
In pursuit of perfect genome sequencing
Michael Schatz

December 7, 2017
UMD Institute for Genome Sciences



In pursuit of perfect genome sequencing

1. Why “Perfect”?

2. What is “Perfect”?

3. How will we achieve it?

4. When will we achieve it?



1. Why “Perfect”?

2. What is “Perfect”?

3. How will we achieve it?

4. When will we achieve it?

In pursuit of perfect genome sequencing



The most wondrous map…

“Without a doubt, this is the most important, most wondrous map 
ever produced by humankind.”

Bill Clinton
June 26, 2000



The most wondrous map…

“Without a doubt, this is the most important, most wondrous map 
ever produced by humankind.”

Bill Clinton
June 26, 2000



Who is the reference human?

Pieter de Jong, RPCI
A Draft Sequence of the Neandertal Genome
Green et al (2010) Science. DOI: 10.1126/science.1188021
Supplemental Note 16 (pg 145-146)



Who is the reference human?







Importance of Personal Genomes
Current standard is to align your data
to the “reference” human genome.

But the “reference” isn’t really the
genome for any human and potentially
biases the results in many ways:

• Genome: biased read mapping, causing false
positive and false negative mutations

• Transcriptome: mutations of splice sites,
stop codons or branch point change gene
models, CNVs modulate expression levels,
gene fusions create new transcripts

• Epigenome: cis versus trans effects, allele-
specific expression, allele-specific binding

Same issues apply to most 
“reference” genomes
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1. Correctness: 
Is the genome faithfully represented?



TTGTAAGCAGTTGAAAACTATGTGTGGATTTAGAATAAAGAACATGAAAG
||||||||||||||||||||||||| ||||||| |||||||||||| |||
TTGTAAGCAGTTGAAAACTATGTGT-GATTTAG-ATAAAGAACATGGAAG

ATTATAAA-CAGTTGATCCATT-AGAAGA-AAACGCAAAAGGCGGCTAGG
| |||||| ||||||||||||| |||| | |||||| |||||| ||||||
A-TATAAATCAGTTGATCCATTAAGAA-AGAAACGC-AAAGGC-GCTAGG

CAACCTTGAATGTAATCGCACTTGAAGAACAAGATTTTATTCCGCGCCCG
| |||||| |||| ||  ||||||||||||||||||||||||||||||||
C-ACCTTG-ATGT-AT--CACTTGAAGAACAAGATTTTATTCCGCGCCCG

TAACGAATCAAGATTCTGAAAACACAT-ATAACAACCTCCAAAA-CACAA
| ||||||| |||||||||||||| || ||    |||||||||| |||||
T-ACGAATC-AGATTCTGAAAACA-ATGAT----ACCTCCAAAAGCACAA

-AGGAGGGGAAAGGGGGGAATATCT-ATAAAAGATTACAAATTAGA-TGA
||||||   ||     |||||||| || |||||||||||||| || |||

GAGGAGG---AA-----GAATATCTGAT-AAAGATTACAAATT-GAGTGA

ACT-AATTCACAATA-AATAACACTTTTA-ACAGAATTGAT-GGAA-GTT
||| ||||||||| | ||||||||||||| ||| ||||||| |||| |||
ACTAAATTCACAA-ATAATAACACTTTTAGACAAAATTGATGGGAAGGTT

TCGGAGAGATCCAAAACAATGGGC-ATCGCCTTTGA-GTTAC-AATCAAA
|| ||||||||| ||||||| ||| |||| |||||| ||||| |||||||
TC-GAGAGATCC-AAACAAT-GGCGATCG-CTTTGACGTTACAAATCAAA

Sample of 100k reads aligned with BLASR requiring >100bp alignment
Average overall accuracy 83.7%: 11.5% insertions, 3.4% deletions, 1.4% mismatch

PacBio RS II

CSHL/PacBio

0 10k 20k 30k 40k

1. Correctness: 
Is the genome faithfully represented?



Genotyping Theory

• If there were no sequencing errors, identifying SNPs would be trivial: 
– Any time a read disagrees with the reference, it must be a variant!

• A single read of many differing from the reference is probably just an error, but it 
becomes more likely to be real as we see it multiple times
– Use binomial test to evaluate prob. of heterozygosity vs. prob of error
– Coverage (oversampling) is our main tool to improve accuracy

…CCATAGGCTATATGCGCCCTATCGGCAATTTGCGGTATAC…
GCGCCCTAGCCCTATCG
GCCCTATCG

CCTATCGGA
CTATCGGAAA

AAATTTGC
AAATTTGCTTTGCGGT

TTGCGGTA
GCGGCATA

GTATAC…

TCGGAAATT
CGGAAATTT CGGTATAC

TAGGCTATAAGGCTATAT
AGGCTATATAGGCTATAT
GGCTATGTG
CTATGTGCG

…CC…CC
…CCA
…CCA…CCAT

ATAC…C…
C…

…CCAT
…CCATAG TGTGCGCCC

GGTATAC…
CGGTATAC

Homozygous variant (6/6)

Reference

Subject

Heterozygous variant (3/7)

Error or Het (1/7)?



Consensus Accuracy and Coverage

Coverage can overcome random errors
• Dashed: error model from binomial sampling
• Solid: observed accuracy 
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Hybrid error correction and de novo assembly of single-molecule sequencing reads.
Koren, Schatz et al (2012) Nature Biotechnology. doi:10.1038/nbt.2280



FALCON Accuracy

Phased Diploid Genome Assembly with Single Molecule Real-Time Sequencing 
Chin et al (2016) Nature Methods. doi:10.1038/nmeth.4035.

"The overall base-to-base concordance rate is 
about 99.99% (QV40 in Phred scale) in the F1 
FALCON-Unzip assembly. The insertion and 
deletion (indel) concordances to the parental 
lines were lower (about QV40) than the SNP 
concordance rate (about QV50), with most 
residual errors concentrated in long 
homopolymer sequences”



2. Completeness: 
How much of the genome is present?



“88% of GWAS SNPs are intronic or intergenic of unknown function” 
ENCODE Consortium (2012) Nature

2. Completeness: 
How much of the genome is present?



Non-coding Somatic SNVs in PDAC

Recurrent noncoding regulatory mutations in pancreatic ductal adenocarcinoma 
Feigin, M, Garvin, T et al. (2017) Nature Genetics. doi:10.1038/ng.3861

Coding alterations of PDAC are now fairly well 
established but non-coding mutations (NCMs) 
largely unexplored
• Developed GECCO to analyze the thousands of 

somatic mutations observed from hundreds of 
tumors to find potential drivers of gene expression 
and pathogenesis

• NCMs are enriched in known and novel pathways
• NCMs correlate with changes in gene expression
• NCMs can demonstrably modulate gene expression
• NCMs correlate with novel clinical outcomes

NCMs are an important mechanism for tumor 
genome evolution



Structural Variations

Genome structural variation discovery and genotyping
Alkan, C, Coe, BP, Eichler, EE (2011) Nature Reviews Genetics. May;12(5):363-76. doi: 10.1038/nrg2958.

Any mutation >50bp

Profound impact on 
genome structure 

and function



Structural Variation Sequence Signatures



Structural Variation Sequence Signatures



PacBio Sequel

Structural Variation Sequence Signatures

Oxford Nanopore MinION

Long Read Single Molecule Sequencing 
No Amplification Artifacts

Improved Mapping & De novo assemblies
Complete Genomes with all variant types



NGMLR + Sniffles

BWA-MEM:

Accurate detection of complex structural variations using single molecule sequencing 
Sedlazeck, Rescheneder et al (2017) bioRxiv�https	//doi.org/�������/�������
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No more false positives!

Accurate detection of complex structural variations using single molecule sequencing 
Sedlazeck, Rescheneder et al (2017) bioRxiv�https	//doi.org/�������/�������

ONT data

PacBio data

Illumina data

Missing 
pairs

Truncated reads:

Insertion 
detected by 
long reads
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Long-read genome sequencing identifies causal structural variation in a Mendelian disease 
Merker et al (2017) Genetics in Medicine. doi:10.1038/gim.2017.86

Structural Variations in Mendelian Disease



Structural Variations in Breast Cancer

Complex rearrangements and oncogene amplifications revealed by long-read DNA and RNA 
sequencing of a breast cancer cell line
Nattestad, M et al (2017) bioRxiv https://doi.org/10.1101/174938



1. Why “Perfect”?
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100% Correct & 100% Complete

3. How will we achieve it?
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PacBio Read Lengths

Read Length
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60x Paired End
μ=350bp

10X Genomics

35x Linked Reads
μ=117kbp

PacBio

55x Long Reads
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Missing Insertions from Short and Linked Read?

Illumina
13kbp contig N50

10X Genomics
50kbp contig N50

PacBio
7Mbp contig N50
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Structural Variations Concordance

LongRanger

MegaHit

SURVIVOR2

SuperNova

Falcon

Sniffles

3,291

3,394

2,823

7,857

17,139

1,858

2,163

2,837

1,946

12,241

1,529

2,274

1,486

3,785

569

1,646

18,862

1,378

6,631

687 3,855

Main Diagonal 
• Calls per tool

Outer triplets
• Concordance by Technology

Inner triplets
• Concordance by Assembly
• Concordance by Mappers

Overall:
• Lonnnnnnng reads give the 

most variants with the best 
concordance J

10X Genomics

Illumina

PacBio



Piercing the dark matter: Bioinformatics for third generation sequencing 
Sedlazeck et al (2017) Under Review

Phasing Results
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Hybrid Phasing of Structural Variations

X XXX

X

X
X
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X X

X
X

X XX X X

X
X

X
X

Phased	Short	Read	Variants

Phased	Long	Read	Variants

XX

X
XX

Deletion	must	be	on	the	orange	haplotype!

Use the phased short read variants to phase the long reads
The phased long reads allow the SVs to be phased



vcf2diploid inserts phased variants from a VCF file into the reference genome 
to create a pair of phased chromosome fasta files

(J Rozowsky et al, 2011)

Creating a “Perfect” Phased Diploid Genome



1. Why “Perfect”?

2. What is “Perfect”?

3. How will we achieve it?
Lonnnnnng reads + Looooong mates :-)

4. When will we achieve it?

In pursuit of perfect genome sequencing
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Consensus Accuracy and Coverage

Coverage can overcome random errors
• Dashed: error model from binomial sampling
• Solid: observed accuracy 
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Hybrid error correction and de novo assembly of single-molecule sequencing reads.
Koren et al (2012) Nature Biotechnology. doi:10.1038/nbt.2280



RSII

GridION

PromethION

Sara Goodwin, CSHL

Sequel

Costs for Long Read Sequencing



“Perfect” Genome Projects

ENCODE + CancerCODE
Illumina + PacBio/ONT + 10X 
RNA-seq, ChipSeq, Hi-C, etc

4 healthy + 10 Organoids

MaizeCode
Illumina + PacBio/ONT + 10X

RNA-seq, ChipSeq, MNase-seq
2 maize + 2 teosinte

Tomato Diversity
PacBio/ONT + 10x

RNA-seq
50 accessions



In pursuit of perfect genome sequencing
• Strive for Perfection: 100% Correct and 100% Complete

• The key for perfect genomes is lonnnnnnnnnng reads J
• Expect new insights on the causes of diseases, forces of evolution

• Multiple sequencing technologies & approaches needed
• PacBio: Best Resolution of SVs • De novo: Best Resolution of small SVs
• 10X/HIC: Best Phasing • Mapping: Best resolution of large SVs

• We have just begun to explore the universe of variants present
• Tens of thousands of SVs per person, many megabases of variation
• Also need to push these ideas into single cell and population scale analysis

http://schatz-lab.org

NGM+Sniffles RibbonSURVIVOR AssemblyticsLRSimFALCON



Acknowledgements
CSHL
Gingeras Lab
Jackson Lab
Lippman Lab
Lyon Lab
Martienssen Lab
McCombie Lab
Tuveson Lab
Ware Lab
Wigler Lab

SBU
Skiena Lab
Patro Lab

GRC
Roderic Guido
Alessandra Breschi
Anna Vlasova

Schatz Lab
Mike Alonge
Amelia Bateman
Charlotte Darby
Han Fang
Tyler Gavin
Michael Kirsche
Sam Kovaka
Laurent Luo
Maria Nattestad
Srividya
Ramakrishnan
T. Rhyker
Ranallo-Benavide

Baylor Medicine
Fritz Sedlazeck

University of Vienna 
Arndt von Haeseler
Philipp Rescheneder

JHU
Battle Lab
Langmead Lab
Leek Lab
Salzberg Lab
Taylor Lab
Timp Lab
Wheelan Lab

Cornell
Susan McCouch
Lyza Maron
Mark Wright

OICR
John McPherson
Karen Ng
Timothy Beck
Yogi Sundaravadanam



Thank you!
@mike_schatz


