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The most wondrous map...

“Without a doubt, this is the most important, most wondrous map
ever produced by humankind.”
Bill Clinton
June 26, 2000
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Who is the reference human!?

Appendix: Identifying the ancestry of segments of the human genome reference sequence

! To compare Neandertal to present-day human haplotypes for the purpose of population genetic analysis, we
i The BuMelo News/Sunday, March 23, 1997 needed to have long haploid sequences from present-day humans that were of known ancestry. To identify
= such segments, we took advantage of the fact that the human reference sequence is haploid over scales of
t ab civil d' M' tens of kilobases, because it is comprised of a tiling-path of Bacterial Artificial Chromosomes (BACs) or
men USC, lSO len& . other clone types that are of typical size 50-150 kb (592). We do not know of any other substantial source of
high quality human haploid sequences of the requisite size.

PR .'::"’,;?,: By B e b o .:‘a':'k: nn: Determining the ancestries of the libraries in the human genome reference sequence using HAPMIX
| crease thel sulicity, syt & 80 Koopt the ComoguERcet. . It is crucial to know the ‘ancestry’ of a clone to use it in a meaningful population genctic analysis. In what
cwc of W prople.” Rachel Lapp soys she believes govers- follows, we define ‘ancestry’ as the geographic region in which a clone’s ancestor lived 1,000 years ago,
W’":“m ::_ mesl can be noz‘ when i costral e inferred based on its genetic proximity to other individuals from that region today. This definition allows us
| avting more Mhe (s e mavier.” mm.m‘ w0 clen to classify clones from Chinese Americans as “East Asian,” from European Americans as “European”, and

o and e sharc an abiding  oas cafosce Mm. u..,“ come from African Americans as either “West African™ or “European”.

mmw. : n. :': m wnd seat belt bews. - Tt;.iden;izfz t;\;san;:mmil 9f thtg libraries cqmgrisil:_g ﬂx’nost of the human gcn:r:hc reference s:;;ucnce. we used
h a list of 26,558 clones tiling the great majority of the genome, most of which we were able to assign to a
e b ‘,‘,’.'..'E“.,.“.‘.' S ot Rt o library of origin. Restricting to the autosomes, we identified 21,156 clones that seemed to fall into 9 libraries
e ::9: &m‘.‘?‘"ﬂz‘m based on the naming scheme: CTA (n=199), CTB (n=356), CTC (n=452), CTD (n=1,426), RPCI-1 (n=740),
'::“’ s ::‘ e "“"‘"& - RPCI-3 (n=456), RPCI-4 (n=716), RPCI-5 (n=802) and RPCI-11 (n=16,009). (In a subsequent re-
R g S G S ,,’ Pt B e At examination, we identified additional clones that we likely could have classified into libraries, including 953
IOVIEDCE CAE WTVE 30 38 I olecabion wh was srrested asd : from RPCI-11, 632 from RPCI-1, and 490 from another library RPCI-13.) The median span of the 21,156

clones we analyzed was 112 kb, and 80% are >50kb in size. About 2/3 came from a single library, RPCI-11.

_.,_.:.,, . : - ;‘ 1. I-11 is an Afri American: RPCI-11, the individual who contributed most of the human
PR S WANTED i <& _;.-5; genome reference sequence, is consistent with having African American ancestry, with 42% of the
y 20 Volunteers clones of confident West African ancestry and 42% of the clones of confident European ancestry, and
! e { the ancestry of the remaining clones less confidently inferred. The finding of likely African American
H - ’a"’" - f ancestry for RPCI-11 was previously reported in a study of the ancestry of RPCI-11 clones spanning
" uman Genome Pr 05“' the Duffy blood group locus ($93), and here we confirm this finding, and also expand the inference to
@ very large internaticnal sciemtific research offort. the whole genome.
The il o 10 Gronde e Sumas ., (e Naivy) Bl Gue- | 2. CTD.is an East Asian: The majority of clones from CTD, the second largest library in its contribution
) S WAV YA ANl PO pae.  The suaione of the prowes wil A to the human genome sequence, is likely an East Asian. In a HAPMIX analysis with CEU (European)
ﬂ | .'::"' o :_~_"' "':;:""“""“ Sihintye. B ~ CHB+JPT (East Asian) as the proposed ancestral populations, the majority of clones are of
1 e L= 5 ' confident East Asian origin, and there is no secondary mode of confident European ancestry, as might
i Savice & ::... Pa. 00 wgr 4 ::.:,.‘ .,.,,'-:_:‘::: x l‘ be expected from a Latino or South Asian individual.
34 f ~ Ofvrmatn vl be ¢ or wamafe 3. The remaining 7 libraries are European: The remaining libraries (CTA, CTB, CTC, RPCI-1, RPCI-3,
b i . . » WSS Avell o RPCI-4 and RPCI-5) are inferred to be of European ancestry, since they all have consistent
Syatete IEN piied & Gu geriepun A Suir boe ndalion. [} distributions of inferred clone ancestries, with the majority of clones of confident European ancestry
Sadiadurts Sont B¢ 3 Set 18 yeun of age in both our HAPMIX analyses and no secondary modes.
PO2et o0 Yt wnderpone MR ONrady Bt S ehohir
T sl ey c— }
. ot Gt Srvies )
5‘ W SATH AN - 100 s |
‘ iy Mot 20 N o :
i e -

A Draft Sequence of the Neandertal Genome
. Green et al (2010) Science. DOI: 10.1126/science.| 18802
Pieter de Jong, RPCI Supplemental Note 16 (pg 145-146)



Who is the reference human!?
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1f the human reference genome |s to refloct more of the actual genomic diversity in
humans, community participation is needed.

Plogse VISt MefNagons 1o vitw and DOE COMIMents on this actiche,

The human genome is ten years ok We acknowindge 23 reference assemdly a8 an valuable
resource essential for many purposes such as the assemdly of short reads from MNgh:
throughput sequencing platiorms Inko chromosome content Guring reseguencng projects. At
I8 s Uime, we think necessary improveement of the referance gencme depands on the
wilingness of the researnch community 10 provide data for the genome’s less accessible
regions.

First pubtlished in 2001, the human referonce genome has, since 2007, been in the hands of
the Geanome Reference Consortium (GRC) & small group of fower than 20 scientists from the
European Bioformatics Institute, the US National Center for Botechnolegy Information, The
Sanger Institute and The Genome Center at Washington University in 52, Louls, who have
committed Lo the imgroverrent and completion of this reforence, with very little fisancal
SUppOT.

The reference gencme & now in ity 19'" readiticn, and probably the Sost messure of its
rgrovement over the last ten years is the number of fragments &t consists of. The very fest
version had ~150,000 gags: the most recent build, GRONIZ, has enly around 250 gaps

The only other peblicly accessitie de novo assembly of 8 humaen genome that contains
chromasome sequences s Huftal, Obtaned By traditional capllary sequencing, HuRef o the
digioid genome of Craig Venter. It comes in 4, 500 peeces and, ke any inOwidual genome, it
comans many rare aleles,

GRCh37, in contrast, is & mosaic haploid genome dertved from about 13 people. It stk
contains race alieles, but the GRC recently decided to convert these to common hapiotypes.
Deciding which aleles are common and which are rare Is proving challenging, and the GRC
merbers are colaborating with members of the 1000 Genomes project 10 colledt enough data
to make these dedsions
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Importance of Personal Genomes
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genome for any human and potentially . s SRR
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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



In pursuit of perfect genome sequencing

I. Why “Perfect’?

Because it is important, complex, and personal




In pursuit of perfect genome sequencing

2. What is ‘“‘Perfect’”?




I. Correctness:
Is the genome faithfully represented!?




I. Correctness:

Is the genome faithfully represented!?

PacBio RS |l

0 10k 20k 30k 40k
CSHL/PacBio

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 alignhment
Average overall accuracy 83.7%: | 1.5% insertions, 3.4% deletions, |.4% mismatch



Genotyping Theory

Heterozygous variant (3/7) Homozygous variant (6/6)
1 \— GQTATAC..
..CCATAG MGTGCGCCC  CG TTT CGGTRTAC
..CCAT CTATGTGCG TCG 7T CGGTATAC
Subject { -CCAT GGCTATGIG CTATCG GCGGCATA
~CCA AGGCTATAT CCTATCG TTGCGATA C..
"CCA AGCCTATAT GCCCTATCG TTTGCCAT|  C..
"CC AGGCTATAT GCCCTATCG TTTGC TAC...
| GG TAGGCTATAl GCGECCETA TTTGC ATATAC..
Reference WCCATAGGCTAIArGCGccCTATCGGEfATTTGCGqEPTAcm

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

<
o
\ B observed consensus error rate
/A
- ;A B expected consensus error rate (e=.20)
o ¥\ OB expected consensus error rate (e=.16)
1\ B expected consensus error rate (e=.10)
N
o
g
(@)
o o= & @= @ & @
[ [ [ [ [ [
0 5 10 15 20 25
coverage

Coverage can overcome random errors

* Dashed: error model from binomial sampling NS Error = ( ¢ )(e)i(l_e)ni

* Solid: observed accuracy ifer2]

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

"The overall base-to-base concordance rate is
about 99.99% (QV40 in Phred scale) in the Fl
FALCON-Unzip assembly. The insertion and
deletion (indel) concordances to the parental
lines were lower (about QV40) than the SNP

- Correcied Phased )
Reads PacBio Reads concordance rate (about QV50), with most
® ’ @{ residual errors concentrated in long
homopolymer sequences”
Read Phase Annotated
Overlaps Strging Graph

V

Draft

-—

()

String Primary Contigs +
Geaph Haplobigs
¥ L] . -
: Draft Primary Conligs +
« Dip-contigs ¢ Haplotigs
‘ a-contigs Consensus

FALCON  ‘FALCON-Unzip °

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!?




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

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



Non-coding Somatic SNVs in PDAC

1) Msiched lumoe -normal SNY cals

[hwmnmmwm ]

7) RNA-scq expression calls

FunSeq2
FHOM2e NON-COGNY reguiyiory vanants

!

For each CRR vanam

)

For each CRR class

r ASSOCIaNe recurTently Delefming sosanon \
et CRRs rahes 1of each
with fanking genes reguidiory class
Use permutabion testing Normaize mutabion
0 wenity CRRs rates o GC content,
AMecing expression se, and undance
Generate false (scovery Compute xression
L raftes J  modulshon scores

Pattyway analysis
Patent survival anaiysis

Coding alterations of PDAC are now fairly well
established but non-coding mutations (NCM:s)
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

e NCMs correlate with novel clinical outcomes

NCMs are an important mechanism for tumor
genome evolution

Recurrent noncoding regulatory mutations in pancreatic ductal adenocarcinoma
Feigin, M, Garvin, T et al. (2017) Nature Genetics. doi:10.1038/ng.386



Structural Variations

Deletion Novel sequence insertion Modile-element insertion
L Ref, - el -
v oot

Tandem duplication Interspersed duplication
e ——— e I U —— -

—Ememmm—— o
lversion Trasslocation
lll——-———o M — -

= —_—
D Red -

Genome structural variation discovery and genotyping
Alkan, C, Coe, BP Eichler, EE (201 1) Nature Reviews Genetics. May;12(5):363-76. doi: 10.1038/nrg2958.



Structural Variation Sequence Signatures
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Structural Variation Sequence Signatures

SV classes Read pair Read depth Split read Assembly




Structural Variation Sequence Signatures

SV dasses Read pair Read depth Split read Assembly

PacBio Sequel Oxford Nanopore MinlON

Long Read Single Molecule Sequencing
No Ampblification 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/ 10.1101/169557



NGMLR + Sniffles

BWA-MEM:

————
g
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Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) bioRxiv https://doi.org/ 10.1101/169557



NGMLR + Sniffles

BWA-MEM:
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NGMLR:

Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) bioRxiv https://doi.org/ 10.1101/169557
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No more false positives!

- -t - - - .- - - - - ST

S

J— Truncated reads
lllumina data

—_— Missing
pairs

Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) bioRxiv https.//doi.org/ 10.1101/169557



No more false positives!

- -t - - -t - - - - -

Ll

=

J— Truncated reads
lllumina data

—— ey — Missing
_ pairs
1
PacBio data 2
= Insertion
| 1 | «detected by
| - long reads
ONT data :

Accurate detection of complex structural variations using single molecule sequencing
Sedlazeck, Rescheneder et al (2017) bioRxiv https.//doi.org/ 10.1101/169557



Structural Variations in Mendelian Disease

a s Al A0 000 AT 00
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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 Breast Cancer
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Figure 1 | Variants found in SK-BR-3 with PacBio long-read sequencing. (A) Circos plot showing long-range (larger than 10 kbp or
interchromosomal) variants found by Sniffles from split-reac alignments, with read coverage shown in the outer track. (B) Variant size histogram
of deletions and insertions from size 50 bp up to 1 kbp found by log-read (Sniffles) and short-read (Survivor 2-caller consensus) variant-calling,
showing similar size distributions for insertions and deletions from long reads but not for short reads where insertions are entirely missing. (C)

Sniffles variant counts by type for variants above 1 kbp in size, including translocations and inverted duplications.

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



In pursuit of perfect genome sequencing

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




In pursuit of perfect genome sequencing

3. How will we achieve it?




Human Genome Sequencing Data
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Missing Insertions from Short and Linked Read?

lllumina
13kbp contig N50
Variants 50 to 500 bp
100 Ins..

%0

0 —
120 Del.
20

o '
40 - Rep. Exp.
5«

o ,
100+ Rep. Con.
8-

0
100+ Tan Exp.l
5) =

0.-.‘*
100+ Tan. Con.
-

p—

100 200 M0 w0 %00
Variant size

Count

10X Genomics
50kbp contig N50

Variants 50 to 500 bp

Ins. ;

i S >

750 =
500 =
250
0
7%0 =
50 =
230
0
750 =
500 =
250
0
750 =
500 =
2¢0 =
0
750 -
500
2¢0 =
0
7%0 -
m-
250
0

Rep. Con.
Tan Exp..
Tan. Con.‘
R R S— {
100 00 30 &0 500
Variant size

Count

PacBio
7Mbp contig N50

Variants 50 to 500 bp
20
ot ns.
120
0
0
o Del.
100
50
0
g: Rep. Exp.
Rep. Con.

- -

688828 EB 88828

. -

100 200 30 «'» .’;w
Variant size




Sniffles

Falcon

LongRanger

SuperNova

SURVIVOR2

MegaHit

Structural Variations Concordance

. PacBio

2823 | 1,946 | 3,785| 10X Genomics
3,394 | 2,837 | 1,486
Hlumin
3,291 | 2,163 | 2,274 I,646. umina
1,858 | 1,529 | 569 | 1,378 | €87 |3,855
S, B < 4,
O/% Q/OO O?Q %@/‘ 00 %Q
> ® P, %
%, L L
N $

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 ©



N50 Phase block size (log10 bp)

Phasing Results

Phase Block 1 Unphased Phase Block 2
[ X y, AR, c—, e— X X =X X | I X = X X =X XX ]
=X X y, W, v, c—, c— X X X ] [ X X X X X XX
XXX =X X T —.1 X ] =X X R e cn—, — 7, -]
[ @) ) 0—0——0 | © 00 O (@) ] I | OO0 O @) & —© o ]
© 0—0—- O——O0——0 | O 0O O ] N | O O O 60— O
—O—60—6O— —O O 1 O (®) 1| [ ——— e O © 1 —O—O0—60—
NA12878 Optimal phase block length increases with read length
8
+ p—
2
Linked Reads :
o Hi-C
o
T
Long Reads
S
.é.) p—
" Short Reads
S
?
o
8
+ p—
)
- | | | |
1e+01 1e+03 1e+05 1e+07

Read length (log10 bp)

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



Hybrid Phasing of Structural Variations

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

/Phased Short Read Variants

Deletion must be on the orange haplotype!



Creating a “Perfect” Phased Diploid Genome

(J Rozowsky et al, 2011)




In pursuit of perfect genome sequencing

3. How will we achieve it?

Lonnnnnng reads + Looooong mates :-)




In pursuit of perfect genome sequencing

4. When will we achieve it?




cns error rate

Consensus Accuracy and Coverage

<
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\ B observed consensus error rate
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- ;A B expected consensus error rate (e=.20)
o ¥\ OB expected consensus error rate (e=.16)
1\ B expected consensus error rate (e=.10)
N
o
g
(@)
o o= & @= @ & @
[ [ [ [ [ [
0 5 10 15 20 25
coverage

Coverage can overcome random errors

* Dashed: error model from binomial sampling NS Error = ( ¢ )(e)i(l_e)ni

* Solid: observed accuracy ifer2]

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



Costs for Long Read Sequencing
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Sara Goodwin, CSHL




“Perfect” Genome Projects

a g l""(’ ‘\"I ’\
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RNA polymorase
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DNase-seq Computational
5C £ m ChiP-seq mm and RNA-seq
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il Ay Geng *

C B . .-
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In pursuit of perfect genome sequencing

» Strive for Perfection: 100% Correct and 100% Complete
* 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

* De novo: Best Resolution of small SVs
* 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
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Thank you!

@mike schatz



