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            Abstract
Assessing the reproducibility, accuracy and utility of massively parallel DNA sequencing platforms remains an ongoing challenge. Here the Association of Biomolecular Resource Facilities (ABRF) Next-Generation Sequencing Study benchmarks the performance of a set of sequencing instruments (HiSeq/NovaSeq/paired-end 2â€‰Ã—â€‰250-bp chemistry, Ion S5/Proton, PacBio circular consensus sequencing (CCS), Oxford Nanopore Technologies PromethION/MinION, BGISEQ-500/MGISEQ-2000 and GS111) on human and bacterial reference DNA samples. Among short-read instruments, HiSeq 4000 and X10 provided the most consistent, highest genome coverage, while BGI/MGISEQ provided the lowest sequencing error rates. The long-read instrument PacBio CCS had the highest reference-based mapping rate and lowest non-mapping rate. The two long-read platforms PacBio CCS and PromethION/MinION showed the best sequence mapping in repeat-rich areas and across homopolymers. NovaSeq 6000 using 2â€‰Ã—â€‰250-bp read chemistry was the most robust instrument for capturing known insertion/deletion events. This study serves as a benchmark for current genomics technologies, as well as a resource to inform experimental design and next-generation sequencing variant calling.
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                    Fig. 1: Experimental design and mapping results.[image: ]


Fig. 2: Distribution of genomic coverage across sequencing technologies for all replicates.[image: ]


Fig. 3: Estimating rates of sequencing error per platform.[image: ]


Fig. 4: Validating SNPs and INDEL events from short-read datasets against the GIAB high-confidence truth set as determined by RTG vcfeval.[image: ]


Fig. 5: Assessing variability for the son (HG002) across HiSeq X10, 2000 and 4000, platforms that had more than one replicate per cell line to enable this analysis.[image: ]


Fig. 6: Reproducibility of sequencing of bacterial genomes in a complex metagenomic mixture.[image: ]
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                Data availability

              
              The genome sequences in this study are available as EBV-immortalized B lymphocyte cell lines (from Coriell) as well as from DNA (from Coriell and NIST). The data in this study were derived from the batch of DNA from the NIST Reference Materials. All data generated within this study from these genomes are publicly available on the NCBI Sequence Read Archive under the BioProject PRJNA646948, within accessions SRR12898279â€“SRR12898354.
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Extended data

Extended Data Fig. 1 Quality Control and Decoy Capture.
(a) The insert Size distribution of every replicate, stratified by sequencing instrument. (b) The percentage of total reads that were mapped to decoy contigs within the GRCh38 reference genome.


Extended Data Fig. 2 Normalized Genomic Coverage.
Heatmap showing the distribution of read counts per library (rows) by GC content (columns) across human whole genome and exome samples. Read count values are normalized by total reads per replicate, such that a value of 1 matches maximum value for a given replicate. Annotation tracks on the right indicate the sequencing platform and cell line genome for that replicate.


Extended Data Fig. 3 All-versus-all Genomic Coverage Comparison.
Comparisons for every platform within each UCSC RepeatMasker region. Blue bars indicate >50% of shared sites are better represented in the given platform (column) versus all other platforms (rows). Red bars indicate that the other platform out-covered the given platform.


Extended Data Fig. 4 Variant Detection by Context.
Precision and sensitivity scores as derived from rtg vcfeval analysis, stratified by regions in (a) the CLINVAR database and (b) the OMIM database. For each of the cell lines, genes from each database were overlapped with high confidence regions for variant calling. (c) Scores stratified by regions in the exome, as defined by the AmpliSeq target capture regions file. For each of the cell lines, exomic regions were overlapped with high confidence regions for variant calling.


Extended Data Fig. 5 Genomic Variant Heatmap.
Heatmap of genotype (GT) of variant alleles on chromosome 1, across all human replicates across within sequencing platforms, as measured against the Genome in a Bottle high confidence variant call sets for each genome. Heterozygous variant alleles are shaded in orange (0.5), homozygous variants in red (1), missing data in blue (0), and inapplicable sites (sites outside of the GIAB high confidence region in one cell line but present in another) in gray. Hierarchical clustering reveals strong grouping by cell line, followed by less clear grouping within platforms and inter- and intra-lab replicates.


Extended Data Fig. 6 Mendelian Violation Detection Per Context.
UpSet intersections of Mendelian violations. Each plot is stratified by variant type (SNPs on top, followed by INDELs; INS_5 = insertions 0-5â€‰bp in size, INS_6to15â€‰=â€‰insertions 6 to 15â€‰bp in size, INS_15 = insertions >15â€‰bp in size; same for deletions, â€˜DELâ€™). Events were recorded within high confidence regions for the Ashkenazi Son (HG002).


Extended Data Fig. 7 Structural Variants per Instrument.
Comparison between the identified SVs in the six replicates from long-read sequencing instruments, showing agreement of 6,980 SVs between samples (green column).


Extended Data Fig. 8 Structural Variant Metrics.
Coverage, insert size, and read length mean and standard deviation across total SVs in sequencing runs.


Extended Data Fig. 9 SV Agreement between Callers and Instruments.
(a) Insights into SV variability by caller. First the strategy used to examine SV caller variability after stratifying for platforms, replicates and centers variability; next the SV call set sizes and overlap with the GIAB SV call set for the SV caller variability set of HG002; finally the types and sizes of SVs in the SV caller variability set of HG002 (translocations are set to size 50 by default in the SURVIVOR parameters for visualization purposes). (b) Insights into SV variability by platform. Diagrams utilize sequencing runs from HiSeqX10, HiSeq2000 and HiSeq4000 while the final two characterize all platforms available. First the strategy used to examine platform variability after stratifying for SV callers, centers and replicates variability; next, SV call set sizes and overlaps with the GIAB SV call set for the platform variability SV call set of HG002; next, types and sizes of SVs in the platform variability SV call set of HG002. Final two panels include HiSeqX10, HiSeq2000, HiSeq4000, NovaSeq, BGI and MGI for visualization purposes. The NovaSeq, BGI and MGI SV call sets were not integrated into the analyses strategy because sequencing runs with replicates for each sample at different centers on different platforms were not available. On top, SV call set sizes and overlap with the GIAB SV call set for the platform variability SV call set of HG002. Below, types and sizes of SVs in the platform variability SV call set of HG002. (Translocations are set to size 50 by default in the SURVIVOR parameters for visualization purposes).


Extended Data Fig. 10 Metagenomic Bacterial Sequencing Distribution.
(a) Heatmap showing the distribution of read counts per library (rows) by GC content (columns) across bacterial genomes and the metagenomic mixtrue. Read count values are normalized by total reads per replicate, such that a value of 1 matches maximum value for a given replicate. Annotation tracks on the right indicate the sequencing platform and cell line genome for that replicate. (b) Calculations of entropy per genome/metagenomic mixture. Entropy was measured across all GC windows for all replicates for a given sample, rowSums(-(p * log(p)).
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