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Introduction 
Recessive alleles in their homozygous form, if lethal, are responsible for foetal or perinatal 

mortality, but may also cause congenital defects, thus raising animal welfare concerns (Ben 

Braiek et al., 2021, Derks et al., 2019). Classic approaches to identify lethal or semi-lethal 

alleles include case–control analysis and genome-wide association studies; however, these 

approaches require distinctive phenotypes and genotypes from affected and unaffected animals. 

To address this, alternative approaches have been developed that reduce the requirement of 

phenotypic data and exploit the large quantity of genomic data collected for genomic selection. 

Two approaches have been proposed, the first based on population-based methodology outlined 

by VanRaden et al. (2011) and the second based on progeny-sire-dam trio (PSD) methodology 

outlined by Fritz et al. (2013). The objectives of the present study were to use medium density 

single nucleotide polymorphism (SNP) data to identify haplotypes harbouring putatively lethal 

or semi-lethal alleles in five Irish sheep breeds. Results from this study will be useful in 

supporting mating recommendations based on the genotypes of the candidate mates. 

 

Materials & Methods 
Data on 110,416 sheep genotyped across a variety of medium density genotype panels were 

available. All genotype panels were imputed to a common SNP density of 48,449 SNPs and 

phased using FImpute V2.2, exploiting both family and population-based information 

(Sargolzaei et al., 2014). Following quality control, 47,130 SNPs were retained.  

Only 45,755 purebred sheep from the five most populous genotyped breeds in Ireland were 

retained; Texel, Charollais, Suffolk, Belclare, and Vendeen. A total of 21,598 parent-offspring 

genotyped trios were available. Animal breed was determined using genomic information. 

After edits, 16,867 Texel (8,121 PSD trios), 10,084 Charollais (3,607 PSD trios), 7,878 Suffolk 

(2,867 PSD trios), 7,474 Belclare (4,890 PSD trios), and 3,350 Vendeen (2,115 PSD trios) 

remained.  

Within each breed seperately, haplotypes were identified using a 10-SNP sliding-window 

approach which moved across each chromosome one SNP a time. At each window position, 

the maternal and paternal haplotype were defined as the allele combination within the window. 

Only haplotypes with a frequency >1% for the breed under investigation were retained for 

further analysis. For each haplotype, the expected number of homozygous individuals within 

that breed was calculated using two alternative methods. 

The first method applied to each breed separately was based on VanRaden et al. (2011), referred 

to as the population-based  method, calculated the expected number of individuals with 

recessive homozygous haplotype, 𝐸(𝑘), assuming random mating as: 

𝐸(𝑘) = (
𝑁

4
) · 𝑐2         (1) 

where N is the number of genotyped animals in the sample breed population and c is the 

frequency of haplotype carriers in that breed. Based on Hardy-Weinberg equilibrium, the 
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expected value for c is 2pq, where q is the frequency of the recessive haplotype and p is the 

frequency of all other haplotypes combined (i.e., 1-q). The deviation from expected number of 

homozygotes was used to identify haplotypes exhibiting significant homozygote deficiency. 

The second method, referred to as the trio method, calculated the expected frequency of a 

recessive homozygous haplotype using sire-dam-progeny trios within each breed separately 

(Fritz et al., 2013). The expected number of individuals with a recessive homozygous 

haplotype, 𝐸(𝑘), was calculated as  

𝐸(𝑘) =  ∑ 𝑝𝑖𝑘  ∑ 𝑟𝑗𝑘 𝑛𝑖𝑗
𝑛𝑑
𝑗=1

𝑛𝑠
𝑖=1        (2) 

where 𝑛𝑠 is the number of sires, 𝑛𝑑 is the number of dams, and 𝑛𝑖𝑗 is the number of progeny 

of sire i and dam j. The probability of a sire i transmitting a haplotype k to his progeny (𝑝𝑖𝑘) 

was dependent on the sire’s carrier status; the probability of a homozygous sire transmitting a 

haplotype is 1, while the probability of a heterozygous sire transmitting a haplotype is 0.5. The 

equivalent terms 𝑟𝑗𝑘 denote the transmission probabilities of haplotype k from the dam j to her 

offspring. 

Within each breed separately, the probability of observing the number of homozygotes in the 

population given the expected number of homozygotes in that population was estimated using 

the Poisson distribution. Significant homozygote deficiency was defined as P≤1 × 10-6 with 

≤25% of the expected frequency. Within each chromosome, consecutive significantly deficient 

haplotypes that shared identical alleles (accounting for the single-SNP sliding window) and the 

same observed frequency were merged into a single deficient haplotype. Putative lethal 

haplotypes were further defined as significantly deficient haplotypes that were never observed 

in the homozygous state within each breed. A significantly deficient haplotype region or 

putative lethal haplotypes region was defined as a genomic region in which one or more 

corresponding haplotypes overlapped either within or across breeds. Genes within each 

significantly deficient haplotype were identified using Ensembl (http://ensembl.org) based on 

the OAR Rambouillet v2.0 build.  

 
Table 1. Number of significantly deficient haplotypes (DH), significantly deficient haplotype 

regions (DHR), putative lethal haplotypes (LH), and putative lethal haplotype regions (LHR) 

  Population-based method1 
 Trio-based method2 

  DH DHR LH LHR  DH DHR LH LHR 

Belclare 59 20 5 3  68 20 10 9 

Charollais 152 31 21 14  89 21 21 13 

Suffolk 166 25 10 7  130 25 17 9 

Texel 208 29 20 13  210 31 21 14 

Vendeen 57 15 5 2  43 13 2 2 
1 Population-based method assuming random mating and deviations from Hardy–Weinberg equilibrium 
2 Trio-based method using sire–dam–progeny transmission probabilities 

 

Results 
The number of deficient and putatively lethal haplotypes varied by breed and by detection 

method (Table 1). Across the five purebred sheep breeds investigated, the population-based 

detection method identified 619 unique significantly deficient haplotypes (Table 1). Within 

these population-based deficient haplotypes, 56 haplotypes were classified as putative lethal 

haplotypes across 29 genomic regions (Figure 1). Overlapping putative lethal haplotypes within 

and across breeds were observed indicating shared genomic regions of deficiency across breeds. 

Using the trio-based method, 527 unique significantly deficient haplotypes were detected 

across all the breeds (Table 1); of these 71 were classified as putative lethal haplotypes and 

mapped to 30 genomic regions (Figure 1). Across all breeds, both the population- and the trio-
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based detection methods, cumulatively identified 35 genomic regions that contained at least 

one putative lethal haplotype; 25 of these were identified using both methods, whereas the 

remaining 10 were identified by only one method (Figure 1). A total of 761 genes overlapped 

the 35 genomic regions. Both the population-based method and the trio-based method showed 

consistent within-breed patterns. The Texel and Charollais had the most significantly deficient 

and putatively lethal haplotypes while the Vendeen had the least, most likely reflecting 

differences in breed population size.  

 

 
Figure 1. Location of putative lethal haplotypes regions detected per chromosomes for the 

population- (○) and trio- (◊) detection method for each of the five breeds. 

 

Discussion 
Multiple genomic regions were detected in the current study that contained haplotypes that 

were significantly deficient in their homozygous state in each of the five sheep breeds 

examined. Other studies have reported significantly deficient haplotypes across both cattle and 

sheep (Ben Braiek et al., 2021, Derks et al., 2019, Fritz et al., 2013), although a greater number 

of putative lethal haplotypes were identified in the present study. The difference in the number 

of putative lethal haplotypes observed in the five sheep breeds under investigation is consistent 

with those reported in cattle, with more lethal recessive haplotypes detected in Holstein-

Friesians compared to other dairy breeds (Cole et al., 2016). However, the larger sample size 

of Texel and Charollais genotypes compared to the other breeds in the present study is likely 

to have led to greater statistical power for detection resulting in a greater number of deficient 

haplotypes detected.   

Both the population-based and the trio-based methods, were effective in detecting deficient 

homozygous haplotypes, with substantial overlap (>70% in genomic regions) observed 

between both methods. All putative lethal haplotypes identified using the population-based 

method, were also absent as homozygotes in the trio-based method, although some failed to 

reach the significance threshold. The similarity in the results of the two approaches suggests 

that cross-validating the results from the population-based and the trio-based method, 
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regardless of statistical significance, would increase confidence in the identification of lethal 

haplotypes. The most significant deficient region identified using both methods, that was 

identified in the Charollais breed on OAR15, contained genes such as TAF10 and ILK, both of 

which have been documented to be important for embryo development, with knockout studies 

in mice leading to embryo loss shortly after implantation (Mohan et al., 2003, Sakai et al., 

2003). Also, within this region, MRPL17, a member of the mitochondrial ribosomal protein 

family, has been implicated in early embryo loss in humans (Cheong et al., 2020). In Texel, the 

most significant deficient region detected was located on OAR22 and contained BOLA3, a 

BolA family member implicated in mitochondrial function, which has been linked to 

mitochondrial disease in humans. Other significantly deficient regions in Charollais, Belclare, 

and Suffolk contained KNL1 (OAR13), BRCA1 (OAR11) and RAD51 (OAR7), respectively, 

all of which have been associated with early embryonic development and embryonic loss in 

studies in mice (Haack et al., 2013, Tsuzuki et al., 1996, Shi et al., 2019). 

  

Conclusion 
The identification of putative lethal haplotypes has major implications for breeding programs. 

Incorporating haplotype carrier status into mating recommendations can potentially reduce 

embryo loss, improve reproductive performance, and improve animal health and welfare. 

Further validation using reproduction data, as well as targeted investigations to identify causal 

mutations, are required to fully understand the biological mechanisms underlying the potential 

lethal effect of these haplotypes.  
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