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Génome humaine — 2001
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equivalent of massively parallel sequencing for 
amino acid polymers has yet to be developed 
(Table 3). Possible solutions are analogous to 
next-generation DNA sequencing technolo-
gies, for example, nanopores49 or identifying 
and counting single protein molecules spread 
on a two-dimensional surface50.

Immunogenomics uses massively paral-
lel sequencing to characterize complex T-cell 
receptor and B-cell receptor repertoires in 
samples from individuals, with high depth 
and resolution51–54. Sequencing immune rep-
ertoires might make it possible to identify the 
acute response to diseases or malignancies, to 
gauge the status of the immune system in the 
context of immunodeficiency, transplantation 
or normal aging and to track malignancies of 
the hematopoietic system itself. Furthermore, 
profiling immune memory could identify 
markers of past exposures and successful vac-
cinations55. To achieve their potential, such 
methods must evolve toward reliably quantify-

ing the abundances of an extraordinarily diverse population of immune 
receptor genes. Technical challenges to achieving this include the enor-
mous dynamic range of the immune repertoire as well as the fact that 
the two chains of individual T-cell receptors and B-cell receptors are 
unlinked in the genome and transcriptome.

Cancer cells exhibit pronounced genomic instability56. Differences 
between an organism’s genome and a derivative cancer genome are read-
ily determined by sequencing, albeit with the previously mentioned dif-
ficulties in detecting many relevant types of variation. Sequencing-based 
characterization of cancer genomes, epigenomes and transcriptomes 
is already informing the basic biology of specific cancer types, and the 
resulting insights may eventually provide a more powerful classification 
of human cancers than anatomy or histology. However, there is also 
remarkable heterogeneity among tumors ostensibly of the same type, 
and fully understanding the genetic basis of cancer is likely to require 
the characterization of extremely large numbers of cancer samples. 
Nonetheless, there is considerable enthusiasm about the use of genomic 
information to directly facilitate therapeutic decision-making for can-
cer patients57. For example, there are several reports of whole-genome 
sequencing of tumor DNA from individual patients yielding informa-
tion that has altered clinical decisions58,59. Deep sequencing may also 
enable noninvasive cancer-screening methods, for instance, by examin-
ing circulating tumor cells60 or stool61. Detailed dissection of genetic 
heterogeneity in tumors through techniques such as ‘single-nucleus 
sequencing’ coupled with lineage analysis62 may also lead to a better 
understanding of cancer evolution as well as to improved diagnostics 
and prognostics. Of note, the needs of clinical laboratories in this area, 
for example, those seeking to implement next-generation sequencing 
of actionable cancer genes, are driving the market to offer instruments 
particularly geared to their requirements, for example, the development 
of ‘bench-top’ sequencers (Table 2 and Box 1).

Sequencing-based surveys of microbial communities (including shot-
gun metagenome sequencing and profiling of signature 16S rDNA), 
both in the human body63,64 and in environmental niches ranging from 
whale falls to acid mines, are overturning our world view of the number 
and breadth of species associated with humans and the environment. 
Genome sequencing of bacterial65,66 and viral67 pathogens (including 
of viral quasi-species68) has been used to detect the microorganisms 
responsible for disease outbreaks as well as to track the emergence and 

recessive disorders has been demonstrated and may eventually become 
routine30. After conception, an appreciable fraction of maternal cell–
free DNA during pregnancy can be derived from the fetus. As such, 
aneuploidies can now be noninvasively detected by next-generation 
sequencing31,32, and clinical tests implementing this are gaining rapid 
adoption. Furthermore, by combining haplotype-resolved parental 
genome sequencing and maternal cell–free DNA sequencing, we have 
recently demonstrated noninvasive, whole-genome sequencing of a 
human fetus using samples obtained noninvasively from parents in the 
second trimester33 (J.S. and colleagues). Although improvements with 
respect to cost, accuracy and variant interpretation are necessary, such 
methods may eventually enable the noninvasive, prenatal diagnosis of 
many, if not most, Mendelian disorders.

Characterizing differences between cells within an individual. Recent 
studies have applied sequencing to reveal differences in regulatory state 
between different cell types in an organism, the somatic genetic variation 
that defines the immune repertoire, somatic differences between the 
genomes of cancerous and normal cells, and the microorganisms that 
colonize the human body.

Cell-to-cell differences in the regulatory state of a genome under-
lie differences in transcription, translation and cellular phenotype. 
Epigenetics traditionally refers to the study of biochemical changes in 
the immediate vicinity of DNA, including modifications of the DNA 
itself (for example, DNA methylation) and modifications of the histone 
proteins that package DNA into chromatin. Such epigenetic marks, as 
well as chromatin accessibility and transcription factor binding, directly 
involve DNA and are thus readily detected using sequencing-based 
assays34–37. Current challenges in applying sequencing to query the epig-
enome include specificity (for example, producing effective antibodies 
for each histone modification or transcription factor), adapting proto-
cols to very low amounts of starting material and measuring the dynam-
ics of epigenetic regulation rather than obtaining static snapshots38. 
Transcriptional processes have been interrogated in exquisite detail 
by sequencing-based methods for profiling steady-state expression39, 
allele-specific expression40, nascent transcription41, secondary struc-
ture formation42, alternative splicing43, RNA editing44, protein bind-
ing45,46 and degradation47. Translation of mRNA into protein can also 
be monitored via ribosomal profiling48. However, the methodological 

Table 2  Next-generation DNA sequencing instruments
Cost per basea Read length (bp)b Speed Capital costc

Minimum cost per base

Complete Genomics Low Short 3 months None (service)

HiSeq 2000 (Illumina) Low Mid 8 days +++++++

SOLiD 5500xl (Life Technologies) Low Short 8 days +++

Maximum read length

454 GS FLX+ (Roche) High Long 1 day +++++

RS (Pacific Biosciences) High Very long <1 day +++++++

Maximum speed, minimum capital cost and minimum footprint

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

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

MiSeq (Illumina) Mid Long 1 day +

Combined prioritization of speed and throughput

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

HiSeq 2500 (Illumina) Low Mid 2 days ++++++++
a‘Low’ is < $0.10 per megabase, ‘mid’ is in-between and ‘high’ is > $1 per megabase. b‘Short’ is < 200 bp, ‘mid’ is 200–400 
bp, ‘long’  is > 400 bp and ‘very long’ is > 1,000 bp. cEach “+” 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.
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Séquençage ? IFT6299 H2014 ? UdeM ? Miklós Csűrös vii

Lodish et al. Molecular Cell Biology, 4th ed., W. H. Freeman 1999 ; Delarue et Furelaud, Jussieu
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Polymerase Chain Reaction
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Access Excellence

http://www.accessexcellence.org/AB/GG/polymerase.html


Séquençage automatique

Séquençage ? IFT6299 H2014 ? UdeM ? Miklós Csűrös x

→ marquers fluorescents, multiplexage, capillaires, cycleurs thermiques

600–1000 pb, 96–384 capillaires, quelques heures

Molecular Dynamics→ Amersham Biosciences→ GE Life (Megabace)



Séquençage du génome humaine
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Clone-by-clone Whole-genome shotgun

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



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

>SARS211.B21_A07_-_032.ab1 PHD_FILE: SARS211.B21_A07_-_032.ab1.phd.1
7 7 7 7 7 7 7 8 8 8 6 6 6 8 13 9 7 7 8 6 6 6 6 9 7
9 23 15 20 25 27 32 32 32 34 40 33 40 40 40 37 37 40
40 37 46 34 34 34 42 42 42 42 51 51 40 40 40 37 39
29 29 21 21 25 33 33 32 18 16 12 20 15 8 8 8 8 8 8
8 8 8 9 9 9 11 16 21 4 0 4 0 4 27 27 27 4 0 4 25 25
36 36 27 27 4 0 4 27 21 17 4 0 4 15 10 9 9 9 9 12 25
17 28 28 32 48 46 46 40 40 40 40 44 56 56 56 56 47
47 56 56 56 56 56 56 56 44 44 42 47 42 42 42 42 42
42 42 42 42 42 42 44 44 44 42 42 38 38 38 38 42 42

nom du fichier de l'electrophérogram (image)

>SARS211.B21_A07_-_032.ab1  CHROMAT_FILE: SARS211.B21_A07_-_032.ab1 PHD_FILE: 
SARS211.B21_A07_-_032.ab1.phd.1 CHEM: term DYE: big TIME: Thu May 15 13:44:06 
2003 TEMPLATE: SARS211A07_ DIRECTION: fwd
GGAATAAATTCXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXCCCCATTGAACCAATTGNGNACTTTNAC
TAAAAGNACCAANTCTCCATTTAGAGCTTCACTACCTACAACTATTGCTA
AAAATAGTGTTAAGAGTGTTGCTAAATTATGTTTGGATGCCGGCATTAAT
TATGTGAAGTCACCCAAATTTTCTAAATTGTTCACAATCGCTATGTGGCT

probabilité d’erreur pour qualité q : 10−q/10

Ewing & Green. Genome Res 8 :186.



FASTQ
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@SEQ_ID
GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAACTCACAGTTT
+
!’’*((((***+))%%%++)(%%%%).1***-+*’’))**55CCF>>>>>>CCCCCCC65

? Ligne 4k commence par ’@’ et introduit l’identificateur du morceau (read)
? Ligne 4k + 1 donne la séquence
? Ligne 4k + 2 commence par ’+’ et peut répéter l’identificateur de Ligne 4k ou

non
? Ligne 4k + 3 donne les valeurs de qualité (encodage Sanger avec échelle Phred

q + ’!’ : 0→ !, 1→ ", . . . , 31→ @, 32→ A, . . . , 40→ I)



Méthodes de next generation
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Principes :
1. fixer fragments d’ADN ciblés sur une surface → arrangement en espace pour
parallélisation («puce»)
amplification (si nécessaire)
2. séquençage de fragments d’ADN + production d’image
3. analyse informatique de l’image : production de séquences + estimation d’erreurs
de séquençage



454 : perles (beads)
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ANRV353-GG09-20 ARI 25 July 2008 14:57

Anneal sstDNA to an excess of
DNA capture beads

Emulsify beads and PCR
reagents in water-in-oil
microreactors

Clonal ampli!cation occurs
inside microreactors

Break microreactors and
enrich for DNA-positive
beads

Ampli!ed sstDNA library beads Quality !ltered bases

a

b

c

DNA library preparation

Emulsion PCR

Sequencing

A

A

A B

B

B

4.5 hours

8 hours

7.5 hours

Ligation

Selection
(isolate AB
fragments
only)

•Genome fragmented
  by nebulization
•No cloning; no colony
  picking
•sstDNA library created
  with adaptors
•A/B fragments selected
  using avidin-biotin
  puri!cation

gDNA sstDNA library

sstDNA library Bead-ampli!ed sstDNA library

•Well diameter: average of 44 µm
•400,000 reads obtained in parallel
•A single cloned ampli!ed sstDNA
  bead is deposited per well
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Mardis Annu Rev Genomics Hum Genet 9 :387 (2008)



PCR en emulsion
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Dressman & al PNAS 100 :8817 (2003) ;→ Ion Torrent

http://www.youtube.com/watch?v=MxkYa9XCvBQ


Immobilisation du cible
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Metzker Nat Rev Genet 11 :31 (2010)



Termination cyclique (Illumina)
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Metzker Nat Rev Genet 11 :31 (2010) ;→ Illumina

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


Méthodes de séquençage
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Metzker Nat Rev Genet 11 :31 (2010)



Pyroséquençage — principle
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Ronaghi et al. Science 281 :363.



Pyrogram
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Ronaghi et al. Science 281 :363.



Solid : sequencing by ligation
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Applied Biosystems

http://www3.appliedbiosystems.com/AB_Home/applicationstechnologies/SOLiDSystemSequencing/OverviewofSOLiDSequencingChemistry/index.htm


Solid : encodage dans l’espace de couleurs
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Séquence t[1..m + 1] encodée par t · c[1..m], où t = t[1], et c[i] = t[i] ⊕
t[i + 1]. L’⊕ dénote l’OR exclusive dans l’encodage à 2 bits.

A C G TA C G T2. base

FAM

Cy3

TXR

Cy5

blue

green

orange

red

00

01

10

11

A

C

G

T

C

A

T

G

G

T

A

C

T

G

C

A

00 01 10 1100 01 10 11

A

C

G

T

00

01

10

11

0 1 2 3

1

2

3

0

0

0

3

3

2

2

1

1

0

1

2

3

index dye color bitcode

1. base
2. base


