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Introduction 

Recessive lethal alleles are gene variants that cause death or severe physiological dysfunction 

when present in a homozygous state, while heterozygous carriers typically remain clinically 

normal. As a result, such alleles can persist and spread in breeding populations, particularly 

when they are linked to favorable production traits and are inadvertently selected for in elite 

sires. In pigs, several studies have demonstrated the impact of recessive lethal variants: 

recessive haplotypes have been estimated to cause the death of 0.52% of piglets in 

commercial populations (Derks et al. 2019), and a large deletion in BBS9 was shown to 

reduce litter size by 20% due to loss-of-function (Derks et al. 2018). In both cases, 

heterozygous individuals exhibited favorable performance for key traits, explaining the 

persistence of these alleles despite their detrimental homozygous effects. Such carrier-by-

carrier matings have important economic and animal welfare implications, underscoring the 

need to identify and manage recessive lethal alleles in breeding programs. Non-additive 

genome-wide association analyses (GWAS) provide a powerful approach to detect recessive 

deleterious variants that are invisible to standard additive models. While additive GWAS 

assumes linear allelic effects, recessive alleles exert their impact only in homozygous 

individuals, requiring alternative modeling strategies. A large-scale sequence-based GWAS 

in pigs identified multiple recessive quantitative trait loci with severe effects on growth and 

backfat that were not detected using additive analyses (Boshove et al. 2024). In this study, we 

performed additive and recessive GWAS for backfat thickness in 60,000 Duroc pigs using 

high-density SNP data to identify recessive regions harboring deleterious alleles. Further, we 

assessed the effects of a leading SNP on backfat and mortality.  

 

Materials & Methods 

Dataset. The dataset used in genome-wide association analysis (GWAS) consisted of 60,000 

pigs of the Duroc breed born between 2011-2024. All the animals had records on backfat 

thickness ranging from 3.4 to 21.6 mm (9.4 ± 2.2). Backfat was measured at the end of the 

test period using an ultrasound device. The phenotypes were pre-corrected for the fixed effect 

of herd-year-season, line-sex-year, herd measuring device, parity of the mother, birth-weight, 

and the random effects of litter born, pen, and ID of the animal. The precorrected phenotypes 

were coming from a multi-breed routine evaluation using MiXBLUP software. The dataset 

used to assess mortality effects comprised 100,000 pigs from the same Duroc population, of 

which 55,000 overlapped with the backfat dataset. These pigs had phenotypes for both wean-

to-rear mortality and rear-to-finish mortality, recorded as dead or alive.  

 

Genotypes. All animals included in this study were genotyped using either (Illumina) 

Geneseek custom 50K or 25K SNP chips (Lincoln, NE, USA). The SNP positions were 

mapped to the Sscrofa 11.1 reference and filtered to keep only those with a MAF > 0.01 

using Plink v1.90 (Purcell et al., 2007). A subset of the animals (n= 865) was genotyped on 

the Axiom porcine 660K SNP array (Affymetrix). Imputation was performed first from 25K 
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to 50K and then from 50K to 660K, using Fimpute v3.0 (Sargolzaei et al. 2014). 592,899 

SNPs were kept after quality control. 

 

Genome-wide association analysis and fine mapping. GWAS was conducted using the 

GCTA v1.93.2 software (Yang et al. 2011). The model used was: y*k = µ + Xβ^ + uk + ek, 

where y*k is the pre-corrected phenotype of the kth animal, µ is the overall mean, X is the 

genotype, β^ is allele substitution effect, u is the polygenic effect, and e is residual error. The 

genetic relationship matrix was created using the 50K genotypes, while the 660K was used in 

the GWAS. To run the non-additive model, heterozygous animals were converted to the 

wildtype homozygote genotype in order to test the recessive homozygotes against the other 

genotypes.  

 

Results & Discussion 

A highly significant recessive association with backfat thickness was detected on 

chromosome 1 at 270,6 Mb (p=1.74e-134; rs341591688), which was absent in the additive 

GWAS (Fig. 1). The homozygote allele frequency was 2%, indicating a rare variant with a 

strong effect in homozygous state. The lead SNP, located in the intron of argininosuccinate 

synthase 1 (ASS1) gene, explained approximately 2.8% of the phenotypic variance.  

 
 

Figure 1. Manhattan plot of GWAS for backfat thickness in Duroc pigs. The blue dots 

represent SNPs in the recessive analysis, whereas the pink dots represent SNPs in the 

additive analysis. The x-axis shows SNPs from chromosomes 1-18, as well as chromosome 

X coded as 23), whereas the y-axis represents the -log10(p). 

 

The G allele, with a frequency of 2%, was associated with reduced backfat and can be 

considered the favorable allele as reduced backfat is associated with improved carcass 

leanness and feed efficiency, traits with high economic value. Deviation from the additive 

expectation indicates a clear non-additive effect (Fig. 2).  
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Figure 2. Mean backfat phenotype by genotype group of the rs341591688 variant, located in 

intron 1 of the ASS1 gene. The blue triangle indicates the additive expectation for the 

heterozygous genotype. 

 

The same variant showed an association with decreased mortality (Fig. 3). Together with its 

favorable effect on backfat, this indicates that the allele has a concordant effect on both 

production and survival traits. Such variants may be positively selected in breeding 

populations and contribute to genetic improvement without the trade-offs typically associated 

with deleterious recessive effects. 

 

 
Figure 3. Proportion of weaning to rear mortality (left) and rear to finish mortality (right) of 

the Duroc population grouped by genotype of the top SNP. Statistical significance (one-way 

ANOVA) between the genotype groups is indicated by asterisks (p < 0.05; p < 0.01; 

p < 0.001).  

 

The ASS1 gene plays a critical role in nitrogen metabolism, and previous studies have shown 

that ASS1 is essential for normal growth and overall health in pigs (e.g. Pan et al., 2022). 

Variation in ASS1 expression or genetic markers has been associated with backfat thickness 

(Huang et al., 2025), and ASS1 is differentially expressed between pigs with opposing feed 

conversion rate phenotypes (Tan et al., 2017). Genetic association analyses have also linked 
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ASS1 to average daily feed intake in pigs (Ewaoluwagbemiga et al., 2025). Further, ASS1 has 

been reported to influence body size in pigs (Pan et al., 2022) and is up-regulated in pigs with 

high versus low weaning weights, consistent with a role in early growth and developmental 

processes (Liufu et al., 2026). Interestingly, the lead SNP is in complete linkage 

disequilibrium with a previously reported stop-gain mutation in ASS1 in Duroc pigs 

(rs81212146), which is predicted to abolish protein function (Mármol-Sánchez, E. et al., 

2020). However, the effect of this mutation was reported to be restored by a compensatory 

mutation in the same codon, resulting in an L315Q missense mutation (Mármol-Sánchez, E. 

et al., 2020). While these findings further support ASS1 as a plausible causal gene for the 

observed associations, functional validation will be required to identify the causal variant and 

to disentangle direct effects on backfat and survival.  

 

Conclusions 

In conclusion, our study identifies a recessive region in the ASS1 gene with favorable effects 

on both backfat and mortality, indicating no apparent trade-off between production and 

survival in homozygous animals. These findings highlight the importance of considering both 

additive and non-additive genetic effects and show how large datasets enabled us to detect a 

rare variant with a strong effect in homozygous state.   
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