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            Abstract
The 1000 bull genomes project supports the goal of accelerating the rates of genetic gain in domestic cattle while at the same time considering animal health and welfare by providing the annotated sequence variants and genotypes of key ancestor bulls. In the first phase of the 1000 bull genomes project, we sequenced the whole genomes of 234 cattle to an average of 8.3-fold coverage. This sequencing includes data for 129 individuals from the global Holstein-Friesian population, 43 individuals from the Fleckvieh breed and 15 individuals from the Jersey breed. We identified a total of 28.3 million variants, with an average of 1.44 heterozygous sites per kilobase for each individual. We demonstrate the use of this database in identifying a recessive mutation underlying embryonic death and a dominant mutation underlying lethal chrondrodysplasia. We also performed genome-wide association studies for milk production and curly coat, using imputed sequence variants, and identified variants associated with these traits in cattle.
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                    Figure 1: Accuracy of imputing sequence variants.[image: ]


Figure 2: Sequence-based fine-mapping of a locus underlying curly hair in 2,253 Fleckvieh bulls.[image: ]


Figure 3: Sequence-based association study for early-lactation milk fat percentage.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Improvement in accuracy of imputation as a result of BEAGLE correction in Fleckvieh bulls, at increasing fold coverage.

Supplementary Figure 2 The rate of opposing homozygotes from comparison of genotypes for 54 parent-offspring pairs.
Rates for chromosome 1 (a) and chromosome 12 (b). The rate of opposing homozygotes is calculated as the proportion of genotypes within a sliding window of 500 variants that are opposing homozygotes for parent offspring pairs. Genomic regions potentially with problematic assembly are revealed by their high rate of opposing homozygotes, as on chromosome 12. The 1000 bull genomes data has identified a number of such regions.


Supplementary Figure 3 Variants segregating within and across breeds.
Absolute counts of variants segregating within and across breeds (a). Polymorphic sites (SNPs, indels) in randomly selected subsets of 60 animals (15 Angus, 15 Fleckvieh, 15 Holstein, 15 Jersey) were evaluated to assess the number of variants segregating within and across breeds. Across ten replicates, an average number of 8.74 million variants were identified in all 4 breeds (b). Among those, 116,489 variants were homozygous for the alternate allele to the reference sequence in all animals. Holstein and Fleckvieh shared the most variants that were segregating across breeds, most likely reflecting a recent introgression of Holstein into Fleckvieh3. Angus and Jersey shared the least, consistent with FST estimates from array data (The Bovine Hap Consortium, 2009). Compared to Angus, the number of variants segregating within the breed was considerably higher in Fleckvieh, Holstein and Jersey, possibly reflecting that the resequenced animals are key ancestors of these breeds. Fleckvieh had the highest genetic diversity, corroborating its large effective population size4. Principal-component analysis on the sequence variants clearly separated animals by breed (c).


Supplementary Figure 4 Distribution of length of insertion deletions (bp).
(a) All indels. (b) Indels in coding regions.


Supplementary Figure 5 Allele frequency spectrum of variant classes.
(a) Intergenic and intragenic and, for the intragenic variants, synonymous versus nonsynonymous, (b) for nonsynonymous variants, missense and premature stop codons, (c) also for nonsynonymous variants, SIFT predicted tolerated and SIFT predicted deleterious variants. The allele frequency spectrum is reflected around 0.5.


Supplementary Figure 6 Alignment of the SMC2 protein sequences from different eukaryotic organisms around amino acid position F1135 in bovine.
Species names and sequence accession numbers in Ensembl are: Bta, Bos taurus (ENSBTAP00000011562); Has, Homo sapiens (ENSP00000286398); Gga, Gallus gallus (ENSGALP00000036817); Aca, Anolis carolinensis (ENSACAP00000012737); Xtr, Xenopus tropicalis (ENSXETP00000022515); Gmo, Gadus morhua (ENSGMOP00000005092); Csa, Ciona savignyi (ENSCSAVP00000005455); Dme, Drosophila melanogaster (FBpp0086591); Cel, Caenorhabditis elegans (M106.1); Tgo, Toxoplasma gondii (TGME49_097800); Ptr, Phaeodactylum tricornutum (Phatr30352); Ppa, Physcomitrella patens (PP1S52_57V6.1); Ath, Arabidopsis thaliana (AT5G62410.1); Afl, Aspergillus flavus (CADAFLAP00007264); Sce, Saccharomyces cerevisiae (YFR031C). Animals are shown in normal character, protists are underlined, plants are shown in bold type, and fungi are italicized.


Supplementary Figure 7 Identification and characterization of the COL2A1 g.32475732G>A mutation on BTA5, associated with bulldog calf syndrome.
(a) IGV snapshot and (b) DNA sequencing chromatogram showing the g.32475732G>A mutation of a bulldog calf. (b) Genotyping of the same mutation using a PCR-RFLP system (see material and methods). BD, bulldog calves; Mo, wild-type mother of a bulldog calf; IG, IGALE MASC. The 341-bp undigested fragment corresponds to the mutant allele, whereas the 166- and 175-bp fragments result from the digestion of the wild-type allele with BpmI endonuclease. Note incomplete restriction of the IGALE PCR fragment, consistent with mosaicism. (c) DNA sequencing chromatogram showing the g.32475732G>A mutation of a bulldog calf. Confirmation of mosaicism by Sanger sequencing of IGALE PCR fragments prior to RFLP (d) and of a nested PCR on the unrestricted fragment after RFLP (e). (f) Multispecies alignment of the COL2A1 protein sequence around the p.G960R substitution using CLUSTALW. Cattle (Bos taurus), human (Homo sapiens), mouse (Mus musculus), chicken (Gallus gallus), anolis (Anolis carolinensis), Xenopus (Xenopus tropicalis) and zebrafish (Danio rerio) sequence accession numbers are, respectively, ENSBTAP00000017505, ENSP00000369889, ENSMUSP00000023123, ENSGALP00000035064, ENSACAP00000006225, ENSXETP00000043834 and ENSDARP00000047843 in Ensembl . Note the succession of GXY amino acids triplets, typical of the triple-helical domain of collagen proteins, and the perfect across-species conservation of the first G residues.


Supplementary Figure 8 Sequence-based association study for curly hair.
Manhattan plot showing the association of 17,640,970 imputed variants with the proportion of daughters with curly hair in 3222 Fleckvieh bulls (a). Red dots represent variants with P < 10−9. Detailed overview of the associated regions on chromosomes 5 (b) and 19 (c). Variants in the promoter (defined to encompass 1,000 bp upstream of the transcription start), in the untranslated regions (UTR) and in the amino acid coding region are highlighted with different color. The associated region on BTA5 encompasses Krt71, which underlies curly hair in various species. Variant calling yielded four missense mutations in Krt71 (p.R133W, p.F143I, p.N177I, p.P452H); however, none of them was polymorphic in the 43 resequenced Fleckvieh animals. Functional annotation of the variants within the QTL region on BTA5 revealed that 12 closely linked missense mutations in Krt73, Krt2 and Krt76 are highly significantly associated with curly hair in Fleckvieh cattle. Among those, only the p.R201Q mutation in Krt73 (c.G602A, chr. 5: 27,445,800 bp, ss682156288) was predicted to be damaging by PolyPhen-2 and SIFT analysis.


Supplementary Figure 9 Analysis of the sequence conservation of the KRT27 and KRT73 proteins.
(a) Multispecies alignment of the KRT27 proteins from Bos taurus (ENSBTAP00000040718), Procavia capensis (ENSPCAP00000010617), Equus caballus (ENSECAP00000009042), Pteropus vampyrus (ENSPVAP00000010717), Mus musculus (ENSMUSP00000017732), Canis familiaris (ENSCAFP00000023584), Homo sapiens (ENSP00000301656), Loxodonta africana (ENSLAFP00000005744), Erinaceus europaeus (ENSEEUP00000003333), Choloepus hoffmanni (ENSCHOP00000004382), Echinops telfairi (ENSETEP00000010909), Ornithorhynchus anatinus (ENSOANP00000004600), Sarcophilus harrisii (ENSSHAP00000009933) and Monodelphis domestica (ENSMODP00000038545). (b) Multiple-sequence alignment of mammalian-specific paralogs of the KRT27 protein type I keratins within the helix initiation motif in bovine KRT9 (ENSBTAP00000054159), KRT10 (ENSBTAP00000017140), KRT12 (ENSBTAP00000020622), KRT14 (ENSBTAP00000036252), KRT15 (ENSBTAP00000006445), KRT16 (ENSBTAP00000045066), KRT17 (ENSBTAP00000008948), KRT18 (ENSBTAP00000001988), KRT19 (ENSBTAP00000006450), KRT20 (ENSBTAP00000010255), KRT23 (ENSBTAP00000051816), KRT24 (ENSBTAP00000027749), KRT25 (ENSBTAP00000040707), KRT26 (ENSBTAP00000040717), KRT27 (ENSBTAP00000040718), KRT28 (ENSBTAP00000040707), KRT31 (ENSBTAP00000018185), KRT32 (ENSBTAP00000013107), KRT33A (ENSBTAP00000023926), KRT34 (ENSBTAP00000012807), KRT35 (ENSBTAP00000040659), KRT36 (ENSBTAP00000006440), KRT37 (ENSBTAP00000000746), KRT38 (ENSBTAP00000000746) KRT39 (ENSBTAP00000026752) and KRT40 (ENSBTAP00000023156). (c) Multiple-sequence alignment of type I keratins within the helix initiation motif in human. The protein sequence and domain information of human type I keratins was obtained from the Human Intermediate Filament Database (http://www.interfil.org/). KRT24 (ENSBTAP00000027749), KRT25 (ENSBTAP00000040707), KRT26 (ENSBTAP00000040717) and KRT28 (ENSBTAP00000034743). (d) Multispecies alignment of the KRT73 proteins from Bos taurus (ENSBTAP00000010393), Homo sapiens (ENSP00000307014), Pteropus vampyrus (ENSPVAP00000006226), Loxodonta africana (ENSLAFP00000006274), Procavia capensis (ENSPCAP00000005278), Equus caballus (ENSECAP00000012147), Erinaceus europaeus (ENSEEUP00000013894), Mus musculus (ENSMUSP00000065349) and Felis catus (ENSFCAP00000000268).


Supplementary Figure 10 Association of 425,607 SNPs located on BTA19 conditional on the ss699911276 polymorphism.
Black dots represent the P values of the initial screen, and orange dots represent the P values obtained from association analysis conditional on the ss699911276 polymorphism. The red vertical line corresponds to the Bonferroni-corrected threshold of significance (P = 2.8 × 10−9).


Supplementary Figure 11 Sequence-based association study of early-lactation milk fat content on bovine chromosome 14.
The sequence-based association study identified the causal p.A232K polymorphism in Dgat1 among the top association signals in the Holstein breed (a). In the Fleckvieh breed, the association of the causal p.A232K polymorphism in Dgat1 with early-lactation milk fat content is considerably lower compared to the top marker (P = 2.6 × 10−57 versus P = 3.2 × 10−106) (b).


Supplementary Figure 12 Sequence-based association study of early-lactation milk fat content on bovine chromosome 14 in the Fleckvieh breed with an increased reference population.
During the review process of this manuscript, the number of resequenced Fleckvieh animals increased to 78. We reimputed the sequence information for the entire Fleckvieh population on the basis of 78 reference animals and reperformed the association analysis. Now, with an increased reference population, the association of the causal p.A232K polymorphism in Dgat1 with early-lactation milk fat content is only marginally lower compared to the top marker (P = 6.1 × 10−111 versus P = 4.5 × 10−111).


Supplementary Figure 13 Transcription factor binding site (TFBS) prediction for associated promoter variants of AGPAT6 (transcript ID ENSBTAT00000007532).
TFBS were predicted with Alibaba2.1 (red; ref. 5) and Contra (green)6. Only TFBS that differ between the reference and alternative sequence are displayed. The blue box highlights the polymorphic sites.


Supplementary Figure 14 Association studies on chromosome 27 for early-lactation milk fat content with sequence variants imputed from the 1000 bull genomes
In Fleckvieh (a) and Holstein (b) populations. Black dots represent the P values of the initial screen, and orange dots represent the P values after conditioning on the indel polymorphism (36,211,252 bp). The red vertical line represents the Bonferroni-corrected threshold of genome-wide significance (P = 2.8 × 10−9). Conditioning on the indel polymorphism eliminated all association signals in the immediate vicinity of AGPAT6. However, there might be an additional QTL for early-lactation milk fat content segregating in both breeds near the Thrb gene encoding the thyroid hormone receptor beta (green triangle).





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–14, Supplementary Tables 1–7 and Supplementary Note. (PDF 6178 kb)





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Daetwyler, H., Capitan, A., Pausch, H. et al. Whole-genome sequencing of 234 bulls facilitates mapping of monogenic and complex traits in cattle.
                    Nat Genet 46, 858–865 (2014). https://doi.org/10.1038/ng.3034
Download citation
	Received: 12 August 2013

	Accepted: 20 June 2014

	Published: 13 July 2014

	Issue Date: August 2014

	DOI: https://doi.org/10.1038/ng.3034


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        The size and composition of haplotype reference panels impact the accuracy of imputation from low-pass sequencing in cattle
                                    
                                

                            
                                
                                    	Audald Lloret-Villas
	Hubert Pausch
	Alexander S. Leonard


                                
                                Genetics Selection Evolution (2023)

                            
	
                            
                                
                                    
                                        X-linked genes influence various complex traits in dairy cattle
                                    
                                

                            
                                
                                    	Marie-Pierre Sanchez
	Clémentine Escouflaire
	Didier Boichard


                                
                                BMC Genomics (2023)

                            
	
                            
                                
                                    
                                        Sequence-based GWAS meta-analyses for beef production traits
                                    
                                

                            
                                
                                    	Marie-Pierre Sanchez
	Thierry Tribout
	Didier Boichard


                                
                                Genetics Selection Evolution (2023)

                            
	
                            
                                
                                    
                                        Whole‐genome sequencing identifies interferon-induced protein IFI6/IFI27-like as a strong candidate gene for VNN resistance in European sea bass
                                    
                                

                            
                                
                                    	Emilie Delpuech
	Marc Vandeputte
	François Allal


                                
                                Genetics Selection Evolution (2023)

                            
	
                            
                                
                                    
                                        Using pre-selected variants from large-scale whole-genome sequence data for single-step genomic predictions in pigs
                                    
                                

                            
                                
                                    	Sungbong Jang
	Roger Ros-Freixedes
	Daniela Lourenco


                                
                                Genetics Selection Evolution (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Towards sequence-based genomic selection of cattle
                

                
	Michel Georges



                
    
        
            Nature Genetics
        
        News & Views
        
        
            29 Jul 2014
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter — top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
