


Figure 2

Figure 2. Mappability of the human genome with CCS reads. (a) Percentage of the non-gap GRCh37 human
genome covered by at least 10 reads from 28-fold coverage NGS (2x250 bp) and CCS (13.5 kb) datasets at different
mapping quality thresholds. (b) Coverage of the congenital deafness gene "#$ in HG002 with 2x151 bp NGS
(NovaSeq) reads and 13.5 kb CCS reads at a mapping quality threshold of 10. (c) Improvement in mappability with
13.5 kb CCS reads for 193 human genes previously reported as medically-relevant and problematic to map with NGS
reads®.
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Figure 3
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Figure 3. Variant calling and phasing with CCS reads. (a) Agreement of DeepVariant SNV and indel calls with
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Genome in a Bottle v3.3.2 benchmark measured with hap.py. (b) Phasing of heterozygous DeepVariant variant calls with

WhatsHap, compared to theoretical phasing of HG002 with 13.5 kb reads. (c) Agreement of integrated CCS structural
variant (SV) calls with the Genome in a Bottle v0.6 structural variant benchmark measured with Truvari, (d) by variant
size. Negative length indicates a deletion; positive length indicates an insertion. The histogram bin size is 50 bp for

variants shorter than 1 kb, and 500 bp for variants >1 kb.
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Figure 4
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Figure 4. Impact of read accuracy on de novo assembly. (a) The concordance of seven assemblies to the reference
genome at non-variant positions in Genome in a Bottle high-confidence regions (Supplementary Table 7). Contigs
longer than 100 kb were segmented into 100 kb chunks and aligned to GRCh37. Concordance was measured per chunk,
and chunks with no discordances were assigned concordance of Q51. PB=PacBio, ONT=Oxford Nanopore,
CLR=continuous (“noisy”) long reads. (b) Predicted contiguity of a human assembly based on ability to resolve repeats of
different lengths (x-axis) and percent identities (colored lines)'. The solid line indicates the contiguity of GRCh38. The
97.0% identity line is representative of CLR assemblies using standard read-to-read error correction. The points show
example CCS and CLR* assemblies using Canu. Repeat identity and length are proxies for read accuracy and length.
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Tables

Table 1
SNVs Indels

Platform Coverage Variant Caller (training model) Precision Recall F1 A7 Precision Recall F1
lllumina (NovaSeq)  30-fold DeepVariant (lllumina model) 99.960% 99.940% 99.950% 99.633% 99.413% 99.523%
PacBio (CCS) 28-fold DeepVariant (CCS model) 99.914% 99.959% 99.936% 96.901% 95.980% 96.438%
PacBio (CCS) 28-fold DeepVariant (haplotype-sorted CCS model) 99.904% 99.963% 99.934% 97.835% 97.141% 97.486%
lllumina (NovaSeq)  30-fold GATK HaplotypeCaller (no filter) 99.852% 99.910% 99.881% 99.371% 99.156% 99.264%
PacBio (CCS) 28-fold GATK HaplotypeCaller (hard filter) 99.468% 99.559% 99.513% 78.977% 81.248% 80.097%

Table 1. Performance of small variant calling with CCS reads. Precision, recall, and F1 of small variant calling

measured against the Genome in a Bottle v3.3.2 benchmark using hap.py. Bold indicates the highest value in each
column. Underline indicates a value higher than the GATK HaplotypeCaller run on 30-fold lllumina NovaSeq reads.
Rows are sorted (“*”) based on F1 for SNVs.
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Table 2

HG002

Total Size N50 NG50 Max E-size®” | Concordance BUSCO RefSeq
Haplotype Assembler (Gb) Contigs (Mb) (Mb) (Mb) (Mb) (Phred) Genes Genes
Mixed Canu 3.42 18,006 22.78 25.02 108.46 30.16 31.1 92.3% 93.2%
Mixed FALCON 2.91 2,541 2895 2451 110.21 38.04 25.8 87.6% 97.6%
Mixed wtdbg2 2.79 1,554 1543 12.62 84.67 22.61 446 94.2% 96.1%
Maternal Canu* 3.04 5,854 18.02 17.04  48.81 19.78 47.2 94.1% 98.1%
Maternal FALCON* 2.80 924 1999 1554 74.33 24.07 43.5 95.1% 97.8%
Maternal wtdbg2 2.75 2,637 1210 9.29 66.34 16.55 43.5 93.8% 95.6%
Paternal Canu* 2.96 6,868 16.14 1490 64.83 20.19 47.7 93.4% 98.2%
Paternal FALCON* 2.70 1,489 16.40 14.06 95.34 25.61 43.5 93.6% 97.7%
Paternal wtdbg2 2.67 1,444 1396 10.86 50.51 15.36 421 92.6% 95.3%

Table 2. Statistics for de novo assembly of CCS reads. The “mixed” haplotype assemblies use all reads. The
“‘maternal” and “paternal” assemblies use parent-specific reads from trio binning plus unassigned reads. HG002
concordance is measured at non-variant positions in Genome in a Bottle high-confidence regions. BUSCO gene

completeness uses the Mammalia ODB9 gene set. RefSeq genes is the percentage of genes from Ensembl R94 that are
full-length, single-copy in the assembly relative to the full-length, single-copy count for GRCh38. Contigs shorter than 13

kb were excluded from genome size and contiguity measurements; contigs shorter than 100 kb were excluded from the

concordance measurement. indicates polishing with Arrow.

1.3

22


http://dx.doi.org/10.1101/519025
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jan. 13, 2019; doi: http://dx.doi.org/10.1101/519025. The copyright holder for this preprint

(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

Author Contributions

AMW, DRR, MWH, and PP conceived the study. DRR and PP developed the sample
preparation protocol and performed sample preparation. DRR, PP, and YQ performed
sequencing. AC, AF, AK, AMP, AMW, AT, CSC, DRR, FJS, GM, GTC, HL, JE, JMZ,
JR, MA, MAD, MCS, MM, NDO, PC, PP, RJH, SK, TM, and WJR performed analysis.
AC, AMP, CSC, DRR, FJS, JMZ, MAD, MCS, and MWH supervised analysis. AMW,
DRR, GM, JMZ, PP, RH, SK, and WJR wrote the manuscript. All authors reviewed and
approved the final manuscript.

Acknowledgements

We would like to thank John R. Harting for assistance with HLA typing and Kristin A.
Robertshaw for figure generation.

SK and AMP were supported by the Intramural Research Program of the National
Human Genome Research Institute, National Institutes of Health. This work utilized the
computational resources of the NIH HPC Biowulf cluster (https://hpc.nih.gov).

This work was supported by NIH grant 1R01HG010040 to HL and NSFC grants
31571353 and 31822029 to JR. MCS is funded by the National Science Foundation
(DBI-1350041) and National Institutes of Health (RO1-HG006677).

Certain commercial equipment, instruments, or materials are identified to specify
adequate experimental conditions or reported results. Such identification does not
imply recommendation or endorsement by the National Institute of Standards, nor does
it imply that the equipment, instruments, or materials identified are necessarily the best
available for the purpose.

Competing Financial Interests

AMW, AT, DRR, GTC, MWH, PP, RJH, WJR, and YQ are employees and shareholders
of Pacific Biosciences. CSC and AF are employees of DNAnexus. AC, AK, MAD, and
PC are employees and shareholders of Google.

Data Availability

CCS reads and alignments to GRCh37 are available at ftp://ftp-
trace.ncbi.nlm.nih.gov/qgiab/ftp/data/AshkenazimTrio/HG002 NA24385_ son/PacBio_CC
S_15kb/.

23


http://dx.doi.org/10.1101/519025
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jan. 13, 2019; doi: http://dx.doi.org/10.1101/519025. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license.

References

1.

10.

11.

12.

13.

DNA Sequencing Costs: Data. National Human Genome Research Institute
(NHGRI) Available at: https://www.genome.gov/27541954/dna-sequencing-costs-
data/. (Accessed: 7th December 2018)

Sanger, F., Nicklen, S. & Coulson, A. R. DNA sequencing with chain-terminating
inhibitors. 1977. Biotechnol. Read. Mass 24, 104—108 (1992).

Smith, L. M. et al. Fluorescence detection in automated DNA sequence analysis.
Nature 321, 674—679 (1986).

Lander, E. S. et al. Initial sequencing and analysis of the human genome. Nature
409, 860-921 (2001).

Venter, J. C. et al. The sequence of the human genome. Science 291, 1304—1351
(2001).

Mouse Genome Sequencing Consortium et al. Initial sequencing and comparative
analysis of the mouse genome. Nature 420, 520-562 (2002).

Arabidopsis Genome Initiative. Analysis of the genome sequence of the flowering
plant Arabidopsis thaliana. Nature 408, 796—815 (2000).

Ronaghi, M., Karamohamed, S., Pettersson, B., Uhlén, M. & Nyrén, P. Real-time
DNA sequencing using detection of pyrophosphate release. Anal. Biochem. 242,
84-89 (1996).

Bentley, D. R. et al. Accurate whole human genome sequencing using reversible
terminator chemistry. Nature 456, 53-59 (2008).

Shendure, J. et al. Accurate multiplex polony sequencing of an evolved bacterial
genome. Science 309, 1728-1732 (2005).

McKernan, K. J. et al. Sequence and structural variation in a human genome
uncovered by short-read, massively parallel ligation sequencing using two-base
encoding. Genome Res. 19, 1527-1541 (2009).

Drmanac, R. et al. Human genome sequencing using unchained base reads on
self-assembling DNA nanoarrays. Science 327, 78-81 (2010).

Rothberg, J. M. et al. An integrated semiconductor device enabling non-optical
genome sequencing. Nature 475, 348-352 (2011).

24


http://dx.doi.org/10.1101/519025
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jan. 13, 2019; doi: http://dx.doi.org/10.1101/519025. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

It is made available under a CC-BY-NC-ND 4.0 International license.

Sedlazeck, F. J., Lee, H., Darby, C. A. & Schatz, M. C. Piercing the dark matter:
bioinformatics of long-range sequencing and mapping. Nat. Rev. Genet. 19, 329—
346 (2018).

Chaisson, M. J. P. et al. Resolving the complexity of the human genome using
single-molecule sequencing. Nature 517, 608—611 (2015).

Seo, J.-S. et al. De novo assembly and phasing of a Korean human genome.
Nature 538, 243-247 (2016).

Eid, J. et al. Real-time DNA sequencing from single polymerase molecules.
Science 323, 133-138 (2009).

Mikheyev, A. S. & Tin, M. M. Y. A first look at the Oxford Nanopore MinlON
sequencer. Mol. Ecol. Resour. 14, 1097-1102 (2014).

Jain, M. et al. Nanopore sequencing and assembly of a human genome with ultra-
long reads. Nat. Biotechnol. 36, 338—345 (2018).

Travers, K. J., Chin, C.-S., Rank, D. R, Eid, J. S. & Turner, S. W. A flexible and
efficient template format for circular consensus sequencing and SNP detection.
Nucleic Acids Res. 38, €159 (2010).

Loomis, E. W. et al. Sequencing the unsequenceable: expanded CGG-repeat
alleles of the fragile X gene. Genome Res. 23, 121-128 (2013).

Zook, J. M. et al. Extensive sequencing of seven human genomes to characterize
benchmark reference materials. Sci. Data 3, 160025 (2016).

Zook, J. et al. Reproducible integration of multiple sequencing datasets to form
high-confidence SNP, indel, and reference calls for five human genome reference
materials. bioRxiv 281006 (2018). doi:10.1101/281006

Myers, G. Efficient Local Alignment Discovery amongst Noisy Long Reads. in
Algorithms in Bioinformatics (eds. Brown, D. & Morgenstern, B.) 52—67 (Springer
Berlin Heidelberg, 2014).

Mandelker, D. et al. Navigating highly homologous genes in a molecular diagnostic
setting: a resource for clinical next-generation sequencing. Genet. Med. Off. J. Am.
Coll. Med. Genet. 18, 1282—-1289 (2016).

Ambardar, S. & Gowda, M. High-Resolution Full-Length HLA Typing Method Using
Third Generation (Pac-Bio SMRT) Sequencing Technology. Methods Mol. Biol.
Clifton NJ 1802, 135-153 (2018).

25


http://dx.doi.org/10.1101/519025
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jan. 13, 2019; doi: http://dx.doi.org/10.1101/519025. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

It is made available under a CC-BY-NC-ND 4.0 International license.

DePristo, M. A. et al. A framework for variation discovery and genotyping using
next-generation DNA sequencing data. Nat. Genet. 43, 491-498 (2011).

Poplin, R. et al. A universal SNP and small-indel variant caller using deep neural
networks. Nat. Biotechnol. 36, 983-987 (2018).

Patterson, M. et al. WhatsHap: Weighted Haplotype Assembly for Future-
Generation Sequencing Reads. J. Comput. Biol. J. Comput. Mol. Cell Biol. 22,
498-509 (2015).

Sedlazeck, F. J. et al. Accurate detection of complex structural variations using
single-molecule sequencing. Nat. Methods 15, 461-468 (2018).

Li, H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34,
3094-3100 (2018).

Jeffares, D. C. et al. Transient structural variations have strong effects on
quantitative traits and reproductive isolation in fission yeast. Nat. Commun. 8,
14061 (2017).

Chen, X. et al. Manta: rapid detection of structural variants and indels for germline
and cancer sequencing applications. Bioinformatics 32, 1220-1222 (2016).

Rausch, T. et al. DELLY: structural variant discovery by integrated paired-end and
split-read analysis. Bioinforma. Oxf. Engl. 28, i333—i339 (2012).

Garcia, S. et al. Linked-Read sequencing resolves complex structural variants.
bioRxiv 231662 (2017). doi:10.1101/231662

Chin, C.-S. et al. Phased diploid genome assembly with single-molecule real-time
sequencing. Nat. Methods 13, 1050-1054 (2016).

Koren, S. et al. Canu: scalable and accurate long-read assembly via adaptive k-
mer weighting and repeat separation. Genome Res. 27, 722-736 (2017).

Koren, S. et al. De novo assembly of haplotype-resolved genomes with trio
binning. Nat. Biotechnol. (2018). doi:10.1038/nbt.4277

Fungtammasan, A. & Hannigan, B. How well can we create phased, diploid,
human genomes?: An assessment of FALCON-Unzip phasing using a human trio.
bioRxiv 262196 (2018). doi:10.1101/262196

Chin, C.-S. et al. Nonhybrid, finished microbial genome assemblies from long-read
SMRT sequencing data. Nat. Methods 10, 563-569 (2013).

26


http://dx.doi.org/10.1101/519025
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jan. 13, 2019; doi: http://dx.doi.org/10.1101/519025. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

41. Chaisson, M. J. P. et al. Multi-platform discovery of haplotype-resolved structural
variation in human genomes. bioRxiv 193144 (2018). doi:10.1101/193144

42. Vollger, M. R. et al. Long-read sequence and assembly of segmental duplications.
Nat. Methods (2018). doi:10.1038/s41592-018-0236-3

43. Schneider, V. A. et al. Evaluation of GRCh38 and de novo haploid genome
assemblies demonstrates the enduring quality of the reference assembly. Genome
Res. 27, 849-864 (2017).

44. 1000 Genomes Project Consortium et al. A global reference for human genetic
variation. Nature 526, 68—74 (2015).

45. Quinlan, A. R. BEDTools: The Swiss-Army Tool for Genome Feature Analysis.
Curr. Protoc. Bioinforma. 47, 11.12.1-34 (2014).

46. Robinson, J., Soormally, A. R., Hayhurst, J. D. & Marsh, S. G. E. The IPD-
IMGT/HLA Database - New developments in reporting HLA variation. Hum.
Immunol. 77, 233-237 (2016).

47. Cleary, J. G. et al. Comparing Variant Call Files for Performance Benchmarking of
Next-Generation Sequencing Variant Calling Pipelines. bioRxiv 023754 (2015).
doi:10.1101/023754

48. Li, H. et al. A synthetic-diploid benchmark for accurate variant-calling evaluation.
Nat. Methods 15, 595-597 (2018).

49. Simao, F. A., Waterhouse, R. M., loannidis, P., Kriventseva, E. V. & Zdobnov, E.
M. BUSCO: assessing genome assembly and annotation completeness with
single-copy orthologs. Bioinforma. Oxf. Engl. 31, 3210-3212 (2015).

50. Zerbino, D. R. et al. Ensembl 2018. Nucleic Acids Res. 46, D754-D761 (2018).

51. Jain, C., Koren, S., Dilthey, A., Phillippy, A. M. & Aluru, S. A fast adaptive algorithm
for computing whole-genome homology maps. Bioinforma. Oxf. Engl. 34, i748—
i756 (2018).

52. Salzberg, S. L. et al. GAGE: A critical evaluation of genome assemblies and
assembly algorithms. Genome Res. 22, 557-567 (2012).

27


http://dx.doi.org/10.1101/519025
http://creativecommons.org/licenses/by-nc-nd/4.0/

