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            Abstract
Mammalian species carry ~100 loss-of-function variants per individual1,2, where ~1â€“5 of these impact essential genes and cause embryonic lethality or severe disease when homozygous3. The functions of the remainder are more difficult to resolve, although the assumption is that these variants impact fitness in less manifest ways. Here we report one of the largest sequence-resolution screens of cattle to date, targeting discovery and validation of non-additive effects in 130,725 animals. We highlight six novel recessive loci with impacts generally exceeding the largest-effect variants identified from additive genome-wide association studies, presenting analogs of human diseases and hitherto-unrecognized disorders. These loci present compelling missense (PLCD4, MTRF1 and DPF2), premature stop (MUS81) and splice-disrupting (GALNT2 and FGD4) mutations, together explaining substantial proportions of inbreeding depression. These results demonstrate that the frequency distribution of deleterious alleles segregating in selected species can afford sufficient power to directly map novel disorders, presenting selection opportunities to minimize the incidence of genetic disease.
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                    Fig. 1: Dominance and standard-additive Manhattan plots for body weight, stature and body condition score.[image: ]


Fig. 2: Regional Manhattan plots for the six novel recessive body weight QTL.[image: ]


Fig. 3: Heat map showing a diversity of effects for recessive mutations of interest.[image: ]
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                Data availability

              
              Genotype, phenotype and sequence datasets representing the different experimental populations have been deposited in the Dryad digital data repository (kwh70rz1z) and NCBI Sequence Read Archive (PRJNA656361, PRJNA682457 and PRJNA683948). Source data are provided with this paper.

            

Code availability

              
              Scripts used in this study are available on GitHub. R scripts for power calculations can be found at https://github.com/egmreynolds/PowerCalculations.git. Julia source code for GWAS and pedigree-based association methods can be found at https://github.com/egmreynolds/MANA.git.
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Extended data

Extended Data Fig. 1 Power calculations for different association models and sample sizes.
Plot contrasting the power of detection for different phenotype sources (i.e. cows, sires), different sample sizes, and different models (additive, recessive, class effect, and additive â€“ without affected sires) given a locus explaining 0.1% of the phenotypic variance with a minor allele frequency of 2.5%, and heritability of 0.25. For sire models, each genotyped sire is assumed to have 100 un-genotyped daughters. Note that although sire models generally present higher power than cow models for a given number of genotyped animals, these models are not directly comparable since analyses based on breeding values typically leverage far fewer sires than studies using cows directly. Also note power for these sire models is provided for context only, since breeding values were not leveraged in analyses reported in this manuscript.


Extended Data Fig. 2 Dominance and additive QTL contrasts of allele frequencies, effect sizes, genotype group means, and p-values.
a, Plot contrasting minor allele frequency (MAF) and absolute effect size (Effect size, kg) of QTL identified in the standard-additive model (blue), and the dominance model (red) for body weight. Note that for equitable effect size comparison both additive and dominance estimates are represented as allele substitutions (i.e. effect of the heterozygote compared to the reference homozygote), so dominance effects only represent half the effect observed in homozygous individuals. b, Chromosome-wide scatterplots contrasting P-values of the eight recessive QTL for the standard-additive model (p_standard_additive) and dominance model (p_additive/p_dominance). P-values were computed using Z-tests, the genome-wide significance thresholds of p = 5â€‰Ã—â€‰10âˆ’8 are drawn in red, an x = y line is drawn in black. Note that only seven chromosomes are presented since two effects were identified on chromosome 2 (and thus are not readily differentiated). c, Box plots showing adjusted-bodyweight genotype means for the 8 non-additive loci in the discovery population (N=79,945 cows). Genotypes used for display represent putative causative mutations or lead associated variants where no obvious candidate was identified. Note the largely additive effect presented by the PLAG1 locus, highlighted in GWAS due to a partial dominance effect. Box plots show median (centre line), interquartile range (box limits), and upper and lower whiskers (maxima and minima data points).


Extended Data Fig. 3 Manhattan plot of Chr19 recessive QTL showing MYH1 frameshifting indel.
a, 1.5Mbp sequence interval showing the top genome-wide non-additive association signal from analysis of body condition score in 75,617 cows; P-values were calculated using Z-tests. The genome-wide significance threshold of Pâ€‰<â€‰5â€‰Ã—â€‰10âˆ’8 is indicated by the horizontal grey line, note no variants at this locus surpassed this threshold (smallest P=7.6â€‰Ã—â€‰10âˆ’8). Lead variants of the signal tag a 78â€‰bp compound insertion deletion variant evident from inspection of whole genome sequence alignments. b, Genome sequence alignment of homozygous animal shown, resulting in predicted knockout of MYH1 due to simultaneous loss of 19 amino acids and introduction of a premature stop codon at exon 34.


Extended Data Fig. 4 Per-junction and per-gene Manhattan plots for splicing efficiency and gene expression QTL.
Manhattan plots showing splicing efficiency and whole-transcript expression QTL effects (P-values calculated using 2-sided t-tests). Splicing efficiency analysis was performed for the FGD4 (a) and GALNT2 (b) genes, with associations highlighting junctions for which splicing appears to be genetically modulated in cis. The proportion of spliced to un-spliced reads at each junction has been treated as an individual phenotype, with association analysis performed using intervals of imputed sequence data spanning the annotated gene structures, and Â± 100kbp 5â€™ and 3â€™ of the gene boundaries. The splicing junction predicted to be impacted by the splice donor (FGD4) and acceptor (GALNT2) mutations is indicated by the blue highlighted panels, with the candidate causative mutation indicated in red. Whole transcript eQTL analysis was performed to assess possible gene expression impacts as a consequence of non-sense mediated RNA decay (NMD) for the FGD4 (c), GALNT2 (d), and MUS81 (e) genes that harbour non-sense mutations. Note that for the two genes that show significant eQTL (FGD4 and MUS81), the mutant allele is overexpressed and thus no NMD is apparent. In the case of the MUS81 and GALNT2 genes, lack of apparent NMD can be anticipated given the position of the GALNT2 c.1561-1G>A mutation in the final exon, and the presence of an in-frame start codon (p.Met76) following the p.Gly70 mutation for MUS81.


Extended Data Fig. 5 Splicing consequences of FGD4 and GALNT2 essential splice mutations.
Mammary RNA-seq alignments for the FGD4 (a) and GALNT2 (b) genes, showing wildtype and carrier animals for the FGD4 c.1671+1G>A and GALNT2 c.1561-1G>A splice mutations (two animals representing each genotype class per gene). Intron and exon numbers reference the ENSBTAT00000007175.5 and ENSBTAT00000006404.5 transcript annotations for the FGD4 and GALNT2 genes respectively. Right-most panels show intron-exon boundaries of the mutation-implicated splice junction, left-most panels show kilobase-level views of the whole intron and adjoining exon junction. Coverage tracks demonstrate clear intron retention for FGD4 heterozygous mutants, without obvious cryptic splicing. Animals heterozygous for GALNT2 mutant transcripts show less uniform intron retention, though at least three recurrent cryptic splice sites indicated by the purple arrows (green arrows show annotated junctions). c Putative translations for these alternatively spliced transcripts are indicated (light blue=reference splice, red=mis-splice), where the first base of the new acceptor exon boundaries are: cryptic 1 chr28 g.1309085; cryptic 2 chr28 g.1312087; cryptic 3 chr28 g.1312203. Note that all intron retention and cryptic splices are predicted to cause premature termination, with the exception of the â€˜GALNT2 cryptic 3â€™ isoform that encodes a 44aa 5â€™ frame-extension of exon 16.


Extended Data Fig. 6 Hoof anatomical observations for DPF2 mutant and control individuals.
Figure showing hoof characteristics of DPF2 mutant and control cattle. Photographs (a), show the right rear hooves of representative mutants and controls, with the hooves of some mutants showing subjective differences including overlapping claw-tips and longer claws overall compared to controls (see centre two animals in mutant group). However, quantitative comparisons based on hoof measurements (b) did not reveal significant differences between groups (N=8 mutant and 9 control animals respectively; Supplementary Table 8). Box plots show median (centre line), interquartile range (box limits), and upper and lower whiskers (maxima and minima data points).


Extended Data Fig. 7 Nerve histology of FGD4 mutant and control individuals.
Common digital nerve of forelimb from two different FGD4 homozygotes (a and b) showing hypercellularity, Schwann cell hyperplasia, axonal swelling and degeneration (black arrow) (2000X, HE). c, Common digital nerve of forelimb from control animal (2000X, HE). d, Saphenous nerve from an FGD4 homozygote showing lack of myelin staining consistent with demyelination (2000X, Luxol fast blue). e, Saphenous nerve from a control animal (2000X, Luxol fast blue). Micrographs are representative of the lesions found in 7 different nerves examined from 2 FGD4 homozygotes and 2 control animals. Each nerve was examined in 3 locations, with both transverse and longitudinal sections. Bar = 50â€‰Âµm.


Extended Data Fig. 8 Photographs of GALNT2 mutant and control individuals; PLCD4 mutant and control individuals.
Photographs contrasting homozygous mutant and homozygous reference animals for the GALNT2 c.1561-1G>A splice acceptor mutation (a), and PLCD4 p.Ala326Thr mutation (b). For the PLCD4 variant, front and rear images contrast the same two animals. Animals represent individuals from the research farm studies that were neither the smallest nor largest animals within each of their genotype classes. Photos are unstandardised and provided for qualitative purposes.


Extended Data Fig. 9 GWAS Manhattan plots exploring sensitivity of QTL detection for reduced resolution genotype data, and simulated loci varying in effect size and frequency.
Manhattan plot showing impact of marker density on discovery of non-additive bodyweight GWAS signals (a; P-values computed using Z-tests, horizontal grey line indicates the genome-wide significance threshold of Pâ€‰<â€‰5â€‰Ã—â€‰10âˆ’8). Here, dominance estimates from sequence-based bodyweight GWAS (grey dots) are plotted alongside a subsetted version of these same data filtered to represent the content of BovineSNP50k SNP-chip platform (green dots). While two of the modest effect, comparatively higher MAF QTL retain significance (i.e. Chr2:22Mbp and PLAG1 locus), only the DPF2/MUS81 QTL is represented among the major-effect, recessive signals. (b) Manhattan plot showing the influence of MAF and effect size on sensitivity of detection in a simulated dataset. Dominance estimates (blue dots) are contrasted with standard-additive estimates (grey dots), showing sensitivity of detection for 30 recessive causative mutations (red dots). Recessive effects were generated by randomly selecting variants from 1-5% MAF bins from the pool of simulated genotypes (frequencies indicated at bottom), with effect sizes assigned as 0.5 standard deviations (SD; light orange) or 1.0â€‰SD (dark orange) per mutation. Mutations were selected to represent all chromosomes (two on chromosome 1).


Extended Data Fig. 10 Visualisation of sequence imputation allelic R-squared statistics by minor allele frequency, dominance effect sizes, and dominance p-values in the GWAS dataset.
Plots showing imputation allelic R2 (AR2) values of genotypes from the discovery population, where AR2 is taken to reflect accuracy of imputation, representing the squared correlation between the allele dosage with the highest posterior probability and the true allele dosage35. a, Box plots showing distributions of AR2 within different MAF classes for the 16,128,757 sequence variants used for GWAS. Box plots show median (centre line), interquartile range (box limits), and upper and lower whiskers (maxima and minima data points). b, Plot showing absolute dominance effect size (Effect size, kg) for genome-wide significant variants (Pâ€‰<â€‰5â€‰Ã—â€‰10âˆ’8) from the bodyweight GWAS, visualised by AR2. Also indicated are the candidate causative mutations of interest; effects are expressed as allele substitutions and thus represent half the effect observed in homozygous mutant individuals c, Scatter/density plot showing relationship between P-value and AR2 for the sequence variants tested in the bodyweight GWAS (dominance model), with mutations of interest also indicated.
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