y: 1 SNP) and the SNPs without
known chromosomal position (30,864 SNPs). The SNPs with more
than 10% missing genotypes were excluded. This resulted in a total
of 611,914 SNPs for each horse.

2.3. Genetic Diversity and Runs of Homozygosity Analysis

To illustrate the population structure, we applied principal
component analysis (PCA) on the basis of the genetic relationship
matrix (G) with pairwise identities by state between horses as
provided by PLINK v.1.7 [21]. The PCA plot was performed using the
R platform and statistical analyses, and graphical representations
were performed using the software packages SAS v.9.1 [22] and R
(www.r-project.org).

Runs of homozygosity segments were determined with an
overlapping window approach implemented in PLINK v.1.7 [21]
based on the following settings: minimum SNP density was set to
one SNP per 50 kb, with a maximum gap length of 100 kb. The final
savje horse (B), and the Slovenian Haflinger (C) (images by Matjaz Mesari�c).

http://www.r-project.org


Table 1
Mean values, standard deviation (SE), and minimum and maximum values for the
variables SROH (in Mb), NROH, LROH (in Mb), and FROH for the samples Bosnian
mountain horse, Haflinger, and Posavje.

Bosnian Mountain Horse n Mean SE Min. Max.

SROH 23 296.32 201.06 42.06 913.02
NROH 23 137.70 36.37 61.00 213.00
LROH 23 1.98 0.99 0.69 4.37
FROH 23 0.13 0.09 0.02 0.41
Slovenian Haflinger
SROH 18 270.36 113.15 1.59 447.73
NROH 18 155.56 57.69 3.00 213.00
LROH 18 1.61 0.45 0.53 2.28
FROH 18 0.12 0.05 0.001 0.20
Posavje Horse
SROH 28 192.68 54.56 116.60 348.77
NROH 28 152.25 17.73 117.00 185.00
LROH 28 1.25 0.26 0.93 1.94
FROH 28 0.09 0.02 0.05 0.16
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segments were called ROH if the minimum length of the homo-
zygous segment was greater than 500 kb and comprised more than
80 homozygous SNPs, whereas one heterozygote and two missing
genotypes were permitted within each segment.

The total number of ROH (NROH), average length of ROH (LROH),
and the sum of all ROH segments (SROH) of each horse were sum-
marized according to breed and ROH length category. To analyze
the ROH distribution, ROH segments were divided into the
following seven length classes: 0.5e1, 1e2, >2e4, >4e6, >6e8,
>8e10, and >10 Mb. The genomic inbreeding coefficients (FROH)
were calculated following the method described in [1]:

FROH ¼
X LROH

LAUTO

where the length of the autosomal genome (LAUTO) was set to
2,243 GB.

The distribution of ROHs across the genome was visualized us-
ing the R-package to detect ROHs (www.r-project.org). Putative
ROH islands were determined based on overlapping homozygous
regions within more than 50% of the horses. The map viewer of the
equine ensemble database Equcab2 was used to identify genes
located in ROH regions, available at www.ensemble.org. For the
determination of Gene Ontology (GO) terms and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways of identified genes,
we used the open source Database for Annotation, Visualization,
and Integrated Discovery v.6.8 packagedavailable at https://david.
ncifcrf.gov. For the final analysis, we used the Equus caballus
annotation file and a significance threshold of P > .05.
3. Results

Principal component analysis of the SNP data revealed a well-
structured picture regarding the three different investigated
breeds, whereas within the Bosnian mountain horse sample a
higher variationwas observed (Fig. 2). The first PC explaining 33% of
the genetic variation separated the Bosnian mountain horses from
the Posavje and Haflinger samples, PC2 (explaining 11%) differen-
tiated the Posavje from the Haflinger samples, whereas PC3
Fig. 2. Visualization of the data set on the first three principal components (PCs). PC1 expl
[BMH]; red dots ¼ Haflinger [HAF]; green dots ¼ Posavje [POS]).
(explaining 5%) did not contribute to breed separation but high-
lighted outbred animals according to studbook information. Runs
of homozygosity analysis of the three samples resulted in
population-specific metrics. The mean genome length covered by
ROH (SROH) was highest in the Bosnian mountain horse with
296.32 Mb, ±201.06, followed by the Haflinger sample (SROH ¼
270.35 Mb, ±113.15) and was lowest in the Posavje sample with
192.68 Mb, ±54.56. The highest number of ROHs (NROH) was
observed in the Haflinger sample with 155.56 ± 57.69 segments
followed by the Posavje sample, where on average 152.25 ± 17.72
segments were counted. The sample of Bosnian mountain horses
was characterized by the lowest number of ROHs (NROH ¼ 137.70 ±
36.37). Mean values, standard deviation, and maxima and minima
values for the parameters SROH, NROH, and LROH of the three samples
are given in Table 1. The highest variance regarding the distribution
of the parameters SROH and NROH was observed in the Bosnian
mountain horse sample, whereas in the Posavje sample, less vari-
ance of SROH occurred (Fig.3).

The plot of SROH versus NROH (Fig. 4) represents a clear structure
between the breeds and describes population history. The Posavje
cluster (green dots) is placed along the diagonal at a medium SROH
ains 33%, PC2, 11%, and PC3, 5% of the variation (blue dots ¼ Bosnian mountain horses

http://www.r-project.org
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Fig. 3. Box plots to illustrate the distribution of SROH (left side) and NROH (right side) within the samples Bosnian mountain horses, Haflinger, and Posavje horses.
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level, whereas the Haflinger sample (red dots) has an upward shift
toward higher NROH and a right shift toward higher SROH. The
Bosnian sample (blue dots) is characterized by a high variability and
simultaneously by a strong right shift toward higher SROH (sub-
cluster including individuals with extreme long genomewide ROH).
The second Bosnian cluster includes horses with the lowest NROH
and SROH values.

From the distribution of the single ROH length classes within the
three samples, distinct differences could be detected within the
medium and high categories (Fig. 5). Although within the category
of small ROHs (0.5e1 Mb), all breeds did not show essential de-
viations, the Posavje sample had the highest proportions of ROHs
shorter than 4 Mb (80.6%), followed by the Haflinger (65.8%) and
the Bosnian mountain horse (57.2%). In the category of ROHs
>10 Mb Bosnian horses had the highest proportion (21.2%), fol-
lowed by the Haflinger (10.3%) and the Posavje (4.6%) samples.
Three Bosnian mountain horses showed a maximum coverage of
ROHs longer than 10 Mb, which ranged from 45.4% to 48.4%.

Genomic inbreeding expressed by FROH ranged at population
level from 8.59% (±2.43%) in the Posavje horse, over the Haflinger
(mean FROH ¼ 12.05%; ±5.04%), to 13.21% (±8.93%) within the
Bosnian mountain horse breed. At individual level, the highest
Fig. 4. Scatter plot of the number of ROH segments (NROH) and genomewide sum of
ROH in kb (SROH). Each individual is marked as dot (blue ¼ Bosnian mountain horse,
green ¼ Posavje; red ¼ Haflinger).
inbreeding coefficients were identified for four Bosnian mountain
mares (FROH: 40.71%; 24.5%; 22.5%; 22.1%). More recent inbreeding
(FROH based on segments >10 Mb) in those four animals amounted
to 27.9%, 14.4%, 13.6%, and 13.7%, respectively, indicating closer
consanguinity within the last 4e5 generations. The lowest FROH
values were documented for two Haflingers (FROH of 0.07% and
0.11%) and five outbred Bosnian mountain horses (FROH ranging
from 1.9% to 4.0%). All these animals lacked ROHs longer than 6 Mb.
The distribution and the breed overlap of FROH values are illustrated
in Fig. 6.

We identified three equine chromosomes (ECA 6, ECA 11, ECA
17), which contained four ROH islands that were shared by more
than 50% of individuals in the total sample (Fig. 7). An overview of
the known genes in these regions is given in Table 2, for example,
HLF (ECA 11) or ERC1 (ECA 6) both playing a role as transcription
factors; RAD52 (ECA 6) a DNA repair protein; B4GALNT3 (ECA 6) a
catalyst of galactose transfer; COX11 (ECA 11) involved in oxidative
phosphorylation process [23].

Applying the aforementioned threshold �50% on a breed level,
we detected differences in the number and localization of ROH
islands. Within the Posavje sample, we identified the lowest
number of ROH islands (n ¼ 4) located on ECA 6, ECA 8, ECA 9, and
ECA 28. On average, these ROH islands were shared by 50% up to
57% of horses (Supplementary Table 1). Close to the defined
threshold (ROH frequency ¼ 46, 43%), an island on ECA 11 con-
tained several genes of the homeobox B cluster (HOXB
Fig. 5. Distribution of ROH segments in different length classes (0.5e1, >1e2, >2e4,
>4e6, >6e8, >8e10, and >10 Mb) within the three samples Bosnian mountain, Haf-
linger, and Posavje horse.



Fig. 6. Distribution of FROH values for the three breeds Bosnian mountain horse (blue),
Haflinger (red), and Posavje (green).
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1,2,3,5,6,7,8,13), a highly conserved family of transcription factors
that are involved in morphogenesis. Gene Ontology analysis high-
lighted the homeobox B cluster associated with biological pro-
cesses and molecular functions. The highest significance for
enrichment was found for HOXB3, HOXB1, HOXB2, HOXB7, HOXB8,
HOXB5, and HOXB6 genes, which are involved in embryonic skeletal
system morphogenesis (GO:0048704) (Supplementary Table 2).

In the Bosnian mountain horse sample, 10 ROH islands on ECA 1,
ECA 3, ECA 6, ECA 11, ECA 18, and ECA 23 were present, which were
shared by 52%e70% of individuals (Supplementary Table 1). On ECA
11, four islands were found. Of 36 identified genes, GO analysis
underlined two genes (MMD, VLDLR) related to biological pro-
cesses. Slightly below the level of significance (P < .066), additional
two genes (INHBB, RALB) that play a role in cellular response to
starvation (GO:0009267) could be outpointed (Supplementary
Table 2).

The Haflinger sample had the highest number of ROH islands
(n ¼ 11) located on ECA 3, ECA 6, ECA 8, ECA 9, ECA 11, ECA 15, ECA
17, and ECA 26. Most islands were located on chromosome 3 (4
islands), and three of them were characterized by long stretches
(2179 kb, 1123 kb, and 1365 kb). The ROH island on ECA 3 position
35,305.705e36,428.488 was shared by 85% of individuals and
contained the MC1R locus (Fig. 8). This island also harbored a ROH
region of 688.5 kb, which was present in 89% of individuals
(excluding the two outbred Haflingers). The following known genes
are located in this region: CBFA2T3, ACSF3, CDH15, SPG7, RPL13,
CPNE7, and DPEP1. Overall, the proportion of Haflinger horses
sharing this island was high, as in five cases, the percentage was
higher than 66%. Of the 87 identified genes, GO analysis underlined
two enriched terms of molecular function. Two genes (SLC9B1,
SLC9B2) were involved in solute:proton antiporter activity (GO:
0015299) and the two genes CNDP1, DPEP1 were related to metal-
lodipeptidase activity (GO:0070573). Two KEGG pathways were
significantly enriched (P < .05) containing the genes PABPN1L,
NFKB1, IFNGR2, and IFNAR1 (ecb05164/Influenza A); and LAPTM4B,
GALNS, MANBA, and IDUA (ecb04142/lysosome) (Supplementary
Table 2).
4. Discussion

From the three investigated horse populations, two breeds
(Bosnian mountain horse and Posavje) are considered endangered,
whereas the Bosnian mountain horse exhibits an extreme limited
census with 141 purebred and registered horses worldwide. In the
present study, the parameters SROH, NROH, and LROH revealed well-
defined and gradual differences between the breeds. In literature,
SROH is described as the best descriptor for discrimination
[3,9,12,24]. In our case, all the three parameters (SROH, LROH, and
NROH) contained useful information for the differentiation purpose,
able to describe distinct breeding management scenarios: (1)
population undergoing a bottleneck, (2) conservation breeding, and
(3) selection within closed studbook.

According to our expectations, the Bosnian mountain horse
sample showed the highest SROH/FROH values and simultaneously
the longest ranging ROHs (>10 Mb). All those parameters thus
indicate bottleneck effects that are due to the Bosnian war in the
1990s connected with ongoing consanguineous mating in a small
population. The relation of SROH and NROH (right shift, higher vari-
ation, comp. Fig.4) correspond with the interpretation given by
Ceballos et al. [14] for bottlenecked and consanguineous pop-
ulations. A subcluster in the Bosnian mountain horse characterized
by low SROH and low NROH can be explained by outbreeding of five
purebred Bosnian mountain horses, which are country-bred mares
with unknown pedigree.

A completely different scenario was found in the Posavje sam-
ple. Although the founder population of the Slovenian Posavje with
79 mares and six stallions registered in 1993 can be considered
small, the horses analyzed in the present study were characterized
by the lowest mean genome length covered by ROH (SROH ¼
191 Mb), the lowest FROH of 8.6% and the lowest mean LROH of 1246
kb, and by a general smaller variation of all ROH parameters. These
values are similar to those reported for the Noriker horse (SROH ¼
228Mb, LROH¼ 1378 kb), an Austrian draft horse, which is bred on a
broad genetic base in terms of gene pool diversity and effective
population size [5,25]. Considering the different length classes of
ROH, the Posavje horses showed the lowest proportion of ROHs
greater than 6 Mb, indicating a relative lack of recent inbreeding.
The ROH profile (comp. Fig.4) of the Posavje is an example for a
small population with few consanguinity and admixture [14]. The
Slovenian Posavje breed has been managed since 1993 following
the principles of conservation genetics: narrow relation of stallions
to mares (1 sire to 7.8 breeding mares), introgression of Croatian
Posavina stallions (16 imported sires from 1993 to 2014), balanced
breeding by the use of different stallions (mean number of offspring
per stallion is 8) and moderate selection. Our results of the ROH
analysis confirm the possibility to maintain genetic diversity in a
small breeding population, if optimized conservation strategies are
applied and population expansion occurs.

The Slovenian Haflinger, belonging to the internationally
recognized Haflinger breed, showed a similar high mean SROH
compared with the Bosnian mountain horse. In addition, the dis-
tribution of ROHs in different length classes matched that of the
Bosnian mountain horse; the only difference was found in the
frequency of ROHs longer than 10Mb, where the Bosnian mountain
horse reached outstanding values. According to the ROH profile plot
(Fig.4), Slovenian Haflinger horses were characterized by a right
shift and a tendency toward higher number of ROHs, which can be
interpreted as the effect of bottleneck situations [14]. The values
presented for this sample (SROH ¼ 270.4; NROH ¼ 155.6) were
slightly different to the Austrian (SROH ¼ 282.1 Mb; NROH ¼ 208.5),
and the Italian Haflinger (SROH ¼ 316.7 Mb; NROH ¼ 188.3) pop-
ulations, from which the Italian Haflinger exhibited strong recent
consanguinity [5]. Two Slovenian Haflinger horses (outbred ani-
mals from Austrian-bred sires) were characterized by extremely
low SROH (1.6 Mb; 2.6 Mb)/FROH (0.07%; 0.11%) and a complete lack
of ROHs longer than 1 Mb. This admixture effect has previously
been reported from pedigree analysis in the Austrian Haflinger
population [26]. In this study, it could be demonstrated that in



Fig. 7. Visualization of ROHs per individual on chromosome 6 (above), below the percentage of individuals sharing ROH per SNP position.
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certain cases, the common ancestors were found more than 5
generations ago, resulting in zero recent inbreeding (5 generation
pedigree) andmoderate inbreeding on a long-term scale (pedigrees
comprising 10 to 24 generations). This effect presumes a genetic
drift within the national subpopulations (e.g., Italy, Austria,
Slovenia). The result of genetic driftda separation between the
Austrian and Italian Haflingerdcould also be illustrated by a
combined network and admixture analysis in the study of Druml
et al. [5]. The Haflinger, a transnational population comprising
more than 20.000 breeding animals worldwide, illustrates in
Table 2
Runs of homozygosity islands that were shared by more than 50% of individuals (ROH fr

Chr. Begin End Length (kb) ROH freq.

6 29,599.757 30,119.306 519.609 0,534
11 29,528.525 29,733.365 204.840 0,507
11 29,831.944 30,078.455 246.511 0,510
17 18,245.585 18,548.489 302.904 0,507
matters of ROH parameters a reduced genetic diversity, which is
also the case for the Slovenian population.

Although ROHs commonly are distributed unequally over the
genome, ROH islands are defined as relative short homozygous
runs in a specific region shared among many individuals in one or
more populations [15]. There are two hypotheses for the formation
of ROH islands: one assumption is that they arise in regions of low
recombination rate with a higher probability of accumulation of
similar haplotypes; the second explanation is given by the driving
forces of positive selection resulting in increased homozygosity
eq) in the total sample.

Island Shared by n Animals/Breed Known Genes

16 POS, 13 BMH, 6 HAF ERC1, RAD52, WNK1, NINJ2, B4GALNT3
6 POS, 16 BMH, 11 HAF COX11, STXBP4
7 POS; 16 BMH, 12 HAF HLF, MMD
10 POS; 11 BMH, 12 HAF d



Fig. 8. Visualization of ROHs per individual on chromosome 3 (above), below the percentage of individuals sharing ROH per SNP position. The highly conserved area around
position 34e36 Mb in the Haflinger breed (green) includes 67e85% of animals and also the MC1R locus at ECA 3, position 36,259,276e36,260,354. The percentage of individuals
sharing ROH per SNP position in the total sample is marked as blue line.

G. Grilz-Seger et al. / Journal of Equine Veterinary Science 71 (2018) 27e34 33
around the target locus (selective sweep) [15]. From our three
studied breeds, selection pressure in Posavje and Bosnianmountain
horse was moderate, whereas the Haflinger underwent a strong
selection concerning height, caliber, weight, conformation, coat
color, and muscle mass in the last 50 years. In our data, the
Haflinger exhibited not only the highest number of ROH islands, but
also the longest islands exceeding the size of 2 Mb. An accumula-
tion of islands on ECA 3, which among others contained the MC1R
locus responsible for the chestnut coat color, was present in
55e85% of the individuals. In terms of ROH island distribution, we
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were able to show that within Bosnian mountain horse and Haf-
linger, both affected by bottlenecks and higher autozygosity level,
an increased number or islands were present that were shared by a
higher percentage of animals compared with the Posavje sample.
Gene Ontology analysis highlighted the homeobox B cluster in the
Posavje horse. One group of these genes is involved into embryonic
skeletal system morphogenesis. The Posavje horse is phenotypi-
cally characterized by an enormousmuscle mass in relation to body
size and by a pronounced sexual dimorphism. In the case of the
Bosnian mountain horse, which traditionally has been kept semi
feral under harsh environmental conditions, the GO analysis indi-
cated an enrichment of genes involved into cellular response on
deprivation of nourishment, indicating an environmental adaption.
These results provide novel insights into genomic areas that might
be of relevance for further genomic studies and for conservation
breeding programs.

5. Conclusions

In this study, the analysis of ROHs enabled us to compare
genomic levels of inbreeding between breeds differing in man-
agement and pedigree completeness. Especially in fragmented
populations, ROH analysis is capable to produce valuable infor-
mation for designing optimal breeding and management decisions
as ROH parameters facilitate a fine calibrated resolution on indi-
vidual level. Furthermore, the ROH evaluation of the conservation
breeding program of the Posavje horse revealed that the current
applied conservation strategy successfully avoided inbreeding. The
distinct differences between the number and distribution of the
ROH island in the three breeds suggest that ROH can be applied to
identify signatures of selection.
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