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            Abstract
Genotype estimates from short-read sequencing data are typically based on the alignment of reads to a linear reference, but reads originating from more complex variants (for example, structural variants) often align poorly, resulting in biased genotype estimates. This bias can be mitigated by first collecting a set of candidate variants across discovery methods, individuals and databases, and then realigning the reads to the variants and reference simultaneously. However, this realignment problem has proved computationally difficult. Here, we present a new method (BayesTyper) that uses exact alignment of read k-mers to a graph representation of the reference and variants to efficiently perform unbiased, probabilistic genotyping across the variation spectrum. We demonstrate that BayesTyper generally provides superior variant sensitivity and genotyping accuracy relative to existing methods when used to integrate variants across discovery approaches and individuals. Finally, we demonstrate that including a â€˜variation-priorâ€™ database containing already known variants significantly improves sensitivity.
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                    Fig. 1: BayesTyper.[image: ]


Fig. 2: Comparison of genotyping methods on PG data (50Ã—).[image: ]


Fig. 3: Effect of using BayesTyper with a variation prior on structural variation calling performance on the PG (50Ã—) and GoNL (13Ã—) data sets.[image: ]
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Supplementary Figure 1 Comparison of homopolymer genotyping performance across methods on Platinum Genomes data (50Ã—).
BayesTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from 13 individuals in the Platinum Genomes pedigree using variants discovered by merging calls from four different methods as variant candidate input (Table 1). a,b, The number of called variant alleles (i.e., variant sensitivity) (a) and genotyping accuracy (b) estimated by validating genotypes using pedigree inheritance information shown as a function of the reference homopolymer length.


Supplementary Figure 2 Comparison of genotyping methods on Platinum Genomes data (50Ã—) against the Genome in a Bottle â€˜ground-truthâ€™ set for NA12878.
BayesTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from 13 individuals in the Platinum Genomes pedigree using variants discovered by merging calls from four different methods as variant candidate input (Table 1). Variants longer than 50 nt were excluded from the analyses. a, Variant allele sensitivity (right) and precision (left) across variant classes; variants not classified as SNVs, insertions, deletions or inversions were labeled as complex. b, Sensitivity (two upper panels) and precision (two lower panels) for structural variants as a function of the net change in sequence length relative to the reference (5-nt bins). Variant alleles that do not entail a net change in sequence length (e.g., SNVs) were omitted.


Supplementary Figure 3 Marginal contribution of discovery methods to the Platinum Genomes (50Ã—) genotypes.
Variant discovery was conducted by merging calls from HaplotypeCaller, Platypus, FreeBayes and Manta across 13 individuals in the Platinum Genomes pedigree (Table 1). Plots show the absolute number of variants called by BayesTyper for each discovery method (top) and the marginal fraction of all called variants identified by each discovery method (bottom) for structural variants as a function of the net change in sequence length relative to the reference (50-nt bins). Variant alleles that do not entail a net change in sequence length (e.g., SNVs) were omitted.


Supplementary Figure 4 Comparison of genotyping methods on simulated data (30Ã—).
We simulated 30Ã— paired-end sequencing data for ten Yoruba individuals from Ibadan, Nigeria (YRI) based on their 1000 Genomes genotype estimates. BayesTyper, SVTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from the ten simulated individuals using variants discovered by merging calls from four different methods as variant candidate input (Table 1). Values were aggregated across all ten individuals to provide a single estimate. a, Variant allele sensitivity (right) and precision (left) across variant classes; variants not classified as SNVs, insertions, deletions or inversions were labeled as complex. b, Sensitivity (two upper panels) and precision (two lower panels) for structural variants as a function of the net change in sequence length relative to the reference (50-nt bins). Variant alleles that do not entail a net change in sequence length (e.g., SNVs) were omitted.


Supplementary Figure 5 Comparison of indel genotyping performance across methods on simulated data (30Ã—).
We simulated 30Ã— paired-end sequencing data for ten Yoruba individuals from Ibadan, Nigeria (YRI) based on their 1000 Genomes genotype estimates. BayesTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from the ten simulated individuals using variants discovered by merging calls from four different methods as variant candidate input (Table 1). Values were aggregated across all ten individuals to provide a single estimate. Plots show sensitivity (upper two panels) and precision (lower two panels) for indels as a function of the net change in sequence length relative to the reference (5-nt bins). Variant alleles that do not entail a net change in sequence length (e.g., SNVs) were omitted.


Supplementary Figure 6 Receiver-operator curves on simulated data (30Ã—).
We simulated 30Ã— paired-end sequencing data for ten Yoruba individuals from Ibadan, Nigeria (YRI) based on their 1000 Genomes genotype estimates. BayesTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from the ten simulated individuals using variants discovered by merging calls from four different methods as variant candidate input (Table 1). a,b, Receiver-operator curves were computed for genotype quality (posterior probability for BayesTyper) across all methods for each of the ten simulated individuals for SNVs (a) and non-SNVs (b). Triangles indicate the genotype quality threshold used in the benchmark.


Supplementary Figure 7 Comparison of genotyping methods on Genome of the Netherlands data (13Ã—).
BayesTyper, SVTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from 30 individuals (ten parentâ€“offspring trios) from the Genome of the Netherlands (GoNL) project using variant calls for the entire GoNL cohort (nâ€‰=â€‰769) obtained from the GoNL project as variant candidate input (Table 1). The number of called variant alleles was used as a measure of sensitivity, whereas genotyping accuracy was estimated as the fraction of variants with no Mendelian errors across the ten trios. a, Sensitivity (right) and accuracy (left) across variant classes; variants not classified as SNVs, insertions, deletions or inversions were labeled as complex. b, Sensitivity (top, log scale) and accuracy (bottom) for structural variants as a function of the net change in sequence length relative to the reference (50-nt and 5-nt bins for the Â±500-nt and Â±50-nt scales, respectively). Variant alleles that do not entail a net change in sequence length (e.g., SNVs) were omitted.


Supplementary Figure 8 Comparison of homopolymer genotyping performance across methods on Genome of the Netherlands data (13Ã—).
BayesTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from 30 individuals (ten parentâ€“offspring trios) from the Genome of the Netherlands (GoNL) project using variant calls for the entire GoNL cohort (nâ€‰=â€‰769) obtained from the GoNL project as variant candidate input (Table 1). a,b, The number of called variant alleles (i.e., variant sensitivity) (a) and genotyping accuracy (b) assessed by the fraction of variants with no Mendelian errors across the ten trios shown as a function of the reference homopolymer length.


Supplementary Figure 9 Comparison of genotyping methods on simulated data (10Ã—).
We simulated 10Ã— paired-end sequencing data for ten Yoruba individuals from Ibadan, Nigeria (YRI) based on their 1000 Genomes genotype estimates. BayesTyper, SVTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from the ten simulated individuals using variants discovered by merging calls from four different methods as variant candidate input (Table 1). Values were aggregated across all ten individuals to provide a single estimate. a, Variant allele sensitivity (right) and genotyping accuracy (left) across variant classes; variants not classified as SNVs, insertions, deletions or inversions were labeled as complex. b, Sensitivity (upper two panels) and precision (lower two panels) for structural variants as a function of the net change in sequence length relative to the reference (50-nt bins). Variant alleles that do not entail a net change in sequence length (e.g., SNVs) were omitted.


Supplementary Figure 10 Comparison of indel genotyping performance across methods on simulated data (10Ã—).
We simulated 10Ã— paired-end sequencing data for ten Yoruba individuals from Ibadan, Nigeria (YRI) based on their 1000 Genomes genotype estimates. BayesTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from the ten simulated individuals using variants discovered by merging calls from four different methods as variant candidate input (Table 1). Values were aggregated across all ten individuals to provide a single estimate. Plots show sensitivity (upper two panels) and precision (lower two panels) for indel variants as a function of the net change in sequence length relative to the reference (5-nt bins). Variant alleles that do not entail a net change in sequence length (e.g., SNVs) were omitted.


Supplementary Figure 11 Receiver-operator curves on simulated data (10Ã—).
We simulated 10Ã— paired-end sequencing data for ten Yoruba individuals from Ibadan, Nigeria (YRI) based on their 1000 Genomes genotype estimates. BayesTyper, HaplotypeCaller, Platypus and FreeBayes were run on data from the ten simulated individuals using variants discovered by merging calls from four different methods as input (Table 1). a,b, Receiver-operator curves were computed for genotype quality (posterior probability for BayesTyper) across all methods for each of the ten simulated individuals for SNVs (a) and non-SNVs (b). Triangles indicate the genotype quality threshold used in the benchmark.


Supplementary Figure 12 Effect of using BayesTyper with a variation prior on genotyping performance across variant classes on the Platinum Genomes (50Ã—) and Genome of the Netherlands (13Ã—) datasets.
A â€˜variation priorâ€™ database was constructed by combining SNVs and structural variants from different databases and studies (Supplementary Table 1). BayesTyper was then run on variant candidates obtained by merging the variation prior with variants discovered using four different methods (Table 1). a, Sensitivity (right) and accuracy (left) of BayesTyper across variant classes on the Platinum Genomes (50Ã—) datasets with and without the variation prior; variants not classified as SNVs, insertions, deletions or inversions were labeled as complex. Genotyping accuracy was estimated by validating genotypes using pedigree inheritance information. b, Same analyses as in a when running BayesTyper on the Genome of the Netherlands data (13Ã—), where genotyping accuracy was estimated as the fraction of variants with no Mendelian errors across the ten trios.


Supplementary Figure 13 Effect of changing the â€˜maximum allele lengthâ€™ threshold in BayesTyper on genotyping performance across variant classes on the Platinum Genomes data (50Ã—).
BayesTyper was run on data from 13 individuals in the Platinum Genomes pedigree using variants discovered by merging calls from four different methods as variant candidate input (Table 1) and using two different thresholds for the maximum allele length (10,000 and 500,000 nt). The number of called variant alleles was used as a measure of sensitivity, whereas the genotyping accuracy was estimated by validating genotypes using pedigree inheritance information. a, Sensitivity (right) and accuracy (left) across variant classes; variants not classified as SNVs, insertions, deletions or inversions were labeled as complex. b, Sensitivity (top, log scale) and accuracy (bottom) for structural variants as a function of the net change in sequence length relative to the reference (50-nt and 5-nt bins for the Â±500-nt and Â±50-nt scales, respectively). Variant alleles that do not entail a net change in sequence length (e.g., SNVs) were omitted.


Supplementary Figure 14 Variant cluster group definition.
Variant clusters within the copied or deleted sequence of an upstream structural variant are dependent, as they will share k-mers. These clusters are therefore defined to belong to the same inference group. Their dependency structure is represented as a tree, where the colors correspond to different variant clusters (VC); green and purple triangles are deletions, and the red triangle is a copy number insertion.
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