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            Abstract
Stature is affected by many polymorphisms of small effect in humans1. In contrast, variation in dogs, even within breeds, has been suggested to be largely due to variants in a small number of genes2,3. Here we use data from cattle to compare the genetic architecture of stature to those in humans and dogs. We conducted a meta-analysis for stature using 58,265 cattle from 17 populations with 25.4 million imputed whole-genome sequence variants. Results showed that the genetic architecture of stature in cattle is similar to that in humans, as the lead variants in 163 significantly associated genomic regions (P < 5 × 10−8) explained at most 13.8% of the phenotypic variance. Most of these variants were noncoding, including variants that were also expression quantitative trait loci (eQTLs) and in ChIP–seq peaks. There was significant overlap in loci for stature with humans and dogs, suggesting that a set of common genes regulates body size in mammals.
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                    Fig. 1: Manhattan plot for the meta-analysis of bovine stature with n = 58,265 animals.[image: ]


Fig. 2: Validation of lead variants.[image: ]


Fig. 3: Haplotype diversity for 15 cattle breeds in two genomic regions (NCAPG–LCORL and PLAG1) where selection signatures match segregation of QTLs for stature.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Accuracy of imputing sequence variants in cattle populations.
The accuracy of imputing sequence variant genotypes was assessed in 61 Jersey, 59 Brown Swiss, 187 Fleckvieh, 93 Angus and 312 Holstein animals from 1000 Bull Genomes Run4. a, A principal-components analysis of the genomic relationship matrix that was built using 1,147 animals and 20,211,021 autosomal sequence variants with minor allele frequency greater than 0.01 clearly separated the animals by breed. The genomic relationship matrix was built using PLINK1.9, and GCTA6 was used to perform the principal-components analysis. (b) The overall accuracy of imputing sequence variant genotypes was assessed for 2,231,805, 1,036,588 and 622,011 sequence variants, respectively, on chromosomes 1, 20 and 25 using FImpute45 and Minimac44. The accuracy of imputing genotypes was calculated by 15-fold cross-validation, where the sequence genotypes of 25 randomly selected animals per breed from 1000 Bull Genomes Run4 were masked to those on the Illumina BovineHD BeadChip and all the sequence variants were then imputed using FImpute or Minimac with all other sequences (n = 1,122) as a reference. The random selection of animals was performed 15 times for each chromosome and breed analysis. The squared correlation (r2) between the real sequence variant called genotypes and the imputed variant genotypes was taken as the accuracy of imputation. Box plots show the overall accuracy of imputing sequence variants per breed using FImpute or Minimac. The interquartile range defines the height of the box, and whiskers extend to 1.5 times the interquartile range. In each box, the median is represented by the horizontal black bar. c,d, Accuracy of imputing sequence variant genotypes using Minimac (c) or FImpute (d) by minor allele frequency. The dotted and solid lines in c represent the squared correlation between true genotypes (0, 1 or 2) and imputed dosages and best-guess genotypes, respectively.


Supplementary Figure 2 The accuracy of imputing sequence variant genotypes assessed in Montebeliarde, Normande and Danish Red cattle using 1000 Bull Genomes Run4.
a, Accuracy was assessed for sequence variants on chromosomes 1, 20 and 25 using FImpute. The accuracy of imputing genotypes was calculated by masking the sequence genotypes of 14 randomly selected animals per breed from 1000 Bull Genomes Run4 to those on the Illumina BovineHD BeadChip and then imputing all sequence variants using FImpute45 with all other sequences (n = 1,133) as a reference. The squared correlation (r2) between the real sequence variant called genotypes and the imputed variant genotypes was taken as the accuracy of imputation. The accuracy of imputing sequence variant genotypes is plotted by minor allele frequency. b, The accuracy of imputation to sequence variants in Holstein and Jersey cattle was compared for FImpute and Beagle. The accuracy was assessed for sequence variants on chromosome 14. The accuracy of imputing genotypes was calculated by masking the sequence genotypes of 25 randomly selected animals per breed from 1000 Bull Genomes Run4 to those on the Illumina BovineHD BeadChip and then imputing all sequence variants using FImpute and Beagle with all other sequences (n = 1,122) as a reference.


Supplementary Figure 3 Association testing with imputed sequence variants in the region of the GHR gene.
a–c, Sequence variant genotypes were imputed in 6,777 Fleckvieh, 5,204 Holstein and 1,646 Brown Swiss animals using the 1000 Bull Genomes Run4 multi-breed reference population with Minimac44. Association tests were performed between imputed sequence variant genotypes on chromosome 20 and daughter-derived values for protein percentage. Association testing was carried out with EMMAX using the -Z flag to consider predicted allele dosages for the imputed sequence variants. a, In Fleckvieh, the GHR p.Y279F mutation (rs385640152) was the second most strongly associated marker. b,c, The association testing revealed the causal GHR p.Y279F mutation (rs385640152)55 (in the growth hormone receptor gene) to be the most significantly associated variant in Holstein (b) and Brown Swiss (c) cattle. The frequency of the minor allele was 0.16, 0.08 and 0.12 in Holstein, Fleckvieh and Brown Swiss cattle, respectively. Data were used from Pausch et al.10.


Supplementary Figure 4 Association testing with imputed sequence variants in the region of the DGAT1 gene.
a,b, Sequence variant genotypes were imputed in 6,777 Fleckvieh and 5,204 Holstein animals using the 1000 Bull Genomes Run4 multi-breed reference population with Minimac44. Association tests were performed between imputed sequence variant genotypes on chromosome 14 and daughter-derived values for fat percentage. Association testing was carried out with EMMAX5 using the -Z flag to consider predicted allele dosages for the imputed sequence variants. The association testing revealed the causal mutation (p.A232K) in the DGAT1 gene56 to be the most significantly associated variant in Fleckvieh (a) and Holstein (b) cattle, as has been demonstrated in an earlier run of the 1000 Bull Genomes project4. The frequency of the minor allele was 0.31, 0.07 and 0.12 in Holstein and Fleckvieh cattle, respectively. Data were used from Pausch et al10.


Supplementary Figure 5 Association testing with imputed sequence variants in the region of the ABCG2 gene.
Sequence variant genotypes were imputed into 5,204 Holstein animals using the 1000 Bull Genomes Run4 multi-breed reference population with Minimac44. Association tests were performed between imputed sequence variant genotypes on chromosome 6 and daughter-derived values for protein percentage. Association testing was carried out with EMMAX5 using the -Z flag to consider predicted allele dosages for the imputed sequence variants. The association testing revealed the causal p.Y581S variant in ABCG256 to be the most significantly associated variant in Holstein cattle. The frequency of the minor allele was 0.013. Data were used from Pausch et al10.


Supplementary Figure 6
The number of breeds that each variant segregates in plotted against the size of the variant effect estimated in the meta-analysis for the 163 lead variants.


Supplementary Figure 7 Selection signature analysis.
Signatures of selection based on haplotype (hapFLK statistical test35; top) or single-SNP (FLK statistical test36; bottom) tests for differentiation (–log10P values), with n = 380 animals. Darker colors indicate significant hits at an FDR of 5%. Vertical red lines highlight the positions of 163 lead variants from the stature GWAS meta-analysis.


Supplementary Figure 8
The distance of the most significant SNP from the gene for 659 genes with eQTLs.
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Supplementary Table 2
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Supplementary Table 6
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