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            Abstract
Inexpensive genotyping methods are essential to modern genomics. Here we present QUILT, which performs diploid genotype imputation using low-coverage whole-genome sequence data. QUILT employs Gibbs sampling to partition reads into maternal and paternal sets, facilitating rapid haploid imputation using large reference panels. We show this partitioning to be accurate over many megabases, enabling highly accurate imputation close to theoretical limits and outperforming existing methods. Moreover, QUILT can impute accurately using diverse technologies, including long reads from Oxford Nanopore Technologies, and a new form of low-cost barcoded Illumina sequencing called haplotagging, with the latter showing improved accuracy at low coverages. Relative to DNA genotyping microarrays, QUILT offers improved accuracy at reduced cost, particularly for diverse populations that are traditionally underserved in modern genomic analyses, with accuracy nearly doubling at rare SNPs. Finally, QUILT can accurately impute (four-digit) human leukocyte antigen types, the first such method from low-coverage sequence data.
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                    Fig. 1: Schematic of the QUILT model.[image: ]


Fig. 2: Assessment of read label partitioning.[image: ]


Fig. 3: Imputation accuracy of the NA12878 sample.[image: ]


Fig. 4: Imputation accuracy of 5-Family, GBR and ONT samples.[image: ]


Fig. 5: Imputation accuracy of the 1000 Genomes Project samples.[image: ]


Fig. 6: Imputation accuracy of HLA loci.[image: ]


Fig. 7: Relative increase in effective sample size and power using lcWGS and QUILT.[image: ]
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                Data availability

              
              The HRC haplotypes are available at the European Genome-phenome Archive under accession no. EGAD00001002729; they are available through the Sanger Institute under controlled access. The high-coverage, whole-genome sequence from the 1000 Genomes NYGC collection is available at https://www.internationalgenome.org/data-portal/data-collection/30x-grch38. Specifically, we used file http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/1000G_2504_high_coverage/1000G_2504_high_coverage.sequence.index. High-coverage ONT data from Bowden et al.25 are available through the ENA under accession no. PRJEB30620. High-coverage ONT and Illumina (10Ã—) samples from Shafin et al.27 are available through https://s3-us-west-2.amazonaws.com/human-pangenomics/index.html?prefix=. gnomAD SNP frequencies from the version 3.0 release were downloaded as detailed at https://gnomad.broadinstitute.org/downloads from URLs such as https://storage.googleapis.com/gnomad-public/release/3.0/vcf/genomes/gnomad.genomes.r3.0.sites.chr1.vcf.bgz. IPD-IMGT/HLA data were downloaded through their github database (https://github.com/ANHIG/IMGTHLA), specifically v.3.39 through https://github.com/ANHIG/IMGTHLA/blob/032815608e6312b595b4aaf9904d5b4c189dd6dc/Alignments_Rel_3390.zip?raw=true. Previously inferred HLA types for 1000 Genomes Project participants (v.20181129) were downloaded from the 1000 Genomes FTP (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/HLA_types/20181129_HLA_types_full_1000_Genomes_Project_panel.txt). Recombination rates for the CEU 1000 Genomes Project samples were downloaded from ftp-trace.ncbi.nih.gov/1000genomes/ftp/technical/working/20130507_omni_recombination_rates/CEU_omni_recombination_20130507.tar. All new high- and low-coverage sequencing done for this study are available at the Sequence Read Archive under BioProject accession no. PRJNA669554.

            

Code availability

              
              QUILT is available from https://github.com/rwdavies/QUILT under a General Public License. The specific versions of QUILT used in this manuscript are available from Figshare40.
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