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Pourquoi séquencer des acides nucléiques?

» Comprendre le déterminisme génétique d'un phénotype

» Outils de diagnostic/prédiction
» Outils biotechnologiques

» Retracer des histoires évolutives

» Génomique comparative
» Phylogénie moléculaire (phylogénomique)



Pourquoi séquencer des acides nucléiques?
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Méthodes de séquencage

» Sanger

» NGS (Next Generation Sequencing) ou High Throughput
Sequencing

Are you ready for Next Gen?
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Séquencage premiere génération
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Séquencage premiere génération

Séquencage des premiers génomes
Sanger - limitations

» Faible débit
» Colit



1953 - James Watson and Francis Crick reveal the structure of
DNA as a double-stranded helix. They theii
of ideas and data from Rosalind Franklin and Maurice Wilkins.

1956 - Human chromosome number established at 46,
overturning the previously accepted figure of 48.

1961 - Marshall Nirenberg and Johann Matthaei read the first DNA
“‘word’, three letters that code for a single amino acid in a protein.
The rest of the genetic code is worked out within five years.

190 - After some years of discussion, the Human
ome Project — to map, then sequence the entire)
of human DNA — gets underway.

[1977 - Fred Sanger and
/alter Gilbert develop
pfficient methods for DNA
equencing. Sanger's
eam sequences the first
IPNA genome, that of the
bacterium-infecting virus

1995 — Genome of the bacterium
|Haemophilus influenzae published, with
1.8 million base pairs (the first genome
of a non-viral organism to be sequenced).

1996 - Yeast genome

phi X174. published, containing 6000
genes (the first eukaryotic cell
1981 - Human mitochondrial genome to be sequenced).
genome sequence published by
Fred Sanger and colleagues. 1999 - 1999 - First human

Fruit fly chromosome
genome  sequence — number
22 - published.

2000 - UK Prime Minister Tony Blair and US

President Bill Clinton announce a ‘working draft’
of the human genome, produced by researchers
working in the public and private sectors.

2001 - The international Human Genome

Project and private company Celera Genomics
publish two independent drafts of the human
genome sequence.

2002 - Mouse 2002 ~ Plasmodium genome sequenced,
Genome Sequencing  providing information that should be useful
Consortium completes ~ for understanding malaria, developing a
first draft, vaccine and finding new drug targets.

2008 - Launch of the 1000 |
Genomes Project, aimed at

producing the best catalogue of
human genetic variation to date.

2009 - Researchers from
Germany announce that they have
sequenced the entire genome of a
38 000-year-old Neanderthal.




Méthodes de séquencage

» Sanger

» NGS (Next Generation Sequencing) ou High
Throughput Sequencing

Are you ready for Next Gen?




M. Xiao et al./Journal of Biotechnology 166 (2013) 122-134

@
No. Plant Tissue  Roche GS-FIX Taniom
Numberof _ Number of
accession rawreads cleaned
reads
T Amsonia hubrichtt el SRSIG08IS 15432 627504
2 Amicamontana Ll ses212543 739124 660971
3 Cenellaasitica Roots  SRS212540 712683 626382
4 Chelidonium majus Stem  SRS150402 504849 408742
RESULTS
® Assembly of the G. hirsutum genome
o T T The genome of Upland cotton G. hirsutum has been
estimated, using various methods, as 2.25-2.43 Gb'314, We generated
Staccession Number of a total of 445.7 Gb, or 181-fold haploid genome coverage, of raw
e paired-end Illumina reads by \uluxnum, g whole genome shotgun (WGS
libraries of cv. “TM-1" with fragment lengths ranging
T Amsonia hubrichiit Lear SRS260004 75544360 b i Table 1.0
2 Arnica montana Leaf SRS260895 67,378,080 from 250 bp ¥ Table 1). Owing
3 Centellasiatica Roots  SRS260019 77853840 of abundant repetitive sequences and homeologous chromosomes
4 Chelidonium majus stem SRS259976 62,362,800 (Supplementary Table 2), we were unable to assemble this allotetra-

ploid genome satisfactorily using only the WGS data. Supplemental
use of a bacterial artificial chromosome (BAC-to-BAC) sequenc-
ing strategy substantially improved the assembly. A total of 100,187
BACs, that corresponded to about fivefold genome coverage, were

NONHUMAN GENOMICS

Long-read sequence assembly
of the gorilla genome

David (,nnlnn, .vonn unddlesmn, Mark J. P. Chaisson,” Christopher M. Hill,"

Zev N. Kro unson, Maika Malig, Archana Raja, Tan Fiddes,
LaDeana W, mlhcr, Lhrlsmphcl Dunn, Carl Baker, Joel Armstrong, Mark Diekhans,
Benedict Paten, Jay Shendure, Richard K. Wilson, David Haussler,

Chen-Shan Chin, Evan E. Eichlert

‘The aceurate s , real-time (SMRT) sequencing

assembly of genomes s critcal 8 our unde
standing of evolution and genetic variation.
Despite advances in short-read sequencing
technology that have decreased cost and in-
creased throughput, whole-genome assembly
of mammalian genomes remains problematic
because of the presence of repetitive DNA.

RATIONALE: The .,oxll o this study was to
quenc the genome of the
Wester lowland g\)v a by using primarily

technology and a novel assembly algorithm
that takes advantage of long (>10 Kbp) se-
quence reads. We specifically compare the
properties of this assembly to gorilla genome
assemblies that were generated by using more
routine short sequence read approaches in or
der to determine the value and biological im-
pact of a long-read genome assembly.

RESULTS: We generated 748-fold SMRT whole-
genome shotgun sequence from peripheral
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NGS 2e génération
Sequencing-by-synthesis: Single Nucleotide Addition
Sequencing-by-synthesis: Cyclic Reversible Termination
Séquencgage par ligation
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NGS 2e génération
Sequencing-by-synthesis: Single Nucleotide Addition



454

Emulsion On-bead amplification Final product

Micelle droplets are loaded Templates hybridize to b d pri d are amplified; 100-200 million beads with
with primer, template, after amplification, th d disassoci housands of bound template
dNTPs and polymerase leaving bead-bound ssDNA templates

DA
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454

> jusqu'a 1000 pb

» jusqu'a 1 million de lectures
> moins de 1 jour

» 1Gb: $9500



lonTorrent
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Single nucleotide addition
Only one dNTP species is
present during each cycle;
several identical dNTPs can be
incorporated during a cycle,
increasing the emitted ions

Semiconductor sequencing

Asabase s incorporated, asingle
ion is released, which is detected

hyaCMOS ISFET sensor




lonTorrent

> 200 ou 400 pb SE
> <100 000 lectures
> quelques heures
> 1Gb: $80
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NGS 2e génération

Sequencing-by-synthesis: Cyclic Reversible Termination



[llumina

Template binding
Free templates hybridize
with slide-bound adapters

Bridge amplification Cluster generation
Distal ends of hybridized templates After several rounds of
interact with nearby primers where amplification, 100-200 million

amplification can take place clonal clusters are formed



[llumina




HiSeq

> jusqu'a 150 pb

» jusqu'a 4 milliards de lectures
> de 1a 6 jours

> 1Gb: $30



HiSeq X

The HiSeq X Ten System is the world’s first to break the $1000 genome barrier for human whole-genome
sequencing (WGS). The system consists of a set of 10 HiSeq X ultra-high-throughput instruments that deliver over
18,000 human genomes per year. Each HiSeq X System can sequence a human genome at 30x coverage or greater
for significantly less than $1000 in consumables.



MiSeq

» jusqu'a 300 pb

» jusqu’a 50 millions de lectures
> de 1l a4 jours

> 1Gb: $110
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NGS 2e génération

Séquencgage par ligation



Applied Biosystems - SOLID
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Applied Biosystems - SOLID

» 50 ou 75 pb

» jusqu'a 700 millions de lectures
> 6 jours

» 1Gb: $70

» en cours d’abandon



Beijing Sequencing

ion DNA nanoball
(Complete Genomics (BGI))

Cleavage
Circular DNA
templates
are cleaved
downstream
of the adapter
sequence

Adapter ligation

One set of adapters

is ligated to either

end of a DNA

template, followed

by template

circularization

2. Loading DNBs

W

Iterative ligation
Three additional
rounds of ligation,
circularization and
cleavage generate a
circular template with
four different adapters

Rolling circle amplification
Circular templates are amplified to generated long
concatamers, called DNA nanoballs; intermolecular
interactions keep the nanoballs cohesive and

separate in solution

Hybridization
DNA nanoballs are
immobilized on a

patterned flow cell

3. Sequencing

|

o



Beijing Sequencing

Q>



Beijing Sequencing

» jusqu'a 100 pb
» nombre de lectures?
> 24h

» Colt non défini
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NGS 3e génération
Nanopores
SMRT



Plan

NGS 3e génération
Nanopores



Leader-Hairpin template
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ONT

> jusqu'a 200 Kpb
» jusqu'a 100 000 lectures

» moins de 2 jours
> 1Gb: $750
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NGS 3e génération

SMRT



PacBio

F PACIFIC
BIOSCIENCES®
L]

P Lectures longues: jusqu'a
20 Kbp

ate

SMRTbell tenpl
Two hairpin adapters
allow continuous
circular sequencing

ZMW wells @\
Siteswhere
sequencing
takes place

Labelled nuclectides
All four dNTPs are
labelled and available
forincorporation

Modified
Asanuclectideis
incorporated by the
polymerase, acamera
records the emitted light

PacBio
A camerarecords the changing
colours fromall ZMWs; each
colour change corresponds to
one base



PacBio

> jusqu'a 20 Kpb

> jusqu'a 55 000 lectures
> 4h

> 1Gb: $1000
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Comparaisons et applications



Débit et longueur des lectures

Gigabses per run (log scale)
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Débit et longueur des lectures

Million de lectures/run

Bases/lecture
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Les colits de séquencage ont tres largement chuté

Cost per Raw Megabase of DNA Sequence

. T T T T
20012002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 20012002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

» Annonce d'un génome humain pour 1000%

» Augmentation du nombre de projets de séquencage de
maniére générale

Human Genomes Sequenced Annually

........



Stratégies pour le séquencage des génomes

Human Genome Sequencing

Generating a Reference Generating a Person’s
Genome Sequence Genome Sequence
(e.g., Human Genome Project) (e.g. Circa ~2016)

Genomic DNA

~, 7 O
Break genome into -/
large fragments and (S (= 7]
sertinto clones

X~/

Order clones —

... . TATGCGATGCGTATTTCGTAAA. . . .

©
small pieces

Generate thousands
of sequence reads

a
sequence of clone

Reference Sequence
Assemble sequences = =
of overlapping clones
to establish
reference sequence —_—

Reference Sequence

Break genome
into small pieces

Generate millions
of sequence reads

Align sequence reads
to established
reference sequence

Deduce starting
sequence and identify

reference sequence



Applications
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Predominant applications:
* Structural variants

* Point mutations

+ Copy number variation

Predominant applications:
* Point mutations
+ Copy number variation

Predominant applications:
* Point mutations
* Deletions

Predominant applications:

* Gene expression
* Gene fusions
* Splice variants

Predominant applications:
* Gene expression

* Gene fusions

* Splice variants
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