GENOME SEQUENCING



Introduction

Sequencing the genomes

Projects by Domain
80 000

—— ARCHAEA
—— BACTERIA
—— EUKARYOTE
60 000 — VIRUS
—— METAGEN...
40 000
20 000
0

1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
1999 2001 2003 2005 2007 2009 2011 2013 2015

1000000

100000

10000

1000

100

10

Cumulative sequenced genomes

rd
'l
-~
”
H -~
Bacteria .
” Sk
— -7
/ Eukaryotes__.-
= =
P e
/’-—
P i
M/Archaea
fll/lllIIIIIIIIIIIIIIIIII|IIII
D A N N> Q= N NN = N W
QO © © © © ™ ™ = =« o &N o
g O O © © © O © © O © © © O
= AN AN AN AN NN AN NN NN AN




Introduction

Sequencing the genomes
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Introduction

Sequencing the genomes

Why sequencing these genomes?
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Complete inventory of the genes of various organisms : # of genes, % of coding genome

Information about the sequence of every polypeptides

Basis for new technologies and medical applications

Global data at the level of the whole cell/tissue (tumor heterogeneity)

New data for evolutionnary and species classification analysis



|. Genome sequencing

The Sanger Method (1977)
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|. Genome sequencing

End of

polymerization

The Sanger Method (1977)
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|. Genome sequencing

The Sanger Method (1977)

a “template strand”
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. Genome sequencing

The caveats of the Sanger Method

P —
T zoonmmen
TR

-g - 1 ;l!w::r-

1| IR BIEIE x
i IS BT
TR

Technically cumbersome and time consuming (limited
samples processing)

High amounts of starting material

Some knowledge about the sequence is required (primer)

DNA to sequence |

| ]
1st round Primer Sequence obtained
(known sequence) experimentally

[ I ]
2nd round [ ( Primer Sequence obtained
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R R -> Not well-suited for high-throughput analyses (genome
Yok it Nk sequencing—> “Chromosome walking”)



|. Genome sequencing

The Sanger Method (1977)

1st generation sequencing : Improvement of sequence analysis (fluorescent

ddNTPs + column electrophoresis)

Source: Yichuan Xu, Louisiana State University
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|. Genome sequencing

The Sanger Method (1977)

1st generation sequencing : Improvement of sequence analysis (capillary
electrophoresis)

HPLC System
1 Solvent -
—mxwm
HPLC Column Data
@ Injector
- T T
Pump Detector  yyaste Emm

Source: College of Arts and Sciences, New Mexico State University
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\_ = PerkinElmer Flexar FX-15 UHPLC o I
Agilent 1290 Infinity Quaternary LC System Dionex UltiMate 3000 Standard LC Systems
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. Genome sequencing

1st generation sequencing : Improvement of the methodology

Parallel random sequencing : after fragmentation (shotgun sequencing) and cloning

« genomic DNA is fragmented “/Q .. —
« cloned to a plasmid vector -> transform - — —'1 " T
E. coli \
* a single bacterial colony is picked -> e
plasmid DNA isolated - by ———
Genomic DNA :
Construction of shotgun clones l )
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. Genome sequencing

2nd generation and next generation (NGS) sequencing : Areas of improvement

Shotgun Sanger NGS
a DNA fragmentation b DNA fragmentation
— N I — e —
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= ] — (e | [== === L ]
S = om= = S — = =
In vivo cloning and amplification In vitro adaptor ligation
B Template preparation ~
amplification by PCR (Cell free system) — = g > ===
B Sequencing and imaging
Cycle sequencing Generation of polony array
. 3'-... GACTAGATACGAGCGTGA...-5' (template)
m Data analysis 5. GTGAT O (primen —
~.CTGATC ~ £
...CTGATCT , — e
.CTGATCTA ~ g —— 5
...CTGATCTAT » o —p
...CTGATCTATGC e
Polymerase ...CTGATCTATGCT ,O
dNTPs ...CTGATCTATGCTC ,.
Labeled ddNTPs ...CTGATCTATGCTCG
Electrophorsesis Cyclic array sequencing
(1 read/capillary) (>10 reads/array)
Cycle 1 Cycle 2 Cycle 3
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|. Genome sequencing

2nd generation sequencing/NGS :

Improvement of template preparation : amplification by PCR

Emulsion PCR (emPCR)

+ PCR Reagents

A
5 A

————
+ Emuision Oil I
LY v, Micro-reactors
Adapter carrying Mix DNA Library Create
library DNA & capture beads “Water-in-oil”
(limited dilution) emulsion

“Break micro-reactors” Perform emulsion PCR
Isolate DNA containing beads

+ Generation of millions of clonally amplified sequencing templates on each bead
» No cloning and colony picking

Used by 454 (life science), Polonator, lon torrent and Solid
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. Genome sequencing

2nd generation sequencing/NGS :

Improvement of template preparation :

Emulsion PCR (emPCR)

Beads are immobilized on:

Microscope slides (Polonator)
PicoTiterPlates (PTP) (Roche/454)
Microchip sensor (lon Torrent)

amplification by PCR

Forward PCR primer \

attached to the bead Emulsion (PCR)
droplets in
Library oil continuous
molecule phase

“—PCR
droplet

PCR
amplification

(A)

Beads ® @

Library\ Emulsify

\ PCRV %@ : o
SEI;R mix @% O@ beads “ e .o
+Surfactant ®® @O Enrich
‘ | ‘ | .b. . | |
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. Genome sequencing

2nd generation sequencing :
Improvement of template preparation : amplification by PCR

Bridge PCR (illumina plateform) : https://www.youtube.com/watch?v=CZeN-IgjYCo

Read 1

seq. 17 seq.

primer primer

binding DNA of interest binding P7 graft binding

seq. (insert) seq. seq.

5’ 10 3
¥ m— ‘ . 5 b
P5 graft binding |5 seq. 17 seq.
seq. ' i i I |
oo I][I [I|]I m I odp
i ! n] rfu I aog!
g i uulu'l" TPty
P7 graft bindingS' 5
seq. .
* DNA fragments are flanked with adaptors.
* A flat surface coated with two types of primers, corresponding
to the adaptors.
* Amplification proceeds in cycles, with one end of each bridge
tethered to the surface.
* Used by Solexa.
17 seq. primer
binding seq.
17 seq -
| 3 3
3 5 3 5

Fragments bound to flow cell 15



. Genome sequencing

2nd generation sequencing :

Improvement of template preparation : amplification by PCR

—> Still require large amount of template
- Sequencing of short length fragments only

- PCR amplification induces biaises



. Genome sequencing

3rd generation sequencing :

Improvement of template preparation : Single Molecule Sequencing (SMRT)

- Requires less starting material

- Provides longer sequence fragments

B Immobilized on the solid surface by

Primers: Helicos BioSciences
Template: Helicos BioSciences

Polymerase: Pacific Biosciences, Life/Visigen, LI-
COR Biosciences
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|. Genome sequencing

3rd generation sequencing :

Improvement of template preparation : Single Molecule Sequencing

SMRT Sequencing Technology : Single-Molecule Real-Time Sequencing (3rd generation)

A true continous imaging of dye-labelled nucleotides incorporation
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Pacific Biosciences : SMRT : Single Molecule Real-Time Sequencing
https://www.youtube.com/watch?v=v8p4ph2MAvI




|. Genome sequencing

3rd generation sequencing :

Improvement of template preparation : Single Molecule Sequencing

{ /NANOPORE

£

Oxford Nanopore sequencing

Motor protein ES Brake protein E3

’; ‘b- abasic nucleotides '
/ hairpin
Tethering oligo \\
Tether keeps DNA fragment on the membrane leading to a ~20K fold higher DNA
concentration close to the pore.
Motor protein unwinds DNA and ratchets it though the pore. I

Abasic nucleotides in the hairpin are a recognition point.

Brake protein prevents the motor protein from zipping through the complement strand.

https://www.youtube.com/watch?v=qzusVw4Dp8w
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. Genome sequencing

2/3rd generation sequencing : real-time sequencing

Sequencing by reversible terminator (illumina/Solexa genome Analyzer)
https://www.youtube.com/watch?v=fCd6B5HRaZ8

a 3'-blocked reversible terminators
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Modified polymerase incorporates nucleotides ‘
» after each nucleotide incorporation process stops R o {

» camera reads fluorophore signal (filter for each
nucleotide type)

« terminator and labeling is removed and cycle starts
again
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. Genome sequencing

2nd generation sequencing : real-time sequencing
Sequencing by reversible terminator

Used in combination with bridge PCR in the illumina/Solexa genome Analyzer

llumina Colonies (called * polomes ) Paired-end sequencing

lm u'lﬂ %,

\‘l Iy l’ll'|ll

.......................

D i<l
Genomic DNA

l Fragment (200-500bp)

Z1=\

l Ligate Adaptors

Each nucleotide has a dye with a different color 16enerate Clusters

4-color fluorescent image of chip gathered after
each chemical flows through

Register each image and follow color change of
each colony to determine sequence

.0 20 l Sequence First End
FCF/RinF 416 20 1rstread N
N
Regenerate Clusters and
Sequence Paired End

https://www.youtube.com/watch v=fCd6BSHRaZ8&t=144s 2 3 == ‘ﬁ




. Genome sequencing

2nd generation sequencing : real-time sequencing

Sequencing by reversible terminator

HiSeq 2500 HiSeq 4000

NovaSeq 6000
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|. Genome sequencing

2nd generation sequencing : real-time sequencing

dATP dCTP dGTP dTTP

‘ g \ N

) N ‘ Polymerase

Template TGAA o Template - TGAA 5o TeMPIAE ) oot TG 4 A Stmenmesmmnes

Primer 5! f\ T Primer & } R © Primer 57 }C' It T Primer 3
A AN /N, /

Pyrosequencing

- et -

Luciferase Luciferuse Luciferase

v v v
hv hv 2 hy

e

Used in the 454 plateform

(Roche Life Sciences) it *@Y——/
-

emPCR+Pyrosequencing o Nt
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|. Genome sequencing g
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2nd generation sequencing : real-time sequencing ——=
— —_—
lon torrent sequencing

Life Technologies: lon Proton & lon PGM
lon proton sequencing (lon torrent): emPCR + detection of changes in pH
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|. Genome sequencing

2nd generation sequencing : real-time sequencing

Ligase-based sequencing (ABI’s Solid technology: +emPCR)

1. Prime and Ligate

/PO~
PRIMER ROUND 1 Tﬁm1 <D

. ,;;T' *

X, y Interrogation bases |
n Degenerate bases
z Universal bases

w

¥ TITTIIIT §
xvnnnzzz

Y P
W
¥ g

xvnnnzzz

%

———

’ " ] 51
Xynnnzzz

Second base
T:GC-A
B BERA
BENC
EEE G
R BT

aseq s

m Difference — DNA ligase B

= P1 Adenter : TA  Template Sequence 4
m Hybridization of a fluorescently labelled

probe
2 lmage Excite Fluorescence
m SOLID cycle of 1,2-probe hybridization T
ALLLRLLLLL LR RRRRLL
rl?-probes )

3. Cap Unextended Strands

PO,

ESSNENENENENENNNENSENN LN N

4. Cleave off Fluor

Cleavage Agent .*
HOTH/
AT =
ALLULLLLLLLLLLL R
A

5. Repeat steps 1-4 to Extend Sequence
Ligation cycle 1 2 3 4 5 6 7 ... {n cycles)

""III"""III (IT "l'\'.'lll III'—"'III 3

6. Primer Reset

Unwersal seq primer (n-1) 2 K
O S 28 882822224128 2. Primer reset 1. Melt off extended
sequence
;_-.'; QUSUETRSIERENTENENIERUIRURSTEERETE )

7. Repeat steps 1-5 with new primer

PRIMER ROUND 2

Universal seq primer
7

1=
B

in1) JAA CcG
LA aaaaaatse s AR s R S S AR e A e
G ML

R ¢ ]

AA TA CC

T GC T AT GG
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|. Genome sequencing

2nd generation sequencing : real-time sequencing

Ligase-based sequencing

SOLiD DNA Sequencing Technology (Applied Biosystems)
https://www.youtube.com/watch?v=nlvyF8bFDWM

8. Repeat Reset with , n-2, n-3, n-4 primers

Read Position l(] 1/2|3|4]5|86|7|8|3|10jn)12)13)14[1518 17181192021 2223242528]27 28128
4 Universal seq primer (n .. .”J e olo] AR
T 2 Unvers??l seq primer (n-1) olel | | leole ° .'
% & Universaa' seg prmer I;-i)] .o Holo .o oo
'E 4 Universal seq primer (n-3) olo | ol 2 :__*
5 Un?vers3g| seq primer (n-4) . | . ° ole |
® |ndicates positions of interogation LigeionCycle Il @ « H & W

https://www.youtube.com/watch?v=YLT-DUealLms

26



Gigabses per run (log scale)

Il. Genome sequencing : the good choice

Hiseq X ..-Hiseq 4000
1000 oy 8
2000/2500 J: Performance comparison of sequencing platforms of various generations
o Hiseq2500 RR
100 I
s 2 i . Method Generation Read length Single pass No.ofreads Time Cost per million Refs.
i MiSeq = (bp) error rate (%) per run per run bases (USD)
10 Proton = MinlON .
p :/ ~ e s N yd Sanger ABI 3730x1 1st 600-1000 0.001 96 0.5-3h 500 [14], [18], [19],
S5/S5XL
S Miniseq o < 201, [21]
1 +—* @ » - 'i‘ Ton Torrent 2nd 200 1 82 x 107 24h 0.1 [15], [25]
° P — -
-= . d ‘hl 454 (Roche) GS FLX+ 2nd 700 1 1x 100 23h 8.57 [14], [17], [27]
0.1 “ean  pem %~ o l PacBio RS Ilumina HiSeq 2500  2nd 2x 125 0.1 8 x 10° 7-60h 003 [9], [16], [26]
L =] ¢ GS Junior (High Output) (paired)
0.01 ° oory Tlumina HiSeq 2500  2nd 2 %250 0.1 12x10°0  1- 0.04 [91, [16], [26]
(Rapid Run) (paired) 6 days

0.001 SOLID 5500x1 2nd 2 x 60 5 8 x 108 6days 0.11 [14], [24]

t:l PacBioRSII: P6-C4  3rd 10-15x10* 13 35- 05-4h 0.40-0.80 [51, [12], [15]
0.0001 on average 7.5 % 104
® ‘sanger’ 3
m Lex Nederbragt (2012-2016) Oxford Nanopore 3rd 2-5x10"on 38 1.1- 50h 6.44-17.90 [22], [23]
e e http://dx.doi.org/10.6084/m9.figshare.100940 MinlON average 47 % 104
' ]lo 100 1000 10000

Read length (log scale)

27



Il. Genome sequencing : the good choice

Number of sequencing machines by country
Name Number of machines ‘
United States 818
China 200
United Kingdom 137
Germany 135
Australia 79
Canada 74
Spain 56
Netherlands 41
France 38
Japan 34
Centres with platform
Illumina Genome Analyser 2x 279
Roche 454 265
Illumina HiSeq 2000 178
ABI SOLiD 173
lon Torrent 101
Pacific Biosciences 26
Illumina MiSeq 23
Polonator 5
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I. Genome sequencing : the price

Cost Declines of Genome Sequencing

==Historic Cost Per Genome ==Moore's Law Moore's Law Forecast ““*Historic Rate Forecast
$100,000,000

$10,000,000
$1.000,000
$100,000
$10,000
$1,000

$100

$10

$1
Jul-98 Apr-01 Jan-04 Oct-06 Jul09 Apr-12 Dec-14 Sep-17 Jun-20 Mar-23
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Il. Data analysis

Experimental
Sepie design
collection

Sequencing

Mapped reads
(BAM, CRAM, MRF)

4
=
w
e
=
[
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©
=
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4

Data reduction

O Sample collection and @ Sequencing

experimental design

Data reduction O Downstream
[l Data management analyses

0% =
Pre-NGS
(Approximately 2000)

Now
(Approximately 2010)

Future
(Approximately 2020)
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Il. Data analysis
m Bioinformatics tools for:
= Alignment
= Base calling/polymorphism detection
= De novo assembly
= Genome browsing or annotation

B Challenging problems:
= De novo assembly of short reads -> mate-paired

I I b ra rl es req u "'ed Mate Pair Sequencing
»« Reads in repetitive regions “|““°"
\J
V4 ~ ey
Enn%\azi;;;:tyslated iF:Egoaggow;gn

RS-

Ligate Adapters
A B’

l

Cluster generation
and sequencing 3 1



lll. NGS Applications

B Genome resequencing: polymorphism and

mutation discovery in humans (1000

Genomes Project)

Séquence humaine de référence

Séquence non-

Data Processing Variant Discovery Variant Annotation
Fastq Files r==%» | Reads for analysis "% | Variant Annotation
l l v Functional prediction
Sequence Variant Detection i| ¥ Genomic to Proteomic an
Alignment l
i @ SNV = .
l +  VarScan2, GATK and Mutect Genetic analysis
Local i @ Indel Report
*  GATK, Pindel and Scalpel
Realignment s I
l *  Delly and novoBreak Clinical Interpretation
Duplicate i @ CNV
Removal +  ExomeCNV, EXCAVATOR
Quality Variant Quality
Assessment Filter

Chr {Chrs  humaine
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[ —-— ]
Délétion Délétion —
Mutation Indel Homozygote  Hémizygote Gain Translocation ~ Pathogéne
.

Altérations chromosomiques
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lll. NGS Applications
B Transcriptome sequencing:

Gene expression

Alternative splicing

Transcript annotation
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Genome Transcriptome Proteome
~20-25,000 genes - --------- »  ~100,000 transcripts s — == ==———-3% >1000,000 proteins
Alternative promoters Post-translational
Alternative splicing modifications
mRNA editing
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