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            Abstract
Benchmark small variant calls are required for developing, optimizing and assessing the performance of sequencing and bioinformatics methods. Here, as part of the Genome in a Bottle (GIAB) Consortium, we apply a reproducible, cloud-based pipeline to integrate multiple short- and linked-read sequencing datasets and provide benchmark calls for human genomes. We generate benchmark calls for one previously analyzed GIAB sample, as well as six genomes from the Personal Genome Project. These new genomes have broad, open consent, making this a â€˜first of its kindâ€™ resource that is available to the community for multiple downstream applications. We produce 17% more benchmark single nucleotide variations, 176% more indels and 12% larger benchmark regions than previously published GIAB benchmarks. We demonstrate that this benchmark reliably identifies errors in existing callsets and highlight challenges in interpreting performance metrics when using benchmarks that are not perfect or comprehensive. Finally, we identify strengths and weaknesses of callsets by stratifying performance according to variant type and genome context.
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                    Fig. 1: Arbitration process used to form our benchmark set from multiple technologies and callsets.[image: ]


Fig. 2: Complex variant discordant between GIAB and Illumina PG.[image: ]
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                Data availability

              
              Raw sequence data were previously published in Scientific Data (https://doi.org/10.1038/sdata.2016.25) and were deposited in the NCBI SRA with the accession codes SRX1049768â€“SRX1049855, SRX847862â€“SRX848317, SRX1388368â€“SRX1388459, SRX1388732â€“SRX1388743, SRX852932â€“SRX852936, SRX847094, SRX848742â€“SRX848744, SRX326642, SRX1497273 and SRX1497276. 10x Genomics Chromium bam files used are available at ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/data/AshkenazimTrio/analysis/10XGenomics_ChromiumGenome_LongRanger2.0_06202016/. The benchmark vcf and bed files resulting from work in this manuscript are available in the NISTv.3.3.2 directory under each genome on the GIAB FTP release folder ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/release/ and, in the future, updated calls will be in the â€˜recentâ€™ directory under each genome. The data used in this manuscript and other datasets for these genomes are available at ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/data/, as well as in NCBI BioProject No. PRJNA200694.

            

Code availability

              
              All code for analyzing genome sequencing data to generate benchmark variants and regions developed for this manuscript is available in a GitHub repository at https://github.com/jzook/genome-data-integration. Publicly available software used to generate input callsets includes novoalign v.3.02.07, samtools v.0.1.18, GATK v.3.5, Freebayes v.0.9.20, Complete Genomics tools v.2.5.0.33, Torrent Variant Caller v.4.4, LifeScope v.2.5.1, LongRanger v.2.0, GenomeWarp, rtg-tools v.3.7.1 and Sentieon v.201611.rc1.
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Supplementary Figure 1 Fraction of each chromosome covered by benchmark regions for each genome.
Fraction of the assembled (i.e., non-N) bases in GRCh37 that are covered by the benchmark regions for each genome (HG001 to HG007), separated by chromosome.


Supplementary Figure 2 Overall flow of execution of the code used to integrate VCF and BED files from each method and form benchmark VCF and BED files.
Diagram of the input files (light orange boxes) and output files (dark orange boxes) of each script (blue boxes) used to integrate callsets from each method and form the benchmark set.


Supplementary Figure 3 Preprocessing and merging of VCF and BED files from each input callset.
The Callset Table gives metadata about each input callset, including which difficult regions to exclude from each callsetâ€™s callable bed file. This table is used to generate callable bed files for each callset and form a merged vcf that includes the genotype from each callset and annotations that indicate whether it falls in each callsetâ€™s callable bed file.


Supplementary Figure 4 Processing union VCF to arbitrate between callsets and form benchmark VCF.
Process used to determine if a consensus genotype call can be made from all trusted input callsets for each line in the union VCF. In the first iteration, each callsetâ€™s callable regions are used to determine if a callset can be trusted, and calls where all trusted callsets agree and at least two different platforms support the call are used to train the one class filtering model in Supplementary Figure 5. In the second iteration, each callsetâ€™s callable regions are again used to determine if a callset can be trusted, but filtered calls are also excluded. To be included in the benchmark set, all trusted callsets must have the same genotype, and support from only one platform is needed.


Supplementary Figure 5 One-class model used to filter calls from each input callset that have outlier annotations.
To determine whether a call from each input callset can be trusted, we use a simple one-class model that finds calls from each callset that have outlier values for any of the user-specified annotations. For the training set, we use the sites from each input callset that agree with the consensus calls supported by at least two technologies (found in the first iteration of the process in Supplementary Figure 4). The filtered bed files from each callset are used to annotate the union VCF used in the second and final iteration of Supplementary Figure 4.
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