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ABSTRACT: Genotypes from 84 Friesian horses, 19 af-
fected with dwarfism and 65 unaffected, were analyzed to 
perform a genome-wide association study and to develop a 
DNA assay. 30 SNPs were associated (P-level <1.68 × 10-6) 
with dwarfism in Friesian horses and were located between 
0 to 9Mb on ECA14. A completely homozygous region in 
cases ranged from 3,515,623 to 6,066,781bp and carried a 
unique haplotype that discriminated cases (2 copies), carri-
ers (1 copy) and non-carrier horses (no copies). 3 SNPs 
constitute the developed DNA assay as their genotypes 
determine if and how many copies of the unfavorable hap-
lotype are present. The DNA assay was successfully vali-
dated on several new cases, on relatives of cases and on 
unrelated Friesian horses and applied to samples from 23 
young Friesian stallions participating in inspection. 
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Introduction 
 

The Friesian horse originates from the Netherlands 
and is characterized by its regal appearance, powerful and 
elevated gaits, versatility and friendly character. Although 
the current size of the population is quite large, the popula-
tion was small in the past. Combined with selection in this 
closed population, inbreeding rate was >1% per generation 
(Ducro (2011)). A high inbreeding rate can result in in-
breeding depression and high incidences of genetic defects 
(e.g. Falconer and Mackay (1996)). One such genetic defect 
that occurs predominantly in Friesian horses is dwarfism. 

 
Congenital dwarfism is a developmental disorder. 

Compared to unaffected contemporaries, limbs of affected 
Friesian horses were 25% shorter and bodyweight measured 
at 9 and 19 months-of-age was reduced by 50% (Back et al. 
(2008)). Postnatal disproportional growth is observed which 
results in the typical appearance of affected horses: “a nor-
mal, but a relatively larger head conformation, a broader 
chest with narrowing at the costochondral junction, a dis-
proportionally long back, abnormally short limbs, hyperex-
tension of the fetlocks and narrow long-toed hooves” (Back 
et al. (2008)). Affected horses are often euthanized. 

 
Orr et al. (2010) investigated 10 affected Friesian 

horses and 10 unaffected horses and identified a 2-Mb 
region on ECA14 associated with dwarfism, although no 
SNP passed the Bonferroni corrected significance level. 

The hypothesized mode of inheritance of dwarfism in Frie-
sian horses was autosomal recessive as genotypes of the 
SNP most significantly associated with dwarfism were 
homozygous in cases, while this unfavorable genotype was 
absent in controls. The analysis of genotypes from more 
horses, both cases and controls, and a validation of the 
developed DNA assay in related and unrelated horses were 
needed before an assay could be designed and application 
of such an assay in practice could be considered. Aim of 
this study was therefore to perform a genome-wide associa-
tion study to confirm the results by Orr et al. (2010) and to 
develop and validate a DNA assay for dwarfism in Friesian 
horses. 
 

Materials and Methods 
 

Phenotypes and horses. Phenotypic diagnosis of 
19 Friesian horses affected with dwarfism was performed 
by local veterinarians. Controls were 65 Friesian horses 
without the typical phenotypic appearance of dwarfism. 
Paternal half-sibs existed within cases, within controls and 
also across cases and controls. 

 
Genotypes and quality control. Blood samples 

were taken and DNA was isolated as described by Orr et al. 
(2010). Genotypes from all Friesian horses were obtained 
using the Illumina® EquineSNP50 Genotyping BeadChip 
containing 54,602 SNPs. SNPs with MAF <5% and call-
rate <90% were discarded using the check.marker function 
in the GenABEL package in R (Aulchenko et al. (2007)) 
leaving 29,840 SNPs (54.7% of all SNPs) for the analysis. 

 
Statistical analyses. The significance of genotype 

differences between cases and controls was determined 
with a χ2-test (2df) using the ccfast function in GenABEL 
package in R (Aulchenko et al. (2007)). The Bonferroni 
corrected significance level applied was 1.68 × 10-6.  

 
Haplotype blocks were constructed and haplotypes 

were estimated for ECA14 using the default settings in 
Haploview software (Barret et al. (2005)). The 2.55Mb 
region on ECA14 that was completely homozygous in cases 
was defined as one block to estimate haplotypes across the 
region. An association analysis was performed using a χ2-
test based on differences in frequency of haplotypes be-
tween cases and controls. Counts (and thus frequency) of 
haplotypes in cases and controls were obtained by summing 



the fractional likelihoods of each horse for each haplotype 
determined by the accelerated EM algorithm similar to the 
method described by Qin et al. (2002). For example, if a 
particular horse was determined to have a 75% likelihood 
of haplotype A and a 25% likelihood of haplotype B, 0.75 
and 0.25 was added to the haplotype counts of respectively 
A and B. 
 

Development of DNA assay. A DNA assay to 
identify carriers of the unique unfavorable haplotype in 
unaffected Friesian horses was desired. SNPs needed to be 
selected that allowed to determine the presences of the 
unfavorable haplotype from genotype data. SNPs for which 
the unfavorable haplotype carried a low frequency allele 
were selected. Predictions of false-positive carrier and 
false-negative non-carrier test results were made based on 
observed genotypes and haplotypes. 
 

Results and Discussion 
 

Associated SNPs. SNPs (n = 30) that passed the 
Bonferroni corrected significance level were found only on 
ECA14 (Figure 1). SNPs associated with dwarfism in Frie-
sian horses (Table 1) were located between 0 to 9 Mb. Our 
analysis identified the same region on ECA14 being associ-
ated with dwarfism as Orr et al. (2010). 2 SNPs showed the 
smallest P-values, and a moderate level of linkage disequi-
librium (r2 = 0.59) between them. Genotype distribution of 
these 2 SNPs were consistent with an autosomal recessive 
mode of inheritance with all cases and none of the controls 
being homozygous for the unfavorable allele (Table 1). 

 

 
Figure 1. Manhattan plot of dwarfism in Friesian hors-
es. Horizontal line is Bonferroni corrected significance 
level (P-value = 1.68 × 10-6). 

 
 
 
 
 
 

Table 1. SNPs (n = 30) associated (P-value <1.68 × 10-6) 
with dwarfism in Friesian horses. 

  
  Homozygous 

genotype& 
SNP P-value¥ Cases Controls 

1 7.76e-13 13 0 
2 9.91e-08 14 7 
3 9.91e-08 14 7 
4 9.91e-08 14 7 
5 9.91e-08 14 7 
6 5.39e-08 18 14 
7 4.96e-09 14 5 
8 9.91e-08 14 7 
9 2.61e-13 19 6 

10 1.44e-08 19 15 
11 1.44e-08 19 15 
12 5.22e-09 14 5 
13 5.22e-09 14 5 
14 5.89e-14 14 0 
15 2.53e-10 19 11 
16 1.44e-08 19 15 
17 5.75e-19 19 0 
18 5.55e-12 19 8 
19 7.05e-07 19 20 
20 9.42e-16 19 3 
21 9.48e-19 19 0 
22 2.61e-13 19 6 
23 2.17e-09 19 13 
24 2.17e-09 19 13 
25 7.73e-11 19 10 
26 4.59e-08 19 16 
27 2.61e-13 19 6 
28 2.61e-13 19 6 
29 1.83e-07 5 0 
30 2.45e-08 12 3 

&Number of horses with homozygous unfavorable genotypes out of 19 
(cases) or 65 (control) horses. 
¥χ2-test with 2df. 

 
 
The 9 cases and 10 controls investigated by Orr et 

al. (2010) were included in our study. These 19 Friesian 
horses were, in addition to the BeadChip, also genotyped 
with 319 additional SNPs on ECA14 in an attempt to fine-
map the region, which was unsuccessful. In our study we 
also were not able to narrow down the associated region. A 
single, relatively large haplotype appeared to carry the 
unfavorable allele, indicating that this mutation is relatively 
recent.  

 
Genotypes. SNP genotypes from 3,515,623 to 

6,066,781bp (Figure 2) on ECA14 showed a completely 
homozygous region in cases. 14 out of the 30 SNPs associ-
ated with dwarfism were located within this region. 

 
 



 
Figure 2. SNP genotypes from 0 to 10Mb on ECA14 of 
all individual horses (in rows). Homozygous unfavorable 
genotypes in red, heterozygous genotypes in yellow and 
homozygous favorable genotypes in green. 

 
 
Associated haplotypes. In total 2 haplotypes in 2 

subsequent blocks were significantly associated (P-value <1 
× 10-21) with dwarfism (data not shown). Recombination 
between these 2 blocks was low (multiallelic D′ = 0.96). 
The haplotype most significantly associated with dwarfism 
(P-value = 1.57 × 10-28) was found in the 2.55Mb block 
(being completely homozygous in cases) on ECA14. 20 
haplotypes were identified within this block covering 43 
SNPs. Frequency of the unfavorable haplotype was 0.286, 
but is not representative for the frequency in the total popu-
lation as incidence of dwarfism in the population is lower 
than in our sample (22.6%). Frequency of the other haplo-
types ranged from 0.149 to 0.006 (n = 7). All 19 cases car-
ried two copies of the unfavorable haplotype, 10 out of 65 
controls (15.4%) carried on copy. Percentage of carriers of 
the unfavorable haplotype most likely does not represent 
the percentage of carriers in the total population, as paternal 
half-sibs of cases were overrepresented. 

 
Developed DNA assay. 4 SNPs had a favorable 

allele for at least 16 out of 20 haplotypes and were therefore 
used to develop a DNA assay. False-positive identification 
of carriers was predicted at 0.45% from genotyping only 2 
out of these 4 SNPs. Addition of a third SNP to the assay 
could perfectly distinguish between cases, carriers and non-
carrier horses in the investigated population. 

 
The DNA assay can identify carriers in unaffected 

Friesian horses. Exclusion of carriers from breeding will be 
the fastest way to reduce the incidence of dwarfism in Frie-
sian horses. However, complete exclusion of carriers may 
not be a sound strategy in the Friesian horse population 
because it will accelerate inbreeding. Knowing, among 
other things, the unfavorable haplotype frequency in the 
population will help in determining the eradication strategy. 
When breeders are informed about test results of stallions 
and can test their own mares, it will be possible to avoid 
matings between carriers. 

Validation. DNA of 9 additional horses was tested 
to validate the developed assay. Genotypes of 3 cases that 
were collected recently were found homozygous for the 
unfavorable alleles. Dams of 3 other cases and an (unaffect-
ed) offspring of a case were identified as carriers, also fol-
lowing the expectation. Samples from 2 unaffected Friesian 
horses that were not close relatives of the horses investigat-
ed so far were also tested and both horses were identified as 
non-carriers. 

 
Application. Samples were collected of 23 young 

Friesian stallions that were admitted to the third round of 
stallion inspection in January 2014. The testing of their 
DNA has become obligatory from 2014 onwards to identify 
carriers. 5 stallions were identified as carriers, 18 stallions 
as non-carrier horses. 

 
DNA from these 23 young stallions will be inves-

tigated by genotyping more SNPs to determine whether 
new haplotypes are presenting themselves within the breed-
ing population. Our analysis of 19 cases and 65 controls 
identified 20 haplotypes within the block most significantly 
associated with dwarfism. However, as the number of in-
vestigated horses was limited, additional haplotypes may 
exist in the breeding population or may be created by re-
combination. To avoid false-positive or false-negative iden-
tification of carriers in the future, monitoring of the haplo-
types in the population, and possibly adjustment of the 
DNA assay will still be needed. 

 
Candidate genes. In humans, mutations that inac-

tivate the gene PROP1 were shown to result in dwarfism 
through combined pituitary hormone deficiency (e.g. Wu et 
al. (1998)). The equine homolog of PROP1 is located on 
ECA14:3,724,350-3,773,619 and is thus a candidate gene 
for dwarfism in Friesian horses. However, Orr et al. (2010) 
did not detect coding polymorphisms in PROP1 that were 
associated with dwarfism in the 19 investigated Friesian 
horses. DNA from several cases and controls will be rese-
quenced with the aim to identify the causal mutation for 
dwarfism in Friesian horses. 
 

Conclusion 
 

A genome-wide association study and haplotype 
analysis confirmed the association of a single haplotype on 
ECA14 with dwarfism in Friesian horses. A DNA assay 
was developed to identify carriers of this unique unfavora-
ble haplotype and was successfully validated on several 
new cases and relatives of cases. Applying the assay on 
samples from 23 young stallions revealed 5 carriers. DNA 
of these young stallions will be investigated in more detail 
to monitor the dynamics of these haplotypes in the popula-
tion. When new haplotypes are found or resequencing re-
sults in improved SNP(s), adjustments to the DNA assay 
may be needed. 
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