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Haplotype structure and heterozygosity around the fragile foal
syndrome variant in Swedish Warmblod horses

Abstract

Fragile foal syndrome (FFS) is a disease caused by
a recessive lethal missense mutation in the PLODI
gene located on ECA2. Despite its harmful effect, a
relatively high frequency of FFS carriers was observed
in Warmblood breeds spanning from 7.4% in a
random sample of Swedish Warmblood breed to 17%
in the Hanoverian and Danish Warmblood, indicating
potential heterozygous advantage. Balancing selection
can be further studied based on haplotype blocks
and via detection of heterozygosity-rich region
(ROHet) around the target of selection. In this study
we evaluated the presence of haplotype blocks and
ROHet on ECA2 in 380 Swedish Warmblood horses.
We compared the results of ROHet with the rest of
the genome. On average, 11.7 heterozygosity rich
regions were identified per horse on ECA2, with
no significant difference in numbers and length
compared to what was found in other chromosomes.
A unique haplotype block containing 28 markers was
found in the FFS haplotype, while there were several
haplotype blocks in the non-carrier haplotype. This
unique haplotype block mostly spanned the region
upstream of the PLODI gene and included the MFN2
gene. The presence of this extended haplotype, shared
by multiple individuals and including both the FFS
variant and the MFN2 gene, suggests that this region
may be under selection. While we did not find a clear
heterozygosity-rich region around the FFS variant,
the extended haplotype may reflect either a signature
of balancing selection or linkage disequilibrium with
a positively selected variant in MFN2, PLODI, or
nearby loci.

Fragile foal syndrome (FFS) is a monogenetic disease
caused by arecessive lethal missense point mutationin the
PLODI gene located on ECA2 (Monthoux et al., 2015).
Most FFS recessive homozygous foals are assumed to be
lost by abortion during gestation (Kehlbeck et al., 2024),
whereas liveborn affected foals need to be euthanized

shortly after birth due to severe skin fragility and joint
hyper-elasticity (Aurich et al., 2019). Despite its harm-
ful effect, a relatively high frequency of FFS carriers was
observed in Warmblood breeds spanning from 7.4% in
a random sample of Swedish Warmblood breed (SWB)
to 17% in the Hanoverian and Danish Warmblood, in-
dicating potential heterozygous advantage (Ablondi
et al., 2022; Reiter et al., 2020). This hypothesis of balanc-
ing selection was further supported by recent findings in
the SWB, where significant positive effects of the FFS
allele on movement-related traits were found (Ablondi
et al., 2022). Balancing selection causes various types of
signatures in the genome such as: (1) increased diversity
around the target of selection; (2) differentiation between
populations departing from the same genome-wide
background; and (3) increased linkage disequilibrium
around the target of selection (Fijarczyk & Babik, 2015).
These signatures frequently appear as distinct haplotype
blocks or heterozygosity-rich regions, where multiple in-
dividuals share similar allele combinations, maintained
due to selective pressures. Thanks to advances in high-
throughput genotyping technologies, we can now more
deeply explore these genomic signatures based on hap-
lotype blocks and heterozygosity-rich regions detection.
Intending to understand if a balancing selection occurs
for FFS carriers, this study aims to investigate the pres-
ence of haplotype blocks and heterozygosity rich regions
(Bizarria dos Santos et al., 2021) around the PLODI gene
in SWB horses.

In total, 380 SWB horses born 2010-2011 were geno-
typed as described in a previous study (Ablondi, Viklund,
et al., 2019) using the 670K Affymetrix® Axiom®
Equine Genotyping Array. These horses were also gen-
otyped for the XM_001491331: ¢.2032G>A variant in
the PLODI gene by a TagMan genotyping assay on a
StepOnePlus™ instrument (Applied Biosystems, Foster
City, CA, USA). The quality control was performed in
PLINK v1.90 (Chang et al., 2015), based on the follow-
ing criteria: minor allele frequency (<0.01), missing gen-
otype per single SNP (>0.10) and missing genotype per
individual (>0.10). Heterozygosity-rich regions (ROHet)
were detected using the following settings: minSNP=15;
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ROHet=TRUE; maxGap=10° minLengthBps=10 kb;
maxOppRun=2; and maxMissRun=1, as suggested
by Bizarria dos Santos et al. (2021), in the R package
“detectRUNS” in R v.4.4.1 (Biscarini et al., 2019; R
Development Core Team, 2011). ROHet calculation was
performed for the whole genome, and ROHet within
ECA2 were considered as indicator of heterozygosity
rich regions if they were shared by over 25% of the an-
alysed horses. Differences between ECA2 and the rest
of the chromosomes in ROHet numbers and length was
assessed with ANOVA. The ROHet detection was per-
formed separately in two subgroups of horses, defined
as in (Ablondi, Eriksson, et al., 2019), where horses with
higher or lower EBV for show jumping than the refer-
ence population (mean EBV of 100) were classified as
show jumping (SJ) and non-show jumping (NS) horses,
respectively. The average EBV for show jumping trait
was significantly higher in SJ horses (average EBV=125)
compared to NS horses (average EBV=77) based on ¢-
test (p<0.001), corresponding to more than two genetic
standard deviations. Based on pedigree, most of the NS
horses could be described as horses bred for the dressage
discipline. To detect haplotype blocks around the PLOD1
gene (Gabriel et al., 2002), haplotypes were phased using
Beagle 5.4 (Browning et al., 2021), then analysed and vi-
sualised using REHH Package (Gautier & Vitalis, 2012)
in R. The haplotype carrying the variant allele in the
PLODI gene was designated as FFS Haplotype, whereas
the haplotype not carrying the variant allele as Normal
(N) Haplotype. The Ensembl gene annotations EquCab3
was used to identify genomic elements extending 250kb
upstream—and downstream of the potential signatures
of balancing selection.

On average, 11.7 ROHet per horse were identified on
ECA2, without significant differences between SJ and
NS horses. The number and the length of ROHet on
ECA2 did not significantly differ from that of ROHet
on other chromosomes (data not shown). The detected
ROHet on ECA2 had a length ranging between 12.6 kb
and 324489 kb and contained 15-30 SNPs. On aver-
age ROHet were 69.5 kb long and included 15.8 SNPs.
Specifically, on ECA2, a total of three ROHet were
shared by over 25% of the SWB horses within one of the
subgroups: one ROHet in the SJ subgroups and two in
the NS subgroups (Table 1).

In the case of NS horses, six long non-coding RNA,
five protein coding genes, and one small nuclear RNA
were found within the two heterozygosity rich regions

Subgroup Start (bp) End (bp) SISI.PS

NS 81932632 81972128 16 39.5
NS 101054766 101088 692 12 339
SJ 42333297 42360263 3 26.9

Abbreviations: NS, non-show jumping SWB horses; SJ, show jumping SWB horses.

kb length

shared in more than 25% of the horses. In contrast, in
SJ horses, seven protein coding genes, two long non-
coding RNA, and one micro RNA were found. None of
the three heterozygosity rich regions on ECA2 shared by
more than 25% of the horses overlapped with the PLODI
gene.

Compared to the length of runs of homozygosity
(ROH) segments found in the SWB breed by (Ablondi,
Viklund, et al., 2019), the ROHet detected in this study
were much fewer and rarer. This result was expected,
since polymorphic sites only account for a small portion
of the whole genome (Al Abri et al., 2020). However, the
average number of ROHet found in the SWB ECA2 was
more than three times higher compared to what found in
the Mangalarga Marchador horse breed, which has yet a
higher average level of inbreeding based on loss of het-
erozygosity (0.010) compared to SWB (0.006) (Ablondi,
Viklund, et al., 2019; Bizarria dos Santos et al., 2021). The
average length of ROHet in the SWB was shorter than
in the Mangalarga Marchador horse breed, yet in simi-
lar ranges since they found ROHet in the shortest class
(0-2Mb). Nevertheless, we did not find any clear signs of
heterozygous-rich regions close to the FFS variant.

At haplotype level, in the FFS haplotype, a unique
haplotype block of 237 kb (exact position 2:39970299—
39733606) comprising 27 markers and the PLODI
variant (23 upstream and four downstream of the
XM_001491331: ¢.2032G>A variant in the PLODI gene)
was found (Figure 1 and File S1). This haplotype block in
the FFS haplotype mostly spanned the region upstream
of the PLODI gene and included the mitofusin 2 gene
(MFN2).

In contrast, multiple haplotype blocks were identi-
fied in the N haplotype within the same genomic region
spanned by the FFS haplotype block—specifically, 24
upstream and eight downstream of the FFS locus. This
latter result suggested more recombination in the N hap-
lotype compared to the FFS haplotype. The MFN2 is in-
volved in the regulation of vascular smooth muscle cell
proliferation and it has been associated with disorders of
the peripheral nervous system (Engelfried et al., 2006).
Recent studies have reported over 100 mutations in the
MFN2 gene that are associated with Charcot-Marie—
Tooth disease type 2A (CMT2A) disease. The CMT2A
disease has several symptoms including muscle at-
rophy and weakness and loss of motor coordination
(Abati et al., 2022; Hines et al., 2023). Interestingly, all
FFS carrier horses share a haplotype characterised by

TABLE 1 Heterozygosity rich regions

Percentz:ge on ECA2 shared in over 25% of the

shared (%) Swedish Warmblood breed (SWB) horses
25 within one of the subgroups based on sport
0 discipline (NS and SJ).
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FIGURE 1
(FFS), which carries the FFS variant.

variant alleles at two SNPs within the MFN2 gene. At
this stage, it remains unclear whether this haplotype
is maintained solely due to balancing selection acting
on the FFS variant itself, or due to combined effects
involving variants in both MFN2 and PLODI genes.
Nevertheless, the presence of this extended haplotype,
shared by multiple individuals and including both the
FFS variant and the MFN2 gene, suggests that this re-
gion may be important for sport horses. While we did
not find a clear heterozygosity-rich region around the
FFS variant, the extended haplotype may reflect either
a signature of balancing selection or linkage disequilib-
rium with positively selected variants within the FFS
haplotype block. In addition, we can exclude the possi-
bility that the haplotype block in the FFS haplotype is
the result of an overrepresentation of a popular parent
since the carrier horses were born from 13 different stal-
lions and 28 mares. Additional studies investigating the
presence of the FFS haplotype also in other breeds may
be useful to further understand the potential role of this
haplotype in sport horses. This study provides the first
characterisation of an FFS haplotype block surrounding
the PLODI gene in the SWB breed which may be another
sign of presence of balancing selection for this region or
linkage disequilibrium with a positively selected variant
within the FFS haplotype block.
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