In pursuit of perfect genome sequencing
Michael Schatz

June 28,2017
PacBio Users Meeting




In pursuit of perfect genome sequencing

I. Why “Perfect”?
2. What is “Perfect’”?
3. How will we achieve it?

4. When will we achieve it?




In pursuit of perfect genome sequencing

I. Why “Perfect”?




Genetic Origins of Human Diversity

GWAS Catalog contains 33,674 unique SNP-trait associations.
However, most traits remain only partially explained or not at all

http://www.ebi.ac.uk/gwas/diagram



Somatic Mutations In Cancer
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Signatures of mutational processes in human cancer
Alexandrov et al (2013) Nature. doi:10.1038/nature 12477



Mammalian Evolution

Digits and fin rays share common developmental histories
Nakamura et al (2016) Nature. 537,225-228. doi:10.1038/nature 19322




“Needles in a stack of needles”

deleteri to boost

a b Figure1|A g variant
ﬁ ﬁ GWASs A D discovery power of genetic analyses. Genetic
) B approaches (a) — for example, linkage analysis followed
Linkage and by re- - id iation studi
sequencing y re-sequencing, genome-wide association studies
(GWASs), exome or genome sequencing — define both

Exome c candidate loci (b) and candidate variants within those loci,
Genome often in many functional categories (c). Methods to predict
the phenotypic relevance of individual variants within
these often lengthy lists of candidates (represented by the
row of stars) include predictions of deleteriousness based
on comparative genomics (d, for coding and non-coding
variants), knowledge of protein biochemistry and structure
(e, for coding variants) and experimental approaches (f, for
coding and non-coding variants). Panel d is an illustration
of three aligned nucleotides, showing one that is
completely conserved (left column), one that is highly
A W\F/-A-\——-ﬁk variable (middle column) and one that is moderately
P conserved (right column). Evaluation of this information

romoter variant Coding variant

€ Variants of various functional classes

depends on the scope and neutral divergence of the
phylogeny (left side) relating the aligned sequences. Panel

B —ﬂg/—\hg—ﬁ—m eis animage taken from Stone and Sidow?’ and shows the

UTR variant Intronic variant median predicted impact of all amino acid substitutions at
each residue of p53, ranging from low (red) to high (blue).

c A e The DNA (white molecule) binding domain is particularly

o prone to highly deleterious mutations. Panel f is a simplified
Intergenic variants illustration of the method described by Patwardhan et al.®’,
Non-coding RNA variant in which both ‘wild-type’ (top) and mutant (bottom,

D l . — indicated by the star) promoter sequences are assessed by
performing in vitro transcription (arrows) and quantifying
function by sequencing. In this case, the mutation reduces

l promoter function resulting in fewer transcripts. Panel e is

reproduced, with permission, from REF. 27 © (2005)
Cold Spring Harbor Laboratory Press.
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Needles in stacks of needles: finding disease-causal variants in a wealth of genomic data
Cooper & Shendure (201 |) Nature Reviews Genetics.



In pursuit of perfect genome sequencing

I. Why “Perfect”?
Because it is important, complex, and diffuse




In pursuit of perfect genome sequencing

2. What is “Perfect’”?




I. Correctness:
Is the genome faithfully represented!?




I. Correctness:
Is the genome faithfully represented!?

Pac Bio RS I I 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

r T T T

0 10k 20k 30k 40k TCGGAGAGATCCAAAACAATGGGC-ATCGCCTTTGA-GTTAC-AATCAAA

CSHL/PacBio UL U T T T T

TC-GAGAGATCC-AAACAAT-GGCGATCG-CTTTGACGTTACAAATCAAA

Sample of 100k reads aligned with BLASR requiring >100bp alignment
Average overall accuracy 83.7%: | 1.5% insertions, 3.4% deletions, |.4% mismatch



Genotyping Theory

Heterozygous variant (3/7) Homozygous variant (6/6)
( R GQTATAC..
..CCATAG TMGTGCGCCC  CG TTT CGETATAC
..CCAT _ CTATGTGCG TCG TT .CGGTATAC
Subiect {  -~CCAT_GGCTATGITG CTATCG GCGGCATA
) ..CCA AGGCTATAIT CCTATCG TTGCGQTA C..
..CCA AGGCTATAT GCCCTATCG TTTGCGAT| _C..
..CC _AGGCTATAIl GCCCTATCG TTTGC TAC...
| ..CC TAGGCTATA| GCGCCCTA TTTGC QTRATAC...
Reference | CCATAGGCTATA

I'GCGCCCTATCGGERATTTGCGCEIATAC...

Error or Het (1/7)?

* 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 ssingle 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



cns error rate

Consensus Accuracy and Coverage
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 Dashed: error model from binomial sampling NS Error = S ( ¢ )(e)i(l_e)n,-

* Solid: observed accuracy el

Hybrid error correction and de novo assembly of single-molecule sequencing reads.
Koren et al (2012) Nature Biotechnology. doi:10.1038/nbt.2280



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



2. Completeness:
How much of the genome is present!?
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2. Completeness
How much of the genome is presen
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“88% of GWAS SNPs are intronic or intergenic of unknown function”

ENCODE Consortium (2012)
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Resolving the complexity of the human genome
using single-molecule sequencing

Mark J. P. Chaisson’, John Huddleston"?, Megan Y. Dennis', Peter H. Sudmantl Maika Malig', Fereydoun Hormozdiari',
Francesca Antonacci’®, Urvashi Surti?, Rlchard Sandstrom’, Matthew Boitano®, Jane M. Landolin®, John A. Stamatoyannopoulos’,

doi:10.1038/nature13907

Michael W. Hunkaplllers, Jonas Korlach® & Evan E. Eichler"?

The human genome is arguably the most complete mammalian
reference assembly'~, yet more than 160 euchromatic gaps remain*~
and aspects of its structural variation remain poorly understood ten
years after its completion’~’. To identify missing sequence and gen-

etic variation, here we sequence and analyse a haploid human genome
(CHM1) using single-molecule, real-time DNA sequencing'’. We close
or extend 55% of the remaining interstitial gaps in the human GRCh37
reference genome—78% of whlch carned long runs of degenerate

wnthm (G+ C) nch genomlc reglons. We molve the complete sequenoe
of 26,079 euchromatic structural variants at the base-pair level, includ-
mg mversnons, complex insertions and long tracts of tandem repeats

in sensmvnty occurring for events less than 5 kllobases in size. Com-
pared to the human reference, we find a significant insertional bias
(3:1) in regions corresponding to complex insertions and long short
tandem repeats. Our results suggest a greater complexity of thehuman
genome in the form of variation of longer and more complex repet-
itive DNA that can now be largely resolved with the application of
this longer-read sequencing technology.

for recruiting additional sequence reads for assembly (Supplementary
Information). Using this approach, we closed 50 gaps and extended into
40 others (60 boundaries), adding 398 kb and 721 kb of novel sequence
to the genome, respectively (Supplementary Table 4). The closed gaps
in the human genome were enriched for simple repeats, long tandem
repeats, and high (G+C) content (Fig. 1) but also included novel exons
(Supplementary Table 20) and putative regulatory sequences based on
DNase I hypersensitivity and chromatin immunoprecipitation followed
by high-throughput DNA sequencing (ChIP-seq) analysis (Supplemen-
tary Information). We identified a significant 15-fold enrichment of short
tandem repeats (STRs) when compared to a random sample (P < 0.00001)
(Fig. 1a). A total of 78% (39 out of 50) of the closed gap sequences were
composed of 10% or more of STRs. The STRs were frequently embedded
in longer, more complex, tandem arrays of degenerate repeats reach-
ing up to 8,000 bp in length (Extended Data Fig. 1a-c), some of which
bore resemblance to sequences known to be toxic to Escherichia coli'c.
Because most human reference sequences'”'® have been derived from
clones propagated in E. coli, it is perhaps not surprising that the appli-
cation of a long-read sequence technology to uncloned DNA would
resolve such gaps. Moreover, the length and complex degeneracy of these



Structural Variations in Human Disease
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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



NGMLR + Sniffles

BWA-MEM:

- ——— ———— - -
I

-
=]

—..711:_ ;r_"'_* ’{1"%

trr—— — . -
T
o - -‘- T T T T T T e e g oy e T ll lll H ‘ll l‘l

IJ Cr
1 D e e a -

= i

"" LT "_'t nna it Ig_ ==

¥ —l—.lln—‘u "n’ln-d—'u.'-al 3

.:_Q{.-.... .‘..'.'.glg..'
!g i -,.....

s 7.5'.'.‘: ér..-?n R
tl l l l 1t l

A T _l —
= - -a— = i bt
T I L Ly
R e Talmiian
= == 8= . :—

— e e

Rl R R S

NGMLR:

s

J— J— f— f— f—
1 1 1 1
OO OO0 0000 IO VI T U000 000000000000 OO 0007000000000 0 00 1
[T B S R T R 11 g
S omtTo-rrt mEi- 1 = —— e
I 11 I o110 OIH— mm -1 I orl! 11 mrIl
| IDSHE BT - 1D ool -l e S -2 Jo—
[ SRS B 1 S B O ¢ M mr 1 - 4111
e T St a—
Mo~ rmi -1 - 81t s Dt tu(
§ D g 8 1. 11 -1
—r —— — w ey o
! v 111- I 1L 101
Jri ot o R L O S——s
S A b S I U S = R
i e et R — 1
a1t - IR I B RO R
"hoa oot T e e g e
[N ¢S S 3 o it
P B RIS
I o1 111 di b ST %
T T w1
LSS (SO (I U s T R
- <4 -X == = - - -
e e ——— — e
R e R e i Tl e
TR T e T - | TR -k -1 1
R S R T o R LRt CR ) P
R e e i e
f—— i oe - 4. 11 - - S0 e
v N by er— oo I n-ri Ao |1
ot i l-l:h'ﬂn-{- uh{’“l l;ul nf!5 i
v - V
= S S i ]
e : llllll T oi1'n i . 11 l-lI'- e '
'dii *l.l 'xdu R e a— iu ﬁ‘n i
[ - OrE I { ‘ 1
1;1“ R -nnx'lx 1 1 =
et s T I T TR L
(EEIE ? PR [T B S e T T e
g ——r 1T 1 e e e ] e
o — oo [ EE TR B P & S
1 e e e SR SR ] - b0 S -]
RTINS T & M (T hy oot 2]
Bl I I S R T XS B R -
TR e ey SRS ek S Tt - 1t
SR T ST O - 1 amitr 1
B o e s T TR =i
T e e
e it i1 [
= e 1 W R L
S ot 0 ‘) —
J T~ - = o 11
B R e B o =
1 1 11 - F111
e 5 1Torimool- - -1
(-1 ® 1 B riummoir 1 4 1 mi 11
RENEERI PN T ol R S R e S S

Accurate detection of complex structural variations using single molecule sequencing

Sedlazeck, Rescheneder et al (2017) In preparation



NGMLR + Sniffles
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Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) In preparation



NGMLR + Sniffles
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Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) In preparation



No more false positives!

134,710,600 bp 134,710,800 bp 134,711,000 bp 134,711,400 bp 134,711,600 bp
]

|
— Truncated reads|
lllumina data |

1

“==_" —— | Missing
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Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) In preparation
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more false positives!
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Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) In preparation



No more false positives!
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Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) In preparation



3. Contiguity
How much context is available?



3. Contiguity
How much context is available?

If you have 99% completeness, are you missing 1% of every gene or are the
missing sequences localized to certain regions?

How far can you go until you hit a gap in resolution?

d X mRNA
localization
Mouse
...........
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Assembly Complexity
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Assembly Complexity

Short contigs &
Incomplete genes
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Unresolved Heterozygosity

Variants hidden in repeats



Assembly Complexity




Assembly Complexity
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The advantages of SMRT sequencing
Roberts, R], Carneiro, MO, Schatz, MC (2013) Genome Biology. 14:405
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(A few) Recent PacBio Assemblies

#1mbctgclub



In pursuit of perfect genome sequencing

2. What is “Perfect’?
100% Correct, Complete, & Contiguous




In pursuit of perfect genome sequencing

3. How will we achieve it?




Genomic Sequencing Data

lllumina
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60x Paired End
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All 4 samples

PacBio
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Read Length (kbp)

55x Long Reads
*Only ENC-002




Assembly Contiguity

Cumulative sequence length GRC38 Reference
= 3 * Includes alt sequences
: 10X Genomics/SuperNova
10 « 21 Mbp scaffold N50
- * 162 Mbp in scaffold gaps
%106.5 PacBio/Falcon-unzip
& « 7.0 Mbp contig N50
[0} =
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- « 50 kbp contig N50
? — |Assembly :
F ||=®=|Reference 3 lllumina/MegaHit
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= | Megahit contigs -
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Percentage of reference (3.1 Gbp)



Missing Insertions from Short and

Linked Read?

lllumina

Variants 50 to 500 bp

Ins.

Del.

Rep. Exp.

Rep. Con.

Tan Exp.

Tan. Con.

Variant size

10X Genomics

Variants 50 to 500 bp

750 = Ins.

Rep. Con.

750 = Tan Exp.

750 Tan. Con.

Variant size

PacBio

Variants 50 to 500 bp

150+ Rep. Exp.

150 Rep. Con.

an. Con.

Variant size

500




LongRanger

SuperNova

SURVIVOR?2

MegaHit

Structural Variations Concordance

2,823

PacBio

10X Genomics

3,394

3,291

| 646 . lllumina

Main Diagonal
* Calls per tool

Outer triplets
* Concordance by Technology

Inner triplets
* Concordance by Assembly
* Concordance by Mappers

Overall:
* Lonnnnnnng reads give the best
concordance ©



In pursuit of perfect genome sequencing

3. How will we achieve it?

Lonnnnnng reads :-)




In pursuit of perfect genome sequencing

4. When will we achieve it?




cns error rate

Consensus Accuracy and Coverage
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Coverage can overcome random errors

 Dashed: error model from binomial sampling NS Error = S ( ¢ )(e)i(l_e)n,-
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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



PacBio Roadmap

PacBio Sequel SMRTcell v2

$350k instrument cost IM Zero Mode Waveguides
~$30k / human @ 50x ~15kb average read length



PacBio Roadmap

Maize Sequel Sequencing
56X coverage
10,935 bp NS5O read length

T ! ! I I
0 5000 10000 15000 20000 25000 30000 h



In pursuit of perfect genome sequencing

* Three C’s of Genome Quality: Correctness, Completeness & Contiguity
* The key for perfect genomes is lonnnnnnnnnng reads ©

* Expect new insights on the causes of diseases, forces of evolution

* Multiple sequencing technologies & approaches needed
* PacBio: Best Resolution of SVs
* |OX/HIC: Best Phasing

* We have just begun to explore the universe of variants present

* De novo: Best Resolution of small SVs
* Mapping: Best resolution of large SVs

* Tens of thousands of SVs per person, many megabases of variation
* Also need to push these ideas into single cell and population scale analysis
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Thank you!

@mike schatz

Looking for a postdoc!
http://schatz-lab.org/apply/



