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Geénome humaine — 2001
Initial sequencing and analysis of the

International Human Genome Sequencing Consortium*
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Debut de 1a siecle
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Mardis Nature 470 :198 (2011)
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Nouvelles technologies
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Rob Carlson, synthesis.cc (avril 2013)
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http://www.synthesis.cc/2013/04/how-competition-improves-reading-dna.html

Nouvelles technologies

Table 2 Next-generation DNA sequencing instruments

Cost per base? Read length (bp)®? Speed Capital cost¢
Minimum cost per base
Complete Genomics Low Short 3 months None (service)
HiSeq 2000 (lllumina) Low Mid 8 days +++++++
SOLID 5500xI (Life Technologies) Low Short 8 days +++
Maximum read length
454 GS FLX+ (Roche) High Long 1 day S
RS (Pacific Biosciences) High Very long <1 day +++++++

Maximum speed, minimum capital cost and minimum footprint

454 GS Junior (Roche) High Mid <1 day +

lon Torrent PGM (Life Technologies) Mid Mid <1 day +

MiSeq (Illumina) Mid Long 1 day +
Combined prioritization of speed and throughput

lon Torrent Proton (Life Technologies) Low Mid <1 day ++

HiSeq 2500 (lllumina) Low Mid 2 days e e

a‘Low’ is < $0.10 per megabase, ‘mid’ is in-between and ‘high’ is > $1 per megabase. P'Short’ is < 200 bp, ‘mid’ is 200-400
bp, ‘long’ is > 400 bp and ‘very long’ is > 1,000 bp. Each “+” corresponds to ~$100,000. We list only commercialized instru-
ments that can be purchased and for which performance data are publically available (as opposed to a comprehensive list of
companies developing next-generation sequencing technologies). The categorizations refer to the aspect of sequencing perfor-
mance to which the technology and/or its implementation in a specific instrument are primarily geared. These estimates were

made at the time of publication, and the pace at which the field is moving makes it likely that they will be quickly outdated.

Shendure & Aiden Nat Biotechnol 30 :1084 (2012)
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Nouvelles applications
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Shendure & Aiden Nat Biotechnol 30 :1084 (2012)
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Sequencage — meéthode Sanger
ADN & sequencer (brin transcrit) % * %
‘”ﬂTGGTACGTCAACTA

TACCAT @C h@T T Gy * = nucléotides a Cytosine

TACCATE@C A Gu

TACCAT Gu \aﬁétdeia synthése,

[ par utilisation d'un ddGTP

synthése du brin

d'/ADN (@) utilisation d'un dGTP :
complémentaire la synthése continue
JATP Conclusion
dCTP | de maniére aléatoire, obtention d'un ensemble
dGTP g4GTP de fragments (de différentes tailles), arrétés au

neew) dTTP | niveau des Cytosines (complémentaires de G)
du brin transcrit de I'ADN (donc des Guanines
du brin codant).

Lodish et al. Molecular Cell Biology, 4th ed., W. H. Freeman 1999 ; Delarue et Furelaud, Jussieu
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http://www.snv.jussieu.fr/vie/dossiers/sequencage/sequence.htm

Electrophorese

mesure la taille d’'un fragment ADN

tagged DNA
Gel &8

came7

time

electric charge — -
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Polymerase Chain Reaction

POLYMERASE CHRAIN REACTION

o e = e L = =

prirmer

¥
2.
Another round: DRA is

1.

DA is denatured. Pritners attach
ta each strand. & new DA strand
is svnthesized behind prirmers on

each termplate strand.

L

3.
Another round: Db

denatured, primers are is denatured, primers

attached, and the
nurmiber of Dk,
strands are doubled.

5.

are attached, and the
niurniber of Dk,
strands are doubled.

Continued rounds of armplification s« produce
large nurmbers of identical fragrments. Each
fragrment contains the DA region of interest.

Séequencage x IFT6299 H2014 x UdeM x Miklos Csiiros

¥
=,

Another round: DA is
denatured, primers
are attached. and the
nurmiber of DikA
strands are doubled.
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http://www.accessexcellence.org/AB/GG/polymerase.html

Séquencage automatique

— marquers fluorescents, multiplexage, capillaires, cycleurs thermiques

600—1000 pb, 96-384 capillaires, quelques heures
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Clone-by-clone
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Whole-genome shotgun

E. Green. Nature Reviews Genetics 2:573 (2001)
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Approche hiérarchique

#— |50 kbp —»

x —
XX —
X ——
—
—
copies du génome inserts (BAC)
ke
i — W
aFFaLce - - - -

ACGTTTCAMGGAAD -
= ==

- ﬂ -—

/ - - -

librairie de sous-clones

(shotgun)

assemnblage de séquences
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Phred

deux fichiers : séquences (fasta) et valeurs de qualité (. qual)

nom du fichier de I'electrophérogram (image)

>SARS211.B21 A07_-_032.abl [CHROMAT FILE: SARS211.B21 A07 - 032.abl|PHD FILE:
SARS211.B21_A07_-_032.abl.phd.l CHEM: term DYE: big TIME: Thu May 15 13:44:06
2003 TEMPLATE: SARS211A07  DIRECTION: fwd
GGAATAAATTCXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXCCCCATTGAACCAATTGNGNACTTTNAC
TAAAAGNACCAANTCTCCATTTAGAGCTTCACTACCTACAACTATTGCTA
AAAATAGTGTTAAGAGTGTTGCTAAATTATGTTTGGATGCCGGCATTAAT
TATGTGAAGTCACCCAAATTTTCTAAATTGTTCACAATCGCTATGTGGCT

40 37
29 29
8 8 8
36 36
17 28
47 56
42 42

46 34
21 21
999
27 27
28 32
56 56
42 42

34 34
25 33
11 16
4 0 4
48 46
56 56
42 42

42
33
21
27
46
56
44

42 42
32 18
4 0 4
21 17
40 40
56 44
44 44

>SARS211.B21_A07 - 032.abl PHD FILE: SARS211.B21 AO7 - 032.abl.phd.1
77777778886668139778666F697
9 23 15 20 25 27 32 32 32 34 40 33 40 40 40 37 37 40

42 51 51 40 40 40 37 39
16 12 20 15 8 8 8 8 8 8
0 4 27 27 27 4 0 4 25 25
4 0415109 9 9 9 12 25
40 40 44 56 56 56 56 47
44 42 47 42 42 42 42 42
42 42 38 38 38 38 42 42

probabilité d’erreur pour qualité q : 10—4/10
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Ewing & Green. Genome Res 8 :186.
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FASTQ

@SEQ_TID
GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAACTCACAGTTT

_|_
PPl s ((((%%xx1+) ) $5%5+H+) (55%5%) . 1lxxx—+x"7)) *x55CCF>>>>>>CCCCCCC65

* Ligne 4k commence par '@’ et introduit I'identificateur du morceau (read)

* Ligne 4k + 1 donne la séquence

* Ligne 4k + 2 commence par '+’ et peut répéter I'identificateur de Ligne 4k ou
non

* Ligne 4k 4+ 3 donne les valeurs de qualité (encodage Sanger avec échelle Phred
q+"’'!'":0— !,1—-", ...,31 -@,32—A,...,40 — 1)
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Methodes de next generation

Principes :

1. fixer fragments d’ADN ciblés sur une surface — arrangement en espace pour
parallélisation («puce»)

amplification (si nécessaire)

2. sequencgage de fragments d’ADN + production d’image

3. analyse informatique de I'image : production de séquences + estimation d’erreurs

de séquencage
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454 : perles (beads)

DNA library preparation

4.5 hours

3
é

>
-]

Ligation

Selection
(isolate AB _5
fragments

only)

>

-Genome fragmented
by nebulization

No cloning; no colony
picking

+sstDNA library created
with adaptors

+A/B fragments selected
using avidin-biotin

purification
gDNA P sstDNA library
b
Emulsion PCR
8 hours

Anneal sstDNA to an excess of  Emulsify beads and PCR
DNA capture beads reagents in water-in-oil

microreactors

sstDNA library

Clonal amplification occurs
inside microreactors
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P

Break microreactors and
enrich for DNA-positive
beads

¥ Bead-amplified sstDNA library

Mardis Annu Rev Genomics Hum Genet 9 :387 (2008)
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PCR en emulsion
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Dressman & al PNAS 100 :8817 (2003) ; — Ion Torrent
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http://www.youtube.com/watch?v=MxkYa9XCvBQ

Immobilisation du cible

a Roche/454, Life/APG, Polonator
Emulsion PCR

One DNA molecule per bead. Clonal amplification to thousands of copies cccurs in microreactors in an emulsion

PCR — :feml_;,iarg
i dissociation

@

Primer, template,
dNTPs and polymerase

b Nllumina/Solexa
Solid-phase amplification
One DMA molecule per cluster

Sample preparation
DA (5 ug)

Template
dNTPs.
and

Bridge amplification

d Helicos BioSciences: two-pass sequencing
Single molecule: template immobilized

Billions of primed, single-molecule templates
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e Pacific Blouhnces, Lifc{\l"lsi&an LI-COR Biosciences
Single molecule: polymerase immobilized

"

-
6 Chemically cress-
linked to a glass slide

€ Helicos BioSciences: one-pass sequencing
Single molecule: primer immobilized

Billions of primed, single-molecule templates

Thousands of primed, single-molecule templates

Mature Reviews | Genetics

Metzker Nat Rev Genet 11 :31 (2010)
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Termination cychque (Illumlna)

a lllumina/Solexa — Reversible terminators

}"
l‘j"
P

[~ L
Incorpomate
all four
nucleotides,
each label
with a

different dye

c ;

@ e
Wash, four- -
colour imaging -

Cleave dye
and terminating
Eroups, was h

GEone

P
T@® SO | sottom: ceecce

Top: CATCGT
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€ Helicos BioSciences — Reversible terminators

Incorporate
single,

dye-labelled
nuclectides

Each cycle,
add a

different
dye-labelled
dNTP

‘Wash, one-
colour imaging

Cleave dye
and inhibiting
EFOL Ipﬁ. rap.
wash

“
N

Repeat cycles 9=

Top: CTAGTG
Bottom: CAGCTA

Mature Reviews | Genetics

(M Tube]

Metzker Nat Rev Genet 11 :31 (2010) ; —

Illumina

X1X


http://www.youtube.com/watch?v=womKfikWlxM

Methodes de sequeng;age

LWe{APG Sequencing by ligation F

Prmerr\wndll!!?Qg m

Universal seq primer ()
L3 31
. 3
4 Pladapter Ta Target sequence

T ‘ Fluorescence,
12-probes Excite four-calour imaging
x, v Interrogation bases
n Degenerate bases \L
z Universal bases . *
JrrrrerrrrrrerTrr
* JURASEIARELY 3
3 XYTANZZZ 5*
1} Wﬂrrrrrrn ; Cleavage agenrml*
3 TS i AT
rrrorrrrrrT P
XYTRNZZZ ( ¥
TA
3 T 5
XYTANZZZ ‘
Repeat ligation cycles Ligaticncycle ] 2 3 4 5 &  T.(ncycles)
|'| A? qq f."I] E E CA ISE
N gasangaa)TA AR GA CA AR GT G

Reset primer (i — 1), repeat ligation cycles

Primer round 2 1 base shift

Universal seq =1 7

prmerfn=R: .. WBA CT GC TG AT CC CG

,.i....’"mmﬁ*m TSI o

g T GA CG AC TA GG GC
Reset primer three more times

b Alignment of colour-space reads to
=R b colour-space reference genome
nuclectide is interrogated twice .

Template
Indbase  sequence

ACGT]

000000 - .
N ATACARGA ;

_§ [ ——CGCACCTC
G GCGTGEAS e
T TATGTTCT

TCGGATTCAGCCTGCTGCTCTATCA
A

st
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anchef454 Pyrosequencing
1-2 million temglate beads loaded into FTF wells

Flow of single dNTP type across PTP wells —>

Sulphurylase
Luciferase Luciferin

Light and oxyluciferin

d Flowsgrarm

TCAGGTTTTT CAATCAACTTTTTGGATTARAATS TAGATAACTS
CATAARTTARTARCATCACATTACTCTGATCAGTCARTTTAT

T-mer

i ;
64 W B @ G| 6-mer
5 ]— S-mer
4 4-mer
3 3-mer
24 2-mer
1
0

Nature Reviews | Genetics

Metzker Nat Rev Genet 11 :31 (2010)



Pyroséquencage — principle

F [m——————————— Iterative addition - - - - - —— — —— — — —
I
I

L »dATP ———» dTTP ——» dGTP ——» dCTP -———

I

polymerase

(DNA), + dXTP —} (DNA),..4 + PPI
sulfurylase
PPi —}W ATP
ATP luciferase i Light
apyrase

ATP AMP + 2Pi

apyrase :
dXTP —————Jp dXTP + 2Pi

Ronaghi et al. Science 281 :363.
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Pyrogram

GACTGOGCTTAAGGTC G

———
S e _TTTATAACCTCC ABTAGTTTC ATTCTOTCATA e e 5

Cc T G A C G AA TICCAG C AAA  TA TT GG AGGITTA T C AAA GTAA G AC A GTA T

L JLL_LLLLM

tH _H PEEEEEEERREE LM ARttt bttt ittt
GT ACGT CGTACG T

ACGTACGTACGTACGTTACGT ACGT ACGTACGTA

Ronaghi et al. Science 281 :363.
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Solid : sequencing by ligation

-
. +
C-T-pen-n-z-z-z +
+ o et
u'é Primer v GGz G-C-n-n-n-z-2-2
= TITTTITT
-}
A g s LU,
Adapter Sequence Template Sequence
© A 4
3 Primer +
z [ TEEEETTE cenepenzezz
H gead 5L LLLLLLLLSTLLLECLLLLELULTEELEETEELTTTET o
= Adapter Sequence Template Sequence
<] v
T
g A . Cleavage _+
z %J 3 Primer 12
5 TTTTTTTTTerms
2 Bead 5L LLLLLLLLSTLLLECHLELELL UL EEEELTE T o
= o Adapter Sequence Template Sequence
@
'
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Applied Biosystems
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http://www3.appliedbiosystems.com/AB_Home/applicationstechnologies/SOLiDSystemSequencing/OverviewofSOLiDSequencingChemistry/index.htm

Solid : encodage dans I’espace de couleurs

Séquence t[1..m + 1] encodée par t - c[1..m], ou t = ¢t[1], et c[i] = t[i] &
t[i + 1]. '@ dénote 'OR exclusive dans I’encodage a 2 bits.

22base 4> pn ¢c G T 2.base —>p ¢ G T
1. base
47 00 01 10 11 00 01 10 11
index dye color bitcode
A 0 FAM . blue g |A|C|G|T
c 1 Cy3 O geen g1 [C|A|T|G
G 2 TXR O orange 1 G| T|A|C
T 3 Cv5 d T|G|C|A
y . re 11
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