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Sequencing genomes in Sequencing genomes in
Years HOURS/Minutes !!

Project cost: Billions $ Thousands $



Sequencing:
Technological Advances

Nb. Sequences/run: 96
Run time: many hours
Limitation: 1 plasmid prep per
tube!
50 cents/sequence
Bacterial genome seq cost : >
$500k using multiple machines...

From. IvoUnt ycl IviduvIl /IN/ OGL’UGI!UI!I&, UCI_Y iTvliIivuul U, Hanlee Ji, 2008
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In vivo cloning and amplification
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Cycle sequencing
3-... GACTAGATACGAGCGTGA...-5' (template)
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dNTPs ...CTGATCTATGCTC
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The next wave of DNA sequencing - compuations!

Genomics

frequently used terms « 2005: 454 (Roche)

- 2006: Solexa (lllumina)

“Massively parallel” sequencing
. 2007: ABI/SOLID (Life Technologi
“High-throughput” sequencing 00 SOLID (Life Technologies)
“Ultra high-throughput” sequencing . 2010: Complete Genomics
“Next generation” sequencing (NGS)

_ _ - 2011: Pacific Biosciences
“Second generation” sequencing

« 2010: lon Torrent (Life Technologies)

« 2015: Oxford Nanopore Technologies
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Read length
Life technology: SOLID / ion torrent -
Illumina: Novaseq/ Hiseq /
Miseq
MEDIUM
Roche: 454
Pacific Bioscience: PacBio
LONG

Oxford Nanopore: MinlON / GridION
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Short Read (lllumina)
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lllumina sequencing is no longer clone-based : replaced by
Clusters

Clusters



lllumina sequencing-by-synthesis -
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§/ Adapter
0’,::' DNA fragment
DNA ..::.. /
; i/\ Dense lawn
5% —_ \ of primers
-4+ Adapter
coee ovos
sses 000 i
Adapters L Vel b /
NGV i
Prepare genomic DNA sample i Attach DNA to surface
Randomly fragment genomic DNA ! .i ! Bind single-stranded fragments
and ligate adapters to both ends of 5 | i randomly to the inside surface
the fragments. i of the flow cell channels.

Next-Generation DNA Sequencing Methods, Elaine Mardis, 2008
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lllumina sequencing-by-synthesis - computtional

Genomics
Nucleotides i
I B
—> {\Attached
PV st A /U
: ﬂ"‘f*‘ / | |/ /
SR B HE i i i 5
1oty Bridge amplification ! _ i Denature the double
i _2 i Add unlabeled nucleotides | : | stranded molecules
P and enzyme to initiate solid- !
P phase bridge amplification. 5

Next-Generation DNA Sequencing Methods, Elaine Mardis, 2008
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lllumina sequencing-by-synthesis

! 118 First chemistry cycle:
142 o determine first base .
; ' .‘:. : To initiate the first
) sequencing cycle, add
G. G '... all four labeled reversible G
/ terminators, primers, and
ﬂﬁi §&ﬂ DNA polymerase enzyme
i _ . to the flow cell.
| i P 1 T
I i VAN i i / Before initiating the
T i g#ﬁ y L | L Image of first chemistry cycle next chemistry cycle
I ! After laser excitation, capture the image The blocked 3' terminus
itk E HHHHE of emitted fluorescence from each and the fluorophore
o cluster on the flow cell. Record the from each incorporated
i identity of the first base for each cluster. base are removed.
Laser

G

@ A A G @®

->. ->. >6G ->. —> GCTGA...
® o ® G ® o ® o G G

Sequence read over multiple chemistry cycles

Repeat cycles of sequencing to determine the sequence
of bases in a given fragment a single base at a time.

Next-Generation DNA Sequencing Methods, Elaine Mardis, 2008
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Sequencing by synthesis: errors - Gpuion

Genomics

Errors creep in when some templates get “out of sync,” by missing an
incorporation or by incorporating 2 or more nucleotides at once

Cycle 2 o
Base caller must deal with this
—— Cluster ——— uncertainty. Actual base callers report a
\) l& \# quality score (confidence level) along

more templates fall out of sync

with each nucleotide
r r { g Errors are more common in later
sequencing cycles, as proportionally

On schedule Ahead
Behmd

12
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lllumina sequencing summary % Computational

Advantages:

- Best throughput, accuracy and read length

for any 2nd gen. sequencer

- Fast & robust library preparation

Disadvantages:

- Inherent limits to read length
(practically, 150bp)

Genomics

lllumina HiSeq

~3 billion paired 100bp reads
~600Gb, $10K, 8 days
(or “rapid run” ~90Gb in 1-2 days)

[llumina X Ten
~6 billion paired 150bp reads
1.8Th, <3 days, ~1000 / genome($$)
(or “rapid run” ~90Gb in 1-2 days)

llumina NovaSeq
20 billion paired 150bp reads
3Tb < 2days

13
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Long Reads
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4 nucleotides with different fluorescent
dye simultaneously present

0
r §;
()
A / 8 >
T C G A [
. 8¢
AaMuR AN MMAY) -
LE
0 ‘
— 1045 1050 1055 1060 1065 1070 1075 1080 1085
Time (s)

SMRT Cells containing up to a million ZMWs are processed on PacBio® Systems
" which simultaneously monitor each of the waveguides in real time.

Emission
lllumination
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Advantages & limitations Genomics

Advantages:

- Really long reads (up to 70kb)

« Near random distribution of errors
which allows correction in high coverage data

- No PCR bias

- Direct detection of modified nucleotides
A really high coverage is needed for some modification
detection.

« Circular Consensus Reads (CCS)
CCS reads have a low error rate and a length sufficient to solve
many long repeats in genomes

Limitations:
« The amount of input materials
« The error rate
« The cost
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Use nanopore (hemolysin) with inner diameter of 1nm,
about 100,000 times smaller than that of a human hair

17
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7-45;-:3'\‘1

« The DNA sequences are .
coupled with a zip o
enzyme which transforms S
the double helix structure

—
In to a one stranded
mollecule
« Each different 5-mer g M ‘ﬂ" W "
going through the pore aH ,IV‘T “
will a specific modifcation °

of the voltage

18
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Advantages:
Really long reads (up to 200kb)
Low-cost, portable instrument
Easy sample prep
Can repetitively sequence a given molecule to generate
higher quality data

Limitations:
The error rate
Whole-genome sequencing remains a challenge
Performance still being tested and optimized
Data processing
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On the side technology




Canadiam_
10x Genomics - Technology et Compul K

Enzyme
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Gel Beadas Reagents GEMs

10 { GENOMICS’
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Advantages:

Compatible with widely used Illumina platform

Compatible with standard DNA/RNA preps

Minimal input requirements (1-3 ng)

DNA: High-quality genome assembly

scRNA: Large number of cell for a limited cost

Data processing

Limitations:
Vulnerable to lllumina biases and limitations
DNA: Not true long-read and gapped sequence
SCRNA:
Depth per cell
Only the 3' end of the transcripts is sequenced
Data processing



Applications

Canadinn Contra for

: MuUGQIC Ny
Equipment number Current Applications
454 (?)
Small de novo genome
sequencing
lon Torrent 1 Amplicon sequencing
Metagenomics
. Validation
lllumina 5
MiSeq
SOLID 0 Transcriptome sequencing (RNA-
Seq), Whole Exome Sequencing,
llumina Whole Genome Sequencing,
NovaSeq ChlIPseq, Whole Genome
HiSeq 12 Bisulfate sequencing, DNAse-seq,
2500/4000/X)
Pacific
Biosciences 2 Small and medium genomes,
RS/Sequel Long haplotype sequencing, target
sequencing, Epigenomics,
Nanopore 1 Validation
Minlon

10x genomics

Whole genome sequencing
De novo genome sequencing
Single cell sequencing 23




Some Key Parameters while designipgwnadian@mrefm

your experiment

Library type
Read length

Error Profile
Barcoding potential (multiplexing)
Cost

Turn around time

omputational
Genomics

24
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Different type of sequencing libraries  Computationa
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B Long dsDNA
5’ -> 3 m
V€ 5
b
(a) Mate-pair library Fragment circles, Library Prep circularize
]
(;Select DNA with join site
5 a <
m| _F "R
b -
. — - >
(b) Single-end read f e "
——p - >
P ’ Read 1
(c) Paired-end +
mmmnn <« __ | Read2
on off on off on_
(d) Strobed read F «

From Glenn TC, Mol Ecol Resour. 2011 adatped for 2013

25
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) BiCG_2012_Module4.pdf (application/pdf Object) - Mozilla Firefox =181

File Edit View History Bookmarks Tools Help
|+ chipSeq expertse (contract) | Boinforma... | {1 G _2012_Moduies.pdf (appication/pdt... x | L TOYOTA CANADA: Configurationfprix | + |

€ [} bioinformatics.ca//files/public/BICG_2012_Module4.pdf c l {‘.‘ ~ Google /OJ fa

H H 1 & |18 /37 Ik 7 ’}Q | ® @® |147% |- @Collaborate' /Signv = ] [Find -

What are Paired Reads?

Paired-end Reads

DNA fragment

» - _I

ATCAA CTAAG

- o J

Y
Insert size (IS)
Slides by M. Brudno

M|
frEan 2.
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lllumina HiSeq:
up to 250-300 bp for now but the 100-150bp is still the
standard

Pacbio and Minlon:
> 50kb but with a very large range of read lengths in the
same run.

Short Reads are sufficient for re-sequencing applications
(known genome reference)

Longer Reads are beneficial for de novo genome assemblies
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Longer reads are also good in transcriptomics:

/A orB??

H—— Isoform A
- — Isoform B

28
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NGS reads have errors; diff. technologies, different
rates

single-Pass » ot N
Error rate % 12 (1-3) 13(~1) 2

Source: 2014 NGS Field Guide, Glenn TC.

How to deal with errors:

1. Remove it: it works for technologies with semi-random
error distribution and with higher throughput

2. Correct it : it works for non-random errors but needs
high depth of sequencing or hybrid sequencing design

29
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Multiplexing (Barcoding) - Computationa

Genomics

Illumina Flowcell

8 lanes
150M 2x100 bp reads

. What if only 50M reads per

samples are sufficient?

30



Multiplexing (Barcoding)

o GTAT | IV
LV1O== Ligate barcoded adapter

v
wm GTAT—— VLY O
==CATA—Lvio™

v

TGCTNNNNNN
CATTNNNNNN
ACGTNNNNNN
GTATNNNNNN

- Canadian Centre for
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Lyse/Sonicate

End-repair
Add one “A” nucleotide

PCR
Size selection 150-350 bp

Mix all four libraries
One lane on flow cell

Sequence on lllumina GA

Barcode parser

Adapted from Lefrancois et al. BMC Genomic 2009
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What is the NGS short read problem  cuinceein
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all about ? Genomics

Strings of 100 to = 50kb letters
Puzzle of 3,000,000,000 letters

Usually have 120,000,000,000 letters you need to
fit

Many pieces don't fit :
- sequencing error/SNP/Structural variant

Many pieces fit in many places:
- Low complexity region/microsatellite/repeat
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Why DNAseq? - Canadian Centre for
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Whole genome sequencing:
- Whole genome SNV detection
Structural variant
Capture the regulatory region information
Cancer analysis
De novo genome assembly

Whole exome sequencing:
Cheaper

Captures only the coding region information
Rare diseases analysis



DNAseq — SNP Discovery = Computationd
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GTTACTGTCGTTGTAATACTCCAC.ATGTC

GTTACTGTCGTTGTAATACTCCACGATGTC
GTTACTGTCGTTGTAATACTCCACGATGTC
GTTACTGTCGTTGTAATACTCCACAATGTC
GTTACTGTCGTTGTAATgECTCCACGATGTC
GTTACTGTCGTTGTAATACTCCACAATGTC
GTTACTGTCGTTGTAATACTCCACGATGTC
GTTACTGTCGTGGTAATACTCCACaAATGTC
GTTACTGTCGTTGTAATACTCCACaAATGTC
GTTAaATGTCGTTGTAATACTCCACGATGTC
GTTACTGTCGTTGTACTACTCCACGATGTC
GTTACTGTCGTTGTAATACTCCACaAATGTC

[

sequencing errors SNP

An accurate SNP discovery is closely linked with a good base quality
and a sufficient depth of coverage

Mopdified from Bionformatics.ca



DNAseq — structural variants = Computations

Genomics

(Re-)sequence genomes to compare to a reference

Deletion

R 7

Ref, = =

Tandem duplication

’ \ ’ \
/ L \
. [ \
/ N \

Inversion
Refmgm— ——

Novel sequence insertion

Ref.

\ 4

Interspersed duplication

Ref. —mmmmm— >
Translocation

Ref. - >
Ref. >

Mobile-element insertion

Ref.

\ 4

’ ’ A} \
Mobile
element

Genome structural variation discovery
and genotyping

Can Alkan**, Bradley P. Coe* and Evan E. Eichler** 3 7
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Generate cDNA, fragment,

Isolate RNAs
size select, add linkers

Tl L I T T P e

LT T I [ —
250 bp

Samples of interest

k-
%

9_/_,-‘?‘::?:,, a ¥ £ - e . T
Condition 1 Condition 2
(normal colon) (colon tumor)

39
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RNAs consist of small exons that may be separated

by large introns
Mapping reads to the genome is challenging
Ribosomal and mitochondrial genes are misleading

RNAs come in a wide range of sizes
Small RNAs must be captured separately

RNA is fragile and easily degraded

Low quality material can bias the data

Modified from Bionformatics.¢a
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Why sequence RNA? ~ Computational

Genomics

Functional studies

Genome may be constant but experimental conditions have
pronounced effects on gene expression

Some molecular features can only be observed at the
RNA level

Alternative isoforms, fusion transcripts, RNA editing

Interpreting mutations that do not have an obvious

effect on protein sequence
‘Regulatory’ mutations

Prioritizing protein coding somatic mutations (often
heterozygous)

Modified from Bionformatics.ca
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chromatin fiber

Studies changes in gene
expression which are not encoded
by the underlying DNA sequence

chromatin -

binding
protein \a

nucleus ;
chromatin

remodeller 1) histone modification
(accessibility/compaction)

2) DNA methylation

DNA methylation Me

From The Cell Biology of Stem Cells (2010) M Od Ifled frO m Fe I IX Kruege r

43



What is ChlIP-Sequencing? % Computations

Genomics

Combination of chromatin immunoprecipitation (ChlP) with
ultra high-throughput massively parallel sequencing

Allows mapping of protein—DNA interactions in vivo on a
genome scale

Why run a ChlP-seq experiment:
- Transcription factors and other chromatin-associated
proteins influence phenotype

Can be evaluated for the entire genome in a single
experiment

Modified from Bionformatics.ca



Cross-link whole cells '
with formaldehyde - Canadian Centre for
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Isolate
genomic
DNA

Sonicate DNA to
produce sheared,
soluble chromatin

protein-specific
antibody

Immunoprecipitate
and purify
immunocomplexes

Reverse cross-links,
purify DNA and
prepare for sequencing

Sequence

Map to genome 45
y TR IETERE
WM AEEEE AT fardis, ER. Nat. Methods 4, 613-614 (2007)



- Canadian Centre for
<o Computational
Genomics

Methylseq




Canadian Centre for
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Cytosine methylation can significantly modify temporal and
spatial gene expression and chromatin remodeling.

Whole-genome bisulfite sequencing (WGBS) provides a
comprehensive view of methylation patterns at single-base
resolution across the genome.
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b

DNA Methylation:

Background

Methyl group

H CS _NH, SAM H CS _NH,

Scilke” N (v
l\c I g | I I
N\’\/(N N /N
i - "
" Dnmt "
0
Cytosine 5-Methylcytosine
Jnmethylate 3 islan Methyl
L ‘rl
B . TR
Jnmethylated CpG island shore
.
MR L g, G
T el
N TR o
—= > —m) f——
active silencing

Portela et al. 2010, Nat Biotech 28 (10), 1057
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DNA methylation is one of the
most commonly occurring
epigenetic events in the
mammalian genome

DNA methylation plays a role
in silencing of genes, and in
X-chromosome inactivation

DNA methylation plays a role
In the establishment and
maintenance of imprinted
genes



Bisulfite Sequencing

Methylated DNA

Sequencing

ACTAGG
CGTACGC ATCTCAGGAG A
OAcGecrGGTACAACTAG

Taken from Roche NimbleGen

- Canadian Centre for
¢ Computational

Genomics
Watson >>AC"GTTCGCTTGAG>> C™ methylated
Crick <<TGC"AAGCGAACTC<< C Un-methylated

1) Denaturation @

Watson >>AC"GTTCGCTTGAG>>

2) Bisulfite Treatment @

BSW  >>ACGTTUGUTTGAG>>

3) PCR Amplification ﬂ

BSW  >>ACGTTTGTTTGAG>>
BSWR <<TG CAAACAAACTC<KL

Crick <<TGCrAAGCGAACTC<KL

BSC <<TGC"AAGUGAAUTU<K

BSC <<KTGCrAAGTGAATTT<<
BSCR >>ACG TTCACTTAAA>>

Whole-genome bisulfite sequencing (WGBS): detect DNA

methylation at single base resolution genome-widely.

Xi et al, BMC Bioinformatics, 2009
49
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 |llumina:

 100-200bp reads
 Up to 600Gbp per run*
* Very low error rate (<1% bases miscalled)

* Pacbio/Oxford Nanopore:
* Single molecule sequencing (no amplification)
* >50kb bp reads
e 5-10 Gbp per run*
* Higher error rate (5-15%)
* Can detect modified bases
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NGS offers a variety of technologies and methods

A good knowledge of errors and technicality allows a
better choice of analysis and a better understanding of
results

NGS analyses requires both mathematics and
informatics skills

The major challenge is actually link to the analysis, the
compute and storage capacities



Cost of sequencing . G el
: Genomics
Good news: Cost of sequencing rapidly decreasing

Cost per Raw Megabase of DNA Sequence

Moore's Law

National Human Genome
Research Institute

genome.gov/sequencingcosts

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
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1,000,000 ¥ 100,000,000
I NGS (bp/$)
Doubling time 5 months 10,000,000
100,000 b X
1,000,000
@ 10,000 ¥
Qo I Hard disk storage (MB/$) -100,000
3 Doubling time 14 months >
= >
4 2]
3 W0 10,000 &
— 4+ (=
(0]
g 3
% s 2
=) 100 1000 =
Pre-NGS (bp/$) 3
Doubling time 19 months 100 =
10 ¥
[ F10
g ik
1 -1
|
e 0.1
1990 1992 1994 1996 1998 2000 2003 2004 2006 2008 2010 2012

Year

Stein, Genome Biol. 2010
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Pennisi, Science, 2011
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C3G provides bioinformatics analysis, HPC services and
solutions for the life science research community.
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" The 51,000 genome, the $100,000 analysis?" Elaine R. Mardis
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